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Abstract: Industrial hygiene is a preventive technique that tries to avoid professional illnesses
and damage to health caused by several possible toxic agents. The purpose of this study is to
simultaneously analyze different risk factors (body vibration, lighting, heat stress and noise), to obtain
an overall risk assessment of these factors and to classify them on a scale of levels of Unacceptable,
Not recommended or Acceptable. In this work, an artificial intelligence model based on the grey
clustering method was applied to evaluate the quality of industrial hygiene. The grey clustering
method was selected, as it enables the integration of objective factors related to hazards present in
the workplace with subjective employee evaluations. A case study, in the three warehouses of a
beer industry in Peru, was developed. The results obtained showed that the warehouses have an
acceptable level of quality. These results could help industries to make decisions about conducting
evaluations of the different occupational agents and determine whether the quality of hygiene
represents a risk, as well as give certain recommendations with respect to the factors presented.

Keywords: artificial intelligence; grey clustering; industrial hygiene

1. Introduction

According to WHO, health risks in the workplace, including heat, noise, dust, haz-
ardous chemicals, unsafe machinery, and psychosocial stress, cause occupational illnesses
and can also aggravate or lead to other health problems [1]. Nowadays, the importance
of safeguarding workers’ health and safety has been widely accepted within companies
and institutions [2]. However, at a general level, there is no method that integrates the
different types of risks, even though it is necessary to have indicators of health and safety
management through comprehensive risk assessments; therefore, this paper proposes a
model to integrate this risk by applying the grey clustering method [3]. In this sense, the
present study evaluates the risk level of hygiene quality in three different contexts in Peru
(Chanchamayo, Satipo and Tingo Maria), analyzing the warehouse area of a company from
the beer sector. This company has three decentralized beer production plants which are
allocated in the central region of Peru, in which the level of exposure to physical agents
such as lighting, heat stress, noise and vibration are present during work activities.

In turn, there are approaches to access occupational risks, such as the Delphi method,
as shown in work on occupational challenges [4], the AHP method, as shown in research
work on a safety evaluation model [5], or the Fuzzy AHP method (FAHP), as shown in
work on a two-dimensional fuzzy risk assessment model [6]. Among the methodological
alternatives available to quantify the qualitative information during the occupational risk
assessment, the grey clustering method is considered a good alternative, as it considers
uncertainty in the analysis [7]. The grey clustering method is based on grey systems
theory, which is an approach from artificial intelligence theory as shown by Liu and Lin
in their work entitled Grey Systems Theory and Applications [8,9]. In addition, the grey
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clustering method was previously used in different areas such as industrial hygiene [3],
social conflict [10], air pollution [11] and air quality [12]. In this work, the “Center-point
Triangulation based on Whitenization Functions” (known as CTWF), which is an approach
from the grey clustering method [7], was applied, since it is mainly applied to test if the
study groups belong to predetermined classes known as grey classes [12] and can operate
with a degree of uncertainty in circumstances where limited data are available [3].

In addition, the novelty of this work is the integration of industrial hygiene agents for
the first time, which allows the building of an index to measure the quality of industrial
hygiene management. Furthermore, from the computational point of view, this work uses
an approach based on the grey systems theory that allows the considering of uncertainty
within its analysis.

Hence, the specific objective in this work is to apply the grey clustering method in the
integral risk assessment of three warehouses of a beer industry in Peru to better understand
the scenario and give the recommendations accordingly, regarding the control measures. In
addition, the level of risk for each agent is analyzed to obtain an overall risk assessment of
these factors.

This work is organized as follows: Section 2 presents the methodology, followed
by Section 3 in which the case study is developed. Section 4 provides the results and
discussion, and finally Section 5 evidences the conclusions.

2. Methodology

In this section, the grey clustering method is explained according to its different steps;
it is important to highlight that this methodology was developed to classify observation
groups into definable classes, and can be performed by means of whitenization func-
tions [13]. Such functions are mainly used to check whether the observation groups belong
to predetermined classes, and conclusions based on this cognitive certainty could be more
reliable [12].

The CTWF method can be described as follows: first it is necessary to assume that there
are a set of n groups (i = 1, 2, . . . , n), a set of m criteria (j = 1, 2, . . . , m), and a set of s grey
classes (k = 1, 2, . . . , s) according to the sample value xij = (i = 1, 2, . . . , n; j = 1, 2, . . . , m),
and then the steps of the CTWF method can be developed as follows [13]:

2.1. Determination of Central Points

The intervals of the criteria are divided into s grey classes, and then their center-points
λ1, λ2, . . . , λS are determined from the standard data.

2.2. Dimensionless

The standard data are dimensioned using the arithmetic mean of the central points
(λ1, λ2, . . . , λS) found in step 1 of each criterion j (j = 1, 2, ..., m); then, each central point λS
of each criterion is divided by its respective mean, which is calculated using (1).

λk
j =

λs
1
s ∑s

s=1 λs
(1)

2.3. Whitenization Functions and Their Values Determination

The grey classes are expanded in two directions, adding the grey classes 0 and (s + 1)
with their center-points λ0 and λs+1, respectively. Thus, the new sequence of center-points
is λ0, λ1, λ2 . . . λs, λs+1, (see details in Figure 1).
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For the kth grey class, k = 1, 2, . . . , s, of the jth criterion, j = 1, 2, . . . , m, for an observed
value xij, the CTWF is calculated by (2).

f k
j =


0; x /∈ [λk−1, λk+1]

x−λk−1
λk−λk−1

; x ∈ [λk−1, λk]
λk+1−x

λk+1−λk
; x ∈ [λk, λk+1]

(2)

2.4. Weight of the Criteria Determination

The weight of the criteria is determined by the harmonic mean; first, the inverse of the
standard dimensionless data must be determined and divided by the sum of the inverses
found, as shown in (3).

nk
j =

1/λk
j

∑m
j=1 1/λk

j

(3)

2.5. Determination of the Clustering Coefficient

The comprehensive clustering coefficient σk
i for group i, in which i = 1, 2 . . . n, in the

grey class k, k = 1, 2 . . . s, is calculated by (4).

σk
i = ∑n

j=1 f k
j
(
xij
)
·nj (4)

where f k
j
(

xij
)

is the CTWF of the kth grey class of the jth criterion, and \j is the weight of
criterion j [7].

2.6. Analysis of Results Using the Maximum Clustering Coefficient

After calculating σk
i , the maximum grey cluster coefficient is determined using (5) [14].

σk∗ = max
{

σk
}

f or 1 ≤ K ≤ s (5)

If max
1≤k≤s

{
σk

i

}
= σk∗

i , it is decided that group i belongs to grey class k∗. When there are

several groups in grey class k∗, these groups can be ordered according to the magnitudes of
their comprehensive clustering coefficients [13].

3. Case Study

The focus of the study is the maneuvering yards of the warehouses in three locations
(Chanchamayo, Satipo and Tingo Maria) that belong to a company that has several decen-
tralized beer production plants, which operate according to the standards defined by its
integrated management system policy. Within these warehouses, workers are exposed to
various physical agents. Figure 2 shows the location of the departments where the head-
quarters evaluated are located, and which belong to the brewery company, as previously
mentioned.
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3.1. Definition of Study Groups

During the implementation of the study, three different groups have been identified
(n = 3), as can be seen in Table 1, in which the composition of these groups was determined
according to the similarities found during the evaluation of the monitoring of the physical
agent for all the warehouses of the brewery company.

Table 1. Groups in the case study.

Location Nomenclature Description

Chanchamayo G1 The headquarters is located in the Urb. San.
Carlos, La Merced.

Satipo G2 The headquarters is located on the Rio Negro
marginal highway, Satipo.

Tingo Maria G3 The headquarters is located on the road
Fernando Belaunde Terry—Naranjillo.

3.2. Definition of Evaluation Criteria

The criteria for the case study were established considering the exposure of workers
who are exposed to diverse physical agents and the characteristics of the work environment.
These physical agent criteria are present in many work activities such as construction,
industry, and research centers, as well as in the service sector. Therefore, four relevant
criteria were identified (m = 4), as shown in Table 2.

Table 2. Criteria in the case study.

Criterion Nomenclature

Whole-Body Vibration (m/s2) C1
Lighting (lux) C2
Heat Stress (◦C) C3
Noise (dB) C4

Likewise, Table 3 shows the field values monitored in 2018 in the different study
groups.



Computation 2023, 11, 51 5 of 13

Table 3. Actual sampling data.

Criterion Chanchamayo Satipo Tingo Maria

C1 0.495 0.0032 0.0006
C2 24 16 28
C3 25.72 28.12 27.96
C4 71.5 72.4 73

3.3. Definition of the Grey Classes

Three grey classes were established for the case study (s = 3). In order to find the
ranges by level for each one of the criteria, the Maximum Allowable Limits (MEL) and
the action level established in the Peruvian national standard R.M–375 [15] were taken
into account. Therefore, those values that exceed the MEL were considered Unacceptable,
while those between the MEL and the action level were considered Not Recommended,
and finally, those values below the action level were considered Acceptable within the
framework of the Peruvian national standard R.M–375. The criteria are shown in Table 4.

Table 4. Grey classes for each criterion in the case study.

Criterion
Grey Classes

Unacceptable Not Recommended Acceptable

C1 2–1.15 1.15–0.5 0.5–0
C2 0–10 10–20 20–30
C3 32.5–29.5 29.5–27.5 27.5–24.5
C4 140–85 85–82 82–65

3.4. Calculations Using CTWF
3.4.1. Determination of Central Points

From Table 4, the central point of each grey class is calculated according to Section 2.1.
The results are presented in Table 5.

Table 5. Standard data midpoints.

Criterion
f1
j f2

j f3
j

Unacceptable Not Recommended Acceptable

C1 1.575 0.825 0.25
C2 5 15 25
C3 31 28.5 26
C4 112.5 83.5 73.5

3.4.2. Dimensionless

To dimensionless the standard data values and sample values, (1) was used. The
results are presented in Tables 6 and 7.

Table 6. Dimensionless values of the standard data.

Criterion f1
j (x) f2

j (x) f3
j (x)

C1 1.78 0.93 0.28
C2 0.33 1 1.67
C3 1.09 1 0.91
C4 1.25 0.93 0.82
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Table 7. Dimensionless values of the sampling data.

Criterion G1 G2 G3

C1 0.560 0.0036 0.0007
C2 1.600 1.067 1.867
C3 0.902 0.987 0.981
C4 0.796 0.806 0.813

3.4.3. Whitenization Functions and Their Values Determination

From the data in Table 6, the whitenization functions were constructed. As an example,
the graph of the function for the first criterion C1 is shown in Figure 3.
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As an illustration for the criterion C1 shown in the first row of Table 6 (j = 1), the
central points considered are λ1 = 0.28, λ2 = 0.93 and λ3 = 1.78. These values are
substituted in (2) with the purpose of obtaining the CTWF of the three grey classes. The
results of the functions for the first criterion C1 are shown in (6)–(8).

f 1
j =


0; x ∈ [0; 0.93]

x−0.93
1.78−0.93 ; x ∈ 〈0.93; 1.78〉

1; x ∈ [1.78; +∞〉
(6)

f 2
j =


0; x ∈ [0; 0.28] ∪ [1.78 ;+∞〉

x−0.28
0.93−0.28 ; x ∈ 〈0.28; 0.93]

1.78−x
1.78−0.93 ; x ∈ 〈0.93; 1.78〉

(7)

f 3
j =


1; x ∈ [0; 0.28]

0.93−x
0.93−0.28 ; x ∈ 〈0.28; 0.93〉

0; x ∈ [0.93; +∞〉
(8)

The other parameters or criteria functions are developed following the same procedure
as above. Consequently, the values of the functions evaluated in the different study groups
are presented in Table 8.

3.4.4. Weight of the Criteria Definition

From Table 6, the inverses of the non-dimensional values of the standard data are
obtained; such values are displayed in Table 9.

Then, the criteria were weighted by the harmonic mean using (3); the values are shown
in Table 10.

3.4.5. Determination of the Clustering Coefficient

The clustering coefficient σk
i was calculated for each study group using (4). The values

of σk
i obtained for groups G1, G2 and G3 are shown in Table 11.

3.4.6. Analysis of Results Using the Maximum Clustering Coefficient

Equation (5) was used to calculate the maximum clustering coefficient for each crite-
rion. The values are represented in Table 12.
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Table 8. Values of the functions evaluated in the groups.

Chanchamayo (G1)

Grey Class C1 C2 C3 C4
f 1
j (x) 0 0 0 0

f 2
j (x) 0.43 0.10 0 0

f 3
j (x) 0.57 0.90 1 1

Satipo (G2)

Grey Class C1 C2 C3 C4
f 1
j (x) 0 0 0 0

f 2
j (x) 0 0.9 0.86 0

f 3
j (x) 1 0.1 0.14 1

Tingo Maria (G3)

Grey Class C1 C2 C3 C4
f 1
j (x) 0 0 0 0

f 2
j (x) 0 0 0.79 0

f 3
j (x) 1 1 0.21 1

Table 9. Inverse of standard data.

Criterion f1
j (x) f2

j (x) f3
j (x)

C1 0.56 1.07 3.53
C2 3.00 1.00 0.60
C3 0.92 1.00 1.10
C4 0.80 1.08 1.22

Sum 5.28 4.15 6.45

Table 10. Weight values for each criterion.

Criterion f1
j (x) f2

j (x) f3
j (x)

C1 0.11 0.26 0.55
C2 0.57 0.24 0.09
C3 0.17 0.24 0.17
C4 0.15 0.26 0.19

Table 11. Values of the clustering coefficients in the respective groups.

Chanchamayo (G1)

Criterion C1 C2 C3 C4 σk
i

f 1
j (x) 0 0 0 0 0.000

f 2
j (x) 0.43 0.10 0 0 0.136

f 3
j (x) 0.57 0.90 1 1 0.754

Satipo (G2)

Criterion C1 C2 C3 C4 σk
i

f 1
j (x) 0 0 0 0 0.000

f 2
j (x) 0 0.9 0.86 0 0.423

f 3
j (x) 1 0.1 0.14 1 0.771

Tingo Maria (G3)

Criterion C1 C2 C3 C4 σk
i

f 1
j (x) 0 0 0 0 0.000

f 2
j (x) 0 0 0.79 0 0.190

f 3
j (x) 1 1 0.21 1 0.866
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Table 12. Inverse of standard data.

Groups
Unacceptable Not Recommended Acceptable

max
{

σk
i
}

f1
j (x) f2

j (x) f3
j (x)

G1 0.000 0.136 0.754 0.754
G2 0.000 0.423 0.771 0.771
G3 0.000 0.190 0.866 0.866

From the data obtained in Table 12, the values of the maximum σk
i are shown for each

group with its respective grey class. The values are shown in Table 13.

Table 13. Level of maximum clustering coefficients in the respective groups.

Groups σk
i Level

G1 Chanchamayo 0.754 Acceptable
G2 Satipo 0.771 Acceptable
G3 Tingo Maria 0.866 Acceptable

Then, in Table 14, the maximum σk
i of each criterion for each one of the study groups

is presented; in the same way, in Table 15, the value of the grey classes of each criterion for
each group is given.

Table 14. Level of maximum clustering coefficients by criteria for each group.

Groups C1 C2 C3 C4

G1 0.57 0.9 1 1
G2 1 0.9 0.86 1
G3 1 1 0.79 1

Table 15. Quality level by criteria for each group.

Groups
C1 C2 C3 C4

Vibration (m/s2) Lighting (lux) Heat Stress (◦C) Noise (dB)

G1 Acceptable Acceptable Acceptable Acceptable
G2 Acceptable Not recommended Not recommended Acceptable
G3 Acceptable Acceptable Not recommended Acceptable

4. Results and Discussion

The results and discussion are presented below.

4.1. About the Case Study

First, Figure 4, which was constructed from Table 13, shows that the level of hygiene
of the three analyzed groups is acceptable. In the same way, the Tingo Maria store (G3) is
the most outstanding in terms of hygiene quality and is above the other stores due to its
high level of performance.

Second, Table 15 shows the behavior of the criteria for groups G1, G2 and G3. For
group G1 all criteria are in the range of “Acceptable”, while for the group G2 the criteria
C2 and C3 are in the range of “Not recommended”, and C1 and C4 are in the range of
“Acceptable”. Finally, for group G3, which was the warehouse that stood out for its hygienic
quality, C3 is in the range of “Not recommended”, while C1, C2 and C4 are in the range
of “Acceptable”. In addition, the evaluation of criterion C2 (Lighting), group G2 (Satipo’s
warehouse), presents a level “Not Recommended”; this is because, according to the results
obtained, in the warehouse area it was evident that 83% of the points evaluated during
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the night do not meet the recommendations in the MR 375-2008-TR [16]. On the other
hand, regarding the evaluation of criteria C3 (Heat stress), the groups G2 (Tingo Maria)
and G3 (Satipo’s store) present a level of “Not recommended”. This could be due to the
fact that during the “Loading and unloading” activity within this warehouse, a TGBHe of
28.12 ◦C and 27.96 ◦C, respectively, was recorded, which does not exceed the permissible
limit (29.5 ◦C) but does exceed the action level (27.5 ◦C); therefore, it requires an action to
be taken, but not immediately.
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In addition, the vibration levels (C1) are acceptable for the operators of each of the
three warehouses studied. However, several methodologies could have been applied for
this criterion, such as in a research study conducted by Petré F. et al. [17], which used the
ISO 2631 methodology for the assessment of whole-body vibration in workers operating
vehicles. Nevertheless, the application of ISO 2631 methodology does not quantify the
risk, but only discriminates the most obvious cases of low risk, medium risk, and high
risk; therefore, the advantage of the grey clustering method used in the present study is
emphasized, as this method quantifies the risk level.

Regarding the lighting criterion (C2), the lighting level was deficient for Satipo’s
warehouse. In order to solve this fact, the study carried out by Kapliienko O. et al. [18]
mentioned how the lighting level in warehouses could be improved, since they propose to
implement virtual reality in order to make lighting designs in warehouses to provide better
visibility to the operators.

For the heat stress criterion (C3), it was found that the heat stress levels are not recom-
mended for the workers of two of the warehouses as evaluated with the grey clustering
methodology. Therefore, the study conducted by S. Srivastava, Y. K Anand and V. Soami-
das [19] proposes the implementation of a system design to reduce the risk of heat stress,
whose system will have artificial neural networks (ANN) as a model free of estimators to
evaluate the discomfort perceived by workers for different combinations of proposals at
work.

Finally, for the evaluation of the noise criterion (C4), this paper found that the levels
for this agent are acceptable according to the evaluation already performed by the grey
clustering method. In the paper by D. P. Martins and M. S. Alencar [20], the authors use
the mathematical logarithm model to predict the behavior of the measured noise, and thus
identify which frequencies are harmful to human health according to the MTE regulations
(Brazil). This model could complement our analysis of research work, identifying which
sources are harmful to the health of workers who work within these areas and adjusting
the parameters to the regulations of the country.

4.2. About the CTWF Method

Due to its simple construction, the CTWF method is one of the most used methods
in occupational risk assessments [13]. However, its simple design is also its disadvantage,
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as to determine the cumulative value individual factors are classified into qualitative
measures, thereby making significant simplifications that may give a misleading picture of
the resultant risk of individual hazards. This is noted by both practitioners and theoreticians
of occupational safety, who search for ways to formalize the process of estimating the level
of occupational risk and formulate general recommendations for the entire process of risk
analysis and assessment [3].

In addition, the method enables the integration of objective factors related to hazards
present in the workplace with subjective employee evaluations. The main advantage of
the method is the ability to combine objective (measurable) factors with subjective factors
(qualitative, related to expert judgment) in the risk assessment process [3,21]. Moreover,
Table 16 provides a comparison between the grey clustering method and other method-
ologies for a better appreciation of its advantages and disadvantages according to four
different methodologies: the grey clustering method, the Delphi Method, the AHP Method,
and the FAHP Method [22].

Table 16. Comparison of the grey clustering method with other methodologies.

Methods
Comparison of Methodologies

Advantages Disadvantages

Delphi Method

Experts can argue their answers
anonymously, and the opinion of a team
of experts could be considered subjective
but it is not arbitrary; therefore, the
results are reliable, and Delphi can be
considered as a complement to other
methodologies.

The use of a descriptive statistic in the
treatment of the data diminishes its
capacity of quantification; in addition, if
many rounds are made, the experts tend
to change their opinions.

AHP Method

The use of evaluation criteria and the
determination of weights for each
criterion raises the level of objectivity of
the evaluation with respect to Delphi; on
the other hand, the relatively simple
calculations make this method applicable
to different case studies.

Its relatively simple mathematical basis
needs to be supplemented with other
theories to become more objective.

FAHP Method

The advantage of the FAHP method over
AHP is that it raises the level of
quantification because it uses fuzzy logic
theory in the calculation process.

It is important to take care in collecting
the data from the experts, to have optimal
results when applying the FAHP method.
In many cases, there are no quantitative
data available to facilitate the assessment
of experts, which makes the assessment
subjective, so it is necessary to previously
perform a quantification of variables
using the theory of grey systems.

Grey Clustering Method

To have a good level of quantification by
the application of grey systems in data
processing, it incorporates the use of grey
classes in each criterion to make the
assessment, which allows a greater range
of evaluation for experts and therefore
facilitates the collection of information.

Its simple design as to determining the
cumulative value; individual factors are
classified into qualitative measures,
making important simplifications that
can give a misleading picture of the
resulting risk for individual hazards.

4.3. About the Control Proposals

Taking as reference Table 15 and considering the criteria with results Not recom-
mended, the following control proposals are considered:
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4.3.1. Control Proposal for Lighting Criteria (C2)

For the Satipo warehouse (G2), a perform corrective maintenance is recommended,
increasing the number of lamps in areas of pedestrian traffic and forklift traffic. As shown
in Figure 5, the installation of asymmetrical projectors is recommended for the better use of
the luminous flux. It is also recommended to replace the forklift headlights with ones with
a higher luminous flux (the luminous flux information is provided by the manufacturer in
the technical data sheets).
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4.3.2. Control Proposal for Heat Stress Criterion (C3)

For the warehouses of Satipo (G2) and Tingo Maria (G3), the recommendations area:
First, a work regime/rest area: It is recommended to rest in cool places when the

temperature increases. Likewise, there should be considerations in case the personnel feel
sick, as they should stop their activity and rest in a cool place in conditions below 25 ◦C or
in thermal comfort until they recover, as continuing to work can put their health at risk.

Second, rehydration: Workers should be provided with fresh water to enjoy constant
rehydration that allows them to continue with their activities without affecting their physi-
cal health. In addition, it is recommended to inform and train the workers about the risks,
effects, and preventive measures against thermal stress in a consistent manner. The aim
is for workers to be able to recognize the first symptoms of heat illness in themselves and
in their colleagues for proper prevention. Likewise, the aim is to ensure the surveillance
of the workers’ health and to suggest training exercises and adequate nutrition to prevent
being overweight, and to spread the importance of the use of sunscreen.

5. Conclusions

In this work, the Tingo Maria warehouse presented a higher acceptable risk level
than the levels of the other warehouses (Chanchamayo and Satipo), which also resulted
in an acceptable risk level. Therefore, it is concluded that workers on average are not
affected by these risks, but it was observed in the results that in the Satipo warehouse the
level of lighting and thermal stress is not recommended, as well as in Tingo Maria. The
method used in this work shown its usefulness and flexibility to be applied to other types
of research problems

In the study, the grey clustering method was applied, which proved to be effective
since it allowed us to have a comprehensive global risk that allows us to evaluate safety
management and has an advantage over the AHP or Delphi methods as it considers
uncertainty within its analysis. In addition, this methodology allows us to use several
criteria, which can be established by grey classes to determine the impact of the risk level
for each criterion.

Finally, the CTWF method could be applied to analyze other types of research or
cases that have a high level of uncertainty, such as the analysis of psychosocial risk, social
conflicts, educational problems, technological impact problems, etc. It could also be applied
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to other industry sectors such as hydrocarbons, mining, manufacturing, etc., which will
help prevent those risks that threaten the health of the worker. In addition, the grey
clustering method could be applied, using more classification grades to better address the
severity of the risks.
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