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Abstract: Unexpected worldwide disruptions brought various challenges to supply chain manage-
ment thus manipulating the research direction towards resilience. Since the supplier is one of the
important supply chain elements, the challenges can be overcome through resilient supplier selection.
Supplier selection is a multi-criteria decision-making problem where several criteria are involved. In
this study, GRA-BWM-TOPSIS was proposed to evaluate resilient suppliers. Seven resilience criteria
which were Quality, Lead Time, Cost, Flexibility, Visibility, Responsiveness and Financial Stability
have been proposed and five experts were selected to provide judgments for the selection process.
By using the proposed method, the criteria importance levels were obtained using GRA and the
criteria weights were computed using BWM, together with a consistency test. TOPSIS was applied
to evaluate the suppliers’ performances. Through a case study in a food manufacturing company,
10 suppliers were evaluated and ranked. A validation process was carried out and the managerial
implications were provided to ensure the effectiveness of the proposed model. GRA-BWM-TOPSIS is
suitable for resilient supplier selection when there are uncertainties and incomplete data.

Keywords: resilience; supply chain; supplier selection; multi-criteria decision-making; GRA;
BWM; TOPSIS

1. Introduction

A Supply Chain (SC) consists of five main elements namely suppliers, manufacturers,
distributors, retailers, and customers. Recently, uncertain global risks and disruptions have
affected most of the manufacturing industries which forced them to focus on SC resilience.
Generally, the risks associated with SC can be classified into two categories which are
operational risk and disruption risk [1]. Operational risk refers to the inherent events that
occur within a SC such as uncertainty in transportation cost, customer demand, and power
outage [2]. Disruption risk refers to the major disruptive events such as natural disasters,
human-made threats, or employee strikes including pandemics, tsunamis, earthquakes,
floods, fires, transport accidents, and labor strikes. These events may cause short-term or
long-term negative impacts to the financial performance of SC or even economic crisis in
more serious cases. To deal with the economic issues, resilience is vital to be incorporated
in a SC.

The literature [3] indicates that most of the previous supplier selection studies only
focused on traditional, green and sustainable SC elements while overlooking resilience fac-
tors. The disruption of COVID-19 pandemic has forced the government to make significant
restrictions on goods transportation, as well as labor migration. Many industries are facing
the impact including food manufacturing industry. The food manufacturing SC is signifi-
cantly affected by the absence of local or migrant workers due to their sickness and travel
restrictions of lockdowns imposed by the government. As a consequence, many companies
face economic challenges. A statistic by Companies Commission of Malaysia shows that
9675 Small and Medium Enterprises (SMEs) had shut down during the first phase of the
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Movement Control Order from 18 March to 9 June in 2020. During the recovery phase
from June to September 2020, 22,794 SMEs had winded up [4]. To deal with this, resilience
is required to overcome the sudden changes in the manufacturing SC. The less focus on
resilience elements in previous supplier selection studies [3,5] causes a lack of investigation
on resilience criteria and resilient suppliers’ evaluation. Today, globalization has brought
problems of uncertainties and incomplete information due to risks and disruptions which
cause inaccuracy to the decision-making. Thus, researchers are urged to shift their research
direction towards SC resilience.

A resilient SC has a good flow of materials, information and capital, with the collabo-
ration between the suppliers and customers by considering dimensions of being able to
respond quickly to various disruptions and have a flexible contingency plan in place. An
economically resilient SC is able to foresee, adapt to, and leverage the changing conditions
to economic advantages as stated by the National Association of Counties (NACo) [5]. In
this case, Rajesh and Ravi [6] reported that a supplier is the main element in SC while Munir
et al. [7] stated that a supplier acts as the main source in developing SC economic resiliency.
Therefore, suppliers are the main concern in building up a resilient SC. In this study, a
supplier is a party that provides the raw materials by ensuring that the communications
between all the parties are forthcoming and the stocks are of satisfactory quality. One of the
most effective ways to deal with various economic challenges is resilient supplier selection.

Supplier Selection Process (SSP) consists of four sub-processes which are the definition
of problems, identification of evaluation criteria, determination of potential suppliers, and
selection of the best supplier. SSP is a Multi-Criteria Decision-Making (MCDM) problem
since the process deals with more than one criterion. In previous studies, several MCDM
methods have been utilized to evaluate and select the best supplier [8]. However, the
previous techniques are found to have certain limitations in handling problems with
uncertainties and incomplete information due to unexpected risks and disruptions, thus,
resulting in inconsistent findings. Therefore, a better technique is proposed.

Generally, the purposes of this study are:

1. To incorporate the element of resilience into supplier selection;
2. To calculate the weights of resilience criteria with a higher consistency;
3. To rank the performances of the resilient suppliers while taking into account uncer-

tainties and incomplete data.

Hence, a Grey-MCDM model which is a new integrated Grey Relational Analysis
(GRA)-Best Worst Method (BWM)-Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) model is proposed for resilient supplier selection. This new technique
is a serial integration between three different techniques to generate better outcomes. It
could be applied to determine the importance level of each criterion to be considered in
resilient supplier selection. At the same time, it could provide highly consistent results
of criteria weights and suppliers’ ranks by considering the problems with uncertainties
and incomplete information. The paper is structured as follows: the literature review
and research gaps are presented in Section 2. The research methodology is explained and
defined in Section 3. The case study and results are presented in Section 4. Section 5
presents the validation of the proposed model, followed by Section 6 which presents the
managerial implications. Finally, the conclusions and recommendations for future work
are provided in the last section.

2. Literature

The trend of research in supplier selection indicates that the SC focus has been shifted
from conventional, green and sustainability elements towards resilience to deal with
uncertainties and incomplete information caused by unexpected risks and disruptions.
In previous studies [3,8], researchers have proposed different MCDM techniques for re-
silient supplier selection such as VlseKriterijumska Optimizacija I Kompromisno Resenje
(VIKOR), Additive Ratio Assessment (ARAS), Weighted Aggregated Sum Product Assess-
ment (WASPAS), Data Envelopment Analysis (DEA), Analytical Network Process (ANP),
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Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS), Multi-Choice
Goal Programming (MCGP), Fuzzy Inference System (FIS) and Analytical Hierarchy Pro-
cess (AHP). Some of the latest studies are presented in this section.

Mohammed et al. [3] proposed a hybrid MCDM approach towards resilient sourcing.
They developed an efficient resilient supplier selection approach based on a new holistic
framework that enables the identification of key resilience pillars (RPs) and traditional
business criteria (TBC). The outcome was the measurement of the relative importance of
TBC and RP by applying the DEMATEL method. This was followed by the integration of
Multi-Attributive Border Approximation Area Comparison (MABAC) and Operational
Competitiveness Rating Analysis (OCRA) with TOPSIS and VIKOR methods in verifying
the suppliers’ ranking.

Pramanik et al. [9] presented a soft computing approach to mitigate uncertainties
in resilient supplier selection. Considering both the tangible and intangible criteria, they
presented a new integrated fuzzy AHP and fuzzy ARAS with fuzzy entropy using the
linguistic values to solve the supplier selection problem with uncertain data. Fuzzy entropy
was used to obtain the entropy weights of the criteria while fuzzy AHP-ARAS was applied
to rank the suppliers.

A hybrid model was proposed by Xiong et al. [10] for green-resilient supplier selection
which integrated BWM, WASPAS, and TOPSIS to select green-resilient suppliers. Firstly,
the criteria weights were calculated by BWM and the intuitionistic fuzzy numbers were
applied to rank the suppliers. Then, WASPAS-TOPSIS was applied to select the optimal
resilient-green supplier.

Hasan et al. [11] developed a Decision Support System (DSS) to incorporate im-
precise heterogeneous data to rank the resilient suppliers in a logistic 4.0 environment.
They induced a triangular fuzzy number from large-scale temporal data by applying the
probability-possibility consistency principle. The qualitative attributes were mapped by
the fuzzy linguistic variables while the suppliers were ranked by the fuzzy-based TOPSIS
method. These ranking scores act as the inputs of the MCGP model to determine the
optimal order allocation for the suppliers.

In a latter study conducted by Mohammed [12], an integration between a grey theory
with DEMATEL-VIKOR was proposed for the resilient supplier selection. After identifying
the gresilience criteria, the DEMATEL algorithm was used to determine the importance
levels of criteria based on the experts’ opinions. The gresilience performances of suppliers
were then assessed by using the VIKOR algorithm. Next, the suppliers’ performances were
revealed and the insights for the gresilience suppliers were discussed.

In another study, Piprani et al. [13] employed a two-stage methodology for the supplier
selection process. Their aim was to determine the resilient capability factors at different
stages of SC disruptions in Pakistan’s textile industry. In the first stage, the resilient
capability factors were identified through the experts’ consultations. In the second stage,
the factors needed for the textile industry were ranked by applying AHP.

Parkouhi et al. [14] considered two dimensions which were resilience enhancer and
resilience reducer in selecting suppliers. The degrees of importance of the criteria were
determined using the Grey DEMATEL technique for the two dimensions, while the scores of
suppliers were determined using the Grey Simple Additive Weighting (GSAW) technique.
The findings showed that customization was the most important enhancer criterion whereas
the most significant reducer was the capacity limit of suppliers. Finally, the prioritized
resilient suppliers were identified.

Davoudabadi et al. [15] presented a new integrated efficiency measurement model for
resilient supplier analysis using the Principal Components Analysis (PCA) to reduce the
criteria dimensions. Furthermore, DEA was employed to determine the criteria weights
and suppliers’ ranks. The weights of criteria were simultaneously determined by using the
DEA method, entropy index, and judgments of decision-makers.

A resilient-sustainable framework based on the supplier selection indicators was
proposed by Amindoust [16]. A fuzzy set theory has been applied to deal with the
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uncertainties in supplier selection. Furthermore, a modular FIS was designed to determine
the suppliers’ affinity indices to the resiliency and sustainability issues. It provided a
comprehensive supplier selection model with any number of indicators and suppliers.
The outcomes were analyzed using the Assurance Region DEA method (AR-DEA) in
determining the indicators’ weights and suppliers’ ranks.

Some other studies that have applied MCDM methods in resilient supplier selection
are summarized in Table 1.

Table 1. Review on resilient supplier selection.

Previous Study MCDM Methods Industry

Mohammed et al. [8] DEMATEL-OCRA-TOPSIS-
VIKOR Steel manufacturing

Pramanik et al. [9] Fuzzy AHP-ARAS Automotive manufacturing
Xiong et al. [10] Fuzzy BWM-WASPAS-TOPSIS Illustrative example
Hasan et al. [11] Fuzzy DSS-MCGP Logistics
Mohammed [12] Grey DEMATEL-VIKOR Chemical manufacturing
Piprani et al. [13] Fuzzy AHP Textile manufacturing

Parkouhi et al. [14] Grey DEMATEL-SAW Wood and paper
Davoudabadi et al. [15] PCA-DEA Illustrative example

Amindoust [16] FIS-DEA Alloy manufacturing
Pramanik et al. [17] Fuzzy AHP-TOPSIS–QFD General manufacturing

Venkatesan and Goh [18] Fuzzy AHP-PROMETHEE Numerical experimentation
Sahu et al. [19] Fuzzy VIKOR Empirical example

Haldar et al. [20] Fuzzy AHP-QFD Hypothetical case
Vinodh et al. [21] Fuzzy ANP Electronics manufacturing

As presented in Table 1, the fuzzy theory was commonly applied rather than the
grey theory to deal with uncertainties in supplier selection. It is evident that AHP and
TOPSIS were the most common MCDM methods in resilient supplier selection. Among the
industries covered by the previous studies above, the food manufacturing industry has not
been considered.

Research Gaps

Previous researchers revealed that resilience is rare to be incorporated in SC compared
to traditional, green and sustainable elements in supplier selection. In the early years,
traditional criteria such as cost, quality and lead time were prioritized in selecting suppliers.
After some time, the SC focus shifted to the indicators of green supplier evaluation due to
the challenges of commensurate environmental degradation, such as the rise of consumer
awareness and attendant shift of attitudes to purchasing greener products. Then, the rapid
consumption of natural resources and the need for environmental protection led to the
focus on SC sustainability by taking into account economic, social and environmental
criteria. People are accustomed to surviving in their comfort zones as they enter the
globalization period. As a result, there is a lack of preparedness and readiness in dealing
with unforeseen risks and disruptions, which pose several important problems to the SC.
In achieving the first objective of the study, resilience is incorporated into supplier selection
to deal with various SC challenges.

By referring to the literature [8–12], AHP and TOPSIS are among the most convenient
methodologies to provide the criteria weights and suppliers’ ranks since AHP is easy to
be applied while TOPSIS provides a scalar value that accounts for the abilities of both
the best and the worst alternatives. Peng and Xiao [22] and Sun et al. [23] pointed out
that TOPSIS is a better decision-making technique for choosing alternatives because of its
clear and understandable logic. TOPSIS can also deal with qualitative and quantitative
problems [24]. Thus, it is preferred in this study. However, from the perspective of AHP, it
becomes complicated when the number of variables is large thus causing inconsistency in
experts’ judgments. To deal with this, researchers have discovered the Best Worst Method
(BWM) as a substitute for weighing the criteria. BWM greatly reduces the complexity
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of calculation, and through more consistent comparisons, the final result will be more
credible [25]. Due to its simplicity and ability to generate results with greater consistency,
BWM has replaced AHP to be integrated with TOPSIS to determine the criteria weights
and rank the suppliers in achieving the second objective. BWM is applied in this study
for criteria weights calculation based on experts’ judgments and to ensure that the results
are consistent.

On the other hand, there are problems of uncertainties and incomplete information in
the supplier selection process. Unexpected risks and disruptions bring various uncertainties
to the SC. In this case, the weights of criteria and the performances of suppliers are usually
incommensurate and fuzzy in nature. At the same time, decision-makers may have varying
levels of knowledge and opinions when it comes to evaluating the suppliers. In addition,
there may be insufficient information due to data confidentiality which causes difficulties
for the evaluation process. In this case, the uncertain and incomplete data might limit
the function of BWM in producing an accurate result. In previous supplier selection
studies [9–11,13], the fuzzy-based model was commonly applied to select the suppliers due
to its strength to cope with uncertainties. However, in terms of handling incomplete data
and information, the grey theory is an appropriate method. One of the major parts of the
grey theory is Grey Relational Analysis (GRA) which is suitable for solving problems with
complicated interrelationships between multiple factors and variables. In order to fulfill
the third objective, GRA is integrated with BWM-TOPSIS to rank the resilient suppliers
with the consideration of uncertainties and incomplete data.

Furthermore, this study is an original effort in improving SC resilience by applying
GRA-BWM-TOPSIS to execute resilient supplier selection in the food manufacturing indus-
try. This research can help decision-makers to improve the supplier selection process by
identifying the most resilient supplier.

3. Methodology

In this section, the explanations of the proposed GRA-BWM-TOPSIS model and the
research framework for resilient supplier selection are presented.

3.1. GRA for Obtaining the Relative Importance of Criteria

Grey relational analysis (GRA) technique was introduced by Deng [26] and has been
effectively utilized in solving several MCDM complications. GRA is one of the effective
analysis tools of grey theory, with the ability to address imprecise and incomplete in-
formation [27]. It analyzes the similarity relationship between the reference series and
alternative series where the best scheme of the decision is the alternative series with the
closest similarity to the reference series.

The steps are as follows [28]:

3.1.1. Listing of Questionnaire Responses

Experts’ judgments are used to determine the relative importance of each criterion
to be applied in the supplier selection process. Table 2 shows the scoring scale assigned
for GRA.

Table 2. GRA scoring scale.

Preference Level Numeric Value

Equally preferred 1
Equally to moderately preferred 2

Moderately preferred 3
Moderately to strongly preferred 4

Strongly preferred 5
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A decision matrix rij is formed based on the experts’ judgments for each criterion
using Equation (1).

rij =

 r11 · · · r1n
...

. . .
...

rm1 · · · rmn

 (1 ≤ i ≤ m, 1 ≤ j ≤ n) (1)

where i represents respondent and j represents criterion.

3.1.2. Determination of the Reference Score and the Differences from the Reference Score

The results are listed from the experts’ responses, and the reference score, r0 which is
the largest value in the decision matrix is determined. Then, the differences between each
score, ri and r0 are calculated using Equation (2)

r0 − ri(j) = ∆ri(j) (2)

3.1.3. Calculation of Grey Relational Coefficient

The grey relational coefficient is calculated based on Equation (3):

Zi(j) =
∆min + p∆max
∆ri(j) + p∆max

(3)

where,

∆min = min∀imin∀j∆ri(j),
∆max = max∀imax∀j∆ri(j)

where p is an identification coefficient.

In general, the value of p is set to 0.5 to provide good stability where its function is to
increase or decrease the range of the grey relational coefficients.

3.1.4. Determination of Grey Relational Grade

The grey relational grade, Yi which is equal to the arithmetic mean of the grey re-
lational coefficients, Zi is calculated based on Equation (4). The arithmetic mean of Zi
determines the final grade of a particular criterion. Thus, the higher the Yi grade, the more
important is the criterion.

Yi(j) =
(

∑m
i=1 Zi

m

)
(4)

where m is the total number of respondents.

3.2. BWM for Criteria Weights Calculation

The preferences of the best criterion over other criteria and other criteria over the
worst criterion are determined either using a score between 1 and 9 or its reciprocal. The
weights of criteria are computed using Equations (7) and (8). Finally, Equation (9) is applied
to calculate the consistency ratio for the results. Table 3 shows the scoring scale for BWM.

The steps are as follows [29,30]:

3.2.1. Preferences of the Best Criterion over Others and Others over the Worst Criterion

The resulting Best-to-Others (BO) vector, AB would be:

AB = (aB1, aB2, . . . , aBn) (5)

where ABj indicates the importance of the best criterion B over criterion j.
Hence, ABB = 1.
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The resulting Others-to-Worst (OW) vector, AW would be:

AW = (a1W, a2W, . . . , anW)T (6)

where AjW indicates the importance of criterion j over the worst criterion W.
Hence, AWW = 1

Table 3. BWM scoring scale.

Preference Level Numeric Value

Equally 1
Weakly 2

Moderately 3
Moderately plus 4

Strongly 5
Strongly plus 6
Very strongly 7

Very, very strongly 8
Extremely 9

Reciprocals (1/9 to 8/9)

3.2.2. Computation of Criteria Weights

The optimization model is formulated to find the optimal weights of the criteria, wj.

To determine the optimal weights, the absolute maximum differences between
∣∣∣wB

wj
− aBj

∣∣∣
and

∣∣∣ wj
wW
− ajW

∣∣∣ for all j should be minimized, which can be written as:

minmax
j

{∣∣∣∣∣wB

wj
− aBj

∣∣∣∣∣,
∣∣∣∣ wj

wW
− ajW

∣∣∣∣
}

(7)

Subject to:
∑

j
wj = 1wj ≥ 0, for all j.

Equation (7) can be converted into the following model:

min ξ (8)

Subject to: ∣∣∣∣∣wB

wj
− aBj

∣∣∣∣∣ ≤ ξ, for all j,

∣∣∣∣ wj

wW
− ajW

∣∣∣∣ ≤ ξ, for all j,

∑
j

wj = 1

wj ≥ 0, for all j.

3.2.3. Calculation of Consistency Ratio

The level of consistency is calculated using a robust index called consistency ratio, CR:

CR =
ξ∗

ξmax
(9)

where ξ* is the optimal objective value of the model and ξmax is the maximum possible
value of ξ. The range of CR is [0, 1]. The closer the CR to 0, the more consistent are the
judgments. In particular, CR = 0 means that the comparisons are cardinally consistent.
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3.3. TOPSIS for Supplier Ranking

The Technique for Order of Preference by Similarity to Ideal Solution (TOPSIS) is a
MCDM technique introduced by Hwang and Yoon in 1981 [31]. It aids the decision-makers
in organizing and ranking alternatives by comparing their distances from the ideal solution
and non-ideal solution. Hwang and Yoon [31] later proposed the alternatives’ ranking
based on the closest distance from the positive ideal solution (PIS) and the furthest dis-
tance from the negative ideal solution (NIS). TOPSIS represents the mindset of human
choice with a measurable value that accounts for both the ideal and non-ideal choices
concurrently [32,33]. TOPSIS is an easy computation process and its high flexibility al-
lows itself to be applied on various occasions. At the same time, this enables its further
extension in multi-objective decision-making [34] and group decision-making. Table 4
tabulates the scoring scale for TOPSIS. The performances of suppliers are evaluated based
on Equations (10)–(17).

Table 4. TOPSIS scoring scale.

Preference Level Numeric Value

Low 1
Below average 2

Average 3
Good 4

Excellent 5

The steps are as follows [28]:

3.3.1. Formation of Decision Matrix

A decision matrix, uij is formed based on experts’ opinions as stated below:

uij =

 u11 · · · u1n
...

. . .
...

um1 · · · umn

 (1 ≤ i ≤ m, 1 ≤ j ≤ n) (10)

where i represents supplier and j represents criterion.

3.3.2. Formation of Standardized Decision Matrix

For the purpose of standardization, the values in the decision matrix are divided by
their respective root sum square values.

Standardized Decision matrix, Uij is formed based on experts’ opinions as stated below:

Uij =
uij√

∑n
j=1 (uij)

2
(1 ≤ i ≤ m, 1 ≤ j ≤ n) (11)

3.3.3. Calculation of Weighted Standardized Decision Matrix

Weighted standardized decision matrix, vij is formed by multiplying the standardized
decision matrix with the criteria weights, wj.

vij = Uijwj (1 ≤ i ≤ m, 1 ≤ j ≤ n) (12)

where wj represents criteria weight and ∑n
j=1 wj = 1.

3.3.4. Determination of Positive Ideal Solution (PIS) and Negative Ideal Solution (NIS)

The maximum value for each criterion is the PIS whereas the minimum value for each
criterion is the NIS.



Appl. Syst. Innov. 2022, 5, 8 9 of 18

PIS, V+ can be expressed as:

V+ =
(
v+

1 , v+
2 . . . , v+

n
)
=

{(
max

i
vij |j ∈ J

)
,
(

min
i

vij |j ∈ J′
)}

(13)

NIS, V− can be expressed as:

V− =
(
v−1 , v−2 . . . , v−n

)
=

{(
max

i
vij |j ∈ J

)
,
(

min
i

vij |j ∈ J′
)}

(14)

where J is associated with the benefit criteria, and J′ is associated with the cost criteria;

i = 1, . . . , m; j = 1, . . . , n

3.3.5. Calculation of Distance of Separation from the PIS and NIS

The separation of each alternative from the PIS, d+
i is given as:

d+
i =

√√√√ n

∑
j=1

(vij − v+
j )

2, i = 1, . . . , m (15)

The separation of each alternative from the NIS, d−i is given as:

d−i =

√√√√ n

∑
j=1

(vij − v−j )
2, i = 1, . . . , m (16)

3.3.6. Calculation of Relative Closeness Coefficient

The relative closeness of the i-th supplier, Fi with respect to V+ is defined as:

Fi =
d−i

d−i + d+
i

(17)

where (0 ≤ Fi ≤ 1), i = 1, . . . , m.

3.3.7. Ranking of Suppliers

By comparing the relative closeness coefficients, the suppliers’ priorities are ranked.
The larger the relative closeness coefficient, the better the selected supplier.

3.4. Proposed Framework of GRA-BWM-TOPSIS

The integrated model consists of three phases as presented in Figure 1. The first
main part of the model is the identification and definition of the appropriate resilience
criteria. These criteria are first collected from the related literature and then refined based
on the SC requirements. A group of experts is selected from the case company to execute
the data collection. The experts’ judgments are gathered and the importance levels of
each criterion are obtained using GRA in phase 1. Then, the weight of each criterion is
determined by applying BWM and the consistency ratio is calculated at the end of phase 2.
After computing the weights, the evaluation of suppliers is carried out by applying TOPSIS
in phase 3. In this phase, the experts are requested to provide their opinions about the
suppliers based on each resilience criterion.
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1 
 

 
Phase 1: Determination of importance levels of criteria by GRA. 

Phase 2: Determination of criteria weights by BWM. 

Phase 3: Ranking of suppliers by TOPSIS. 

Figure 1. Proposed framework of GRA-BWM-TOPSIS.

4. Case Study

The COVID-19 pandemic has brought a far-reaching global impact upon SC logistics,
suppliers, and workforces especially in the manufacturing industries. As a result, there
was a combination of typical and painful remedies against financial insolvency such as
employee layoffs and budget cuts which finally ended up with bankruptcy [35]. However,
Food and Agriculture Organization (FAO) [36] stated that the food manufacturing industry
is slightly different from others because it works on the daily essential needs. In this case,
factory closures have ramifications for the food manufacturing supply chain. If one of
the factories closes, those who work there might lost their jobs and go hungry, whereas
if the suppliers and manufacturers become infected, more people are at risk [37]. This
demonstrates that the food manufacturing industry faces a variety of challenges, hence
resilience is vital to be incorporated in the SC. Previously, the case company focused less
on the element of resilience, resulting in the post-pandemic impact on its SC. Currently, the
management level is shifting its main focus towards resilience in selecting suppliers to cope
with the economic challenges. The proposed criteria and the new technique were applied
in the case company to verify their effectiveness. This study presents a list of 7 resilience
criteria to assess 10 suppliers’ performances in improving the SC performance of the
company. The most common criteria from previous supplier selection studies [3,10–13]
were combined to form a new set of resilience criteria. In this case, six common resilience
criteria have been discovered based on previous research. However, there was a lack of
financial consideration which was experienced by the case company. Financial concern
tends to be one of the important factors in selecting suppliers since financial issues are
often the root cause of deteriorating supplier performance, and suppliers often try to hide
it from customers and buyers. Therefore, financial stability was proposed as one of the
resilience criteria for this case study.

Table 5 shows the set of resilience criteria with their respective definitions to assess
the suppliers.

4.1. Data Collection

After defining the resilience criteria, five expert Respondents (R) which are the Supply
Chain manager (Female, 10-year experience), Quality manager (Male, 20-year experience),
Production manager (Male, 15-year experience), Procurement manager (Female, 14-year
experience) and Finance manager (Male, 18-year experience) from the case company were
requested to give their judgments on the importance levels of the criteria, and the suppliers’
performances based on the scoring scales assigned, respectively. All of them owned a
bachelor’s degree except the Supply Chain manager with a Master degree. As shown in
Table 5, the seven resilience Criteria (C) were Quality (C1), Lead Time (C2), Cost (C3),
Flexibility (C4), Visibility (C5), Responsiveness (C6) and Financial Stability (C7). For this
case study, 10 Suppliers (S) were evaluated based on the criteria. Tables 6–9 present the
data collected for each phase.
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Table 5. Resilience criteria.

C Criteria Definition

C1 Quality Ability to meet or exceed customers’ expectations.
[3,6,11,12,14,16,18,19,21,38]

C2 Lead Time Time taken from releasing an order to receiving the materials.
[3,11,12,14,16,19,21]

C3 Cost Total SC cost contributed by a supplier in operating a SC.
[6,10–12,14,16,18–20]

C4 Flexibility Readiness to react to different supply chain turbulences.
[3,6,9,11–14,16,18,19,21]

C5 Visibility Transparency in sharing relevant business information.
[3,6,9,11,13,18,38]

C6 Responsiveness Ability to respond to customer demands in a minimal time.
[6,10,13,15,16,19,21]

C7 Financial Stability Ability to have positive and growing cash flow.
[9,14,16,21,38]

Table 6. Experts’ opinions on criteria for GRA (Phase 1).

C1 C2 C3 C4 C5 C6 C7

R1 4 4 5 4 5 5 4
R2 4 4 4 3 2 4 4
R3 3 4 4 4 3 4 3
R4 2 3 5 3 5 3 5
R5 1 2 5 5 4 4 5

Table 7. Experts’ opinions on comparison of best criterion over others for BWM (Phase 2).

Best to
Others C1 C2 C3 C4 C5 C6 C7

C3 9 8 1 7 4 5 3

Table 8. Experts’ opinions on comparison of others over worst criterion for BWM (Phase 2).

Others to Worst C1

C1 1
C2 3
C3 9
C4 4
C5 6
C6 5
C7 7

Table 9. Average experts’ opinions on suppliers for TOPSIS (Phase 3).

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10

C1 3.8 3.8 4.2 3.8 3.8 4.0 3.8 3.4 3.8 4.2
C2 2.8 2.4 2.6 4.2 3.6 3.6 4.4 2.8 3.2 3.6
C3 2.6 3.6 4.0 4.2 4.0 3.0 3.6 2.6 3.0 4.0
C4 3.2 3.2 3.6 4.2 4.2 3.2 3.4 3.0 3.6 4.2
C5 3.2 3.6 4.0 4.4 3.8 4.0 4.0 3.4 4.2 3.6
C6 2.8 3.6 4.2 4.4 4.0 3.6 3.6 2.6 3.8 3.6
C7 2.0 3.3 4.3 5.0 4.0 2.7 3.0 2.3 3.3 3.7

4.2. Weights Calculation

In this phase, five experts’ opinions on the criteria were collected, and the grey
relational grades (GRG) which are the importance levels were determined using GRA as
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shown in Table 10. Following this, the weights of each criterion were computed using
BWM as illustrated in Table 11. The result consistency was then determined by calculating
the consistency ratio as shown in Table 12. To ensure the consistency, the consistency ratio
should be close to 0.

Table 10. Grey relational grade and rank for each criterion.

C C1 C2 C3 C4 C5 C6 C7

GRG 0.5133 0.5800 0.8667 0.6667 0.7133 0.7000 0.7667
Rank 7 6 1 5 3 4 2

Table 11. Weights of criteria.

C Weights

C1 0.0367
C2 0.0643
C3 0.4225
C4 0.0735
C5 0.1286
C6 0.1029
C7 0.1715

Table 12. Consistency test.

Consistency ratio 0.09

4.3. Ranking of Suppliers

After the determination of criteria weights, the experts were requested to evaluate the
performance of each supplier based on each resilience criterion. By using the scoring scale,
a decision matrix was created. Table 13 shows the decision matrix on suppliers obtained
from the experts’ judgments with the root mean squares (RSS) for each supplier. Then, a
standardized decision matrix was formed in Table 14. Table 15 illustrates the weighted
standardized decision matrix by multiplying the criteria weights generated by BWM with
the standardized decision matrix. After obtaining the weighted standardized decision
matrix, the PIS and NIS were identified by applying TOPSIS. Lastly, the suppliers were
ranked based on the relative closeness coefficients, F. Table 16 presents the results of the
d+

i , d−i , sum of d+
i and d−i , Fi and rank of the suppliers.

Table 13. Average experts’ opinions on suppliers for TOPSIS (Phase 3).

C1 C2 C3 C4 C5 C6 C7 RSS

S1 3.8 2.8 2.6 3.2 3.2 2.8 2.0 7.8333
S2 3.8 4.2 4.2 4.2 4.4 4.4 5.0 11.4490
S3 4.2 2.6 4.0 3.6 4.0 4.2 4.3 10.2708
S4 3.0 2.4 3.6 3.2 3.6 3.6 3.3 8.6470
S5 3.8 3.6 4.0 4.2 3.8 4.0 4.0 10.3673
S6 3.4 2.8 2.6 3.0 3.4 2.6 2.3 7.6662
S7 3.8 4.4 3.6 3.4 4.0 3.6 3.0 9.8122
S8 4.0 3.6 3.0 3.2 4.0 3.6 2.7 9.1897
S9 3.8 3.2 3.0 3.6 4.2 3.8 3.3 9.4663

S10 4.2 3.6 4.0 4.2 3.6 3.6 3.7 10.1907



Appl. Syst. Innov. 2022, 5, 8 13 of 18

Table 14. Standardized decision matrix with respective criteria weights.

W 0.0367 0.0643 0.4225 0.0735 0.1286 0.1029 0.1715

C1 C2 C3 C4 C5 C6 C7

S1 0.4851 0.3574 0.3319 0.4085 0.4085 0.3574 0.2553
S2 0.3319 0.3668 0.3668 0.3668 0.3843 0.3843 0.4367
S3 0.4089 0.2531 0.3895 0.3505 0.3895 0.4089 0.4187
S4 0.3469 0.2776 0.4163 0.3701 0.4163 0.4163 0.3816
S5 0.3665 0.3472 0.3858 0.4051 0.3665 0.3858 0.3858
S6 0.4435 0.3652 0.3392 0.3913 0.4435 0.3392 0.3000
S7 0.3873 0.4484 0.3669 0.3465 0.4077 0.3669 0.3057
S8 0.4353 0.3917 0.3265 0.3482 0.4353 0.3917 0.2938
S9 0.4014 0.3380 0.3169 0.3803 0.4437 0.4014 0.3486

S10 0.4121 0.3533 0.3925 0.4121 0.3533 0.3533 0.3631

Table 15. Weighted standardized decision matrix with respective PIS and NIS.

C1 C2 C3 C4 C5 C6 C7

S1 0.0178 0.0230 0.1402 0.0300 0.0525 0.0368 0.0438
S2 0.0122 0.0236 0.1550 0.0270 0.0494 0.0395 0.0749
S3 0.0150 0.0163 0.1646 0.0258 0.0501 0.0421 0.0718
S4 0.0127 0.0178 0.1759 0.0272 0.0535 0.0428 0.0654
S5 0.0135 0.0223 0.1630 0.0298 0.0471 0.0397 0.0662
S6 0.0163 0.0235 0.1433 0.0288 0.0570 0.0349 0.0515
S7 0.0142 0.0288 0.1550 0.0255 0.0524 0.0378 0.0524
S8 0.0160 0.0252 0.1379 0.0256 0.0560 0.0403 0.0504
S9 0.0147 0.0217 0.1339 0.0280 0.0571 0.0413 0.0598

S10 0.0151 0.0227 0.1658 0.0303 0.0454 0.0364 0.0623
V+ 0.0178 0.0288 0.1759 0.0303 0.0571 0.0428 0.0749
V− 0.0122 0.0163 0.1339 0.0255 0.0454 0.0349 0.0438

Table 16. Computation of results.

d+
i d−i d+

i + d−i Fi Rank

S1 0.0483 0.0138 0.0621 0.2222 10
S2 0.0240 0.0388 0.0628 0.6178 5
S3 0.0193 0.0425 0.0618 0.6877 2
S4 0.0161 0.0486 0.0647 0.7512 1
S5 0.0203 0.0378 0.0581 0.6506 3
S6 0.0413 0.0190 0.0603 0.3151 8
S7 0.0320 0.0271 0.0591 0.4585 6
S8 0.0457 0.0172 0.0629 0.2734 9
S9 0.0454 0.0218 0.0672 0.3244 7

S10 0.0220 0.0379 0.0599 0.6327 4

4.4. Discussion

A food manufacturing company with the financial problem caused by the COVID-19
pandemic was selected to be assessed by the proposed model. In this case, 10 suppliers of
the company were evaluated based on seven resilience criteria which were Quality (C1),
Lead Time (C2), Cost (C3), Flexibility (C4), Visibility (C5), Responsiveness (C6) and Finan-
cial Stability (C7). Based on the proposed model, the results were generated and analyzed.
In Table 10, GRA was applied to identify the importance level of each resilience criterion.
The outcomes show that C3 which is Cost has the highest grey relational grade of 0.8667 at
the 1st rank among the criteria, followed by C7, C5, C6, C4, C2 and lastly C1 with the
lowest grade of 0.5133. The higher the grey relational grade, the more crucial is the crite-
rion to be considered in the selection process. This implies that C3 is the most important
criterion whereas C1 is the least important criterion to be applied for resilient supplier
selection. By applying BWM, the best and the worst criteria were determined and the
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criteria weights were calculated. In this study, C3 is the best criterion whereas C1 is the
worst criterion. From Table 11, the greatest weight is C3 with a value of 0.4225 whereas
the smallest weight is C1 with a value of 0.0367. The weights were further applied for the
evaluation of suppliers. To ensure the result consistency, a consistency test was carried out
where Table 12 indicates that the consistency ratio generated is 0.09 which is close to 0. This
implies that the result is consistent and the study could proceed to the next phase. Else, the
process could be reversed to the scoring stage to improve the data collected. In this case, the
criteria weights were carried to the supplier ranking phase by applying TOPSIS. Table 16
shows the outcomes of the supplier evaluation process. From the outcomes, Supplier 4 (S4)
has the highest closeness coefficient which is 0.7512. This means that S4 has the nearest
distance to the PIS and the furthest distance from the NIS which is the most ideal supplier
for the case company. In contrast, Supplier 1 (S1) has the lowest closeness coefficient of
0.2222 which implies that S1 has the furthest distance from PIS and nearest distance to NIS.
The suppliers’ rank starts from S4 with the best performance, followed by S3, S5, S10, S2,
S7, S9, S6, S8 and lastly S1 showing the worst performance in the evaluation. Therefore,
S4 is the most prioritized supplier for the case study. By applying the proposed resilience
criteria and the validated technique of GRA-BWM-TOPSIS, the best resilient supplier is
identified to improve the SC resilience of the company.

5. Validation of the Proposed Model

In this paper, the proposed model was validated by comparing it with another com-
mon MCDM technique in supplier selection. The technique selected for the comparison
was AHP-VIKOR [28,39]. AHP was compared with the proposed GRA-BWM in deter-
mining the criteria weights whereas VIKOR was compared with the proposed TOPSIS to
evaluate the suppliers’ performances and rank the suppliers. Hence, additional data were
collected from the five experts in the case company in order to execute the AHP-VIKOR.
Tables 17 and 18 tabulate the results of applying AHP to the criteria weights and VIKOR to
the suppliers ranking, respectively. The outcomes of GRA-BWM-TOPSIS and AHP-VIKOR
are compared in Tables 19 and 20, respectively.

Table 17. Criteria weights by applying AHP.

C Weights

C1 0.0254
C2 0.0403
C3 0.3603
C4 0.0754
C5 0.1576
C6 0.1050
C7 0.2360

Table 18. Suppliers ranking by applying VIKOR.

Si Ri Qi Rank

S1 0.9738 0.3603 1.0000 10
S2 0.5110 0.1801 0.5063 5
S3 0.2832 0.0901 0.2615 2
S4 0.0063 0.0063 0.0000 1
S5 0.2842 0.1050 0.2830 3
S6 0.7472 0.2702 0.7556 8
S7 0.5287 0.1802 0.5156 6
S8 0.7485 0.2702 0.7563 9
S9 0.6033 0.2360 0.6330 7
S10 0.3496 0.0901 0.2958 4

S+, R+ 0.9738 0.3603
S−, R− 0.0063 0.0063

Refer to Jahan et al. [39] for the definitions of Si, Ri, Qi, S+, S−, R+ and R−.
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Table 19. Comparisons of results on criteria weights.

Criteria Weights (GRA-BWM-TOPSIS) Weights (AHP-VIKOR)

C1 0.0367 0.0254
C2 0.0643 0.0403
C3 0.4225 0.3603
C4 0.0735 0.0754
C5 0.1286 0.1576
C6 0.1029 0.1050
C7 0.1715 0.2360

Table 20. Comparisons of results on suppliers ranking.

Supplier Rank (GRA-BWM-TOPSIS) Rank (AHP-VIKOR)

S1 10 10
S2 5 5
S3 2 2
S4 1 1
S5 3 3
S6 8 8
S7 6 6
S8 9 9
S9 7 7

S10 4 4

Tables 19 and 20 imply that the criteria weights between both the models are relatively
comparable whereas there is no difference in the suppliers’ ranks. Therefore, the proposed
model is validated.

6. Managerial Implications

In this study, the resilience element was incorporated in supplier selection to improve
the SC ability to deal with unexpected risks and disruptions, consequently reducing the
occurrence of financial issues. An effective Grey-MCDM model that integrated GRA with
BWM and TOPSIS was proposed to measure the suppliers’ performances with respect to
the set of 7 resilience criteria. To deal with SC risks and disruptions, GRA was applied due
to its strength in coping with uncertainties and incomplete data in supplier selection. Then,
BWM was applied to calculate criteria weights due to its simplicity. In addition, BWM was
adopted to reduce the inconsistency of judgments with less pairwise comparisons needed.
Thus, a more consistent result could be generated. Moreover, TOPSIS as one of the most
common MCDM techniques was applied to evaluate the suppliers’ performances because
it eases the computational work and has a better tolerance to a higher level of criterion
weight change. Therefore, GRA-BWM-TOPSIS could be more effectively implemented to
select the resilient suppliers. Other than that, the proposed set of resilience criteria was
identified based on the review of literature and consideration of current SC needs. The
proposed criteria do not only consider the basic traditional elements, but also resilience
and financial elements. With this, the company’s managers could focus on different aspects
by clearly identifying the resilience criteria with their importance to be prioritized in the
assessment process. By applying the knowledge, the case company would be able to
achieve its objective of building up a resilient SC through resilient supplier selection. The
findings are not only useful to provide a clearer image for the decision-makers in selecting
the best resilient supplier, but also to benchmark the performances of the suppliers with
the consideration of uncertainties and incomplete data. In this case, the new technique
was validated by comparing it with another common method to ensure its effectiveness in
improving the performance of the SC, raising the satisfaction level of the customers and
finally increasing the resiliency of the company. Overall, this study provides a reference for
resilient supplier selection so that the company could remain alert towards the unexpected
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risks by focusing on the prioritized criteria with the consideration of uncertainties and
incomplete data, thus, achieving a more robust SC.

7. Conclusions

This study has integrated GRA-BWM-TOPSIS to propose a framework for resilient
supplier selection. Generally, there has been a lack of attention on resilient supplier selec-
tion, particularly with the presence of uncertain and incomplete data. Among the existing
MCDM models, the integration of GRA-BWM-TOPSIS is novel. To implement the proposed
model, seven resilience criteria (Quality, Lead Time, Cost, Flexibility, Visibility, Respon-
siveness, and Financial Stability) were determined based on the literature review and SC
requirements. Subsequently, the importance levels for all the criteria were determined,
the resilience criteria weights were computed, the consistency test was carried out, the
suppliers’ performances were assessed and finally the supplier with the best performance
was identified.

There are several contributions of this study. Firstly, the application of the serial-
integrated MCDM method which is GRA-BWM-TOPSIS in the area of resilient supplier
selection is new and has not yet been investigated in the literature. Secondly, grey theory
rather than fuzzy theory is used in this study to improve the reliability of the supplier
assessment process with the consideration of uncertainties and incomplete data. In ad-
dition, this is the first time where the resilience criteria for supplier selection in the food
manufacturing industry have been investigated. In addition, the proposed criteria are
generic and can be applied to different types of economic, operational and natural risks
or disruptions.

Other than the contributions, there are also recommendations to be considered for
future work. In this study, the proposed technique is a serial-integrated method. Further
studies could be conducted with a different kind of integration of other methods [40] to
select resilient suppliers. Next, the proposed technique has only been tested in the food
manufacturing industry. In the future, the technique could be applied to select resilient
suppliers in other industries. Furthermore, the proposed criteria set consists of only seven
criteria and they may be varied depending on a company’s policy. Future studies could
explore more criteria for resilient supplier selection.
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