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A decision support system for designing effective noise hazard prevention (NHP) strategies is proposed. NHP 
consists of four modules: (a) database, (b) input, (c) algorithms, and (d) solution. The user can choose among 
single-, two-, and three-approach solution procedures. Heuristic and genetic algorithms are used to determine 
appropriate noise controls (NCs). From the given noise condition and NC budget, NHP recommends a 
minimum-cost NHP strategy that prevents any worker’s daily noise exposure from exceeding the permissible 
level. If the budget is insufficient, NHP is able to search for a feasible noise hazard strategy that requires a 
minimum NC budget.  
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1. INTRODUCTION

Repetitive prolonged exposure to loud noise 
is a leading cause of hearing loss. Noise-
induced hearing loss is one of the most common 
occupational diseases. A major cause of this 
disease is lack of an effective noise hazard 
prevention (NHP) strategy in the workplace. 

Most ergonomics and safety engineering 
textbooks generally recommend three approaches 
to NHP. They are (a) an engineering approach, 
(b) an administrative approach, and (c) the use 
of hearing protection devices (HPDs). The 
engineering approach includes procedures that 
reduce the sound level either at the noise source 
or within the hearing zone of the workers. This 
approach is more heavily emphasized than the 
others, due to its high effectiveness in noise 
reduction. Their details can be found in noise-
related literature [1, 2, 3, 4, 5, 6]. 

Detailed discussions on the administrative 
approach are relatively scarce. Job rotation, 
a practical management technique to reduce 
workers’ exposure to loud noise, is usually 
recommended. To implement job rotation, it is 
necessary to generate daily work assignments for 
workers (i.e., where they have to work in each 
work period). Nanthavanij and Yenradee [7] 
developed a minimax work assignment model to 
determine optimal work assignments for workers 
so that the maximum daily noise exposure that 
any worker receives is minimized. For large-sized 
job rotation problems, genetic algorithms were 
developed to determine near-optimal minimax 
work assignments [8, 9]. Yaoyuenyong and 
Nanthavanij [10] also developed a simple heuristic 
for solving large minimax work assignment 
problems. For workplaces where noise levels 
are excessively high, Nanthavanij and Yenradee 
[11] recommended that the number of workers be 
greater than the number of machines/workstations 
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that need attention. They also developed a 
mathematical model to determine the minimum 
number of workers so that their daily noise 
exposures do not exceed permissible levels. 

Harris [1], Beranek and Vér [2], Cheremisinoff 
[3], Ridley [4], and Wilson [5] have discussed 
various types of HPDs and their properties. In 
addition, Behar and Kunov [12]; Crabtree and 
Behar [13]; Birch, Gerges, and Vergara [14]; 
and Buchweiller, Mayer, Klein, et al. [15] have 
reported research studies on the development and 
testing of effective HPDs. Workers’ resistance to 
HPDs has also been discussed [16].

According to the U.S. Occupational Safety and 
Health Administration (OSHA), the workplace 
where any worker’s daily noise exposure exceeds 
90 dBA is required to have an NHP strategy 
implemented [17]. The current Labor Protection 
Act in Thailand also sets the permissible daily 
noise exposure limit at 90 dBA and requires 
employers to implement an appropriate hearing 
conservation program if a worker’s daily noise 
exposure exceeds this limit. Specifically, 
engineering controls are to be considered first. 
If they are not feasible, administrative controls 
such as job rotation should be considered 
next. The use of HPDs is specified as the 
last resort of noise exposure reduction. They 
should be applied only when engineering and 
administrative controls fail to prevent daily 
noise exposures from exceeding the permissible 
level. HPDs should be used to assist, not to 
replace, engineering and administrative controls. 
However, employers often choose not to follow 
OSHA’s hierarchy of noise control (NC) due to a 
large capital investment that is normally required 
for engineering controls and the difficulty in 
implementing engineering and administrative 
controls. As a result, only HPDs (earplugs, 
earmuffs, etc.) are often provided to workers as a 
means for NHP. 

Sanders and McCormick [18] have 
recommended that a combination of NCs (from 
the three approaches) be applied concurrently to 
achieve the desired level of abatement. However, 
finding an appropriate combination of NCs is 
usually difficult especially when requirements 
such as NC budget and permissible noise level 

need to be simultaneously satisfied. Sutton [19] 
has presented a procedure to identify possible 
methods of noise reduction and to select the 
best method using a cost/benefit analysis. 
Asawarungsaengkul and Nanthavanij [20] 
have developed an analytical procedure that 
sequentially solves a series of mathematical 
models to yield an optimal NHP solution based 
on a given budget. However, their approach 
requires long computation time and may not yield 
the solution when the size of the NC problem 
becomes large.

In the past years, a number of decision 
support systems (DSSs) have been developed 
to assist management, industrial engineers, and 
management scientists in decision making. Due 
to their interactive and computerized nature, 
most DSS programs are relatively easy to use 
and are able to generate management solutions 
that suit the preference of decision-makers. 
Areas of application of DSSs range from human 
resource management to risk management to 
engineering. Examples of DSS applications that 
were developed to deal with human resource 
management include productivity improvement 
[21], performance analysis [22], and employee-
job assignment [23]. A computer-based system 
for risk management was presented by Peckham, 
Haastrup, and Otway [24], whereas a DSS for 
risk assessment was developed by Gheorghe, 
Mock, and Kröger [25]. Hanss [26] has discussed 
the use of DSSs in engineering management. 
Parker, Malstrom, Irwin, et al. [27] developed a 
DSS for scheduling technical personnel. Various 
DSSs in the industrial engineering field have 
been discussed [28, 29, 30, 31, 32]. However, to 
our knowledge, a DSS for NHP has never been 
developed. 

In this paper, a DSS for designing effective 
NHP strategies based on a given noise condition, 
preferred solution procedure, and NC budget 
is proposed. In section 2, we briefly discuss the 
three NC approaches. In section 3, the design of 
NHP and its four modules is described in detail. 
An NHP example is given in section 4, from 
which seven strategies are evaluated. NHP is then 
used to generate minimum-cost NHP solutions 
for the seven NHP strategies (section 5). We 
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finally conclude the findings of this research in 
section 6.

2. NC APPROACHES

Generally, there are three approaches for NC, 
namely, an engineering approach, an administra-
tive approach, and the use of HPDs.

2.1. Engineering Approach 

As stated earlier, an engineering approach 
includes procedures that reduce the sound level 
either at the noise source or within the workers’ 
hearing zone. Examples of common engineering 
controls are as follows [33]:

•	 maintenance;
•	 substitution of machines;
•	 substitution of processes;
•	 reduction of the driving force of vibrating 

surfaces;
•	 reduction of the response of vibrating surfaces;
•	 reduction of the sound radiation from vibrating 

surfaces;
•	 reduction of the sound transmission through 

solids;
•	 reduction of the sound produced by gas flow; 

and
•	 reduction of noise by reducing its transmission 

through air. 

Alternatively, engineering controls can be 
categorized as those that are applied at the noise 
source and those that are applied to block the 
noise transmission path. Reduction of the noise 
level at its source will cause noise levels at all 
worker locations to be reduced. On the other 
hand, blocking the noise transmission path will 
only affect the worker location (or locations) that 
is located along a straight path.

2.2. Administrative Approach

Administrative controls are management 
procedures to reduce the duration of exposure 
to noise rather than to reduce the noise level. 
Examples of administrative controls are as 
follows [33, 34, 35]:

•	 rotating workers from a high- to a low-noise 
location so that their daily noise exposures are 
reduced;

•	 transferring workers who are particularly 
susceptible to noise to work in a less noisy 
work area;

•	 allowing workers to take shift brakes in a quiet 
rest area;

•	 changing production schedules so that expo-
sure times to loud noise are reduced; and

•	 interrupting production runs with preventive 
maintenance to give workers quiet time.

When job rotation is implemented, it is 
common to use the same number of workers as 
the number of worker locations. However, if 
workplace noise is excessive, it is necessary to 
have more workers than worker locations so that 
some workers are idle (and, subsequently, not 
exposed to loud noise) in some work periods. 

2.3. Use of HPDs

The use of HPDs to reduce noise exposure 
should not be applied unless noise reduction 
through engineering and administrative controls 
is ineffective or has reached its limits. There are 
two basic types of HPDs: passive and active. 
Passive HPDs are the most common in industry, 
and include conventional earplugs, ear canal caps, 
and earmuffs. Active HPDs are earplugs, canal 
caps, earmuffs, or even noise-attenuating helmets 
that incorporate electronic components and 
transducers. They provide active noise reduction, 
communications features, and attenuation, which 
are level-dependent. They reduce noise by 
introducing destructive cancellation by applying 
opposite-phase sound waves at the ears. 

3. DECISION SUPPORT SYSTEM 
FOR NHP

A DSS for NHP has been developed on MS–
Access version 2003 using Visual Basic for 
Application (VBA) version 2003. NHP consists 
of four modules, namely, database, input, 
algorithms, and solution. The database module 
stores information on machines, engineering 
controls, and HPDs. The input module provides 
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a user-friendly interface to assist the user in 
inputting additional data and choosing a preferred 
solution procedure. Users may choose OSHA’s 
hierarchy of NC or any built-in solution procedure 
based on their preference. The algorithms module 
utilizes heuristic and genetic algorithms to 
generate a near-optimal NHP strategy according 
to a given NC budget and the chosen solution 
procedure. Finally, the solution module presents a 
report that shows the recommended NCs and the 
resulting daily noise exposures of all workers. 

3.1. The Database Module

The database module is a master setup module 
of NHP. Its function is to construct a database 
of machines, engineering noise reduction (at the 
source), engineering noise reduction (along the 
path) or noise barrier, and HPDs. The user is 
required to firstly enter relevant information on 
the workplace into the database before visiting 
the other three modules. Table 1 shows the four 
categories of workplace data that must be entered 
into the database of an NHP program. 

TABLE 1. Workplace Data Stored in the NHP 
Strategies Database

Category Required Information
Machine data machine ID 

machine type/description 
machine noise level (dBA)

Engineering NRS 
   data

NRS ID 
NRS description

Noise barrier data noise barrier ID 
noise barrier type/description

HPD data HPD ID 
HPD type/description 

HPD cost

Notes. NHP—noise hazard prevention, ID—
identification, NRS—noise reduction at the source, 
HPD—hearing protection device. 

3.2. The Input Module 

The input module enables the user to create an 
NC project. Each NC project is basically an NC 
problem. For a given workplace, the user may 
create several NC projects, depending on the 
size and scope of the project. Firstly, relevant 
information can be retrieved from the NHP 
database. Next, additional necessary data such as 
machine locations, worker locations, applicable 

NC measures (for each noise source), costs, and 
NC budget will be entered. Following are the 
steps that the user usually performs when creating 
an NC project.

1. The user must define an NC project either 
by creating a completely new NC project or 
retrieving any of the existing NC projects. 
If a new NC project is to be created, the user 
must enter the project ID, project name and 
description, total NC budget (TB), and HPD 
budget (HB). 

2. The user has to retrieve relevant machines 
from the database to be included in the NC 
project. For each machine, the user also needs 
to specify its location co-ordinates (x, y). It is 
assumed that the level height of the machine 
noise source is at or near the human ear’s 
level; thus, the z co-ordinate of the machine 
may be neglected.

3. Noise-reduction-at-the-source (NRS) tech-
niques (to be retrieved from the database) 
can be defined for each selected machine. 
For a machine, it is possible to have several 
NRS techniques that can be applied to reduce 
machine noise. It is also necessary to define 
noise reduction rating (NRR), in dBA, and the 
cost of each NRS technique.

4. All location co-ordinates of worker locations 
are then defined.

5. If controlling noise along the path can be 
applied, the user can retrieve the noise barriers 
(including their ID and description) from the 
database. For noise barrier cost and NRR, the 
user has to enter the data in this step.

6. If the number of available workers to be 
included in the NC project is greater than 
the number of worker locations, this can be 
specified in this step.

7. The last step is to select the HPDs to be used 
in the NC project. Again, HPD data can be 
retrieved from the database. 

3.3. The Algorithms Module

The main function of the algorithms module is 
to perform necessary computations based on a 
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prespecified solution procedure and to determine 
the resulting noise exposures of all workers. 

Consider a workplace where workers are 
present at various locations during an 8-hr 
workday. Since there are usually several noise 
sources and workers may not stay at one location, 
it is necessary to determine an 8-hr  time-
weighted average (8-hr  TWA) sound level that 
each worker receives (i.e., daily noise exposure). 
Letting Cj and Lj be exposure duration (in hours) 
and combined noise level (in dBA), respectively, 
at worker location j, a formula to determine an 
8-hr  TWA that worker i receives, Wi, is

(1)

By dividing an 8-hr workday into p equal work 
periods, its noise weight per work period can be 
determined from Lj: 

(2)

To prevent daily noise exposure from 
exceeding 90 dBA, the total noise weight that any 
worker receives within an 8-hr workday must not 
be greater than 1.

3.3.1. Algorithms for engineering controls

Both controlling at the noise source and 
controlling along the noise transmission path 
are considered engineering controls. The former 
implies that machine noise is reduced and all 
worker locations will benefit from such noise 
reduction. The latter, however, will reduce the 
noise level at some worker locations (only those 
where the noise barrier can block the noise 
transmission path). 

From the available engineering NCs, the 
selection of appropriate controls can be for-
mulated as cost- and safety-based models [36]. 
The cost-based model is intended to minimize the 
total cost when feasible engineering controls are 
applied so that the combined noise level at any 
worker location does not exceed 90 dBA. The 
safety-based model, on the other hand, is intended 
to minimize the maximum noise weight per work 
period among all worker locations such that the 
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resulting total cost does not exceed the allocated 
engineering control budget (EB).

To enhance the practicality of NHP strategies, 
genetic algorithms (GAs) of cost- and safety-
based models are used instead of mathematical 
models. For more details on a GA approach 
to the selection of engineering NCs, see 
Asawarungsaengkul and Nanthavanij [37].

3.3.2. Algorithms for an administrative 
approach

The only administrative control considered in 
NHP is an application of job rotation to rotate 
workers among worker locations so that the 
maximum daily noise exposure that any worker 
receives does not exceed 90 dBA. Workers are 
allowed to rotate to another worker location only 
at the end of the work period. 

Two mathematical models have been developed 
for job rotation [36]. The first model determines 
a set of feasible work assignments for the current 
workforce such that the total worker–location 
changeover is minimized. The worker–location 
changeover occurs when a worker moves from 
one worker location to another. To some extent, 
productivity might be affected due to learning 
of and adapting to a new task. Thus, it is 
necessary to keep the number of worker–location 
changeovers as low as possible. 

Let xi,j,k be a (0, 1) binary variable such that 
xi,j,k = 1 if worker i is assigned to worker location 
j in work period k, and xi,j,k = 0 otherwise. At 
worker location j, the formula to determine the 
number of worker–location changeovers fj is

(3)

where j = 1, ... , n; m—number of workers, 
n—number of worker locations, and p—number 
of work periods.

For all n locations, the total worker–location 
changeover F is

(4)

The second mathematical model considers the 
situation in which additional workers are required 
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for job rotation due to excessive noise levels in 
the workplace. The objective is to determine the 
minimum number of workers (in the workforce) 
to be rotated among the given worker locations 
such that none of the workers receives daily noise 
exposure beyond 90 dBA [36].

Job rotation models do not consider costs since 
job rotation does not require any equipment 
investment or workplace modification. It is 
assumed that any incurred costs due to a decline 
in productivity will be absorbed by the production 
department. For a case in which more workers 
are needed for job rotation, it is also assumed that 
they are existing workers (perhaps from other 
departments), not new workers. If job training is 
provided, the training cost will be absorbed by 
the human resources department.

To implement job rotation, the following 
assumptions are required.

1. maximum working time (for workers and 
machines) per day is 8 hrs;

2. a workday can be divided into p equal periods; 
job rotation occurs at the end of the work 
period; 

3. each worker location requires only one worker 
to attend per work period;

4. each worker can attend only one worker 
location per work period; and

5. workers’ efficiency is independent of the task 
they are assigned to perform. Similarly, task 
output is independent of the worker.

Like in the selection of engineering NCs, 
GAs of the job rotation models are used instead 
of mathematical models. Yaoyuenyong and 
Nanthavanij’s [38] hybrid procedure is firstly 
used to generate an initial population. Then, 
the heuristic GA is applied to determine the 
work assignment solution (for more details, see 
Asawarungsaengkul and Nanthavanij [39]).

3.3.3. Algorithms for the use of HPDs

When using HPDs as a means for NHP, it 
is recommended that the number of worker 
locations where HPDs are required be as low as 
possible. In practice, HPDs should be worn only 
at very noisy worker locations. 

Two mathematical models for selecting 
appropriate HPDs have been developed [37]. 
Both models consider job rotation and the use of 
HPDs concurrently. The first model determines 
the minimum number of HPDs based on a given 
HPD budget (HB) and the current workforce. The 
model also yields the type of HPDs and worker 
location where HPDs must be worn. The second 
model determines the minimum number of 
HPDs when the current workforce and additional 
workers are considered for job rotation. 

GAs for job rotation discussed in section 3.3.2. 
can be utilized in conjunction with a heuristic to 
select the minimum number of HPDs. In brief, 
the computation comprises two phases: (a) to find 
the minimum number of HPDs, and (b) to find 
optimal work assignments. They are described as 
follows.

3.3.3.1. Phase 1: Find the minimum number of 
HPDs. The heuristic consists of seven steps.

1. Rank all HPDs in descending order of their 
cost. A more expensive HPD must also have 
a higher NRR. Otherwise, it will be eliminated 
from the HPD list. 

2. Rank all worker locations in descending order 
of the combined noise level.

3. Start at node level = 1 (at a worker location 
with the highest combined noise level). All 
available HPDs from step 1 are considered, 
forming branches of nodes. The number of 
nodes is equal to the number of HPDs in 
step 1.

4. Calculate the total HPD cost and the lower 
bound of the required number of workers for 
each branch. The computation of the lower 
bound can be found in Yaoyuenyong and 
Nanthavanij [38]. The branch with the total 
HPD cost greater than HB is bounded. If there 
is a branch that has the lowest lower bound, 
its total HPD cost not exceeding HB, and 
the lower bound not exceeding the available 
number of workers, go to step 5. Otherwise, 
go to step 6.

5. Calculate new wj for all worker locations and 
apply Yaoyuenyong and Nanthavanij’s [38] 
heuristic to find the minimum number of 
workers. If the number of workers does not 
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exceed the available workforce, go to step 7. 
Otherwise, go to step 6.

6. Set level = level + 1. At level > 1, nodes can 
be branched from the parent node until the 
number of nodes is equal to the number of 
available HPDs (excluding HPDs already 
eliminated in step 1). After that, return to 
step 4.

7. Set the number of HPDs required for NC equal 
to level and stop the procedure. The branch with 
the minimum total HPD cost will be chosen.

3.3.3.2. Phase 2: Find optimal work assignments. 
From the HPDs and worker locations chosen in 
phase 1, calculate new wj for all js. Then, apply the 
GA from section 3.3.2. to find the minimum total 
worker–location changeover.

3.3.4. Solution procedures

NHP has three built-in solution procedures. 
The first and second procedures contain three 
suboptions:

1. the single-approach procedure: (a) engineering 
controls, (b) job rotation, (c) the use of HPDs; 

2. the two-approach procedure: (a) engineering 
controls-then-job rotation, (b) engineering 
controls-then-HPDs, (c) job rotation-then-
HPDs; and

3. the three-approach procedure, for which 
OSHA’s hierarchy of control is followed. 

Figures 1, 2, and 3 illustrate the three procedures. 
If the NC budget is insufficient, the algorithms 
module will search for a feasible NHP strategy 
with the minimum total cost and recommend its 
total cost as the revised NC budget. In Figures 1, 
2, and 3, option = 1 means job rotation involving 
only the existing workers and option = 2 means 
job rotation with additional workers. Also, EB and 
NH (number of HPDs) represent the engineering 
control budget and the number of hearing 
protection devices, respectively.

Apply engineering approach
Find the minimum number of HPDs

Single–approach procedure

Wi 90 dBA?

Stop

Engineering approach Use of HPDsJob rotation

No

Increase the total budget and
apply engineering approach Increase the number of workers

(M) for job rotation
and find the work assignment
solution with the minimum total
worker–location changeover

Yes
Wi 90 dBA?

Increase the HPD budget
and/or search for HPDs

with higher NRR

No

Yes

Find the work assignment
solution with the minimum
total worker–location

changeover

Implement job rotation
If option = 1,m= n.
If option = 2,m= M.

Find the minimum number
of workers (m* )

m* m?

Yes

No





Figure 1. The single-approach procedure. Notes. HPDs—hearing protection devices, NRR—noise 
reduction rating.
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Apply engineering approach
with the given budget

Stop

Two–approach procedure

Increase the total budget and apply
engineering approach

Job rotation and use of HPDsEngineering approach and
use of HPDs

Engineering approach and
job rotation

Apply engineering approach
with the given budget

Find the minimum number of
HPDs(NH*)

Find the minimum number of
HPDs (NH*) and the minimum

number of workers(m* )

Wi 90 dBA?

Apply engineering approach
where EB=TB – HB

Increase the number of workers
(M) for job rotation

and find the work assignment
solution with the minimum total

Wi 90dBA?
No

No

Yes

Yes

No

Find the work assignment
solution with the minimum total

worker–location changeover
Wi 90 dBA?

Yes

Yes

No

Implement job rotation
If option = 1, m = n.
If option = 2, m = M.

Find the minimum number
of workers (m*)

m* m?

Implement job rotation

Find the minimum number
of workers (m* )

m* m?

m* m?

No

Yes

Find the work assignment
solution with the minimum total

worker–location changeover

Yes

No







 



worker–location changeover

If option = 1, = .m n
If option = 2, = .m M

Figure 2. The two-approach procedure. Notes. HPDs—hearing protection devices, EB—engineering control 
budget, TB—total noise control budget, HB—budget of hearing protection devices, NH—number of HPDs.
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Apply engineering approach

Stop

Three–approach procedure

Wi 90dBA?
Yes

Find the minimum number of
HPDs(NH*) and the minimum
number of workers (m* )

Increase the total budget and
apply engineering approach

No
Yes

Find the work assignment
solution with the minimum total
worker–location changeover

Implement job rotation
If option = 1,m=n.
If option = 2,m=M.

Find the minimum number
of workers (m* )

m* m?

m* m?

Yes

No

Apply engineering approach
with EB= TB – HB

No







Figure 3. The three-approach procedure. Notes. HPDs—hearing protection devices, EB—engineering 
control budget, TB—total noise control budget, HB—budget of hearing protection devices, NH—number 
of HPDs.

3.4. The Solution Module

After obtaining an NHP strategy based on the 
given NC budget and the preferred solution 
procedure, NHP will generate a report using 
the solution module. The details of the NHP 
solution report depend on the NCs chosen in the 
algorithms module, and can be summarized as 
follows:

•	 daily noise exposures of individual workers 
(before NHP);

•	 recommended NCs (as chosen in the input 
module): (a) noise reduction at the source, (b) 
noise barrier, (c) job rotation (using current 
workforce), (d) job rotation (using available 
workforce), (e) required HPD for each worker 
location;

•	 resulting work assignments;
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•	 daily noise exposures of individual workers 
(after NHP).

The solution module also generates an 
electronic output file for each NC project. If an 
NHP strategy cannot be found, a feasible NHP 

strategy with an increased budget (if engineering 
controls are to be applied) or an increased number 
of workers (if job rotation is to be implemented) 
will also be presented in the output file. A flow 
chart of NHP is shown in Figure 4.

Select the preferred solution
procedure

Problem solved by
OSHA’s hierarchy of noise control or

user-defined? OSHA’s hierarchyUser–defined

Display NHP solution

Master setup

Single-approach procedure Two-approach procedure Three-approach procedure

I-5: Noise control using barrier
(engineering approach)

I-4:Noise reduction at the source
(engineering approach)

I -3: Worker location setup

I-2:Machine selection

I-7: Use of HPDs

I-6: Job rotation
(administrative approach)

I-1: Define NC project

(x, y) co-ordinates

(x, y) co-ordinates

Number of workers

Number of barriers,
barrier cost

Number of NRS techniques,
NRS cost

Number of HPDs

TB, HB

Database

Figure 4. Noise hazard prevention (NHP). Notes. NC—noise control, TB—total noise control budget, 
HB—budget of hearing protection devices, NRS—noise reduction at the source, HPDs—hearing protection 
devices, OSHA—Occupational Safety and Health Administration (USA).
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4. NHP EXAMPLE

Consider a production facility with eight 
machines (M1, M2, … , M8). Presently, there 
are six workers (W1, W2, … , W6) assigned to 
six worker locations (WL1, WL2, … , WL6). 
Background noise level is 70 dBA. Table 2 shows 
location co-ordinates of the eight machines, their 
noise levels, and location co-ordinates of the six 
worker locations. The machine noise level is 
a sound pressure level measured 1 m from the 
machine noise source. 

From the given machine noise data, the 
combined noise levels at the six worker 
locations are 91.59, 92.37, 91.82, 91.29, 91.68, 
and 91.31 dBA, respectively. If each worker 
is assigned to one worker location and job 
rotation is not implemented, it is obvious that all 
six workers are exposed to noise hazard since 
their daily noise exposures exceed the permissible 
level. An effective NHP strategy is required to 
reduce their daily noise exposures. To implement 

job rotation, an 8-hr workday is divided into four 
equal work periods. If necessary, two additional 
workers can be assigned to work in this facility. 

Table 3 shows two engineering controls for 
reducing machine noise at individual machines, 
costs, and noise reduction levels. Furthermore, 
there are two types of noise barriers for blocking 
the noise transmission path. Type-1 noise barrier 
costs 15 000 baht (US $375) and reduces noise 
levels at worker locations WL1 and WL3 by 
4 and 8 dBA, respectively. Type-2 barrier also 
costs 15 000 baht (US $375). It reduces noise 
levels at worker locations WL2 and WL6 by 4 
and 8 dBA, respectively. There are two types of 
HPDs, type-A and type-B, which can be worn 
at any of the six worker locations. A type-A 
HPD costs 100 baht (US $2.50) and its effective 
NRR is 8 dBA. A type-B HPD costs 500 baht 
(US $12.50), with an effective NRR of 12 dBA. 

Management has set the total NC budget at 
30 000 baht (US $750), with the budget for HPDs 
at 1 000 baht (US $25). NHP is used to design an 

TABLE 2. Machine Location Co-Ordinates, Noise Levels, and Worker Location Co-Ordinates

Machine
Location Co-Ordinate (m)

Machine Noise (dBA) Worker Location
Location Co-Ordinate (m)

x y x y
M1 3 3 94 WL1 3 4.5

M2 6 3 85 WL2 12 4.5

M3 9 3 88 WL3 3 7.5

M4 12 3 95 WL4 6 7.5

M5 3 9 94 WL5 9 7.5

M6 6 9 92 WL6 12 7.5

M7 9 9 93

M8 12 9 93

TABLE 3. Techniques for Reducing Machine Noise, Costs, and Noise Reduction

Machine
NRS Technique 1 NRS Technique 2

Cost (baht) Noise Reduction (dBA) Cost (baht) Noise Reduction (dBA)
M1 6 000 10 12 000 12

M2 7 500 8 — —

M3 7 500 8 — —

M4 9 000 9 16 000 15

M5 9 500 10 14 500 13

M6 10 000 8 18 000 12

M7 11 000 12 15 000 15

M8 8 000 7 13 000 11

Notes. NRS—noise reduction at the source; 1 000 baht = US $25). 
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NHP strategy for this production facility. Seven 
cases are evaluated by NHP:

NC-1 engineering controls, job rotation, and the 
use of HPDs, 

NC-2 engineering controls and job rotation,
NC-3 engineering controls and the use of HPDs,
NC-4 job rotation and the use of HPDs,
NC-5 engineering controls,
NC-6 job rotation with additional workers,
NC-7 the use of HPDs. 

Initially, the database module must be visited 
to create a database of the facility. By clicking 
on the symbol in front of the data category 
(Figure 5), the user will see the data entry page 
that will allow them to enter relevant data into the 
NHP database.

Next, the user can visit the input module to 
create an NC project. While already stored data 
can be retrieved from the database, additional 
data that are necessary can be entered. Figure 6 
shows a data entry page of the input module. 
Although there are seven cases to investigate, 
only one NC project needs to be created since the 
workplace data are the same.  

Users can then visit the algorithms module 
to choose their preferred solution procedure 
(Figure 7). While both engineering controls can 
be chosen together, only one job rotation option 
can be chosen at a time. In this example, seven 
different combinations of NCs are defined (one 
for each case). Figure 8 shows an example of a 
report generated by the solution module for case 
NC-6 (job rotation with additional workers).

Figure 5. The main menu of the noise hazard prevention (NHP) program. Notes. HPD—hearing 
protection device.
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Figure 6. Data entry page of the input module of the noise hazard prevention (NHP) program. Notes. 
NC—noise control, ID—identification, NRS—noise reduction at the source, HPD—hearing protection device.

Figure 7. Data entry page of the algorithms module. Notes. NC—noise control, ID—identification, 
OSHA—Occupational Safety and Health Administration (USA), HPD—hearing protection device.
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5. NHP STRATEGIES

The NHP strategy depends on workplace data, 
including noise condition, NC budget, and the 
solution procedure defined by the user. From the 
example in section 4, seven NHP strategies are 
generated by NHP. They can be summarized as 
follows.

5.1. NHP Strategy for Case NC-1 

Case NC-1 indicates that engineering controls, job 
rotation (using the current workforce), and HPDs 
are to be applied to reduce daily noise exposures 
of workers. NHP recommends the following 
NHP strategy: (a) engineering controls—apply 
NRS technique 1 to machines M4, M5, and M6; 

(b) job rotation: implement job rotation using the 
current workforce (six workers).

The use of HPDs is not required. The total 
NC cost is 28 500 baht (US $712.50). The daily 
work assignments of the six workers are shown 
in Table 4. The resulting work assignments have 
only seven worker–location changeovers and can 
effectively reduce the workers’ noise exposure to 
a safe level.

5.2. NHP Strategy for Case NP-2

For Case NP-2, only engineering controls and 
job rotation (with the current workforce) are to 
be applied. The recommended NHP strategy is 
identical to the one presented in section 5.1. The 
main reason for this is that with the total budget 
of 30 000 baht (US $750), it is sufficient to use 

Figure 8. Solution report generated by the solution module. Notes. WL—worker location.
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only engineering controls (totaling 28 500 baht, 
or US $712.50) and job rotation (using the 
current workforce) to achieve safety daily noise 
exposures. 

5.3. NHP Strategy for Case NP-3

Engineering controls and the use of HPDs are 
the two NC approaches for case NP-3. NHP 
recommends an NHP strategy that costs 28 800 baht 
(US $720): (a) engineering controls—apply NRS 
technique 1 to machines M4, M5, and M6; (b) the 
use of HPDs—enforce the use of type-A HPD at 
worker locations WL1, WL5, and WL6.

When job rotation is not implemented, each 
worker will stay at the assigned worker location 
in every work period (Table 5). Although NRS 
technique 1 can help to reduce machine noise 
transmitted from machines M4, M5, and M6, 
noise levels at worker locations WL1, WL5, 
and WL6 are still excessively high. Therefore, 

wearing type-A HPD is enforced at these three 
locations.

5.4. NHP Strategy for Case NP-4

The NHP strategy recommended for case NP-4 
is a low-cost strategy. Only job rotation (using 
the current workforce) and the use of HPDs 
are required. The strategy costs 1 000 baht or 
US $25 (for two type-B HPDs). The resulting 
work assignments have eight worker–location 
changeovers (Table 6). All daily noise exposures 
are within the permissible level. The NHP strategy 
is as follows: (a) job rotation—implement job 
rotation using the current workforce (six workers); 
(b) the use of HPDs—enforce the use of Type-B 
HPD at worker locations WL2 and WL3.

TABLE 4. Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-1)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL2 WL5 WL5 WL5 89.95

W2 (92.37) WL1 WL1 WL3 WL3 88.80

W3 (91.82) WL3 WL3 WL1 WL1 88.80

W4 (91.29) WL5 WL6 WL6 WL4 89.88

W5 (91.68) WL5 WL2 WL2 WL2 87.88

W6 (91.31) WL4 WL4 WL4 WL6 88.10

Notes. NHP—noise hazard prevention strategies, WL—worker location. Noise exposures shown in 
parentheses indicate unsafe exposures.

TABLE 5. Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-3)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL1* WL1* WL1* WL1* 82.97

W2 (92.37) WL2 WL2 WL2 WL2 86.58

W3 (91.82) WL3 WL3 WL3 WL3 85.68

W4 (91.29) WL4 WL4 WL4 WL4 87.02

W5 (91.68) WL5* WL5* WL5* WL5* 82.80

W6 (91.31) WL6* WL6* WL6* WL6* 82.62

Notes. NHP—noise hazard prevention strategies, HPD—hearing protection device, WL—worker location. 
Noise exposures shown in parentheses indicate unsafe exposures. Worker locations with asterisks are those 
where the use of HPDs is required.
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5.5. NHP Strategy for Case NP-5

Case NP-5 requires only the application of 
engineering controls. With the NC budget of 
30 000 baht (US $750), the NHP strategy (with 
its total cost of 28 500 baht or US $712.50) can 
only reduce noise exposures at three worker 
locations (Table 7). Without job rotation or 
the use of HPDs, no feasible NHP strategy is 
effective enough to yield safety noise exposures: 
engineering controls—apply NRS technique 1 to 
machines M4, M5, and M6.

It is seen that workers W1, W5, and W6 
receive their daily noise exposures beyond 
90 dBA. As a result of insufficient NC budget, 
NHP recommends that management increase 
the budget to 39 500 baht (US $987.50). The 
increased budget will allow an additional NC 
to be implemented. The revised NHP strategy 
and the resulting work assignments are shown 
in Table 8. The strategy costs 39 500 baht (US 
$987.50) to implement. Engineering controls: (a) 

apply NRS technique 1 to machines M1, M4, and 
M5; (b) apply NRS technique 2 to machine M6.

5.6. NHP Strategy for Case NP-6

For case NP-6, job rotation with additional 
workers is considered. Note that although all 
eight workers will be considered for job rotation, 
NHP will search for the minimum number of 
workers. Since the workplace has six worker 
locations, it implies that at least six workers are 
needed. The NHP strategy is shown below. It 
is a no-cost strategy since only job rotation is 
required. Job rotation—implement job rotation 
using all eight workers.

When job rotation involves more workers than 
worker locations, some workers will be idle in 
some work periods (Table 9). These idle periods 
help to reduce their noise exposures to a safe 
level.

TABLE 6. Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-4)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL1 WL1 WL3* WL3* 87.87

W2 (92.37) WL5 WL5 WL2* WL4 89.97

W3 (91.82) WL6 WL3* WL5 WL5 89.94

W4 (91.29) WL3* WL6 WL6 WL6 89.71

W5 (91.68) WL4 WL4 WL4 WL2* 89.72

W6 (91.31) WL2* WL2* WL1 WL1 87.97

Notes. NHP—noise hazard prevention strategies, HPD—hearing protection device, WL—worker location. 
Noise exposures shown in parentheses indicate unsafe exposures. Worker locations with asterisks are those 
where the use of HPDs is required.

TABLE 7. Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-5)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL1 WL1 WL1 WL1 (90.97)

W2 (92.37) WL2 WL2 WL2 WL2 86.58

W3 (91.82) WL3 WL3 WL3 WL3 85.68

W4 (91.29) WL4 WL4 WL4 WL4 87.02

W5 (91.68) WL5 WL5 WL5 WL5 (90.80)

W6 (91.31) WL6 WL6 WL6 WL6 (90.62)

Notes. NHP—noise hazard prevention strategies, WL—worker location. Noise exposures shown in 
parentheses indicate unsafe exposures. 
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TABLE 8. Revised Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-5)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL1 WL1 WL1 WL1 84.12

W2 (92.37) WL2 WL1 WL1 WL1 86.58

W3 (91.82) WL3 WL3 WL3 WL3 85.68

W4 (91.29) WL4 WL4 WL4 WL4 87.02

W5 (91.68) WL5 WL5 WL5 WL5 86.26

W6 (91.31) WL6 WL6 WL6 WL6 89.98

Notes. NHP—noise hazard prevention strategies, WL—worker location. Noise exposures shown in 
parentheses indicate unsafe exposures. 

TABLE 9. Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-6)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL3 — WL5 WL5 89.65

W2 (92.37) WL2 WL2 — WL4 89.95

W3 (91.82) WL1 WL1 WL1 — 89.51

W4 (91.29) WL5 WL5 — WL1 89.58

W5 (91.68) WL6 — WL2 WL2 89.96

W6 (91.31) — WL6 WL6 WL6 89.24

W7 — WL4 WL4 WL4 — 89.21

W8 — — WL3 WL3 WL3 89.74

Notes. NHP—noise hazard prevention strategies, WL—worker location. Noise exposures shown in 
parentheses indicate unsafe exposures. 

TABLE 10. Daily Work Assignments of Workers and Their Daily Noise Exposures (Case NC-7)

Worker

Before NHP After NHP

Noise Exposure (dBA)
Work Period

Noise Exposure (dBA)1 2 3 4
W1 (91.59) WL1* WL1* WL1* WL1* 83.59

W2 (92.37) WL2* WL2* WL2* WL2* 84.37

W3 (91.82) WL3* WL3* WL3* WL3* 83.82

W4 (91.29) WL4* WL4* WL4* WL4* 83.29

W5 (91.68) WL5* WL5* WL5* WL5* 83.68

W6 (91.31) WL6* WL6* WL6* WL6* 83.31

Notes. NHP—noise hazard prevention, HPD—hearing protection device, WL—worker location. Noise 
exposures shown in parentheses indicate unsafe exposures. Worker locations with asterisks are those where 
the use of HPDs is required.

5.7. NHP Strategy for Case NP-7

Case NP-7 requires only the use of HPDs to 
reduce noise exposure. When HPDs are used for 
NHP, they should be worn only at any worker 
location having its combined noise level greater 
than 90 dBA. Since all worker locations have 

their noise levels above 90 dBA, HPDs are then 
required at all six worker locations. For the given 
example, NHP recommends that six type-A 
HPDs be used at all six worker locations. Thus, 
the total NC cost is 600 baht (US $15). Table 10 
shows the resulting daily work assignments for 
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the six workers. The use of HPDs—enforce the 
use of type-A HPD at all six worker locations.

6. CONCLUSIONS

The engineering approach is the most effective 
NC approach since it tackles noise hazard at its 
source(s). Depending on the engineering control, 
the reduction of the noise level can occur at one 
or more worker locations. One drawback of this 
approach is that the implementation cost tends 
to be expensive and the production may be 
interrupted. An administrative approach such as 
job rotation is a simple management practice that 
can be very effective if the workforce is flexible. 
However, noise hazard is still present; only 
exposure to hazard is reduced. The use of HPDs 
is a low-cost solution to NHP. Its effectiveness 
relies heavily on the co-operation of workers to 
wear HPDs.

According to OSHA’s hierarchy of NC, 
the engineering approach is to be considered 
first. If engineering controls are not feasible or 
inadequate, an administrative approach such as 
job rotation should be considered next. The use 
of HPDs is to be used as the last resort of noise 
reduction. In practice, the three approaches should 
be applied together to achieve the objective 
effectively and economically. Mathematical 
models of some NCs are available and they 
can be applied to determine the optimal NHP 
strategy. However, for large-sized NC problems, 
this optimization procedure is not practical.  

The proposed DSS for NHP is an alternative 
means to the workplace noise problem. It applies 
the concept of DSSs to generate effective NHP 
strategies, along with the required total NC cost 
and the resulting daily noise exposures of all 
workers. Through its four modules, the user can 
create an NC project; input workplace, machine, 
NCs, and HPD data; choose a preferred solution 
procedure; and view a detailed NHP solution 
report. 

From the given example, an NC project is 
created. Then, it is evaluated using seven different 
combinations of NCs. NHP is utilized to generate 
effective NHP strategies, with all resulting daily 
noise exposures not exceeding the permissible 

level. For case NC-5 in which only engineering 
controls are to be applied, the NC budget of 
30 000 baht (US $750) is found to be insufficient. 
Nevertheless, by increasing the budget to 
39 500 baht (US $987.50), it is possible to find 
an NHP strategy that is effective. In practice, 
management can use NHP to generate NHP 
strategies based on different NC budget levels 
and solution procedures. Then, the most preferred 
strategy can be chosen and implemented. 

NHP helps to make NHP practical, economical, 
and effective. The recommended NHP strategy 
can be presented in a quantitative manner, 
making the implementation of the strategy 
convenient. Moreover, the effectiveness of the 
NHP strategy can be validated by the safety daily 
noise exposures of all workers that are computed 
by NHP.   
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