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Abstract. Two extreme and one mixed procedures for designing a noise hazard prevention program are 
discussed in this paper. The two extreme design procedures (engineering-based and HPD-based) yield upper 
and lower bounds of the total noise control cost, respectively; while the mixed design procedure provides an 
optimal noise hazard prevention program within a given total budget. The upper bound of the workforce size 
for job rotation is approximated using a heuristic procedure. Six optimization models are developed and 
utilized by the mixed procedure to eliminate or reduce excessive noise levels (or noise exposures) in an 
industrial workplace. The mixed procedure also follows the OSHA’s hierarchy of noise control. A numerical 
example is given to demonstrate the application of the proposed design procedures. 
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1.  INTRODUCTION 

Noise-induced hearing loss is one of the most 
common occupational diseases and the second most 
self-reported occupational illness or injury (NIOSH, 
1998). Exposure to high noise levels is a leading cause 
of hearing loss and may also result in other harmful 
health effects. A major cause that contributes to this 
problem is a lack of effective noise hazard prevention 
program in the workplace. 

An effective noise hazard prevention program re-
quires a workplace noise control. Three noise control 
approaches are generally recommended: (1) engineering 
approach, (2) administrative approach, and (3) the use of 
hearing protection devices (HPDs). The details of engi-
neering controls can be found in Harris (1979), Beranek 
and Ver (1992), Cheremisinoff (1993), Ridley (1994), 
Wilson (1994), and Bies and Hansen (1996). Topics 
such as a development of quieter machines, noise reduc-
tion methods, noise absorption materials, and process 

change for noise reduction are also discussed in the lit-
erature (Richards, 1981; Vajpayee et al., 1981; Docherty 
and Corlett, 1983; Cops, 1985; Li and Halliwell, 1985; 
Baek and Elliott, 1995; Bahrami et al., 1998; Lee and 
Ng, 1998; Sorainen and Kokkola, 2000; Bilawchuk and 
Fyfe, 2003). 

For the administrative approach, job rotation is 
perhaps the most recommended method to reduce the 
worker’s exposure to loud noise. Nanthavanij and Yen-
radee (1999) developed a minimax work assignment 
model (i.e., a job rotation model) to determine an opti-
mal set of work assignments for workers so that the 
maximum daily noise exposure that any worker receives 
is minimized. For large-sized job rotation problems, a 
genetic algorithm was developed to determine near-
optimal minimax work assignments (Nanthavanij and 
Kullpattaranirun, 2001; Kullpattaranirun and Nantha-
vanij, 2005). Yaoyuenyong and Nanthavanij (2003) also 
developed a simple heuristic for solving large job rota-
tion problems. When noise levels are excessive, Nantha-
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vanij and Yenradee (2000) recommended that the num-
ber of workers be greater than the number of ma-
chines/workstations where workers must attend. A 
mathematical model was developed to determine the 
minimum number of workers for working in noisy work 
areas so that their daily noise exposures do not exceed 
the permissible limit. 

Various types of HPD and their properties have 
been widely discussed in Harris (1979), Beranek and 
Ver (1992), Cheremisinoff (1993), Ridley (1994), and 
Wilson (1994). In addition, research studies on the de-
velopment and testing of effective HPDs were carried 
out by Behar and Kunov (1999), Crabtree and Behar 
(2000), Birch et al. (2003), and Buchweiller et al. 
(2003). Resistance to using HPDs by workers was also 
studied by Feeney (1986). 

In situation where the noise level exceeds 90 dBA, 
a noise conservation program is required (OSHA, 1983).  
According to the OSHA’s hierarchy of noise control, 
engineering controls are to be considered first. If they 
are not feasible or insufficient, administrative controls 
such as job rotation should be considered next. The use 
of HPDs is to be used as the last resort of noise reduc-
tion. HPDs should be used to assist, not to replace, engi-
neering and administrative controls. However, employ-
ers tend to provide HPDs (earplugs, earmuffs, etc.) to 
workers for noise protection without attempting to apply 
engineering and administrative controls. The main rea-
sons for not considering them are a large capital invest-
ment that is normally required for engineering controls 
and the difficulty in implementing engineering and ad-
ministrative controls. 

Sanders and McCormick (1993) recommended that 
a combination of noise controls be used to achieve the 
desired level of abatement. However, to find an appro-
priate combination of noise controls is a difficult task 
especially when requirements such as allocated budget 
and permissible noise level need to be concurrently con-
sidered. In this paper, we propose three analytical pro-
cedures for designing a noise hazard prevention program.  
Methods to determine bounds of the total noise control 
cost and the workforce for job rotation are discussed.  
Using a mixed procedure and the given noise control 
budget, we show how an optimal noise hazard preven-
tion program can be designed. 

2.  NOISE HAZARD PREVENTION  

Every noise problem can be broken down into three 
parts: (1) a noise source that transmits sound, (2) a path 
along which sound is transmitted, and (3) a hearer. As 
such, a noise problem can be controlled by attacking the 
noise at the source, along its transmission path from the 
source to the hearer, and at the hearer. 

Generally, there are three noise control approaches, 
namely, engineering controls, administrative controls, 
and use of HPDs. 

2.1  Engineering Controls  

Engineering controls are procedures that reduce the 
sound level either at the machine or within the hearing 
zone of the workers. Examples of common engineering 
controls are listed below (Olishifski and Standards, 1988). 
1. Maintenance 
2. Substitution of machines 
3. Substitution of processes 
4. Reduction of the driving force of vibrating surfaces 
5. Reduction of the response of vibrating surfaces 
6. Reduction of the sound radiation from the vibrating 

surfaces 
7. Reduction of the sound transmission through solids 
8. Reduction of the sound produced by gas flow 
9. Reduction of noise by reducing its transmission 

through air 

2.2  Administrative Controls 

Administrative controls are procedures to reduce 
the exposure of workers to noise rather than reducing 
the noise level. Examples of the administrative controls 
are as follows (Olishifski and Standards, 1988; Asfahl, 
1999; Goetsch, 2002). 
1. Rotating workers from a high-noise location to a loca-

tion with lower noise so that their daily noise expo-
sures are reduced. 

2. Transferring workers who are particularly susceptible 
to noise to work in a less noisy work area. 

3. Allowing workers to take shift brakes in a quiet rest 
area. 

4. Changing the production schedules so that exposure 
times to loud noise are reduced. 

5. Interrupting production runs with preventive mainte-
nance to give workers quiet time. 

2.3  Use of HPDs 

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

3.  OPTIMIZATION MODELS FORNOISE  
CONTROLS 

In this section, mathematical models for selected 
noise controls are formulated. It is assumed that ma-
chines are the only noise sources in the workplace. 
Cj length of time (hour) spent at worker location j 
cbv cost of installing barrier v 
chl cost of using hearing protection device l 
cstu cost of reducing noise at machine t using engi-

neering control method u  
dtj Euclidean distance between machine t and worker 

location j 
EB budget for engineering controls  
EC total cost of engineering controls  
F total worker-location changeover 
fj number of worker-location changeovers at  
 worker location j 
HB budget for HPDs  
HC total cost of HPDs used  

abL  ambient noise level (dBA) 
jL  combined noise level (dBA) at worker location j 

Lt noise level (dBA) measured at machine t (at 1-m  
 distance) 

tL′  noise level (dBA) measured at machine t (at 1-m  
distance) after noise reduction 

m number of workers in the current workforce 
M number of available workers in the new work-

force 
n number of worker locations 
NRbjv amount of noise (dBA) reduced at worker loca-

tion j after installing barrier v 
NRhl amount of noise (dBA) reduced after wearing 

HPD type l 
NRstu amount of noise (dBA) reduced at machine t after 

applying engineering control method u  
p number of work periods per workday 
q number of machines (noise sources) 
r number of engineering control methods to reduce  
 noise at the machine 
s number of engineering control methods to block  
 the noise transmission path 
TB total budget for the noise control program (TB =  
 EB + HB) 
Wi 8-hour TWA that worker i receives, dBA 
wj noise weight per work period at worker location j  
wmax maximum noise weight per work period 
xijk 1 if worker i is assigned to worker location j in  

 work period k; 0 otherwise 
yi 1 if worker i is assigned; 0 otherwise 

ybv 1 if noise reduction using barrier v is applied; 0  
 otherwise 

yhjl 1 if HPD l is used at worker location j;  
 0 otherwise 
ystu 1 if noise reduction at machine t using engineer-

ing control method u is applied; 0 otherwise 
z number of HPD types 

 
For a workplace where workers are present at vari-

ous locations during an 8-hour workday, it is necessary 
to determine an 8-hour time-weighted average (8-hour 
TWA) sound level that each worker receives. A formula 
to determine an 8-hour TWA for worker i is 

Wi  = 
90
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At worker location j, its noise weight per work pe-
riod can be determined from the combined noise level 

jL  as follows. 

wj =  
90
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2
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⎜ ⎟
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To prevent the daily noise exposure from exceeding 
90 dBA, the total noise weight that any worker receives 
within an 8-hour workday must not be greater than 1. 

3.1  Models of Engineering Controls  

Here, we consider only controlling at the machine 
and controlling along the path (blocking the noise 
transmission path by a barrier). Controlling at the ma-
chine implies that the machine noise is reduced, and all 
worker locations will benefit from such noise control.  
Controlling along the path, however, will reduce the 
noise levels at those worker locations where the barrier 
can block the noise transmission path).  

The first model (E1) is a cost-based model that is 
intended to minimize the total cost when applying feasi-
ble engineering controls (i.e., reducing the machine 
noise and/or blocking the noise transmission path by a 
barrier) such that the combined noise level at any 
worker location does not exceed 90 dBA. The second 
model (E2) is a safety-based model that is intended to 
minimize the maximum noise weight per work period 
among all worker location j’s such that the resulting 
total cost does not exceed the allocated engineering 
control budget EB. 

 
Model E1: Minimizing the Total Cost of Engineering 

Controls 

Minimize ( ) (
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Model E2: Minimizing the Maximum Noise Weight per 

Work Period  
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3.2  Models of Administrative Controls 

Since job rotation has been widely recommended in 
the literature and the mathematical models of the job 
rotation problem are available, we therefore consider 
only job rotation as an effective means for administra-
tive control in this paper. Its objective is to rotate work-
ers among worker locations so that the maximum daily 
noise exposure that any worker receives does not exceed 
90 dBA. 

The following assumptions are required for the ap-
plication of job rotation. 
1. The maximum work duration (for workers and ma-

chines) per day is eight hours. 
2. A workday can be divided into p 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. 

5. The worker’s efficiency is independent of the task 
that he/she is assigned to perform. Similarly, the task 
output is independent of the worker. 

 
The first model (A1) is intended to determine a set 

of feasible work assignments for the current workforce 
such that the total worker-location changeover is mini-
mized. The worker-location changeover occurs when a 
worker moves from one worker location to another. To 
some extent, productivity might be affected due to pos-
sible needs for learning and adapting to a new task.  
Thus, it is necessary to keep the number of worker-
location changeovers as few as possible. 

The second model (A2) considers the situation in 
which more workers are required for job rotation due to 
excessive noise levels in the workplace. The model ob-
jective is to determine a minimum number of workers 
(in the workforce) to be rotated among the given worker 
locations such that none of the workers receives the 
daily noise exposure beyond 90 dBA. 

It is worth noting that the models of administrative 
controls do not consider costs since such controls do not 
need any equipment investment or workplace modifica-
tion. It is assumed that any incurred costs due to a de-
cline in productivity will be absorbed by the production 
department. In a case where 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 required, the training cost will 
be absorbed by the human resource department. 

 
Model A1: Minimizing the Total Worker-Location 

Changeover 
 
At worker location j, a formula to determine the 

number of worker-location changeovers fj is 
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Model A1 can be expressed as follows. 
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Model A2: Minimizing the Number of Workers in the 
Feasible Workforce 

 
Letting M be the number of available workers in 

the workforce where M > n, model A2 can be expressed 
as follows. 
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1

M

i
i

y
=
∑

subject to 

1 1

pn

j ijk
j k

w x
= =
∑∑  ≤  yi  i = 1,…, M 

1

n

ijk
j

x
=
∑   ≤  1  i = 1,…, M; k = 1,…, p 

1

M

ijk
i

x
=
∑   =  1  j = 1,…, n; k = 1,…, p 

1 1

pn

ijk
j k

x
= =
∑∑  ≤ p⋅yi  i = 1,…, M 

xijk, yi  =  {0, 1}  , ,i j k∀  

3.3  Models of the Selection of HPDs 

If the use of HPDs is necessary, the number of 
worker locations where HPDs are required should be as 
few as possible. In practice, HPDs should be worn at the 
worker locations that are very noisy only. Two mathe-
matical models for selecting appropriate HPDs are de-
veloped as shown below. Note that both models consider 
job rotation and the use of HPDs concurrently. 

The first model, H1, is intended to determine a 
minimum number of HPDs based on the given HPD 
budget HB and the number of workers m (current work-
force). The model also yields the type of HPD and the 
worker location where HPD must be worn. The second 
model, H2, is used to determine a minimum number of 
HPDs when all available workers M are considered for 
job rotation. 

 
Model H1: Minimizing the Number of HPDs for the 

Current Workforce 
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Model H2: Minimizing the Number of HPDs with 
n ≤ m ≤ M 
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4.  DESIGN PROCEDURES 

Three analytical procedures for designing a noise 
hazard prevention program are presented in this section.  
They are: (1) engineering-based procedure, (2) HPD-
based procedure, and (3) mixed procedure. 

Initially, it is necessary to obtain the following in-
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put data. 
• number of work periods per workday 
• combined noise level at each worker location 
• ambient noise level 
• noise level generated by each machine (at 1-m dis-

tance) 
• feasible methods for reducing noise at the source for 

each machine, costs, and levels of noise reduced 
• feasible methods for blocking the noise transmission 

path, costs, and levels of noise reduced at affected 
worker locations 

• types of HPD, costs, and noise reduction ratings 

4.1  Engineering-based Procedure 

The engineering-based procedure for designing a 
noise hazard prevention program focuses only on engi-
neering controls. The procedure aims to find a set of 
engineering controls that are able to prevent the work-
ers’ noise exposures from exceeding 90 dBA with a 
minimum total noise control cost. Note that job rotation 
and the use of HPDs are not considered in this proce-
dure. 

Model E1 is applied to determine the minimum to-
tal noise control cost for engineering controls. The re-
sulting total cost is viewed as an upper bound of the 
total noise control budget. Based on the given noise data, 
the engineering-based procedure recommends a set of 
feasible engineering controls for controlling noise levels 
at a minimum total cost. 

4.2  HPD-based Procedure  

The HPD-based procedure is the opposite of the 
engineering-based procedure. It is intended to find a set 
of HPDs to be worn at the worker locations to safely 
limit the workers’ noise exposures. Engineering controls 
and job rotation are not considered in this procedure. 

The procedure evaluates all worker locations and 
recommends that workers who work at thelocations 
having the noise levels above 90 dBA wear appropriate 
HPDs. At each noisy worker location, a feasible HPD 
with a minimum cost is considered first. If the noise 
attenuation is insufficient, the more expensive one is 
then considered. This procedure is repeated for all noisy 
worker locations. 

As a result, the HPD-based procedure yields a lower 
bound of the total noise control cost. 

4.3  Mixed Procedure 

The mixed procedure sequentially considers engi-
neering controls, administrative controls, and the use of 
HPDs. The procedure also follows the OSHA’s hierar-
chy of noise control. Initially, a total budget for a noise 

hazard prevention program TB is defined. The budget is 
divided into two portions, one for engineering controls 
EB and the other for the use of HPDs HB.    

To determine an upper bound of the workforce for 
job rotation, a heuristic called mFFD developed by Yaoye-
unyong and Nanthavanij (2004) is applied. mFFD yields 
the number of workers that are required for job rotation 
to prevent their noise exposures from exceeding 90 dBA.  

 
The mixed procedure can be described as follows. 
1. Using model E1, find feasible engineering controls 

for reducing machine noise at the source and for 
blocking the noise transmission path that will pre-
vent the daily noise exposure at each worker loca-
tion from exceeding the permissible limit (90 dBA) 
and find a minimum total cost EC*. If EC* ≤ TB, go 
to Step 12. Otherwise, proceed to Step 2. 

2. Using model E2 and setting EB = TB, determine 
feasible engineering controls that minimize a maxi-
mum daily noise exposure among all n worker loca-
tions and the total cost EC. Next, assume that such 
engineering controls are implemented. Determine 
the new combined noise levels at all worker loca-
tions. 

3. Apply job rotation to the current workforce (m 
workers). Using model A1, find a set of work as-
signments with a minimum total worker-location 
changeover such that all daily noise exposures do 
not exceed 90 dBA. If an optimal work assignment 
solution can be found, go to Step 12. Otherwise, pro-
ceed to Step 4. 

4. From the number of available workers for job rota-
tion M, use model A2 to find a minimum number of 
workers to attend all n worker locations on a rota-
tional basis such that their daily noise exposures do 
not exceed 90 dBA. If an optimal workforce m* can 
be found, proceed to Step 5. Otherwise, go to Step 6. 

5. With the optimal workforce m*, set m = m* and use 
model A1 again to determine the work assignment 
solution with the minimum total worker-location 
changeover. Then, go to Step 12. 

6. In a case where engineering controls and job rotation 
are insufficient for controlling the noise levels, the 
use of HPDs is next considered. Firstly, use the cur-
rent workforce (m workers) and the original set of 
noise data (by discarding the recommended engi-
neering controls in Step 2). Model E2 is utilized one 
more time with the budget for engineering controls 
EB = TB – HB to determine a maximum daily noise 
exposure that any worker receives and the total cost 
EC. Again, assume that the recommended engineer-
ing controls are implemented. Determine the new 
combined noise levels at all worker locations.   

7. Setting the revised HPD budget HB = TB – EC and 
using the new combined noise levels at all n worker 
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locations, model H1 is next utilized to determine the 
work assignment solution with the use of HPDs for 
m workers, a minimum number of HPDs for the 

worker locations with excessive noise levels, and the 
total cost HC. If a feasible solution can be found, 
proceed to Step 8. Otherwise, go to Step 9. 

STEP1: Model E1
Minimize total cost of

engineering control

STEP2: Model E2
Minimize w ma x (m=n),

(EB = TB)

STEP3: Model A1
Minimize  total worker-

location changeover (m=n)

EC* ? TB ?

Solution
found?

STEP7: Model H1
Minimize number of HPDs

(m=n), (HB=TB-EC)

STEP12:
Interpret results and recommend

an optimal noise hazard prevention
program
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Figure 1. A flow chart depicting the mixed procedure 
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8. With the use of HPDs at some worker locations, re-
compute their noise exposures. Model A1 is then 
utilized again to determine the work assignment so-
lution with the minimum total worker-location change-
over for the new workplace noise data. This step will 
help to find the solution that not only meets the 
safety requirement but also helps to enhance the 
overall productivity. Next, go to Step 12. 

9. The use of HPDs is considered with the number of 
workers n ≤ m ≤ M. Model H2 is utilized to deter-
mine not only the work assignment solution with the 
minimum number of HPDs (based on the HPD budget 
HB = TB – EC) but also the number of workers 
(from M available workers) for job rotation and their 
daily work assignments. If the solution (number of 
HPDs, total cost HC, number of workers for job ro-
tation, work assignments, and noise exposure levels 
at all worker locations) can be found, go to Step 10. 
Otherwise, increase the noise control budget TB and, 
if necessary, revise EB and HB. Then, return to Step 1. 

10. Re-compute the noise exposures at worker locations 
where HPDs are required (from Step 9). Model A2 is 
utilized again to determine the work assignment so-
lution with the minimum number of workers m* 
based on the new noise data (with the use of HPDs). 

11. Next, set m = m* and use model A1 to determine the 
work assignment solution (with the use of HPDs) 
with the minimum total worker-location changeover 
from Step 10. 

12. The result provides an optimal noise hazard preven-
tion program based on the given total budget (and 
allocated portions for engineering controls and for 

use of HPDs). Depending on the given noise data 
and noise control methods, the solution recommends 
a feasible combination of engineering controls, job 
rotation, and the use of HPDs that prevent the work-
ers’ daily noise exposures from exceeding 90 dBA. 
Safety, cost, and productivity concerns have also 
been considered in the mixed procedure.  

 
Figure 1 shows a flow chart that summarizes the 

mixed procedure. 

5.  NUMERICAL EXAMPLE 

Consider an industrial facility that has five ma-
chines (M1, .., M5). At present, there are five workers 
(W1, …, W5) being assigned to five different worker 
locations (WL1, …, WL5). If necessary, more workers 
can be assigned to work in this facility. 

Table 1 shows location coordinates of the five ma-
chines, machine noise levels, and location coordinates of 
the five worker locations. The ambient noise level in the 
facility is assumed to be 70 dBA. Additionally, an 8-hour 
workday is divided into four equal work periods.  From 
the data, combined noise levels at the five worker loca-
tions are found to be 93.44, 92.95, 92.81, 91.78, and 
93.40 dBA, respectively. Suppose that each worker is 
assigned to one worker location and job rotation is not 
allowed. It is seen that all five workers are exposed to 
noise hazard and an effective noise hazard prevention 
program must be implemented. 

Table 2 shows methods for reducing machine noise 
the use of HPDs). Depending on the given noise data 
Table 1. Location coordinates of machines, machine noise levels, and location coordinates of worker locations 

 Location Coordinate (m) Machine Noise  Location Coordinate (m) 
Machine x-coordinate y-coordinate (dBA) Worker Location x-coordinate y-coordinate

M1 
M2 
M3 
M4 
M5 

3.0 
6.0 
9.0 
4.5 
7.5 

2.0 
2.0 
2.0 
6.5 
6.5 

96 
94 
95 
89 
92 

WL1 
WL2 
WL3 
WL4 
WL5 

3.0 
6.0 
9.0 
4.5 
7.5 

3.5 
3.5 
3.5 
5.5 
5.5 

 

Table 2. Methods for reducing machine noise, costs, and noise attenuation levels 

 Method 1 Method 2 
Machine Cost (Baht*) Noise Attenuation (dBA) Cost (Baht) Noise Attenuation (dBA)

M1 
M2 
M3 
M4 
M5 

6,000 
8,500 
9,000 
4,000 
5,000 

8 
10 
10 
5 
7 

12,000 
10,500 
11,000 
6,000 
7,500 

14 
13 
13 
10 
10 

*USD 1.00 is approximately equivalent to 40 baht
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at the five machines, costs, and noise attenuation levels.  
Three types of barrier for blocking the noise transmis-
sion path are also available. Type-1 barrier costs 7,500 
baht and it reduces the noise levels at worker locations 
WL1 and WL4 by 9 and 4 dBA, respectively. Type-2 
barrier costs 10,500 baht. It reduces the noise levels at 
worker locations WL2, WL4, and WL5 by 9, 3, and 3 
dBA, respectively. Type-3 barrier costs 7,500 baht.  
When it is installed, this barrier reduces the noise levels 
at worker locations WL3 and WL5 by 9 and 4 dBA, 
respectively.   

Additionally, there are two types of HPD, type-A 
and type-B, which can be worn at any of the five worker 
locations. Type-A HPD costs 200 baht and its NRR is 7 
dBA. Type-B HPD costs 800 baht and its NRR is 13 
dBA. 

 

5.1  Engineering-based Noise Hazard Prevention 
Program 

Model E1 is applied to determine a set of feasible 
engineering controls that prevent the noise levels at the 
five worker locations from exceeding 90 dBA such that 
the total engineering control cost is minimized. The 
engineering-based procedure recommends the following 
noise hazard prevention program. 
• Reduce machine noise at machine M2 using engineer-

ing control method 1 
• Use type-1 barrier and type-3 barrier to block the noise 

transmission path 
 
As a result, the reduced noise weights per work pe-

riod at all five worker locations are 0.10927, 0.24517, 
0.09916, 0.17217, and 0.22006, respectively. Converting 
them into 8-hour TWAs using Eq. (2), the noise levels at 
worker locations WL1, WL2, WL3, WL4, and WL5 are 
84.03, 89.86, 83.33, 87.31, and 89.08 dBA, respectively. 
Additionally, the total noise control cost is found to be 
23,500 baht. 

5.2  HPD-based Noise Hazard Prevention Pro-
gram 

For this industrial facility, all worker locations have 
the noise levels that exceed 90 dBA. Thus, HPDs must 
be worn at all five locations. Since the maximum com-
bined noise level is 93.44 dBA, it is clear that type-A 
HPDs (NRR = 7 dBA) if worn at all five locations are 
sufficient in protecting the workers from noise hazard. 

Using five type-A HPDs, the total noise control 
cost is 1,000 baht. The reduced noise exposures at the 
five worker locations are 86.44, 85.95, 85.81, 84.78, and 
86.40 dBA, respectively.  

5.3  Mixed Noise Hazard Prevention Program 

Initially, the total budget of a noise hazard preven-
tion program must be defined. Here, we use a rule-of-
thumb approach by setting the total budget equal to one-
half of the upper bound of the total noise control cost 
obtained from the engineering-based procedure. For the 
HPD budget, we use the total noise control cost obtained 
from the HPD-based procedure. As a result, the total 
noise hazard prevention budget for the mixed program is 
set at 11,750 baht, with the HPD budget of 1,000 baht. 

Next, an upper bound of the number of workers for 
job rotation is defined using the mFFD heuristic.  Based 
on the given noise levels at the five worker locations 
and using Eq. (2), their noise weights per work period 
are 0.40299, 0.37636, 0.36919, 0.32013 and 0.40058. 
The mFFD heuristic suggests that eleven workers (M = 
11) are needed if only job rotation is applied. Readers 
should note the if some engineering controls have been 
implemented prior to job rotation, the actual number of 
workers for job rotation will be fewer than eleven. 

After solving model E1 in Step 1, the solution rec-
ommends the following engineering controls: 
• Reduce machine noise at machine M2 using engineer-

ing control method 1 
• Install type-1 barrier and type-3 barrier to block the 

noise transmission path 
 

The reduced noise weights per work period at the 
five worker locations are 0.10927, 0.24517, 0.09916, 
0.17217, and 0.22006, respectively. Since each noise 
weight per period is less than 0.25, the workers’ daily 
noise exposures do not exceed 90 dBA. The total noise 
control cost is 23,500 baht. Since the total cost exceeds 
the given budget, the solution is infeasible. 

Next, model E2 is used to determine a set of engi-
neering controls that will minimize a maximum noise 
weight per work period under the given total budget 
(11,750 baht). The new solution recommends that the 
machine noise levels at machines M1 and M5 be re-
duced using engineering control method 1, incurring the 
total cost of 11,000 baht. As a result, the reduced noise 
weights per work period at the five worker locations are 
0.19781, 0.32704, 0.34538, 0.27195, and 0.22126, re-
spectively. Since some noise weights per work period 
still exceed 0.25, noise hazard has not yet been pre-
vented. 

Assuming that the above recommendations has 
been followed, job rotation is next considered with the 
number of workers m = 5 (i.e., the current workforce) 
using model A1. However, each noise weight per work 
period is still greater than 0.25. Thus, job rotation with 
only five workers is insufficient. 

With eleven workers who are available for job rota-
tion, model A2 is utilized. The solution not only shows 
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Table 3. The work assignment solution for six workers (with engineering controls and job rotation) 

 Work Period 8-hour TWA 
Worker 1 2 3 4 (dBA) 

W1 WL4 WL4 WL4 - 88.53 
hat only six workers are required (m* = 6) but also gen-
rates their safety work assignments. The total worker-
ocation changeover F is found to be 9 times. All daily 
oise exposures are also below 90 dBA. 

W2 
W3 
W4 
W5 
W6 

- 
WL1 
WL3 
WL5 
WL2 

WL2 
- 

WL3 
WL5 
WL1 

WL2 
WL3 

- 
WL5 
WL1 

WL2 
WL3 
WL4 
WL5 
WL1 

89.86 
89.15 
89.73 
89.12 
89.40 

To further enhance work efficiency, model A1 is 
sed to determine the work assignment solution with a 
inimum total worker-location changeover for the six 
orkers. The resulting work assignment solution is 

hown in Table 3, with the minimum total worker-
ocation changeover F* = 4. Also, all 8-hour TWAs are 
elow 90 dBA. 

In summary, an optimal noise hazard prevention 
rogram based on the given total budget is as follows. 
 Reduce the machine noise levels at machine M1 and 
M5 using engineering control method 1. 

 For six workers, apply job rotation and schedule their 
work assignments according to those shown in Table 3. 

 
The total noise control cost is found to be 11,000 

aht. No HPDs are required at any of the five worker 
ocations. 

.  CONCLUSION 

In this paper, we explain three analytical procedures 
or designing a noise hazard prevention program. The 
rogram must prevent the daily noise exposure at any 
orker location from exceeding 90 dBA. An engineer-

ng-based procedure emphasizes only engineering con-
rols and, therefore, yields an upper bound of the total 
oise control cost. An HPD-based procedure, on the 
ther hand, determines an appropriate set of HPDs and 
he worker locations where the HPDs must be worn.  
hus, this procedure gives a lower bound of the total 
oise control cost. A mixed procedure that follows the 
SHA’s hierarchy of noise control is developed to de-

ign an optimal noise hazard prevention program. Based 
n a given total budget and available workforce for job 
otation, the mixed procedure employs six optimization 
odels to determine a set of feasible noise control 
ethods and an optimal work assignment solution such 

hat none of the workers receives the daily noise expo-
ure beyond 90 dBA. 

ACKNOWLEDGMENTS 

This research study is supported by the Thailand 
Research Fund (TRF) through the RGJ-PHD grant, No. 
PHD/0184/2545. 

REFERENCES 

Asfahl, C. Ray (1999), Industrial Safety and Health 
Management, 4th Ed., Prentice Hall, New Jersey. 

Baek, K. H. and Elliott, S. J. (1995), Natural algorithms 
for choosing source locations in active control sys-
tems, Journal of Sound and Vibration, 186(2), 245-
267. 

Bahrami, A., Williamson, H. M., and Lai, J. C. S. (1998),  
Control of shear cutting noise effect of blade pro-
file, Applied Acoustics, 54(1), 45-58. 

Behar, A. and Kunov, H. (1999), Insertion loss from 
using double protection, Applied Acoustics, 57(4), 
375-385. 

Beranek, L. L. and Vér, I. L. (1992), Noise and Vibra-
tion Control Engineering, Principles and Applica-
tions, John Wiley & Sons, USA.   

Bies, D. A. and Hansen, C. H. (1996),  Engineering 
Noise Control, Theory and Practice, Chapman & 
Hall, London, UK. 

Bilawchuk, S. and Fyfe, K. R. (2003), Comparison and 
implementation of the numerical methods used for 
calculating transmission loss in silencer systems, 
Applied Acoustics, 64(9), 903-916. 

Birch, R. S., Gerges, S. N., and Vergara, E. F. (2003),  
Design of a pulse generator and shock tube for 
measuring hearing protector attenuation of high 
amplitude impulsive noise, Applied Acoustics, 64(3), 
269-286. 

Buchweiller, J. P., Mayer, A., Klein, R., Iotti, J. M., Kusy, 
A., Reinert, D., and Christ, E. (2003), Safety of 
electronic circuits integrated into personal protec-
tive equipment (PPE), Safety Science, 41(5), 395-
408. 

Cheremisinoff, P. N. (1993), Industrial Noise Control, 
Prentice Hall, New Jersey, USA. 

Cops, A. (1985), Absorption properties of baffles for 
 



 Analytical Procedures for Designing an Optimal Noise Hazard Prevention Program 175 

noise control in industrial halls, Applied Acoustics, 
18(6), 435-448. 

Crabtree, R. B. and Behar, A. (2000), Measurement of 
hearing protector insertion loss at ultrasonic fre-
quencies, Applied Acoustics, 59(3), 287-299. 

Docherty, R. and Corlett, E. N. (1993), A laboratory and 
simulation comparison of the effectiveness of open 
entry rooms for protection from high noise levels, 
Applied Acoustics, 16(6), 409-425. 

Feeney, R. J. (1986), Why is there resistance to wearing 
protective equipment at work? Possible strategies 
for overcoming this, Journal of Occupational Acci-
dents, 8(3), 207-213. 

Goetsch, D. L. (2002), Occupational Safety and Health,  
4th Ed., Prentice Hall, New Jersey. 

Harris, C. M. (1979), Handbook of Noise Control, 
McGraw-Hill, Inc., New York.  

Kullpattaranirun, T. and Nanthavanij, S. (2005), A heu-
ristic genetic algorithm for solving complex safety-
based work assignment problems, International 
Journal of Industrial Engineering, 12(1), 43-55. 

Lee, Y. Y. and Ng, C. F. (1998), Sound insertion loss of 
stiffened enclosure using the finite element method 
and the classical approach, Journal of Sound and 
Vibration, 217(2), 239-260. 

Li, P. and Halliwell, N. A. (1985), Industrial jet noise: 
Coanda nozzles, Journal of Sound and Vibration, 
99(4), 475-491.   

Nanthavanij, S. and Kullpattaranirun, T. (2001), A ge-
netic algorithm approach to determine minimax 
work assignments, International Journal of Indus-
trial Engineering, 8, 176-185. 

Nanthavanij, S. and Yenradee, P. (1999), Analytical de-
termination of worker assignment with workplace 
noise consideration, Proceedings of the 25th Inter-
national Conference on Computers and Industrial 
Engineering, 411-414. 

Nanthavanij, S. and Yenradee, P. (2000), Minimum 
number of workers and their daily work assignment 
to operate n noisy machines based on permissible 

noise exposure limit, Proceeding of the 5th Annual 
Conference on Industrial Engineering-Theory, Ap-
plications, and Practice, CD-ROM. 

National Institute for Occupational Safety and Health 
(1998), Criteria for a recommended standard – oc-
cupational noise exposure, DHHS (NIOSH) 
Publication NO. 98-126, Cincinnati, Ohio. 

Occupational Safety and Health Administration (1983),  
Occupational noise exposure: Hearing conservation 
amendment, Federal Register, 48, 9738-9783 

Olishifski, J. B. and Standards, J. J. (1988), Industrial 
noise, In: B.A. Plog (Ed), Fundamentals of Indus-
trial Hygiene, 3rd Ed., National Safety Council, 
163-203. 

Richards, E. J. (1981), On the prediction of impact noise, 
III: Energy accountancy in industrial machines,  
Journal of Sound and Vibration, 76(2), 187-232. 

Ridley, J. (1994), Safety at Work, Butterworth-Heinemann, 
UK.  

Sanders, M. S. and McCormick, E. J. (1993), Human 
Factors in Engineering and Design, McGraw-Hill, 
Inc., New York.    

Sorainen, E. and Kokkola, H. (2000), Optimal noise 
control in a carpentry plant, Applied Acoustics, 61, 
37-43. 

Vajpayee, S., Nigm, M. M., and Sadek, M. M. (1981), 
Noise reduction in material-handling machines, 
Applied Acoustics, 14(6), 471-476. 

Wilson, C. E. (1994), Noise Control, Measurement, Analy-
sis, and Control of Sound and Vibration, Krieger 
Publishing Company, Florida, USA. 

Yaoyuenyong, K. and Nanthavanij, S. (2003), A modi-
fied LPT swap heuristic for solving large minimax 
work assignment problems, Industrial Engineering 
& Management Systems, 2(2), 121-130. 

Yaoyuenyong, K. and Nanthavanij, S. (2004), Hybrid 
procedure to determine optimal workforce without 
noise hazard exposure, Working Paper No. MT-
0406, Sirindhorn International Institute of Technol-
ogy, Thammasat University, Thailand. 

 
 

 


