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ABSTRACT Steel production is one of the major focuses of Vietnamese government’s industrial devel-
opment plans in the last few decades and the industry has experienced sustained growth where enterprises
have made great strides in terms of scale, output, and technology. The growth and expansion of the steel
industry, however, must be carefully evaluated due to the sizeable amount of waste, including wastewater,
gas, and solid waste, as well as the significant emission of pollutants. Vietnamese steel companies are
confronted with the difficulty of establishing sustainable practices to satisfy the sustainability requirements
of stakeholders. Green suppliers evaluation and selection is a complex process where multiple quantitative
and qualitative criteria must be considered. In this study, a Multicriteria Decision Making (MCDM) model is
developed to support the green suppliers evaluation process in the steel manufacturing industry in Vietnam.
The proposed model combines Fuzzy Analytic Hierarchy Process (Fuzzy AHP) and Tomada de Decisao
Interativa Multicriterio (TODIM) methods to determine the most suitable suppliers based on relevant criteria.
The main contribution of this study is to develop a Fuzzy MCDM model to support decision makers in the
steel industry in green steel suppliers evaluation proceess. The proposed model is then applied to a case
study in Vietnam to demonstrate its application feasibility. The results suggested that among the potential
alternatives, Supplier 5 (Viet Uc Steel) is identified as the optimal supplier.

INDEX TERMS MCDM model, steel industry, fuzzy AHP, TODIM, sustainable.

I. INTRODUCTION

The steel industry plays a crucial role in the economic devel-
opment of Vietnam. The country’s steel output has seen
significant growth from the year 2020 to the beginning of
2023. Vietnam has shown tenacity and made incredible pro-
gresses despite the obstacles presented by the worldwide
epidemic and negative economics outlook (Fig. 1). Vietnam’s
steel production increased steadily over the years, reach-
ing a total output of 29.34 million metric tons in 2022.
Domestic steel demand remained robust due to continu-
ing building and infrastructure development projects across
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the country. In addition, government initiatives to promote
industrialization and urbanization boosted demand for steel
and raised production. In 2021, production and export oper-
ations were seriously damaged by the rigorous lockdown
restrictions and interrupted international supply lines due to
the COVID-19 pandemic. However, the sector proved its
resiliency by putting in place strict safety regulations, adjust-
ing to fresh customer needs, raising operational effectiveness
and has successfully maintained a high level of output as a
consequence [1].

In 2022, the Vietnam steel industry had a minor decline
due to a decline in global demand. According to the Gen-
eral Statistical Office of Vietnam, steel production output
increased from the pre-pandemic level to 29.34 million tons.
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Even though demand generally has decreased, the industry’s
pace has been kept up primarily by increasing domestic
construction activity, infrastructural improvements, and the
resumption of foreign commerce. Maintaining production
level required support from the government in the form of
stimulus packages and infrastructure upgrades. Moving into
early 2023, Vietnam’s steel industry continues to exhibit
positive momentum. The production output has been steadily
increasing, meeting the growing demand for steel prod-
ucts both domestically and internationally. Investments in
modernization and technology upgrades have enhanced the
sector’s productivity and competiveness.

Vietnam Steel Production Volume
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FIGURE 1. Vietnam steel production volume, 2010 - 2022 [2].

However, the steel sector still has to deal with issues includ-
ing fluctuating raw material costs, international commerce
instability, and environmental worries. To ensure long-term
prosperity of the industry, the government’s emphasis on
sustainable development and the implementation of greener
techniques in the steel production processes are essential.
As such, sustainability has emerged as a critical consideration
in the steel industry.

One of the key areas that can make help improving the
sustainability of steel supply chains is supplier evaluation
and selection process. The incoporation of sustainability
dimensions has become neccessary for steel manufacturers.
However, the evaluation and selection of sustainable sell
suppliers is a complex process where the decision-makers
must consider multiple quantitative and qualitative criteria.
Multicriteria Decision Making (MCDM) approaches offer
a powerful tool for informed decision-making and improv-
ing overall performance for such complex decision-making
problems. The aim of this study is to develop a Fuzzy
MCDM model utilizing Fuzzy Analytic Hierarchy Process
(Fuzzy AHP) and Tomada de Decisao Interativa Multicriterio
(TODIM) methods to support decision-makers in the sustain-
able supplier evaluation and selection process in the steel
manufacturing industry of Vietnam. Supplier selection is fre-
quently plagued with ambiguities, poor facts, and subjective
judgments. The application of Fuzzy AHP with TODIM pro-
vides a systematic and well-structured approach for making
supplier selection judgments. This enables decision-makers
to comprehensively examine and rank supplier choices based
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on many criteria, resulting in better informed and robust
decisions.

The following research gaps may be addressed by this
study:

Integration of Fuzzy Decision-Making: Many supplier
selection studies have typically relied on crisp, determin-
istic data, which frequently fails to represent the inherent
uncertainties and ambiguities of supplier evaluation. This
study bridges the gap by using Fuzzy AHP, allowing for
the representation of ambiguous data and judgments in the
decision-making process.

Multicriteria Decision-Making that is Interactive: While
there are standard multicriteria decision-making approaches,
the introduction of TODIM, an interactive methodology,
is a novel contribution in the context of supplier selection.
It responds to the need for a more interactive and transpar-
ent supplier evaluation process that includes stakeholders in
decision-making.

The combination of Fuzzy AHP-TODIM is an innovative
methodology that can be adapted to meet supplier selection
challenges in a variety of sectors. It helps to enhance decision-
making approaches, especially in situations characterized by
ambiguity and the requirement for participatory decision-
making.

This study is critical in resolving the complexity of supplier
selection in the steel industry through the use of advanced
approaches such as Fuzzy AHP-TODIM. By combining
fuzzy logic and adding an interactive decision-making pro-
cess, it closes a research gap. Its unique contributions include
its practical applicability, methodological innovation, and the
potential to improve supplier selection methods in the steel
sector and beyond.

In summary, the paper’s objectives revolve around the
application of advanced decision-making methodologies to
choose a steel supplier, with a focus on robustness, inclusivity,
and the practical relevance of the findings in the steel industry.
Its scope encompasses the complexities of supplier selection
(6 steel suppliers in Viet Nam, taking into account multiple
criteria(12 sub-criteria) and the challenges associated with
fuzzy data and interactive decision-making.

Il. LITERATURE REVIEW
MCDM Multiple Criteria Decision Making (MCDM) tech-
niques have gained significant attention in various industries,
including the steel industry, as a means to support complex
decision-making processes. MCDM methods provide a struc-
tured framework to evaluate and prioritize alternatives based
on multiple criteria, taking into account diverse and often
conflicting objectives. In the context of the steel industry,
MCDM approaches have been widely applied to address
various challenges and optimize decision-making in areas
such as production planning, supplier selection, technology
adoption, and sustainability.

Some case studies applying MCDM in supplier selection
such as Ghamari et al. [3] Interpretive Structural Modelling
(ISM), Best-Worst Method (BWM), and Technique for Order
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of Preference by Similarity to Ideal Solution (TOPSIS) were
used to create a framework for choosing sustainable suppliers
in the Iranian steel industry. The framework for choosing
a green supplier was presented by Lu et al. [4] using a
cloud-based model, possibility degree, and Fuzzy AHP. AHP
method is one of the most used analytical methods in the
MCDM model when this method can be combined with many
other methods to give optimal results [5], [6], [7], [8], [9],
[10]. One of the first studies to apply the AHP method was
done by Yahya and Kingsman [11] the study used the AHP
method to determine the preference in supplier selection.

Some of the highlighted research about MCDM in steel
such as Wang et al. [12] used a hybrid model of Fuzzy
AHP and Fuzzy TOPSIS to identify the most effective
green supplier of steel manufacturing in Vietnam, Mon-
teiro Gomes et al. [13] demonstrates the use of the
Choquet-extended TODIM method as well as the classic
TODIM approach. These methods are used to compare
suppliers of certain materials and products, which is impor-
tant for the steel sector in the Brazilian state of Rio de
Janeiro. Govindan et al. [14] employed the best-worst method
(BWM) in the first phase to generate KPI weights, the
TODIM technique in the second phase for supplier evalu-
ation, and a supplier classification grid in the third phase
to analyze the impact of each selection strategy to be
applied.

Amiran et al. [15] introduced performance evaluation
indices that were chosen via expert questionnaires. Also, the
chosen evaluation indexes’ relative weights are determined
using the Fuzzy AHP method. Each criterion’s weights are
expressed in language phrases that can be represented by
triangular fuzzy numbers. According to three case studies as
empirical examples, the Fuzzy TOPSIS method, one of the
analytical tools used in Multiple Criteria Decision Making
(MCDM), is used to rank the performance of three mills by
simultaneously calculating the distances to both the Fuzzy
Positive-ideal solution and Fuzzy Negative-ideal solution.
Almasi et al. [16] employed a multiperiod mathematical
model to choose and assign orders to a sustainable supplier
in the Iranian automotive sector. Zindani et al. [17] proposed
the robustness and applicability of the TODIM method in
addressing material selection issues demonstrated by a sen-
sitivity study demonstrating the impact of different values
of the attenuation factor of the losses on the rankings of the
candidate materials. Sharma et al. [ 18] compared the rankings
of the materials using four different Multicriteria Decision
Making Techniques (MCDM) to determine which material
is best for railway wagons among three steel and three
aluminum-based materials. Chakraborty et al. [19] mentioned
a set of alternative suppliers are ranked using a relatively
new MCDM technique known as Measurement Alternatives
and Rating According to Compromise Solution (MARCOS).
Jain et al. [20] suggested the iron and steel industry’s supplier
selection. Weights have been assigned to the criteria using the
Analytical Hierarchy Process, and suppliers have been ranked
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using the weighted Aggregated Sum Product Assessment
(WASPAS) approach.

Jinetal. [21], [22] proposed the rejoice-regret probabilistic
linguistic multiplicative DEA cross efficiency assessment
approach for a two stage system to overcome the psycho-
logical and behavioral problems of evaluators. More than
that Jin et al. [23] studied about the Large-scale group
decision-making (LSGDM) deals with complex decision-
making problems which involve a large number of deci-
sion makers (DMs). This study presented a novel consensus
based linguistic distribution LSGDM (CLDLSGDM) strat-
egy that attempts to produce accepted solutions. It is built
on a statistical inference principle that takes into account the
psychological aspects of DMs’ regret aversion utilizing regret
theory. In particular, the CLDLSGDM technique uses the
consensus matrix and modified decision-making matrices to
solve the decision-making problem by applying the statistical
inference principle to the consensual knowledge acquired
during the consensus process. This allows for the determi-
nation of the weights of DMs and characteristics. Next, the
comprehensive perceived utility values of the alternatives are
computed and ranked using regret theory.

An explanation of the set of criteria used for this document
is referenced by several authors as following Table 1:

In order to improve the supplier selection process as well
as tackle the inherent uncertainty and complexity of this
decision-making task, Fuzzy AHP and ToDIM are being
applied to the steel supplier selection process. Here are some
main justifications for selecting these techniques: The steel
industry often deals with imprecise or uncertain data due to
fluctuating market conditions, variable supplier performance,
and changing customer demands. When choosing a supplier,
a number of factors must be taken into account, including
price, capacity, quality, delivery, sustainability,. .. Fuzzy AHP
provides a structured approach to handle the hierarchy of
criteria. It enables you to rank and balance factors in the
supplier selection process based on their relative significance.
This is particularly useful when some factors like quality
or dependability have a greater influence on the choice.
Pairwise comparisons of criteria and alternatives are made
easier by Fuzzy AHP. This makes it possible to compare
providers consistently and quantitatively by evaluating their
performance in relation to each criterion in a methodical
manner. Conversely, TODIM is very helpful in combining
the different preferences and criteria into a single score for
supplier selection. It emphasizes the idea of ideal and anti-
ideal solutions, assisting in the selection of the supplier who
most closely resembles the ideal profile. Because FAHP and
TODIM are flexible and can handle a range of preferences
and decision-making situations, there is flexibility in the
supplier selection process.

In conclusion, the kind of data that is available and the
nature of the decision problem will determine which of these
approaches is best. Fuzzy AHP and TODIM were selected to
build the proposed Fuzzy MCDM model. When choosing a
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TABLE 1. Definitions of the criteria used.

Criteria Sub-Criteria Definition

The sum that must be paid in order
Price to purchase the goods that the

supplier is offering [3,24]

Program for continuous
improvement, corrective and
preventative measures,

) documentation and self-inspection,
Quality inspection and control, installation
Product of the ISO quality system, quality
shipping, and certification of the
quality. [24]
Guaranteed in terms of product
Capacity quantity  continuously,  without
interruption, product shortage.[25]
) If the amount grows, the supplier
Quantity will offer a percentage discount.
[25,26]

Communication, dedication, and

discount

trust are all components of a secure
communication system. Over a long
working life, easy communication
might have an impact on the
connection between supplier and
Reliability management. Language, morals, and
customs differ from one country to
the next. Suppliers must provide
communication systems that are
easier and more successful than their

competitors in order to have a strong

connection. [25]

Service
Warranty

Product warranty is clear [3,26]
Current manufacturing facilities /
capacities, supplier technology
development to satisfy current and
future resource needs, R&D
Technology ~ capabilities, and supplier new
product design to meet current and
future needs of an organization,
technology, interoperability, and
supplier growth.[26]
Ontime The supplier must meet shipping
conditions including location and

delive
g time for shipping. [3]

steel supplier, the information at hand is frequently ambigu-
ous or imprecise, as such, it is necessary to apply fuzzy logic
in building the model. The combination of Fuzzy AHP and
TODIM allows a flexible decision-making procedure that can

VOLUME 11, 2023

TABLE 1. (Continued.) Definitions of the criteria used.

CO2 emissions from furnace the

CcOo2 . L
combustion process, sintering, and
emissions o
pelletizing.[26,27,34]
Meeting the needs of the present
does not affect the ability of future
Sustainability ~ generations to meet their own needs,
Environmental including three pillars: economic,
environmental, and social.[20,29,34]
The process to treat industrial
Wastewater
v wastewater before being discharged
generation . .
into lakes, rivers, ... [29,30]
Resource Recovery and recycling of scrap
recycling products. [29,36,39]

successfully handle the ambiguity in the input data. Further-
more, while TODIM operates based on the decision space
and calculates the relative values of alternatives, Fuzzy AHP
can use model knowledge to set the weights of criteria. These
two methods can be combined to integrate model knowledge
and information about the decision space, resulting in a final
decision that is based on both particular information and
expert knowledge.

TODIM gives simple rankings, making it simple for
decision-makers to grasp why one alternative is ranked higher
or lower. This facilitates decision-making communication
and persuasion. TODIM compares each alternative to the
ideal answer, which aids in expressing the degree of similarity
to the evaluation criteria. This is useful for making decisions
that necessitate taking into account both similarity and dis-
similarity across alternatives. TODIM can be used to a variety
of data kinds, including numeric and qualitative or fuzzy data,
making it applicable to a variety of decision scenarios.

However, TODIM can grow complicated when dealing
with multiple criteria and options. Pairwise comparisons
and the determination of ideal and anti-ideal solutions
are involved in the calculation process, which can be
time-consuming and labor-intensive. TOPSIS is primarily
concerned with estimating the distance between each alter-
native and the ideal and anti-ideal solutions, but it does
not explicitly examine their dissimilarity. If the ideal and
anti-ideal solutions are not symmetric, this can result in asym-
metric results.

Finally, Fuzzy AHP-TODIM excels at offering an intu-
itive ranking based on similarity to the ideal answer. Both
approaches provide solid solutions to the problems posed by
fuzzy or inaccurate data in multi-criteria decision-making.

lll. METHODOLOGY
A. THE FUZZY ANALYTIC HIERARCHY PROCESS

Fuzzy AHP is a fuzzy MCDM method [32] that allows
decision-makers to evaluate and prioritize alternatives based
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on a criterion hierarchy. The method entails decomposing
a complex decision problem into a hierarchical structure of
criteria and sub-criteria, then comparing alternatives based on
pairwise comparisons of criteria using linguistic terms such
as “‘very important,” “‘important,” ‘‘moderately important,”
“less important,” and ‘‘not important.” Based on the linguis-
tic terms, the fuzzy AHP computes the priority weights of
criteria, sub-criteria, and alternatives. This method is com-
monly used in renewable energy studies to evaluate and
select renewable energy solutions based on a variety of cri-
teria, including economic, environmental, service, and social
factors, ...

The difference and relationship between the proposed
Fuzzy AHP and AHP lie in their approaches to han-
dling uncertainty and imprecision in decision-making. Here’s
a breakdown of the key distinctions and the connection
between the two:

LR INT3

1) TREATMENT OF UNCERTAINTY AND FUZZINESS

AHP: In its conventional form, AHP presumes that
decision-makers convey their preferences and judgments by
providing clear, non-fuzzy values. It doesn’t naturally deal
with the problem of ambiguity or imprecision.

Fuzzy AHP: Fuzzy AHP was created especially to deal
with fuzziness and uncertainty in the decision-making pro-
cess. Decision makers can describe the degree of ambiguity
in their decisions by using fuzzy logic and fuzzy numbers to
represent imprecise or uncertain information. Because of this,
Fuzzy AHP works effectively in scenarios where the data is
ambiguous or unpredictable by nature.

2) PAIRWISE COMPARISONS

AHP: The relative relevance of criteria and alternatives is
determined by pairwise comparisons in AHP. Numerical
numbers expressed in crisp form are usually used in these
comparisons.

Fuzzy AHP: Similar to AHP, FAHP compares criteria
and options pairwise to ascertain their relative relevance.
Fuzzy numbers or linguistic variables are used in FAHP
comparisons in order to account for the imprecise nature of
decision-makers’ assessments.

3) FUZZY SETS AND MEMBERSHIP FUNCTIONS

AHP: AHP does not inherently employ fuzzy sets or mem-
bership functions in its traditional form. Instead, it relies on
crisp values and consistency checks based on the eigenvector
method.

Fuzzy AHP: Fuzzy AHP makes extensive use of fuzzy
sets and membership functions to handle the fuzziness in
data. Decision-makers can assign membership degrees to
elements, indicating the degree to which they belong to a
particular set.

4) RELATIONSHIP
Fuzzy AHP can be considered an extension of AHP. While
AHP deals with crisp data and preferences, Fuzzy AHP
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TABLE 2. The fuzzy linguistics scale.

Triangular fuzzy

Fuzzy set Meaning numbers
i Equal level (1,1,1)
2 Light level (1,2,3)
3 Weak level (2,3,4)
) Preferable level (3,4,9)
5 Importance level (4,5,6)
6 Fairly level (5,6,7)
7 Highly level (6,7,8)
8 Strongly level (7,8,9)
9 Extremely level (9,9,9)

expands on the AHP framework by accommodating fuzzy
data, allowing for more flexible and robust decision-making
in situations where information is vague or uncertain.

In practice, the choice between AHP and FAHP depends
on the nature of the decision problem. If there is a high
degree of uncertainty or imprecision in the data, FAHP is
a more appropriate choice. However, if the decision can be
made with crisp, precise data, AHP can still be an effective
tool.

The processes for implementing an Fuzzy AHP model are
outlined below.

Step 1: Fuzzy hierarchical tree formation (Fig. 2)

Step 2: After establishing the Fuzzy AHP structure, the cri-
teria will be compared to one another. The relative importance
of the two criteria is quantified on a scale of 1- 9 based on the
given linguistic characteristics of TFNs. The tilde symbol (~)
is placed above the parameter symbols to denote erroneous
data. Table 2 show the fuzzy scale used:
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Step 3: Clarify the pairwise comparison matrix of triangu-
lar fuzzy number as demonstrated below [34]:

Ro p(aij) = [B.-FNo(Lij) + (1 = p).
XFNoUpl:0<p=<1,0=a=1 (1)

If denotes an uncertain situation, (¢ = 0.5, 8 = 0.5) demon-
strates that the export’s approach is reasonable.

FNo(Lij) = (Mj; — Lij).o0 + Ljj @
FN4(Uy) = Ujj — (Ujj — Mjj).a 3)

If we replicate the diagonal portion of the matrix, we are
given:

—0<B<1,0<a<li>j] &
Ra,ﬂ(aij)

A comparision matrix that of crisp values is obtained. This
comparison is done between pairs of indicators, which are
then integrated into a matrix of lines and columns (k is the
number of indicators). The significance of indicator i when
compared to the column criteria is calculated as:

Sa.p(@ij) =

1 12 ... Nk
1 1 . g

0= (tij)kxk = . : . . ®)
1 2 AU |

Step 4: Calculate the highest individual value and look for the
consistency index.

l|Q_max~1|=0 (6)

where:
Amax 18 the maximum value of the matrix.
Q is the relative matrix of pairs of elements.
I is the unit matrix of the similar with matrix Q.
This ratio balances with the level of consistency with the
data’s (random) neutrality [33]:
Critical Ratio (CR) — Consistency Index (CI) )
Random Index(RI)
zfmax_t
t—1

Consistency Index (CI) = ®)
where RI is obtained using Table 3:

CR < 0.1 is acceptable; otherwise the Fuzzy AHP model
must be reevaluated.

B. THE TOMADA DE DECISAO INTERATIVA
MULTICRITERIO (TODIM) METHOD

The TODIM technique [31], which is based on prospect
theory, takes into consideration the subjectivity of decision
makers’ behavior and can indicate the advantage of one
choice over another using operational formulas. It is more
concrete, sensible, and scientific in its application to the prob-
lem of multi-criteria decision making (MCDM). The TODIM
processing as shown in:
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TABLE 3. Index values are generated at random and correlate to
indicators [2].

-

RI

,_
[=]

0.52
0.9

1.24
1.32
1.41

O 0 9 N U R W

1.45

—_
(=)

1.49

Step 1: With ¢ = (#1,%2, .. .9#,) as a group of suppliers,
establish a dicision matrix with m suppliers and n critetia:

Normalize # = (a;7),,, ., into ? = (a;j) )

mxn

Step 2: Determine the degree of dominance. As shown below,
the preference index value is calculated as:

n
C@itn=2  w@d0:Gt=12 ..m (10
W (3i,9¢)

gji (dij — dy)
A ol R Ifd; —d; >0
> o1 &k f i =
_lo Ifd; — d;=0
1| (s i) @ — dg)
—— Ifdj —dj <0
é €jk

(1D

where § specifies loss decay coefficient (§ >0). The default
value of § is 1 which expresses neutrality of the decision mak-
ers to losses. Finally, the dominance degree of each alternative
is determined:

> CWi, ) — min {Z:n:l C9;, 19,)}
max {30 C(9:, 91)} — min {311 C(®;, 9)}
(12)

Cw) =

Step 4: Rank the alternatives according to their C (¢;) values.
The supplier with the highest value is the best option.

IV. CASE STUDY

The steel industry is facing many challenges because of
competition and market prices. However, the demand for
steel is in many fields such as construction (civil and
industrial works), automobile manufacturing, ships, oil and
gas pipelines, electronic equipment and household electrical
goods, and many other fields. This demand is still growing
gradually and is expected to continue to increase in the
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future because of the development of many industries and
construction globally. This study proposes a set of criteria to
help businesses choose the right supplier. This set of criteria
includes 3 main criteria: economy, service, and environment
[38] along with 12 sub-criteria. To test the set of criteria,
this study selected six different suppliers to evaluate. The
information of the six potential suppliers as shown in the
Table 4:

TABLE 4. Potential suppliers’ information.

Name of company Alterniative code

Hoa Phat Group Supplier 1
Hoa Sen Group Supplier 2
Song Hau Corporation Supplier 3
Pomina Steel Corporation Supplier 4
Viet Uc Steel Supplier 5

Nam Kim Steel Supplier 6

A. THE FUZZY AHP MODEL

Criteria weighting results after applying the Fuzzy AHP
model are the results of quantitative evaluation and analysis
of the priority of criteria in a system or process. This result is
calculated based on the importance of each criterion and gives
corresponding weights for each criterion. The application
of the Fuzzy AHP model helps to optimize the evaluation
process and quantify the priority of the criteria by using math-
ematical methods to evaluate the importance of the criteria
and calculate the corresponding weights. This result (Table 5)
brings many benefits to the evaluation process, helping to
improve operational efficiency and ensure fairness in the
evaluation and prioritization of criteria.

B. THE TODIM MODEL

After the Fuzzy AHP model quantifies the weight of the
criteria. The results of Fuzzy AHP will be used as input to
the TODIM model, a weight-based multicriteria evaluation
method. Specifically, the weighted results of the criteria will
be presented in the form of a matrix and these values will
be applied to TODIM to conduct the evaluation of opti-
mal supplier selection. TODIM is a multicriteria evaluation
method that uses information about the weight and priority
of the criteria to determine the optimal supplier. The TODIM
method’s input setup information is shown in Table 6 where
Profit criteria are those that have a positive impact, while
Cost criteria are those that have a negative impact. Table 7
displays the TODIM method’s initial matrix in this case,
which contains expert assessments of how each alternative
performed in relation to each criterion and criteria weights
from the Fuzzy AHP method.
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TABLE 5. Criteria weighting result.

Name Normalized Limiting
Air emissions (C1) 0.08739 0.043695
Capacity (C2) 0.0892 0.044599
On time delivery (C3) 0.10444 0.052222
Price (C4) 0.08263 0.041313
Quality (C5) 0.08948 0.044738
Quantity discount (C6) 0.10212 0.05106
Reliability (C7) 0.12675 0.063377
Resource recycle (C8) 0.07543 0.037717
Sustainability (C9) 0.06845 0.034225
Technology (C10) 0.07721 0.038605
Warranty (C11) 0.05494 0.027468
Wastewater generation (C12) 0.04196 0.020981
TABLE 6. Input setup information.
Guide to determine kind of criteria
profit cost
Kind of criteria 1 -1

Number Of Suppliers 6

Applying the TODIM formula from (9) - (12), we get the
supplier ranking results as Tab.8.

To validate the performance of the proposed method, the
input data is re-ran using a popular Fuzzy MCMD model
that is Fuzzy AHP-TOPSIS. The results is shown in Table. 9.
The results between the two model is extremely similar, with
Supplier number 5 choosen as the most optimal supplier. This
suggests that the proposed model is feasible and can identify
the optimal supplier in this case.

The results of the ranking of suppliers using the TODIM
model have shown that Viet Uc Steel is the most suitable
supplier. However, in a volatile market, Nam Kim Steel and
Pomina Steel Corporation could also be considered as alter-
native choices.

The TODIM model considers multiple criteria and evalu-
ates each supplier based on their performance in these criteria.
In this case, Viet Uc Steel’s performance was the best overall,
but the model recognizes that in certain situations, other
suppliers may also be viable options.

V. SENSITIVITY ANALYSIS

A. CRITERIA WEIGHTS

A sensitivity analysis is carried out to analyze the outcome
of the suggested method. One sort of robust testing and
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TABLE 7. Initial matrix.

C1 C2 Cc3 C4 [ C6 C7 (&) &) C10 C11 C12
Weights of

criteria 0.0874  0.0892 0.1044 0.0826 0.0895 0.1021 0.1268 0.0754 0.0685 0.0772  0.0549  0.042

Kind of

I -1 1 1 -1 -1 1 1 -1 -1 1 1 -1

criteria
Supplier 1 4 8 2 4 2 7 2 2 9 2 5 5
Supplier 2 7 4 5 7 3 5 3 6 7 2 7 8
Supplier 3 9 5 3 7 5 4 5 3 5 6 4 3
Supplier 4 5 7 5 8 4 6 6 4 6 7 8 9
Supplier 5 3 5 7 9 4 4 7 5 4 9 8 6
Supplier 6 3 9 8 5 4 3 5 8 6 5 6 3

TABLE 8. The ranking results by FAHP-TODIM method.

Global Relative Overall
Alternatives Ranking
Dominance G(i) Value V(i)
Supplier 1 -26.9668 0.5039 4
Supplier 2 -37.5194 0 6
Supplier 3 -29.455 0.3851 5
Supplier 4 -21.7558 0.7528 3
Supplier 5 -16.5783 1 1
Supplier 6 -18.3886 0.9136 2
TABLE 9. The ranking results by fuzzy AHP-TOPSIS method.
Alternatives Si+ Si- Ci Ranking
Supplier 1 0.08429 0.074232 0.468274 4
Supplier 2 0.082058 0.043727 0.347633 6
Supplier 3 0.078223 0.056833 0.420809 5
Supplier 4 0.049033 0.075227 0.6054 2
Supplier 5 0.050489 0.091952 0.645542 1
Supplier 6 0.062198 0.081725 0.567839 3

sensitivity analysis involves computing the final ranking of
alternatives when changing the weight of a particular crite-
rion. The approach established by Alinezhad [36] is used for
the sensitivity analysis where the weight of each criterion is
removed one by one and then re-calculate the final ranking.
According to the results of sensitivity analysis, re-
weighting (Table. 10) and supplier evaluation results
(Table. 11). In most cases, supplier number 5 and 6 are the
top 2 suppliers with slight changes in ranking between them
in some cases, however their performance scores are closed
in those cases. This suggests that the proposed model’s is
relatively robust and effective in finding optimal suppliers.
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FIGURE 3. Suppliers’ performance in each case.

In case number 12, supplier number 4 overtakes supplier
number 6 as the second best supplier. This is because supplier
number 4 performs extremely poor in waste generation crite-
rion (C12) while supplier 6 is one of the best performers when
consider this criterion. Therefore the result of case 12 sug-
gests that the model performed as expected when there are
changes to the criteria weights.

B. LOSS DECAY COEFFICIENT
Another sensitivity analysis can be performed to check the
robustness of the results by alternating the loss decay coef-
ficient (§) of the TODIM model. If § > 1, the losses are
attenuated; if § < 1, the losses are increased. As a result,
this parameter allows decision makers to rank the alterna-
tives based on their gains and: for big values of §, the best
alternatives provide more gains; while for small values of
6 the best alternatives, the best alternatives provide little
losses.

In this case, the TODIM model is re-ran for three cases:
6§ =0.1,8 =1, and § = 2.5. The final results is shown in
Table. 12:

In all three cases, the ranking results are unchanged. This
suggests that the case study results are robust against the
sensitivity to losses of the decision makers.
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TABLE 10. Criteria weights in analysed cases.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6 Case 7 Case 8 Case 9 Case 10 Case 11 Case 12
C1 0.0000  0.0960  0.0976  0.0953 0.0960  0.0973 0.1001 0.0945 0.0938 0.0947 0.0925 0.0912
C2 0.0977  0.0000  0.0996  0.0972  0.0980  0.0993 0.1022  0.0965 0.0958  0.0967 0.0944 0.0931
C3 0.1144  0.1146  0.0000  0.1138  0.1147  0.1163 0.1196  0.1129  0.1121 0.1131 0.1105 0.1090
C4 0.0905  0.0907  0.0922  0.0000  0.0907  0.0920  0.0946  0.0893 0.0887  0.0895 0.0874 0.0862
C5 0.0981 0.0983  0.0999  0.0976  0.0000  0.0997  0.1025 0.0968  0.0961 0.0970 0.0947 0.0934
C6 0.1119  0.1121 0.1140  0.1113 0.1121 0.0000  0.1169  0.1104  0.1096  0.1106 0.1080 0.1066
C7 0.1389  0.1392  0.1416  0.1382  0.1393 0.1412  0.0000  0.1371 0.1361 0.1374 0.1342 0.1324
C8 0.0826  0.0828  0.0842  0.0822  0.0828  0.0840  0.0863 0.0000  0.0809  0.0817 0.0798 0.0787
C9 0.0751 0.0752  0.0765 0.0747  0.0752  0.0763 0.0784  0.0741 0.0000  0.0742 0.0725 0.0715
C10 0.0846  0.0848  0.0862  0.0842  0.0848  0.0860  0.0884  0.0835 0.0829  0.0000 0.0817 0.0806
Cl1 0.0602  0.0603  0.0613 0.0598  0.0603 0.0611 0.0629  0.0594  0.0589  0.0595 0.0000 0.0573
C12 0.0460  0.0461 0.0469  0.0458  0.0461 0.0468  0.0481 0.0454  0.0451 0.0455 0.0444 0.0000
TABLE 11. Supplier performance.
Case 1 Case2 Case3 Case4 Case5 Case6 Case7 Case8 Case9 Casel0 Casell Case 12
Supplier 1 0.4849  0.3374  0.7293  0.3568  0.4210 0.4055 0.6995 0.2857 0.7016 0.6538 0.6550 0.3969
Supplier2 ~ 0.0000  0.0000  0.0000  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
Supplier3  0.5540 0.3342  0.5325 0.3488 0.5090 04162 0.3359 0.2306 0.3088 0.2465 0.6089 0.0914
Supplier4  0.8673  0.6459  0.8078  0.7351  0.7652  0.6691  0.7344  0.6682  0.8078 0.6622 0.6988 0.8680
Supplier 5 1.0000  1.0000  1.0000  1.0000  1.0000 1.0000  1.0000 0.9759  0.9860 0.9143 0.9525 1.0000
Supplier6  0.8893  0.7420  0.8708  0.7668 09178  0.9988  0.9893  1.0000  1.0000 1.0000 1.0000 0.6683

TABLE 12. Supplier performance and ranking with different loss decay

E continues to face challenges such as shifting prices for raw
coefficients values.

materials, unstable global trade, and environmental concerns.
This has pressured steel purchasers to better analyse and

8=0.1 8=1 8=25 optimize their operations. Sustainable procurement therefore
Case “perform g Peorm p Perform hafs become Qne the chus the indus.try. However, sus-
ance irg” ance irél ance ‘:;1 tainable supplier evaluation and selection process can be
Index Index Index complicate as it involves multiple quantitative and qualitative
isellj:plpl 07016 4 05039 4 04800 4 criteria.
For companies within the steel manufacturing industry,
Suppl 4 4000 6 0.0000 6 0.0000 6 the results from the case study can provide useful insights.
ier 2 ’ : : . . . C.
The weighting results of the evaluation criteria can be used
_Sup3p1 0.3361 5 0.3851 5 0.3910 5 to prioritize important criteria. Specifically, Reliability (C7)
1er . . . e
and On time delivery (C3) are identified as the most two
_Sulzpl 0.7022 3 0.7528 3 0.7589 3 most important criteria in this case study which suggests that
1er . . .
companies should focus on these aspects of their businesses.
iSel:pSpl 1.0000 1 1.0000 1 1.0000 1 The results of this study, practicularly the supplier ranking,
can also be a useful resource for potential procurers who are
ise‘;pﬁpl 0.8912 2 0.9136 2 0.9163 2 looking for buying steel from Vietnam.

Futhermore, while Fuzzy AHP and TODIM are relatively
easy to use and understand, the use of this model still neces-
sitates basic knowledge and experience in MCDM model

VI. DISSCUSION AND CONCLUSION

In recent years, the push for steel production to satisfy
domestic and international demand has increased signifi-
cantly in Vietnam, along with increasing requirements in
various aspects of the production process. The steel industry

141868

development and implementation. As a result, businesses
should develop adequate guidance and instruction to aids with
the application process. The model also has to be updated and
re-evaluated frequently to guarantee its viability and efficacy
in supplier selection.

VOLUME 11, 2023



N. V. Thanh et al.: Strategic Decision Making at a Steel Industry Assisted by Fuzzy Theory

IEEE Access

The limitations of this study are that it solely takes
into account local steel producers and does not provide a
thorough comparison with popular Fuzzy MCDM models.
Future research can extend from this study by expanding the
pool of potential suppliers and criteria, or developing Fuzzy
AHP-TODIM models to solve complex decision-making
problems in different industries. Comparision study can also
be done to analyse the proposed model performance to
that of common methods. The proposed model can also
be applied in combination with Multi-objectives decision
making (MODM) models to solve supplier order allocation
problems.

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[71

[8

[9]

[10]

[11]

[12]

[13]

[14]

General Statistics Office of Vietnam. PX Web. Accessed: Sep. 18, 2023.
[Online]. Available: https://www.gso.gov.vn/en/px-web/

Vietnam Steel Association. Tinh Hinh Thi Truong Thép Viét Nam Thdng
12/2022 va nam 2022. Accessed: Jan. 10, 2023. [Online]. Available:
http://vsa.com.vn/tinh-hinh-thi-truong-thep-viet-nam-thang-12-2022-va-
nam-2022/

R. Ghamari, M. Mahdavi-Mazdeh, and S. F. Ghannadpour, “Resilient
and sustainable supplier selection via a new framework: A case study
from the steel industry,” Environ., Develop. Sustainability, vol. 24, no. 8,
pp. 10403-10441, Aug. 2022, doi: 10.1007/s10668-021-01872-5.

Z. Lu, X. Sun, Y. Wang, and C. Xu, “Green supplier selection
in straw biomass industry based on cloud model and possibility
degree,” J. Cleaner Prod., vol. 209, pp.995-1005, Feb. 2019, doi:
10.1016/j.jclepro.2018.10.130.

S. Butdee and P. Phuangsalee, ‘““Uncertain risk assessment mod-
elling for bus body manufacturing supply chain using AHP and
fuzzy AHP,” Proc. Manuf., vol. 30, pp.663-670, Jan. 2019, doi:
10.1016/j.promfg.2019.02.094.

C.-N. Wang, N.-A.-T. Nguyen, T.-T. Dang, and C.-M. Lu, “A compromised
decision-making approach to third-party logistics selection in sustainable
supply chain using fuzzy AHP and fuzzy VIKOR methods,” Mathematics,
vol. 9, no. 8, p. 886, Apr. 2021, doi: 10.3390/math9080886.

S. Pergin, “Evaluation of third-party logistics (3PL) providers by using a
two-phase AHP and TOPSIS methodology,” Benchmarking, Int. J., vol. 16,
no. 5, pp. 588-604, Aug. 2009, doi: 10.1108/14635770910987823.

M. Ashek-Al-Aziz, R. H. Aneek, and M. G. H. Siyam, “Fuzzy AHP and
modified Fuzzy TOPSIS based supplier selection model,” J. Inf. Eng.
Appl., vol. 10, no. 4, pp. 57-73, 2020, doi: 10.7176/jiea/10-4-07.

M. Zaman, “Supplier selection using AHP-VIKOR and AHP-
TOPSIS method: A case study for Bangladeshi jute mill of Khulna
region,” Int. J. Ind. Eng., vol. 7, no. 1, pp.1-11, Jan. 2020, doi:
10.14445/23499362/ijie-v7ilp101.

W. Habsari, T. Djatna, F. Udin, and Y. Arkeman, ‘A multi-criteria decision-
making approach using AHP for pudak packaging supplier selection,”
Jurnal Teknologi Industri Pertanian, vol. 32, no. 2, pp. 197-203, Sep. 2022,
doi: 10.24961/j.tek.ind.pert.2022.32.2.197.

S. Yahya and B. Kingsman, “Vendor rating for an entrepreneur devel-
opment programme: A case study using the analytic hierarchy process
method,” J. Oper. Res. Soc., vol. 50, no. 9, p.916, Sep. 1999, doi:
10.2307/3010189.

C.-N. Wang, T.-L. Nguyen, and T.-T. Dang, “Two-stage fuzzy MCDM
for green supplier selection in steel industry,” Intell. Autom. Soft Com-
put., vol. 33, no. 2, pp.1245-1260, 2022, doi: 10.32604/iasc.2022.
024548.

L. F. A. M. Gomes, M. A. S. Machado, D. J. Santos, and A. M. Caldeira,
“Ranking of suppliers for a steel industry: A comparison of the original
TODIM and the Choquet-extended TODIM methods,” Proc. Com-
put. Sci., vol. 55, pp. 706-714, Dec. 2015, doi: 10.1016/j.procs.2015.
07.080.

K. Govindan, A. Kaul, J. D. Darbari, P. C. Jha, and Aditi, “Analysis of
supplier evaluation and selection strategies for sustainable collaboration:
A combined approach of best—-worst method and TOmada de Decisao Inter-
ativa Multicriterio,” Bus. Strategy Environ., vol. 32, no. 7, pp. 4426-4447,
Nov. 2023, doi: 10.1002/bse.3374.

VOLUME 11, 2023

[15]

[16]

(17]

(18]

(19]

(20]

[21]

[22]

(23]

(24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

H. Amiran, I. Radfar, and S. H. Zolfani, “A fuzzy MCDM approach
for evaluating steel industry performance based on balanced scorecard:
A case in Iran,” in Proc. 2nd IEEE Int. Conf. Emergency Manage.
Manage. Sci., Aug. 2011, pp.574-577, doi: 10.1109/ICEMMS.2011.
6015746.

M. Almasi, S. Khoshfetrat, and M. R. Galankashi, ‘“Sustainable sup-
plier selection and order allocation under risk and inflation condition,”
IEEE Trans. Eng. Manag., vol. 68, no. 3, pp. 823-837, Jun. 2021, doi:
10.1109/TEM.2019.2903176.

D. Zindani, S. R. Maity, S. Bhowmik, and S. Chakraborty, “A
material selection approach using the TODIM (TOmada de Decisao

Interativa Multicriterio) method and its analysis,” Int. J. Mater.
Res., vol. 108, no. 5, pp.345-354, May 2017, doi: 10.3139/146.
111489.

V. Sharma, F. Zivic, D. Adamovic, P. Ljusic, N. Kotorcevic, V. Slavkovic,
and N. Grujovic, “Multi-criteria decision making methods for selection of
lightweight material for railway vehicles,” Materials, vol. 16, no. 1, p. 368,
Dec. 2022, doi: 10.3390/mal6010368.

R. Chattopadhyay, S. Chakraborty, and S. Chakraborty, “An integrated
D-MARCOS method for supplier selection in an iron and steel industry,”
Decis. Making, Appl. Manage. Eng., vol. 3, no. 2, pp. 49-69, Oct. 2020,
doi: 10.31181/dmame2003049c.

H. Dinger, S. Yiiksel, T. Aksoy, and U. Hacioglu, “Application of
M-SWARA and TOPSIS methods in the evaluation of investment alter-
natives of microgeneration energy technologies,” Sustainability, vol. 14,
no. 10, p. 6271, May 2022, doi: 10.3390/sul4106271.

F. Jin, Y. Cai, L. Zhou, and T. Ding, ‘“Regret-rejoice two-stage multi-
plicative DEA models-driven cross-efficiency evaluation with probabilistic
linguistic information,” Omega, vol. 117, Jun. 2023, Art. no. 102839, doi:
10.1016/j.omega.2023.102839.

F. Jin, Y. Cai, W. Pedrycz, and J. Liu, “Efficiency evaluation with
regret-rejoice cross-efficiency DEA models under the distributed linguistic
environment,” Comput. Ind. Eng., vol. 169, Jul. 2022, Art. no. 108281, doi:
10.1016/j.cie.2022.108281.

F. Jin, J. Liu, L. Zhou, and L. Martinez, “Consensus-based linguistic
distribution large-scale group decision making using statistical inference
and regret theory,” Group Decis. Negotiation, vol. 30, no. 4, pp. 813-845,
Aug. 2021, doi: 10.1007/s10726-021-09736-z.

N. Jain and A. R. Singh, ““Supplier selection in Indian iron and steel indus-
try: An integrated MCDM approach,” Int. J. Pure Appl. Math., vol. 118,
no. 20, pp. 455-459, 2018.

G. Biiyiikozkan and F. Gocer, “Application of a new combined intuitionis-
tic fuzzy MCDM approach based on axiomatic design methodology for the
supplier selection problem,” Appl. Soft Comput., vol. 52, pp. 1222-1238,
Mar. 2017, doi: 10.1016/j.as0¢.2016.08.051.

F. R. Lima-Junior and L. C. R. Carpinetti, “Combining SCOR model
and fuzzy TOPSIS for supplier evaluation and management,” Int. J.
Prod. Econ., vol. 174, pp. 128-141, Apr. 2016, doi: 10.1016/j.ijpe.2016.
01.023.

C.-N. Wang, T. V. Thanh, J.-T. Chyou, T.-F. Lin, and N. T. Nguyen,
“Fuzzy multicriteria decision-making model (MCDM) for raw materials
supplier selection in plastics industry,” Mathematics, vol. 7, no. 10, p. 981,
Oct. 2019, doi: 10.3390/math7100981.

J.-F. Chen, H.-N. Hsieh, and Q. H. Do, “Evaluating teaching
performance based on fuzzy AHP and comprehensive evaluation
approach,” Appl. Soft Comput., vol. 28, pp. 100-108, Mar. 2015, doi:
10.1016/j.as0c.2014.11.050.

A. Nieto-Morote and F. Ruz-Vila, “A fuzzy AHP multi-criteria decision-
making approach applied to combined cooling, heating, and power
production systems,” Int. J. Inf. Technol. Decis. Making, vol. 10, no. 3,
pp- 497-517, May 2011, doi: 10.1142/50219622011004427.

N. Rane, S. P. Choudhary, and A. Achari, ‘“Multi-criteria decision-
making (MCDM) as a powerful tool for sustainable development: Effective
applications of AHP, FAHP, TOPSIS, ELECTRE, and VIKOR in sus-
tainability,” Int. Res. J. Modernization Eng. Technol. Sci., vol. 5, no. 4,
pp. 2654-2670, 2023, doi: 10.56726/irjmets36215.

M. S. D. Putra, S. Andryana, Fauziah, and A. Gunaryati, ‘‘Fuzzy analyt-
ical hierarchy process method to determine the quality of gemstones,”
Adv. Fuzzy Syst., vol. 2018, pp. 1-6, Oct. 2018, doi: 10.1155/2018/
9094380.

S. Chakraborty, P. Chatterjee, and P. P. Das, Multi-Criteria Decision-
Making Methods in Manufacturing Environments: Models and Applica-
tions. Palm Bay, FL, USA: Apple Academic Press, 2023.

141869


http://dx.doi.org/10.1007/s10668-021-01872-5
http://dx.doi.org/10.1016/j.jclepro.2018.10.130
http://dx.doi.org/10.1016/j.promfg.2019.02.094
http://dx.doi.org/10.3390/math9080886
http://dx.doi.org/10.1108/14635770910987823
http://dx.doi.org/10.7176/jiea/10-4-07
http://dx.doi.org/10.14445/23499362/ijie-v7i1p101
http://dx.doi.org/10.24961/j.tek.ind.pert.2022.32.2.197
http://dx.doi.org/10.2307/3010189
http://dx.doi.org/10.32604/iasc.2022.024548
http://dx.doi.org/10.32604/iasc.2022.024548
http://dx.doi.org/10.1016/j.procs.2015.07.080
http://dx.doi.org/10.1016/j.procs.2015.07.080
http://dx.doi.org/10.1002/bse.3374
http://dx.doi.org/10.1109/ICEMMS.2011.6015746
http://dx.doi.org/10.1109/ICEMMS.2011.6015746
http://dx.doi.org/10.1109/TEM.2019.2903176
http://dx.doi.org/10.3139/146.111489
http://dx.doi.org/10.3139/146.111489
http://dx.doi.org/10.3390/ma16010368
http://dx.doi.org/10.31181/dmame2003049c
http://dx.doi.org/10.3390/su14106271
http://dx.doi.org/10.1016/j.omega.2023.102839
http://dx.doi.org/10.1016/j.cie.2022.108281
http://dx.doi.org/10.1007/s10726-021-09736-z
http://dx.doi.org/10.1016/j.asoc.2016.08.051
http://dx.doi.org/10.1016/j.ijpe.2016.01.023
http://dx.doi.org/10.1016/j.ijpe.2016.01.023
http://dx.doi.org/10.3390/math7100981
http://dx.doi.org/10.1016/j.asoc.2014.11.050
http://dx.doi.org/10.1142/s0219622011004427
http://dx.doi.org/10.56726/irjmets36215
http://dx.doi.org/10.1155/2018/9094380
http://dx.doi.org/10.1155/2018/9094380

IEEE Access

N. V. Thanh et al.: Strategic Decision Making at a Steel Industry Assisted by Fuzzy Theory

[33] J. Ooi, M. A. B. Promentilla, R. R. Tan, D. K. S. Ng, and
N. G. Chemmangattuvalappil, “Integration of fuzzy analytic hierarchy
process into multi-objective computer aided molecular design,”
Comput. Chem. Eng., vol. 109, pp.191-202, Jan. 2018, doi:
10.1016/j.compchemeng.2017.11.015.

[34] J. Wang, G. Wei, and M. Lu, “TODIM method for multiple attribute group
decision making under 2-tuple linguistic neutrosophic environment,” Sym-
metry, vol. 10, no. 10, p. 486, Oct. 2018, doi: 10.3390/sym10100486.

[35] N. L. Rane and G. K. Jayaraj, “Comparison of multi-influence factor,
weight of evidence and frequency ratio techniques to evaluate groundwater
potential zones of basaltic aquifer systems,” Environ., Develop. Sustain-
ability, vol. 24, no. 2, pp. 2315-2344, Feb. 2022, doi: 10.1007/s10668-021-
01535-5.

[36] R. Lin, J. S.-J. Lin, J. Chang, D. Tang, H. Chao, and P. C. Julian, “Note
on group consistency in analytic hierarchy process,” Eur. J. Oper. Res.,
vol. 190, no. 3, pp. 672-678, Nov. 2008, doi: 10.1016/j.€jor.2007.07.007.

[37] T. L. Saaty, The Analytic Hierarchy Process. New York, NY, USA:
McGraw-Hill, 1980.

[38] S. A.S.Haeriand J. Rezaei, “A grey-based green supplier selection model
for uncertain environments,” J. Cleaner Prod., vol. 221, pp. 768-784,
Jun. 2019, doi: 10.1016/j.jclepro.2019.02.193.

[39] H. Fu, G. Manogaran, K. Wu, M. Cao, S. Jiang, and A. Yang, “Intel-
ligent decision-making of online shopping behavior based on Internet
of Things,” Int. J. Inf. Manage., vol. 50, pp. 515-525, Feb. 2020, doi:
10.1016/j.ijinfomgt.2019.03.010.

NGUYEN VAN THANH was born in Can Tho,
Vietnam, in 1989. He received the B.S. degree in
industrial management from Can Tho University,
the M.S. degree in industrial system engineering
from the Ho Chi Minh University of Technology,
Vietnam National University, and the Ph.D. degree
in industrial engineering and management from
the National Kaohsiung University of Science and
Technology, Taiwan, in 2019.

From 2013 to 2019, he was the Deputy Head
of the Industrial Systems Engineering Department, Can Tho University of
Technology. Since 2019, he has been with Hong Bang International Uni-
versity, as the Vice Dean of the Faculty of Technology. Since 2020, he has
also been the Head of logistics and supply chain management with Van
Lang University, Ho Chi Minh City, Vietnam. He is the author of two books
and more than 50 research articles. His research interests include operation
research, logistics and supply chain management, and data science., etc. The
author can be contacted at thanh.nguyenvan@vlu.edu.vn.

141870

LE ANH LUYEN received the M.B.A. degree
from the Ho Chi Minh University of Technology,
Vietnam National University, and the Ph.D. degree
in industrial engineering and management from
the National Kaohsiung University of Science and
Technology, Taiwan, in 2020.

She is a Lecturer-Researcher with the Fac-
ulty of Business Administration Department, FPT
University, Vietnam. She teaches principles of

: ~ economics, international economy, and business
research methods courses. She has published several articles in the field
of economics and business administration. Her research interests include
economics, data science, and finance. She also became a reviewer of
some reputable international journals. The author can be contacted at
luyenla@fe.edu.vn.

NGUYEN VIET TINH was born in Da Nang,
Vietnam, in 1994. He received the International
Economics degree from Foreign Trade University,
and the Master of Business degree from Monash
University, Australia. He is currently pursuing the
Ph.D. degree in management technology with the
Sirindhorn International Institute of Technology,
Thammasat University, Thailand.

Since 2020, he has been the Deputy Head of
logistics and supply chain management with Van
Lang University, Ho Chi Minh City, Vietnam. His research interests include
operation research and supply chain management. The author can be con-
tacted at tinh.nv@vlu.edu.vn.

THAI HOANG TUYET NHI was born in Can Tho,
in 1996. She received the Ph.D. degree in industrial
engineering and management from the National
Kaohsiung University of Science and Technology,
Taiwan, in May 2023.

She is a Lecturer with the Faculty of Com-
merce, Van Lang University, Ho Chi Minh City,
Vietnam. Her research interests include supply
chain, multi-criteria decision-making, environ-
mental uncertainty, energy, and sustainability.

VOLUME 11, 2023


http://dx.doi.org/10.1016/j.compchemeng.2017.11.015
http://dx.doi.org/10.3390/sym10100486
http://dx.doi.org/10.1007/s10668-021-01535-5
http://dx.doi.org/10.1007/s10668-021-01535-5
http://dx.doi.org/10.1016/j.ejor.2007.07.007
http://dx.doi.org/10.1016/j.jclepro.2019.02.193
http://dx.doi.org/10.1016/j.ijinfomgt.2019.03.010

