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Abstract: Selecting the most resilient supplier is a crucial problem for organizations and managers
in the supply chain. However, due to the inherited high degree of uncertainty in real-life projects,
developing a decision-making framework in a crisp or fuzzy environment may not present accurate
or reliable results for the managers. For this reason, it is better to evaluate the potential suppliers
in an Interval Type-2 Fuzzy (IT2F) environment for better dealing with this ambiguity. This study
developed an improved combined IT2F Best Worst Method (BWM) and IT2F technique for Order
Preference by Similarity to Ideal Solution (TOPSIS) model “Atieh Sazan” Co. as a case study, such that
the IT2FBWM was employed for obtaining the weight of criteria. The IT2FTOPSIS was utilized for
ranking the potential suppliers based on Hamming distance measure. In both phases, the opinions of
experts as IT2F linguistic terms were employed for weighting the criteria and obtaining the relative
importance of the alternatives in terms of the evaluative criteria. After obtaining the final results,
the proposed model was validated by replacing Analytical Hierarchy Process (AHP) and Simple
Additive Weighting (SAW) approaches separately instead of BWM for weighting the criteria. After
executing both new models, it was found that the final ranking was similar to the final ranking of the
proposed model, representing the reliability and accuracy of the obtained results. Moreover, it was
concluded that the resilient criteria of “Reorganization” and “Redundancy” are the most determinant
measures for selecting the best supplier rather than measures in the Iranian Construction Industry.

Keywords: resilient supplier selection; interval type-2 fuzzy set; multiple criteria decision making
(MCDM); BWM; TOPSIS

1. Introduction

Supply chain management (SCM) is one of the most attractive issues among the
related experts, according to its role in promoting the efficiency and income of different
organizations [1,2]. The supplier selection problem is one of the most crucial subjects [3,4]
in SCM such that the disruption for finding the best supplier of raw materials had a huge
negative effect on the income of nine different firms from China, Pakistan, Sri Lanka, and
India during the COVID-19 pandemic [5]. Selecting the most appropriate one helps the
organizations provide the products in the pre-determined value with a reasonable price
promptly [6]. Globalization of the activities in different fields has transformed sourcing
and supplier selection processes into a comprehensive process that can affect political,
legal, and cultural issues [7]. Generally, because the supplier selection is effective on the
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whole supply chain, resiliency in this process should always be considered to decrease the
vulnerability in the supply chain [8].

Generally, resilience is the system’s ability to return to its primary state or a better
one after emerging disruptions [9]. In this regard, different types of disruptions can
emerge in sustainable supply chains because of many reasons in economic, social, and
cultural aspects, and so on. These disruptions can negatively affect vital factors, including
revenue, efficiency, quality, and competitiveness [10]. In other words, resilience is a type of
management for identifying the potential disruptions, promoting the ability to control these
identified disruptions and return back to the initial conditions [11]. Meanwhile, designing
a resilient supply chain can keep industries away from disruptions [12].

Furthermore, a resilient supplier selection framework through Fuzzy Ordinal Priority
Approach was successfully developed to help procurement managers in a kitchen utensil
manufacturing company in Jiangsu, China, during the COVID-19 pandemic [13]. In this
regard, an appropriate set of criteria must be formulated because selecting the best criteria
is the essential part of the evaluation process [14,15]. It should be noted that the criteria
should be localized according to the case study [16,17].

In the field of supplier selection, many uncertainty aspects go along with the formal cri-
teria, goal, system behavior, and, most crucially, with the decision makers’ preferences [18].
Since the decision makers’ preferences are described as subjective linguistic terms, crisp
numerical values do not produce precise results. Therefore, fuzzy set theory has been
paid attention to deal with the linguistic uncertainties. However, type-1 fuzzy sets are
not suitable to model words [19]. Since words mean different things to different people,
they are uncertain. There are two types of linguistic uncertainties: intro-uncertainty, which
refers to the uncertainty a person has about the word, and inter-uncertainty, which is
the uncertainty related to a group of people [20]. Generally, type-1 fuzzy sets have some
imperfections, including improper interpreting of word usage and sometimes the existence
of noisy data from the group of experts [21]. Thus, Zadeh [22] proposed type-2 fuzzy sets
to resolve these problems. Type-2 fuzzy sets are defined by two membership functions:
primary membership function (PMF) and secondary membership function (SMF). Interval
type-2 fuzzy sets (IT2FSs) are the most widely used in type-2 fuzzy sets since their compu-
tational complexity is lower than the general type-2 fuzzy sets (GT2FSs). Therefore, they
are more applicable in real-life management problems [23]. In type-2 fuzzy sets, a word
can be modeled using interval type-2 fuzzy sets handling linguistic uncertainties efficiently.
In comparison, type-1 fuzzy sets have a two-dimensional membership function, while
type-2 fuzzy set membership function is three-dimensional. The third dimension represents
additional degrees of freedom for possibility in models, including uncertainty [21]. Of
course, it should be noted that recently a new fuzzy set was presented, titled (3, 2)-Fuzzy
Sets, which may be suitable for dealing with more complex problems [24].

Generally, there are two main phases in suppliers’ selection: (1) specifying the impor-
tance degree of the evaluative criteria and (2) assessing the suppliers’ performance and
ranking the alternatives. Several techniques have been employed about the first phase,
e.g., AHP, ANP, and SAW. For the second phase, other approaches have been employed,
including VlseKriterijumska Optimizcija I Kaompromisno Resenje (VIKOR), TOPSIS, and
Fuzzy Inference System (FIS) [7].

The MCDM techniques used for the first phase of suppliers’ selection have complex
calculations that decrease their practical application, specifically when adding/removing
several supplier alternatives is required [25]. To address this problem, one of the use-
ful MCDM approaches is the Best-Worst Method (BWM), which was first developed by
Rezaei [26]. The benefit of this approach is obtaining the relative weights of evaluative
criteria by fewer calculations and paired comparisons associated with a lower level of
inconsistency [27]. This method achieves higher accuracy than the traditional methods
because it needs only the preference of the best criterion over other criteria and the prefer-
ence of other criteria over the worst one [28,29]. For the second phase of supplier selection,
the TOPSIS technique is a common method researchers have employed for ranking the



Mathematics 2022, 10, 44

3 0f24

alternatives [19,30-32]. The TOPSIS technique is more flexible than other MCDM ranking
techniques and can reduce the inherent uncertainty and extra calculations in a complex
case study, thereby simply obtaining the final result [33]. Another benefit of this method is
its consistency with the IT2F environment, which can not be found in other MCDM ranking
techniques such as VIKOR or even other decision-making approaches. Therefore, a reliable
IT2F decision-making method can be developed based on the TOPSIS technique.

According to the points mentioned above, the main motivation for conducting this
study is integrating resilience in the supplier selection process in a case study of an Iranian
construction company (“Atieh Sazan” Co. is a major construction company in Iran) through
a more applicable, improved model (which can be extended for other similar case studies)
in an IT2F environment. Therefore, in this paper, an interval type-2 fuzzy improved TOPSIS
model is developed. In this model, a new ranking index was developed according to the
interval-valued fuzzy Hamming distance measure for prioritizing potential alternatives
in the ranking process, which is consistent with the TOSPSIS method. The benefits of this
method are as follows. (1) In comparison with the previous studies where the weight
importance of decision makers has not been paid attention so much [34-37], this study
applied the weight of each decision maker according to the improved interval type-2 fuzzy
TOPSIS method in a more accurate manner in order to reduce/prevent the judgments’ errors
and increase the accuracy of the final results. (2) This paper develops an improved index
for ranking the most resilient supplier. This model can reduce the inherent computational
complexity of the IT2F environment since the resilient evaluative criteria are localized and
defined according to our case study, the Iranian construction industry. These criteria are
often qualitative, and a unique criterion may have different definitions and concepts in
various case studies.

Generally, this study contributes to the following:

e Developing an improved decision-making system to assess suppliers’ performance
in the Iranian construction industry according to resilient criteria, in which BWM
computes weights of the criteria. The performance of each supplier is assessed by an
improved FTOPSIS in the IT2F environment, which has not been paid attention to in
the previous studies.

e  Developing an improved model for reducing the inherent computational complexity
of the IT2F environment by utilizing two applicable techniques, in which the results
can also be more accurate.

e  Presenting a new set of resilient criteria for evaluating the performance of suppliers in
the interval type-2 fuzzy environment for the Iranian construction industry, which has
been neglected in the previous studies.

e Introducing the most determinant factors for selecting the most resilient supplier
for the first time in the Iranian construction industry, which is more effective in this
process, is helpful for the managers in this field.

e  The results of this study can be extended to the construction industries in some countries
with similar structures and economic conditions. These results can also be significant to
similar industries in Iran, e.g., Home Appliance Manufacturing Industries.

2. Literature Review

Resilient supplier selection (RSS) is a relatively new concept in suppliers” performance
evaluation and selection, and there are relatively fewer studies on RSS in comparison with
Sustainable Supplier Selection (SSS) and Green Supplier Selection (GSS) [38,39]. The criteria
of SSS are divided into three aspects of economic, social, and environmental dimensions,
and most studies have concluded that the economic aspect is the most important one in
the SSS [40-42]. However, in the GSS, the environmental dimension is crucially more
important than other aspects [43]. In the RSS, the focus is on the resiliency and flexibility
of suppliers [44]. The criteria of the RSS can be divided into four categories of benefits,
opportunities, costs, and risks [6]. Of course, few studies investigate a combination of
sustainable-resilient supplier selection [10,16], green-resilient supplier selection [17,45],
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or green—sustainable supplier selection [46,47]. Hence, the RSS has not been investigated
thoroughly. In addition, the RSS criteria have not been specified and defined exactly in
the previous studies since the RSS criteria are potentially qualitative. Therefore, this study
sought to quantify and define these criteria precisely through the opinions of experts in the
IT2F environment for our case study.

Here, we point out the recent studies in the field of RSS. Wang et al. [48] developed
a hybrid approach including the analytic hierarchy process and Grey Relational Analysis
(GRA) for resilient supplier selection in the construction industry, in which AHP was
employed to weight the criteria and the GRA was employed for ranking the suppliers.
They formulated 17 resilience criteria, which will be investigated in the following. Alimo-
hammadlou and Bonyani [49] used techniques including (ANP), Decision making trial and
evaluation laboratory (DEMATEL), and Goal Programming for resilient supplier selection
in a fuzzy environment for Iran electronic industries. The results showed that human
resource management, visibility, and financial strength are considered the most influential
RSS factors. Davoudabadi et al. [34] developed a novel, integrated weighting and ranking
model based on entropy, Data Envelopment Analysis (DEA), and Principal Components
Analysis (PCA) for resilient supplier selection. They used PCA to decrease the dimen-
sions and the correlation between the criteria and DEA to specify the criteria’s weights
and rank of suppliers. Additionally, in the Wood and Paper Industry, ValipourParkouhi
and SafaeiGhadikolaei [6] integrated Fuzzy Analytic Network Process (FANP) and grey
VIKOR techniques for resilient supplier selection. In their study, the importance level of the
effective elements in the process was determined by the FANP, and the VIKOR specified
the resiliency level of the suppliers. They concluded that variation in price, vulnerability,
supplier’s capacity limit, supplier’s capability limit, visibility, supplier raw material acqui-
sition difficulties, and on-time delivery are considered essential criteria in resilient supplier
selection in this industry. These studies did not use IT2F analysis for supplier selection,
whose results are more accurate and reliable.

Looking more closely into the employed methodologies for the RSS, Sureeyatanapas et al. [35]
developed an Integration of Evidence Theory and Rule-Based Transformation into the TOP-
SIS for resilient supplier selection in a company producing computer hardware components.
They employed Evidence Theory to handle the existence of uncertain and incomplete data.
Moreover, they employed a rule-based transformation technique to convert various forms
of the assessment results into a unified form. Pramanik et al. [50] developed a fuzzy-multi-
criterion quantitative approach for resilient supplier selection under a fuzzy environment.
AHP and Quality Function Deployment (QFD) methods were used for weighting the cri-
teria since resiliency criteria are mostly according to the subjective judgment of technical
requirements and customer requirements. Moreover, the TOPSIS technique was employed
to identify the features of general selection criteria and finally rank the alternatives. Their
model was able to handle the conflicts among different decision makers, which is common
in these problems.

Moreover, Mansory et al. [36] employed the TOPSIS technique for selecting the most resilient
supplier in Fanavaran Petrochemical Company. In this study, they employed SWARA (Step-
Wise Weight Assessment Ratio Analysis) decision-making technique and also the opinions of
30 experts for developing the resiliency and their weights. Besides, the efficiency of the obtained
criteria was validated by path analysis. Moreover, Xiong et al. [37] integrated BWM, TOPSIS, and
WASPAS (Weighted Aggregated Sum-Product Assessment) techniques for selecting a resilient—
green supplier. Apart from the BWM method for weighting the criteria, the WASPAS technique is
integrated with the TOPSIS for more accurate results for ranking the alternatives. Furthermore,
Gan et al. [51] employed FBWM to weigh the criteria and developed modular TOPSIS in random
environments for group decision making to evaluate the suppliers. Since there is a lack of a united
measuring index system for evaluating the resilient supplier, the evaluation language sets are
typically crisp values. Wu et al. [52] used the BWM method in Interval type-2 fuzzy environment
for resilient-green supplier selection. They also developed an extended VIKOR for ranking the
alternatives, which is a suitable technique for reducing the vagueness and uncertainty in an
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interval type-2 fuzzy environment. Moreover, Celik and Gul [53] integrated BWM and MARCOS
(The Measurement of Alternatives and Ranking according to Compromise Solution) methods
under interval type-2 fuzzy sets’ environment for hazard identification and risk assessment, in
which two major parameters of the risk score were weighted by BWM and the priority orders
of hazards were investigated by the MARCOS approach. Finally, Tang et al. [54] developed a
combined TODIM (an acronym in Portuguese of interactive and multi-criteria decision making)
and BWM model for Fine-Kinney under interval type-2 fuzzy environment for hybrid risk
prioritization, almost the same as the previous paper. As it can be seen, no study developed a
combined BWM-TOPSIS approach for resilient supplier selection. This study sought to develop
an IT2F improved combined approach based on interval-valued fuzzy Hamming distance, which
can simplify the calculations and obtain more accurate results. It can be employed for real case
studies because the model considers all the uncertainties and vaguenesses in the process of
supplier selection, so that the model is more practical.

After reviewing the related models in the current field, we discuss the different resilient
criteria in previous studies, which are important in the evaluation process. Resiliency has the
same concept for various case studies, with selection criteria in common and a similar concept but
with localized features according to the case study. After reviewing many recent studies in RSS,
we selected the studies in the table below with a comprehensive list of the resilient criteria that
were consistent with the case study in this paper.

It should be noted that, in the next step, these criteria (Table 1) will be evaluated by the
experts through a Likert scale (1-9) according to the case study and its features, and the criteria,
which gain the minimum average of 6.5, will be finally selected for the model in this study.

Table 1. Primary resilient criteria in the previous studies.

Authors (Case Study)

Criteria Extra Definition

Waleekhajornlert and
Sureeyatanapas (Electronic
Industry) [55]

Responsiveness The ability to quickly react or respond to customer requirements

The supplier’s capacity to hold adequate values of essential materials

Safety stock inventory and goods to support customers during disruptive events [35].

The location of the supplier, that is not involved in the hazard of
Invulnerable location natural disasters for minimizing effects on the procedures of the
supply chain, or be in an area with low possible hazards.

The existence of contracts for supplier’s outsourcing, enabling a

Backup supplier contracts customer to handle the lack of supply capacity in the disruption time.

The infrastructure of physical preservation and existence of a safe
Robustness system of a building and facilities of the supplier, for minimizing
negative effects of disruption, specifically facing natural disasters.

Alternatives for rerouting (On the basis of supplier’s location) or the
Delivery rerouting capability of the supplier in order to adjust transportation routes as
occurring disruptive events.

The capability of the supplier in order to restore ruined facilities and
Restoration equipment or to improve production to a normal state
during operations.

The possibility of a production interruption, which may be due to the
breakdown of the facilities, and machines, human errors, natural
disasters, and technological challenges.

Risk of production
interruption

The possibility of transportation disruption, which may be due to

sk of transportation vehicle failure, insecurity of routes, possible attacks of terrorists, and

breakd: .
reakdown also natural disasters.
Risk of transactions The possibility of the failure in communication and transactions,
breakdown and losing which may be due to system errors and inconsistency, in addition to

information the unsafety of the information system.
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Table 1. Cont.

Extra Definition

Authors (Case Study) Criteria
Robustness
Responsiveness
Cooperation The ability of the supplier to c._‘ooperate w.1th other supphers and
customers for promoting the quality of materials.
Fallahpour et al. Agility The ability of the supplier for producing a product quickly.
(Malaysian Palm oil - The ability to share the related data, helping the customers in using
Visibility
the product.

industry) [10]

Risk reduction

The ability of the supplier to forecast the different conditions and
decrease the risk in difficult situations.

Surplus inventory

Additionally available inventory for crucial or emergency conditions.

Restorative capacity

Surplus inventory

Factory segregation

It means that enterprises have scattered and spare sections, and each
section has similar technical situations and material deposits in order
to quickly be ready for production activities.

Xiong et al.

(Hypothetical) [37]
Reliability

Establishing suitable cooperative relationships with partners
accompanied by recognition; in which enterprises can supply
materials and services at the right time, and accounts are obvious
with no mistake, and disruption cost is predetermined.

Reorganization

The ability for integrating resources quickly and reconstructing
corporate culture and organization

Delivery and service

Delivery at the predetermined date (%), due to the waiting time, and
also service efficiency.

Flexibility

Including time, product, and quantity flexibilities.

Management level

Management techniques, management philosophy, philosophy of
operations, organization, and improved level of the
management process.

Reputation and prestige

The supplier performance in its past competitive nature, production
results, and reaction to the market, etc.

Wang et al. (Construction

Project) [48] Political and legal

environment

Compliance with local law.

The informatization level

The rate of information equipment assembly, and comprehensive
employment of data equipment

R&D development

Research and development capability for integrating innovations in
technology and adapting to market alterations

Eco-design

Suitable Deign for resource efficiency, reuse of products, materials
recovery, reducing or eliminating hazardous materials, and
minimizing embodied energy
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Table 1. Cont.

Authors (Case Study) Criteria

Extra Definition

Velocity

The rate of flexibility in operations, and also determining the
recovery rate of the supply chain following the disruption

Risk management culture

Ensuring that all organizational members confirm supply chain risk

management, including top management support and
integration/teamwork.

Safety

Providing a secure working environment for the employees to avoid

sudden accidents and injury during the work or even the
supplier operations [6]

Risk and revenue sharing

Financial strength

The strategic and optional usage of extra material and service for

handling turbulence, for instance, spare facilities, and the existence of

many suppliers.

Alimohammadlou Redundancy
and Bonyani
(Hypothetical) [49]
Complexity

The function of the total nodes as well as forward, backward, or
within-tier streams in the supply chain.

Contingency planning

Predicting potential happenings and determining the metrics for
dealing with the hazards and disruptions of the supply chain before
the occurrence, for instance by predicting and screening early
warning alarms.

Demand management

Reducing the effects of disruptions by affecting customer options by
dynamic pricing, comprehensive planning, and silent
product changes.

Human resource
management

Training the staff for handling dangerous events and creating the
multi-task groups.

3. Methodology

Here, we graphically represent the overview of the whole methodology before describ-
ing it in detail, as shown in Figure 1:

First phase:IT2ZFBWM

Formulating the resilient
criteria by reviewing the

previous literature and
next taking the opinions
of the experts

A A

Identifying the best and
‘worst criteria and
determining the best-to-
others and the other-to-
worst linguistic
preferences viaexperts
lenzes

v
Obtaining the IT2F
weights of critera by the
IT2FBWM method
(W = (i, w3, ,Wa)T)

IT2F weights of criteria
obtained by the
IT2FBWM method

Second phase:IT2FTOSIS Validation phase
Determining the relative
importance of the
criteria for the
alternatives based on
experts' opiions
through linguistic terms
Employing the AHP and
Constructing the weighted SAW approaches instead
normalized type-2 fuzzy- of the BWM approach
decision matrix by the for obtaining the weights

v

Ranking the alternatives
by the IT2FTOPSIS
approach based on
interval-valued fuzzy
Hamming distance
measure and
determining the most
resilient one

.

® of criteria separately and
comparing the new
results with the results of
the ITZFBWM-
IT2FTOPSIS model

Figure 1. The structure of the proposed model for selecting the most resilient supplier.
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3.1. First Phase: Interval Type-2 Fuzzy Best-Worst Method (IT2ZFBWM)

In order to obtain criteria weights, preference relation (PR) should be constructed,
which is shown as 4;; for n criteria, where a;; shows the preference degree of the criterion
“1” over criterion “j”. In this regard, if a;; = a;; X ay; (V i, j, k € N) is observed, the PR is
completely consistent. However, because of expressing the preference degree, inconsisten-
cies can often be observed. Identifying the most important and least important criterion in
these problems is almost accessible and achievable [26]. As identifying the best and worst

criteria, the linguistic preferences can be shown in two methods [52]:

e  Best-worst linguistic reference vectors (BWLRVs);
e  Secondary linguistic preference (SLP) elements.

Definition 1. (a;1, ap, ..., ajy,) and (ayj, asj, ..., ayj ) are shown as BNLRVs, so that “i”

754

and “j” are the best and worst criteria, respectively.
Definition 2. If neither “i” nor “j” is the best or worst criteria, a linguistic preference a;; is defined
as an SLP.

For an existing PR with n alternatives, the total number of comparisons would be 2. By
ignoring the diagonal elements, n (n — 1) comparisons remain. Regarding the interchange
of a PR, at least n (n — 1)/2 comparisons are required. For the BWM approach, only 2n —
3 comparisons are required, and the remaining are SLPs, as shown in Figure 2.

iR ey —
e e Yy
— A i~ P
S, a . e
m u B2 4 \_“,L\ Ea
£ h 2 \ 4 \ /
( Bestj (1 2 ) ( n-2 | (Worst)
/ < / y \
— ~ ~— ~ ~—
\GIW ~aw a, z,w\‘\_//
\\\, "\\ e ///
o S e T

Figure 2. Reference comparisons.

In fact, the SLPs can be obtained using the BWLRVs. Each SLP a;; can be shown in two
relation chains, including apes;; X a;j = apestj and a;j X a; worst = a;, worst- In fact, the SLPs
mediate in the comparison chain. Next, we would like to show how to derive the weights
based only on the BWLRVs. BWLRVs can finally lead the criteria weights.

After performing BWLRVs, they can be transformed into IT2FSs based on Figure 2
and Table 2. The IT2F best-to-others (IT2FBO) and IT2F others-to-worst (IT2ZFOW) vectors
are obtained as follows AB] (ABl, Ap, .. ABn) and A]W (Alw, A2w, .. Anw) The

possible values of the Az and Ay are graph1cally shown in Figure 3 and are numerically
shown in Table 2.

According to Figure 3, the normal IT2FSs” word can be defined quantitatively as
below. These words include Weak Importance (WI), Moderate Importance (MI), Moderate
plus Importance (MplI), Strong Importance (SI), Strong plus Importance (Spl), very Strong
Importance (vSI), very Strong Importance (vvSI), and Extreme Importance (EI).

Of course, it is obvious that Agg = Aww =[(1,1,1,1), (1,1, 1)].

Then, consistent IT2F preference (IT2FP) can be defined as below:

Definition 3. An interval type-2 fuzzy preference Ajk is consistent, if

Apestj X Ajp= Apestir Ajk X Ajworst= Ajw (Vi, j, k € N) ey
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Table 2. FOU data for linguistic terms [52].

Words Normal IT2FSs Centroids Mean of Centroids
WI [(1.00, 1.00, 1.7184, 2.6165),(1.000, 1.0734, 1.9266)] [1.3105, 1.6489] 1.4797
MI [(1.4308, 2.35, 2.80, 3.3968),(2.5172, 2.6941, 3.0828)] [2.2339, 2.9247] 2.5793
Mpl [(2.1515, 3.00, 3.85, 4.8107),(3.3550, 3.5368, 3.8278)] [2.8388, 4.1499] 3.4943
SI [(3.3101, 4.25, 5.05, 6.0107),(4.4136, 4.8900, 5.0278)] [4.0868, 5.2602] 4.6735
Spl [(4.6893, 5.50, 6.20, 6.9485),(5.6379, 5.8889, 6.0621)] [5.3207, 6.3536] 5.8372
vSI [(5.9686, 6.750, 7.1, 8.2314),(6.7172, 6.8889, 7.1036)] [6.5486, 7.4660] 7.0073
vvSI [(7.0136, 7.65, 8.00, 8.7071),(7.5172, 7.8125, 8.0828)] [7.5781, 8.0816] 7.8299
EI [(7.0253, 8.8624, 9.000, 9.000),(8.8684, 8.9908, 9.000)] [7.9099, 8.9506] 8.4302

Weak importance

Moderate importance

Moderate plus importance

10

1 1 1
0.5 0.5 0.5
0 o 0
0 5 10 1] 5 10 0 5
Strong importance Strong plus importance Very strong importance
1 1 1
0.5 0.5 0.5
0 o 0
0 5 10 0] 5 10 0
Very, very strong importance Extreme importance
1 1
0.5 0.5
0 . ]
0 5 10 1] 5 10

Figure 3. Normal IT2FSs” word models.

Generally, in MCDM problems, it is so essential to determine the criteria weights. The optimal
IT2F weighting vector is assumed as W= (w1, o, n MC i)n)T. The IT2F weight of the best criteria
is shown as wp for all criteria weights, and w,, is related to the worst criteria. Then, assume
the elements in the IT2FBO and IT2FOW vectors. We have wg/w; = A pj and w;/wy = Ajw, if
the IT2FP is completely consistent. Generally, it is difficult to obtain perfectly complete IT2FPs.
For obtaining complete consistency, a creative solution is minimizing the maximum absolute
gaps between |wp/w; = ZB]- I and |w;/ww = Z]-w |. A normalization process is required to
achieve the IT2F criterion weights, and we assume the centroid of the IT2FSs. Accordingly, we
develop the following constrained optimization model for obtaining the optimal IT2F weights

W = (@;, @5, @),
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minm].jax{WB/ﬁj — Ag;| @/ Tw — Ajw|}
s.t.
jg C(LB]-) =1
wﬁ < w]Ll, w]% < w]% (2)
w]L1 < w]L2 < w]lé
u

where Wy =| (W), Dy, Wi, By ), (T, D, Diis) |
(w]Lv w]Lz' ijs) P D =| (@i, Dy, Diys, ww4) (@1 D, Digs ) |,
ABi :‘ wB,jlf@Jle,jzf @1131,]'3/ @1131,]'4)1 (@l%,jl'wé,ﬂ'wé,ﬁ) ’
(@jL,wv ZB]'L,WZ' iUij,WBa)

In order to avoid achieving multlple optimal solutions [56] from model (2), the maxi-
mum absolute gaps between { | wp — j X A pj |} and { | w w; — Wy X A]w |} can be minimized.

u ~Uu
’ (wjl, wjz, w]3,w]4)

~ ~U
and ‘ (wj,W1’ wj,WZ’ wj,W3’ wj,W4) ’

For minimization, we consider that maximum absolute gap 5= {(6%, 6%,6%,87%), (", 6%
d*)}; so, we can replace model (2) by the following model:

in&* HU U =U * | =U U ~=U * U U ~=U *
mind s.if.‘wB1 — WjWg; 1 |< 8%, |wp, — wjszjz‘g d%, |Wpy — Wizl 5 |< 8%,

U x|zl ~L =L L *
’wB4 w]4wB]4’<6 | Wy — w]1w311‘<6 |Wh, — Wi W ,|< 8%,

NU ~ ~ * ~
Wi — ww1ij,1‘§ %, |wp wwzw]wz

|hy — @L< 87, |

U SU _ U U s |oL _ @l @l : ®)
‘w ww3w1w3’ <&, |wj — ww4ij,4‘ <&, |wj — ww1ij,1’§ o,

@y — Byl o < 5%, (@ — Dyl 5|< 5, Ty C(@)) =1

wk < wd w <w < wk wu<wu<wu<w ad > 0,j=1,2

Wiz = Wiy, j37 j4r Wit e M

The solution space of model (3) is an intersection of linear constraints, one for the sum
of the weights and some for the IT2FSs. For achieving a sufficiently large 3", the solution
space is non-empty; thus, a feasible region must be observed. By solving model (3), we can

obtain the optimal weights (w;, w,, the @n)T and & . Of course, the crisp weights can be
obtained in the following.

Investigating Consistency Ratio in IT2FBWM

The consistency ratio (CR) is a common and effective indicator to represent the consis-
tency degree in PRs. In this study, the CR index is obtained to evaluate the reliability of the
IT2FBWM. As AB] X A]W # A B/ the IT2FBWM will be inconsistent. For establishing

AB] X A]W — Agw, an IT2FS 5" is applied such that 8s = [(5,8,5,8), (6,5,8)]. Thus, the
following equation exists:

(Apj—38) x (Ajw —8) = Apw + 5 4)
Now, since A Bj = A w = A Bw, we can rewrite this equation as follows:

(Apw —8) x (Apw — 8) = Apw + 8 5)
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Then, the following equation can be resulted from (5):
8 — (1" +24pw) 5+ (Apw® — Apw) = 0" (6)

inwhich 1* =[(1, 1,1, 1), (1,1, 1)] and 0* = [(0, 0, 0, 0), (0, 0, 0)].
The 5 can also be shown by a crisp value §; thus, Equation (6) can change to Equation (7),

as below: N N ) N
82—(1+2C (Apw)) 5+((C (Apw))" — C (Apw) =0 )

By solving the Equation (7), different values of C (Apgyy) can be employed for obtaining
the lowest level of consistency and the related maximum possible values 6. These maximum
values 6 can be represented as the CI.

As the IT2FPs have the minimum consistency, the CI has the maximum deviation value.
Hence, the difference between the optimal solution 5* in Equation (3) and the CI should be
as large as possible. Extremely, as 6* = 0, the deviation in Equation (3) has the minimum
value. Thus, the IT2FPs are perfectly consistent. As §* = CI, the deviation in Equation (3)
has the maximum value; therefore, the IT2FPs have the lowest consistency. Thus, CR is
proposed to evaluate the consistency and the reliability degree of the obtained weights:

CR = 6%/ CI 8)

3.2. Second Phase: Interval Type-2 Fuzzy TOPSIS (IT2FTOPSIS)

This section develops a novel ranking model by the TOPSIS method under an interval-
valued type-2 fuzzy set based on the criteria’s weights obtained by IT2FBWM. In addition, a
new ranking index is developed with interval-valued fuzzy Hamming distance measure for
prioritizing potential alternatives in the assessment process. Therefore, the methodology
for the sustainable/resilient supplier selection problem is proposed regarding experts’
opinions about the value of criteria for each alternative.

The procedure of the proposed methodology is presented under the following steps.

Step 1. Determining the values for criteria by the opinions of experts through linguistic
terms according to type-2 fuzzy sets, which are shown as follows.

(1), =)= () e (7) ] o

where “m” is the number of alternatives, “n” is the number of criteria, and “k” is the
—ky\ Tk
number of experts. Therefore, | f;; ] ~ shows the value of criterion

"2
1

for the alternative

21

j” according to the opinion of expert “k”.
Step 2. Constructing the weighted type-2 fuzzy values by multiplying (fl-])
mxn

by the weights obtained by IT2FBWM (C (w7)), resulting in E;;. The multiplication is
performed according to Equation (7).

Step 3. The interval-valued type-2 fuzzy positive ideal solution (IVT2F-PIS) and the
interval-valued type-2 fuzzy negative ideal solution (IVT2F-NIS) for each criterion are
determined as follows.

=+ =+ =+
xj*:{El,EZ,...,En} (10)

| {maf ()} o N
e ()} v

xj_{EJ,E;,...,E;} (12)

r
=]
—
=
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- {miin{Rank (E,j)} , VR
I oo (2) 1, v "

where R and R/ define the sets of benefit criteria and cost criteria, respectively.
Step 4. Calculate the distance values among weighted normalized IVT2F, IVT2E-PIS,
and IVT2F-NIS regarding each criterion as follows:

m n — —_4 2

97 =,| Y ) ((Rank (Ej;) —E; ) ) Vi (14)
i=1j=1
m n - __ 2

¢; =,/ Y ) ((Rank (Ej;) —E; ) ) Vi (15)
i=1j=1

Step 5. Then, the interval type-2 fuzzy relative closeness coefficient (CC;) of every
alternative is calculated by IVT2F-Hamming distance measure as follows [57].

m m m

m B 1 B 1 m _ 1 m _ m 1 m
CCi= Z((Pi *%Z% )+Z((Pi+*%2§”i+)/ E(@i 7%2% )+ E(qu—fgz(ﬁ—) (16)
i=1 i=1 i=1 i=1 i=1

i=1 i=1 i=1
Step 6. Rank the alternatives by increasing sorting of CC;.

4. An Empirical Case Study

Nowadays, the topic of resiliency is getting attention in many fields and industries (e.g., the construction
industry, Electrical manufacturing, Hospitals, etc.) since unpredictable events may occur in different phases. The
managers must be prepared to handle these sudden events at each moment. Resiliency is vital in the construction
industry because of uncertainties in different sections, including materials, equipment, human resources, climate,
etc. Therefore, resilient management is necessary for selecting the best supplier of raw materials. This study
aimed to select the most resilient supplier for “Atieh Sazan” Co., a major construction company in Iran. This
company has almost 12 years of work experience and was in charge of many large construction projects in Iran to
establish transport networks and routes (land, rail, air, and sea). This company seeks to select the best supplier for
supplying the required cement in its projects in terms of resilient criteria. In this regard, there are four candidates
for supplements. The candidates are supplier Hesaraki (Tehran, Iran), supplier Siman Sepahan (Isfahan, Iran),
supplier Ilgoli (Tabriz, Iran), and supplier Zarif (Mashhad, Iran).

As mentioned before, the resilient criteria chosen from the previous literature were presented to the project
experts to be surveyed. The experts included four university professors in the field of construction and four
experts who have a minimum of 15 years of operational experience in the field of construction projects and
supplying materials. The result of the survey and the final selected criteria with minimum average points of 7
(Likert scales of 1-9) are presented in Table 3:

Table 3. Final selected resilient criteria for use in the model.

Symbol Criteria Definition

The ability for quickly reacting or responding to customer

R i :
G esponsiveness requirements [55]

Physical protection infrastructure and safety system of a
C Robustness supplier’s building and facilities, to minimize negative impacts of
disruption, especially in the case of natural disasters [55]

The ability of the supplier to cooperate with other suppliers and

G Cooperation customers for promoting the quality of materials [10]
Cy Agility The ability of the supplier for producing a product quickly [10]
Cs Reorganization Ability for integrating resources quickly and reconstructing

corporate culture and organization [37]

Cs Flexibility Including time, product, and quantity flexibilities [48]
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Table 3. Cont.

Symbol Criteria Definition

Suitable Design for resource efficiency, products’ reuse, recovery
Cy Eco-design of materials, reduction or elimination of hazardous materials, and
minimizing embodied energy [48]

The strategic and selective usage of spare capacity and inventory,
Cg Redundancy which can be used to handle disruptions, e.g., spare stocks,
multiple suppliers, and extra facilities [49]

Human resource  Training the staff for handling dangerous events and creating the

S management multi-task groups [49]

4.1. First Phase: IT2ZFBWM

In the first step, in order to obtain the weight of the criteria (C1, Cp, C3, ..., Co), the best and worst criteria
were chosen by consensus of the experts; then, the BWLRVs were specified regarding the scales of 1-9. Tables 4
and 5 represent the preference degrees according to the experts’ opinions in the form of linguistic terms in Table 2.

Table 4. Comparison of the best criteria to all the criteria.

Best-to-Others

G G, G Cs Cs Ce Cy Cs Co

G

VS MI EI WI SP SI MP EX VVS

Table 5. Comparison of all the criteria to the worst criteria.

Others-to-Worst

G G, G G, Cs Ce C; Cs Co

Gy

SI VS VVS EX WI MI SP MP EI

Therefore, IT2FBO and IT2FOW vectors can be shown as follows:

[(5.9686, 6.750, 7.1, 8.2314) (6.7172, 6.8889, 7.1036)]
[(1.4308, 2.35, 2.80, 3.3068) (2.5172, 2.6941, 3.0828)]
[(1.000, 1.000, 1.000, 1.000) (1.000, 1.000, 1.000)]
[(1.00, 1.00, 1.7184, 2.6165) (1.000, 1.0734, 1.9266)]
Ag{  [(4.6893, 5.50, 6.20, 6.9485) (5.6379, 5.8889, 6.0621)]
((3.3101, 4.25, 5.05, 6.0107) (4.4136, 4.8900, 5.0278)]
[(2.1515, 3.00, 3.85, 4.8107) (3.3550, 3.5368, 3.8278)]
[(7.0253, 8.8624, 9.000, 9.000) (8.8684, 8.9908, 9.000)]
[(7.0136, 7.65, 8.00, 8.7070) (7.5172, 7.8125, 8.0828)]

[(3.3101, 4.25, 5.05, 6.0107) (4.4136, 4.8900, 5.0278)]
[(5.9686, 6.750, 7.1, 8.2314) (6.7172, 6.8889, 7.1036)]
[(7.0136, 7.65, 8.00, 8.7071) (7.5172, 7.8125, 8.0828)]
[(7.0253, 8.8624, 9.000, 9.000) (8.8684, 8.9908, 9.000)]
Aw{  [(1.00, 1.00, 1.7184, 2.6165) (1.000, 1.0734, 1.9266)]
[(1.4308, 2.35, 2.80, 3.3965) (2.5172, 2.6941, 3.0828)]
[(4.6893, 5.50, 6.20, 6.9485) (5.6379, 5.8889, 6.0621)]
[(2.1515, 3.00, 3.85, 4.8107) (3.3550, 3.5368, 3.8278)]
[(1.000, 1.000, 1.000, 1.000) (1.000, 1.000, 1.000)]

In order to obtain the optimal IT2F criteria weights, we constructed the optimization model based on
Equation (3) and using IT2F values in Tables 3 and 4.
After solving Equation (3), the optimal IT2F weights of the nine criteria were obtained as follows:

@t = [(0.0792, 0.0792, 0.0799,0.0799), (0.0792, 0.0792, 0.0803)]
@5 = [(0.1653, 0.1653, 0.1653, 0.1687), (0.1653, 0.1653. 0.1685))
@} = [(0.0561, 0.0561, 0.0582, 0.0582), (0.0561, 0.0561, 0.0585)]
@; = [(0.0488, 0.0488, 0.0509, 0.0509), (0.0488, 0.0488, 0.0516)]
@% = [(0.0593, 0.0593, 0.0601, 0.0601), (0.0593, 0.0598, 0.0611)]
@; = [(0.0761, 0.0761, 0.0768, 0.0768), (0.0761, 0.0763, 0.0774)]
@5 = [(0.0753, 0.0753, 0.0786, 0.0789), (0.0753, 0.0753, 0.0788)]
@5 = [(0.0753, 0.0753, 0.0786, 0.0789), (0.0753, 0.0753, 0.0788)]
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@ = [(0.0587, 0.0587, 0.0587, 0.0587), (0.0587, 0.0587, 0.0587)]
@; = [(0.0309, 0.0309, 0.0316, 0.0316), (0.0309, 0.0309, 0.0319)]

Then, the crisp weights of the nine criteria were calculated, as below in Table 6.

Table 6. Crisp weights of the criteria.

Criteria C (w,) C (w,) C (w;) C (w,) C (ws) C (wy) C (wy) C (wy) C (wq)
Value 0.0792 0.1653 0.0561 0.0488 0.0593 0.0761 0.0753 0.0587 0.0309

4.2. Second Phase: IT2FTOPSIS

After obtaining the crisp weights of the nine criteria, this study sought to rank the potential suppliers by an
improved TOPSIS method in an IT2F environment. Four candidates including Hesaraki (Tehran), Siman Sepahan
(Isfahan), Ilgoli (Tabriz), and Zarif (Mashhad) (A1, Az, Az, Ay, respectively) for supplying the raw materials
were evaluated based on the selected nine criteria and the opinions of four experts. (It should be noted that, in
this phase, the four experts with a minimum of 15 years of operational experience were involved in defining the
importance of criteria.) (Table 2).

In the first step, the linguistic variables for rating the potential candidates were defined based on IT2FS, that
are shown in Table 7, as follows.

Table 7. Linguistic variables related to type-2 fuzzy sets.

Linguistic Terms Type-2 Fuzzy Scales
Very low (VL) ((0,0,0,1;1,1),(0,0,0,1;1, 1))
Low (L) (0,1,1,31,1),(0,1,1,3;1,1))
Medium low (ML) ((1,3,3,51,1),(1,3,3,51,1))
Medium (M) ((3,5,5,7;1,1),(3,5,5,7, 1, 1))
Medium high (MH) ((5,7,7,91,1),(5,7,7,9;1,1))
High (H) ((7,9,9,10;1,1),(7,9,9,10; 1, 1))
Very high (VH) ((9,10,10,10; 1, 1), (9, 10, 10, 10; 1, 1))

Then, the relative importance of the criteria for the alternatives was determined based on experts’ opinions,
which are shown in Table 8.

Table 8. The linguistic assessment specified by experts.

Main Criteria Alternatives Experts

k1 ka ks ks

A ML MH VH M

A, L MH M M

G As ML H MH M
Ay L H M M

Ay ML H M L

A, ML H H L

C2 As H VH M M
Ay H VH VH M
A MH H ML ML
A, MH H ML ML
Cs As H H H ML
Ay H H VH ML
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Table 8. Cont.

Main Criteria Alternatives Experts
A MH M VH MH
A, MH ML H ML
Cs As MH M VH M
Ay MH ML H ML
A H M M H
A, M M VH H
Cs As H M H VH
Ay M M VH VH
A VL M MH ML
A, ML ML MH MH
Cs As ML M M ML
Ay VL ML M MH
A ML VL ML L
A, ML ML ML
& As ML VL L VL
Ay ML ML ML L
A H ML H ML
A, VH M H H
Cs As VH M H VH
Ay H ML H H
A MH M M MH
A, M H M M
G As MH H H H
Ay MH M M MH

These linguistic terms should be transformed to the IT2FS, according to Table 7. According to step 2 in the
second phase, the weighted normalized decision matrix was developed based on the obtained criteria weight

in the previous phase, as represented in Table 9. The results were named as Eij (for the criterion “i” and the

alternative “j”).

Then, the aggregated interval type-2 fuzzy decision matrix Eij for each criterion can be shown as

follows in Table 10.
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Table 9. Weighted normalized type-2 fuzzy-decision matrix.

Main Criteria Alternatives Experts
k1 k2 k3 ks
A ((1.8,2.8,2.8,45;1,1), ((3.6,52,52,7;1,1), ((59,84,84,10.3;1,1), (6.7, ((32,53,53,69;1,1),
! (24,35,35,49;1,1)) (39,54,54,75;1,1)) 8.9,89,10.6;1,1)) (45,57,57,73;1,1))
A ((1.3,2.6,2.6,43;1,1), ((3.6,52,52,7;1,1), ((3.2,5.3,5.3,69;1,1), (4.5, ((32,53,53,69;1,1),
c 2 (21,29,29,42;1,1)) (39,54,54,75;1,1)) 5.7,5.7,7.3;1,1)) (45,57,57,73;1,1))
! A ((1.8,2.8,2.8,45;1,1), ((49,79,79,92;1, 1), ((3.6,52,52,7;1,1), (3.9, ((3.2,53,53,69;1,1),
8 (24,35,35,49;1,1) (5.2,83,83,94;1,1)) 54,54,75;1,1)) (45,57,57,73;1,1)
A ((1.3,2.6,2.6,43;1,1), ((49,79,79,92;1,1), ((32,5.3,5.3,69;1,1), (45, ((3.2,53,5.3,69;1,1),
4 (2.1,2.9,2.9,4.2;1,1)) (5.2,83,83,94;1,1)) 5.7,5.7,7.3;1,1)) (45,57,57,73;1,1))
A (2.5,38,38,54,1,1), ((76,82,82,11.7;1,1), ((1.7,38,38,54;1,1), (1.9, ((1.7,3.8,38,54;1,1),
! (29,4.8,4.8,59;1,1)) (7.9,8.6,8.6,13.6;1, 1)) 41,41,59;1,1)) (1.9,4.1,41,59;1,1))
A (25,38,38,54,1,1), ((7.6,82,82,11.7;1,1), ((1.7,38,38,54;1,1),(1.9, ((17,38,38,54;1,1),
c 2 (2.9,4.8,4.8,59;1,1)) (7.9,8.6,8.6,13.6;1, 1)) 41,41,59;1,1)) (1.9,4.1,41,59;1,1))
2 A ((7.6,82,82,11.7,1,1), ((7.6,82,82,11.7;1,1), ((7.6,82,82,11.7,1,1), ((17,38,38,54;1,1),
8 (79,8.6,8.6,13.6;1,1))  (7.9,8.6,8.6,13.6;1, 1)) (7.9,8.6,8.6,13.6;1, 1)) (1.9,4.1,41,59;1,1))
A ((7.6,82,82,11.7,1,1), ((7.6,82,82,11.7;1,1), ((8.2,9.7,9.7,10.6; 1, 1), ((17,38,38,54;1,1),
4 (79,8.6,86,13.6;1,1))  (7.9,8.6,8.6,13.6;1, 1)) (8.9,10.7,10.7,11.3; 1, 1)) (1.9,4.1,41,59;1,1))
A ((6.4,7.6,7.6,8.6,1,1), ((74,88,88,9.3;1,1), ((4.2,48,48,5.6;1,1), (44, ((4.2,4.8,4.8,5.6;1,1),
! 6.9,8,8,9.6;1,1)) (75,94,9.4,9.6;1,1)) 5.2,52,57;1,1)) (44,52,52,57;1,1))
A ((6.4,7.6,7.6,8.6,1,1), ((74,88,88,9.3;1,1), ((4.2,48,48,5.6;1,1), (44, ((4.2,4.8,4.8,5.6;1,1),
c 2 6.9,8,8,9.6;1,1)) (75,94,9.4,9.6;1,1)) 5.2,52,57;1,1)) (44,52,52,57;1,1))
° A ((74,88,88,9.3;1,1), ((74,88,88,9.3;1,1), ((74,88,88,9.3;1,1),(7.5, ((4.2,4.8,4.8,5.6;1,1),
8 (75,94,94,9.6;1,1)) (75,94,9.4,9.6;1, 1)) 9.4,94,9.6;1,1)) (44,52,52,57;1,1))
A ((7.4,858,88,9.3,1,1), ((74,88,88,9.3;1,1), ((88,9595,99,1,1),(9.2, ((4.2,4.8,4.8,5.6;1,1),
4 (75,94,9.4,9.6;1, 1) (75,94,9.4,9.6;1, 1)) 9.7,9.7,104; 1, 1)) (44,52,52,57;1,1))
A ((6.1,6.4,64,7;1,1), ((54,57,57,6.7;1,1), ((9.8,10.2,10.2,11; 1, 1), ((6.1,6.4,64,7;1,1), (6.4,
1 (64,72,72,78;1,1)) (5.6,5.9,5.9,69;1,1)) (10.4,11.2,11.2,12; 1, 1)) 72,72,78;1,1)
A ((6.1,64,64,7,1,1), ((5.2,58,58,74;1,1), ((9.2,95,95,9.8,1,1), (9.6, ((5.2,58,58,74;1,1),
c 2 (64,72,72,78;1,1)) (5.6,6.1,6.1,7.9;1, 1)) 10,10, 10.8; 1, 1)) (5.6,6.1,6.1,7.9;1, 1))
! A ((6.1,64,64,7,1,1), ((54,57,57,67,1,1), (9.8,10.2,10.2,11; 1, 1), ((54,57,57,67;1,1),
8 (64,72,72,78;1,1)) (5.6,59,59,69;1,1)) (10.4,11.2,11.2,12; 1, 1)) (5.6,5.9,5.9,6.9;1,1))
A ((6.1,64,64,7,1,1), ((5.2,58,58,74;1,1), ((9.2,95,95,98,1,1), (9.6, ((5.2,58,58,74;1,1),
4 (64,72,72,78;1,1)) (5.6,6.1,6.1,7.9;1, 1)) 10,10, 10.8; 1, 1)) (5.6,6.1,6.1,7.9;1, 1))
A (9.1,95,9.5,99,1,1), ((82,84,84,89,1,1), ((82,84,84,89,1,1),(85, (9.1,95,95,99;1,1),
! (94,9.7,9.7,10.2; 1, 1)) (85,87,87,92,1,1)) 8.7,87,9.2;1,1)) (94,9.7,9.7,10.2; 1, 1))
A ((8.2,84,84,89;1,1), ((8.2,84,84,89,1,1), ((9.5,9.9,9.9,103; 1, 1), (9.1,95,95,99;1,1),
2 (85,87,87,92;1,1) (85,87,87,92,1,1)) (10.3,10.9,10.9,11.3; 1, 1)) (94,9.7,9.7,10.2; 1, 1))
A ((9.1,9.5,9.5,99;1,1), ((8.2,84,84,89;1,1), ((9.1,9595,99,1,1),(94, ((9599,99,103;1,1),
& 8 (94,9.7,9.7,10.2; 1, 1)) (85,87,87,92,1,1)) 9.7,9.7,10.2;1, 1)) (10.3,10.9,10.9,11.3; 1, 1))
A ((8.2,84,84,89;1,1), ((8.2,84,84,89;1,1), ((9.5,9.9,9.9,10.3; 1, 1), ((9.5,9.9,99,103; 1, 1),
4 (85,87,87,92;1,1) (85,87,87,92;1,1)) (10.3,10.9,10.9,11.3;1,1))  (10.3,10.9,10.9,11.3; 1, 1))
A (2.1,3.2,32,39;1,1), ((5.8,6.7,6.7,72;1,1), ((6.1,6.5,6.5,69;1,1), (64, ((4.3,4.8,4.8,54;1,1),
! (2.3,35,35,37;1,1) (64,67,6.7,8.1;1,1)) 6.8,6.8,7.5;1,1)) (4.7,55,5.5,59;1,1))
A ((4.3,4.8,48,54,1,1), ((4.3,48,48,54;1,1), ((6.1,65,65,69;1,1), (64, ((6.1,65,65,69;1,1),
c 2 (4.7,55,5.5,59;1,1)) (4.7,55,55,59;1,1)) 6.8,6.8,7.5;,1,1)) (64,68,68,75;1,1))
¥ A ((4.3,4.8,48,54,1,1), ((58,67,67,72;1,1), ((58,67,6.7,7.2,1,1), (64, ((4.3,48,48,54;1,1),
3 (4.7,5.5,5.5,5.9;1, 1)) (6.4,6.7,6.7,8.1;1, 1)) 6.7,6.7,8.1;1, 1)) (4.7,5.5,5.5,59;1, 1))
As (2.1,32,32,391,1), ((4.3,48,48,54;1,1), ((58,67,6.7,72;1,1), (64, ((6.1,65,65,69;1,1),

(2.3,35,35,3.7;:1, 1))

(47,55,5.5,5.9;1, 1))

6.7,67,81;1,1)

(6.4,68,6.8,7.5;1,1))
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Table 9. Cont.

Main Criteria Alternatives Experts
K ko ks Ky
A (45,53,53,59:1,1),  ((1.9,2.3,23,3;1,1), ((45,53,53,59;1,1),  ((2.5,29,29,33;1,1),
1 (5.1,5.5,5.5,6.2;1,1))  (2.3,34,34,3.6;1,1) (5.1,5.5,5.5,6.2; 1, 1)) (3.3,3.9,3.9,4.4;1,1))
A (45,53,53,59;1,1),  ((45,53,53,591,1),  ((2529,29,33;1,1),  ((45,53,53,59;1,1),
c 2 (5.1,55,55,6.2;1,1)  (5.1,55,55,621,1)) (3.3,3.9,3.9,4.4;1,1)) (5.1,5.5,5.5,6.2; 1, 1))
¢ 4 ((4.5,53,53,5.9; 1, 1), ((1.9,2.3,2.3,3; 1, 1), ((2.5,2.9,2.9,33;1,1), ((1.9,2.3,2.3,3; 1, 1),
3 (5.1,55,55,62;1,1))  (2.3,34,34,361,1) (33,3.9,39,4.4;1,1)) (2.3,3.4,34,3.6;1,1)
4 (45,53,53,59;1,1),  (45,53,5.3,591,1),  (45,5.3,53,591,1),  ((2.529,29,33;1,1),
4 (5.1,55,55,62;1,1)  (5.1,55,55,62;1,1)) (5.1,5.5,5.5,6.2;1,1)) (3.3,3.9,3.9,4.4;1,1))
A (8.1,89,89,92;1,1), ((55,59,59,64;1,1),  ((81,89,89,921,1), (555959, 64;1,1),
1 (8.3,9,9,9.4;1,1)) (5.8,6.5,6.5,69;1,1) (8.3,9,9,9.4;1,1)) (5.8,6.5,6.5,69;1,1))
A ((85,9,9,102;1, 1), ((3.5,4.5,45,5;1, 1), ((8.1,89,89,9.2;1,1), ((5.5,59,59,64;1,1),
c 2 (8.7,9.4,9.4,10.7; 1, 1)) 35,4.5,45,5;1,1)) (8.3,9,9,9.4;1,1)) (5.8,6.5,6.5,69;1,1))
i A ((85,9,9,10.2; 1, 1), ((3.5,4.5,45,5;1,1), ((8.1,8.9,89,9.2;1,1), ((3.5,4.5,45,5;1,1),
3 (8.7,9.4,9.4,10.7; 1, 1)) 3.5,4.5,45,5;1,1)) (83,9,9,9.4;1,1)) 3.5,4.5,45,5;1,1))
A ((8.1,89,89,92;1,1), ((55,59,59,6.4;1,1),  (8.1,89,89,92,1,1),  ((55,59,59,64;1,1),
4 (83,9,9,9.4;1,1)) (5.8,6.5,6.5,6.9;1,1) (83,9,9,9.4;1,1)) (5.8,6.5,65,6.9;1,1)
J ((49,55,55,6.1;1,1),  ((34,3.8,3841;,1,1), (34,3838 41;1,1), (49,5555, 61;1,1),
1 (4.9,5.8,5.8,2.1;1,1))  (39,45,45,48;1,1)) (3.9,4.5,4.5,4.8;1,1)) (4.9,5.8,5.8,2.1;1,1))
A ((34,38,38,41;1,1), ((5865,65,71;1,1),  ((34,38,38,41;1,1),  ((34,38,38,4.1;1,1),
c 2 (3.9,45,45,48;1,1) (59,6767, 74;1,1)) (3.9,45,45,4.8;1,1)) (3.9,45,4.5,4.8;1,1))
’ 4 (4.9,55,55,6.1;1,1),  ((58,65,65,7.1;1,1),  ((58,65,65,7.1;1,1), (5.8 65,65,7.1;1,1),
3 (49,58,58,2.1;1,1))  (59,6.7,6.7,7.4;1,1)) (59,67,6.7,74;1,1) (59,67,67,74;1,1))
A (4.9,55,55,6.1;1,1),  ((34,38,384.1;1,1), ((34,38,38,41;1,1),  ((49,55,55,6.1;1,1),
4 (4.9,5.8,5.8,2.1;1,1)  (39,45,45,48;1,1)) (3.9,4.5,4.5,4.8;1,1)) (4.9,5.8,5.8,2.1;1,1))
Table 10. Aggregated interval type-2 fuzzy decision matrix Eij.
Criteria Alternatives
Al A2 AS A4
c ((3.2,4.3,4.3,48;1,1), ((2.1,2.5,2.5,2.8;1,1), ((3.6,3.9,3.9,4.3;1,1), ((3.3,4.3,4.3,4.8;1,1),
1 (34,4.6,4.6,54;1,1)) (24,29,29,34;1,1)) (39,4.1,4.1,47;1, 1)) (3.5,4.5,5.5,54;1,1))
C ((2.5,29,29,34;1,1), (2.5,29,29,34;1,1), ((5.6,62,62,7,1,1), ((6.2,6.7,6.7,7.2,1, 1),
2 (2.8,34,34,4.1;1,1)) (2.8,34,34,4.1;1,1)) (5.9,64,64,7.3;,1,1)) (6.8,7.3,7.3,82;1,1))
c ((5.2,5.5,5.5,5.9;1,1), ((5.6,6.2,6.2,7,1,1), ((6.4,6.8,6.8,7.2;1,1), ((76,79,79,85;1,1),
3 (5.6,6.1,6.1,6.6;1, 1)) (5.8,64,64,6.7;1,1)) 6.7,7,7,7.8;1,1)) (79,83,83,9.1;1, 1))
c ((64,72,7.2,8;1,1), ((6.8,73,7.3,7.7;1,1), ((64,6.7,6.7,7;1,1), ((6,6.8,6.8,7.6;1,1),
4 (6.7,72,72,7.6;1,1)) (72,7.7,7.7,8;1, 1)) (6.7,72,72,7.6;1,1)) (64,71,71,7.8;1, 1))
C ((8.4,89,89,94;1,1), ((8.2,8.7,8.7,9.2,1,1), ((8.5,89,89,9.2,1,1), ((9.1,9.5,9.5,958;1, 1),
5 (8.6,9.1,9.1,10; 1, 1)) (8.5,8.8,88,9.3;,1, 1)) (8.7,9.3,9.3,10.1; 1, 1)) (9.4,99,99,104;1,1))
c ((5.2,5.3,5.3,5.6;1,1), ((5.4,5.7,5.7,6.3;1, 1), ((4.7,49,49,5.3;1,1), ((4.6,49,49,5.3;1, 1),
6 (54,5.7,5.7,6.1;1, 1)) (5.6,6,6,6.5;7,1)) (5,5.2,5.2,54;1,1)) (49,59,59,64;1,1))
C ((3.7,4.1,4.1,4.3;1,1), ((4,45,45,6;1,1),(44, ((3.2,3.8,3.8,3.9;1,1), ((4.2,4.8,4.8,5.3;1,1),
7 (4.1,4.7,47,53;1,1)) 5,5,5.2;1,1)) (3.6,4.2,42,46;1,1)) (4.6,5.2,5.2,5.7;1, 1))
C ((71,79,79,82;1,1), ((6.5,6.9,69,7.6;1,1), ((6.2,6.7,6.7,74;1,1), ((6.9,75,75,85;1,1),
8 (7.5,8.1,8.1,8.7,1, 1)) (6.8,7.3,7.3,8.1;1, 1)) (6.4,69,69,82;1,1)) (73,7.7,7.7,8.1; 1, 1))
C ((39,45,45,5.1;1,1), ((4.3,4.7,4.7,5.7,1,1), ((5.3,5.7,5.7,5.9; 1, 1), ((3.9,4.5,45,5.1;1, 1),
9 (4.2,5.3,5.3,58;1,1)) (4.8,5.5,5.5,64;1,1)) (5.9,6.3,6.3,6.7;1, 1)) (4.2,5.3,5.3,58;1,1))

In the next step, (IVT2F-PIS) and (IVT2F-NIS) are specified for each criterion based on Equations (10)-(13)
in step 3. Results are shown in Table 11.
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Table 11. The values of ET and E~ for each criterion.

C G G Cy Cs Ce c; Cs Co
Et 6.6542 15.0256 24.6281 29.5288 22.8274 18.8251 10.2804 25.2814 14.2924
E- 8.5291 22.1173 19.5299 26.6271 35.2681 13.724 9.2751 19.2714 11.0052

Finally, the (pi*, ¢; and CC; indices are calculated for each alternative in order to determine the most
resilient supplier according to Equations (14)—-(16) in steps 4 and 5 (Table 12). As noted before, the alternative with
the minimum value of CC; is determined as the ideal solution and the next ranks are specified through ascending
order of CC; .

Table 12. The values of ¢, ¢, and CC; and the final ranking.

ot Q- CC; Ranking
Ay 24.2286 8.2361 9.2388 2
Ap 27.1102 19.2854 5.2918 1
As 12.2837 37.2835 18.2846 4
Ay 30.2831 14.3918 13.3992 3

The final results can also be shown through Figure 4.

BWM-TOPSIS method
40
35
30
25

20
15
1
0 I
Al A2

Alternative

v O

A3 A4

B+ Bo- mCCi

Figure 4. Schematic of final results.

Thus, the final ranking for the potential suppliers was determined, and the alternative “2”, i.e., the Siman
Sepahan (Isfahan) supplier, was specified as the most resilient supplier. According to this result, it was concluded
that the criteria including “Reorganization”, “Redundancy”, and somewhat “Agility” were relatively the most
effective measures for selecting the most resilient supplier in the Iranian Construction Industry. It means that,
primarily, those supplier(s) should be selected to integrate resources quickly and reconstruct the organization
according to situations. Moreover, the suppliers must be capable of strategic and selective usage of spare capacity
and inventory, which can be employed to manage disruptions, e.g., spare stocks and extra facilities. Another point
is that the suppliers must have the ability to supply the material and produce a product quickly.

4.3. Validating the Results

There are different techniques for validating the decision-making models. In this paper, for validating the
robustness of the model, the following two approaches were employed: (1) evaluating the consistency ratio (CR)
for BWM [58] and (2) employing two different techniques, including AHP and SAW approaches instead of the
BWM method for determining the weights of resilient criteria.

4.3.1. Determining the CR

As mentioned before, the CR value must be relatively close to zero to show high consistency in the FBWM
process [58]. The value of CR was 0.038, which was computed according to Equations (4)-(8). Therefore, it was
concluded that the obtained weights for criteria are reliable, and the BWM model is applicable.
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4.3.2. Employing Two Different Techniques for Weighting the Criteria

After obtaining the final results, it is necessary to evaluate the robustness of the ranking process by
replacing two other techniques including the AHP and SAW approaches for weighting the criteria instead of
the BWM method. These two methods were selected since they have different procedures for weighting the
criteria, which are classically common and acceptable for this purpose in literature. Therefore, the results of
AHP-TOPSIS and SAW-TOPSIS models can validate the results of the proposed model with a high level of
confidence. Figures 5 and 6 represent the final results through AHP-TOPSIS and SAW-TOPSIS approaches in the
IT2F environment, respectively.

40
- AHP-TOPSIS method
30
25
20
15
0 I
. [
Alternative Al A2 A3 A4
H o+ md- mCCi
AHP-TOPSIS method
25
20
15
10
| I I . I I
0 i
Alternative Al A2 A3 A4

o+ M- mCC

Figure 5. The final results obtained by the IT2F AHP-TOPSIS method.
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As shown in Figure 5, the final rankings of the IT2F AHP-TOPSIS method and our method were completely
identical. As can be seen in Figure 6, by comparing the SAW-TOPSIS method and ours, only the third and the
fourth rankings were not the same and the top-ranking was identical. In other words, it was concluded that, by
different techniques for weighting the criteria, the final results were robust. This confirmed the validation of the
combined model developed in this study.

A3

o+ mo- mCCi

Figure 6. The final results obtained by the IT2F SAW-TOPSIS method.

5. Managerial Implications

Today, many managers and owners of companies in different industries, e.g., the construction industry,
must pay attention to supplier selection to gain a competitive advantage in terms of desired factors. Considering
resilient factors in decision makings brings competitive advantages to any organization and industry. Resiliency
is one of the benefits that must be incorporated with the construction supply chain due to the various unexpected
problems that occur at any moment and section. One of the sections is procurement and selecting the right
supplier for the materials. Selecting the most resilient supplier is vital in a construction project, and this paper
sought to optimize this process.

Resiliency is a relatively new topic in supplier selection, and different methods and techniques have been
developed to evaluate and select suppliers according to the determined, resilient criteria. However, selecting
the most resilient supplier in an interval type-2 fuzzy environment has not been paid attention to. Thus, this
paper evaluated the suppliers based on the resilient criteria to deal with the high level of uncertainty inherited in
real cases. Moreover, this study developed the IT2F TOPSIS technique based on Hamming distance to rank the
potential suppliers. Generally, the implications of this study are as follows:

° Primarily, the managers in the construction industry or similar fields can employ this model to select the
most resilient supplier more appropriately by considering the IT2F environment.

e  The model is designed based on experts’ opinions, where the information and accountability conditions of
sudden events are very sensitive. Thus, it should be pointed out that this decision-making framework can
be employed in situations in which sufficient information about the features and capabilities of the suppliers
is not available for the experts of projects.

. This study is so helpful for the managers in the (Iranian) construction industry to better understand
the concept of resiliency for selecting the best supplier. As mentioned before, they should choose the
supplier(s) with more ability for integrating resources quickly and reconstructing the organization according
to situations. Moreover, the suppliers must be capable of strategic and selective usage of spare capacity and
inventory, which can be employed to manage disruptions, e.g., spare stocks and extra facilities.

. Finally, on the macro scale, this study and the results can help the managers and policy makers adopt the
best strategies and policies in supplier selection, which is so important. Generally, and according to the
previous points, they can optimize the supplying process, reduce costs, save more time, and remove the
bottlenecks, which positively affect the whole project.

6. Conclusions

Resilient supplier selection is a relatively new topic in supply chain management, which is placed along
with sustainable supplier selection and green supplier selection. However, it is relatively new in comparison with
5SS and GSS [59]. In recent years, different companies and industries have sought to gain resilient competencies in
their supply chain to overcome their competitors. Determining an appropriate resilient supplier is a major strategic
decision with great importance for organizations. Thus, developing the group decision-making methodologies for
evaluating the resilient supplier candidates based on various criteria could help decision makers obtain the best
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solution. This study developed a hybrid BWM-TOPSIS method to select the most resilient supplier in an interval

type-2 fuzzy environment. This problem is vital because many real cases are consistent with this study, in which a

high level of data uncertainty exists.

In the first phase of this model, the resilient evaluative criteria in the construction industry were obtained by
reviewing the previous literature and the opinions of the related experts. The IT2FBWM approach was developed
to determine the weights of the criteria through the preference degrees according to the experts’ opinions in the
form of given linguistic terms. Then, in the second phase, an improved interval type-2 fuzzy TOPSIS method based
on Hamming distance measure was developed to rank the potential alternatives. This process was performed
through the weights of criteria obtained from the first phase and the relative importance of the alternatives in
terms of the evaluative criteria according to the experts’ opinions. After determining the rank of alternatives,
the decision-making approach was validated. First, the CR value of the IT2FBWM method was computed. The
obtained value was close to zero, showing that the obtained weights for criteria are reliable and the BWM model
is applicable. Then, instead of the BWM approach, two approaches, including AHP and SAW, were employed to
validate the final results. After solving two new decision-making models, it was found that the final ranking did
not change and the robustness of the proposed model was confirmed. Therefore, it can be stated that this model
can obtain more precise and reliable results for selecting the most resilient supplier in a high level of potential
uncertainty and vagueness. We obtained the results with fewer computations in the IT2F environment rather than
other similar approaches.

Generally, the managers in the construction industry and other industries with similar supply chains can
utilize this decision-making framework for selecting the most resilient supplier, especially because this model is
applicable in some situations in which experts have minimum awareness of the issue. They also realize that the
criteria of “reorganization”, “redundancy”, and somewhat “agility” are possibly the most determinant factors
for selecting the most resilient supplier in the field of construction or similar fields. This can help them to adopt
the most appropriate strategies and policies in the field of supplier selection. Moreover, this model reduces the
inherent computational complexity of the IT2F environment by utilizing two applicable techniques, where the
results can also be more accurate and reliable so that the managers can employ this framework in many real cases
with a high uncertainty level.

In this study, there were two main limitations. The first one was defining and expanding the resilient criteria
in the case study for the experts since they are potentially qualitative and hard to quantify. The next one was
encoding words into IT2FSs, according to the case study. Moreover, experts responded to the surveys with so
much delay. Eventually, there were many obstacles to taking the related information from the company, making
this process so time consuming. Finally, future directions can be pointed as follows:

e  This decision-making framework can be utilized for resilient supplier selection in other fields and domains
and other regions. Without a doubt, before employing this model, the relevant resilient criteria should be
formulated and localized according to the specified field and region, respectively.

e  This IT2F decision-making model can also be employed to select the best supplier in terms of combined
resiliency and sustainability or environmental issues (green supplier selection). Therefore, the supplier
selection process will be more comprehensive and reliable.

. In some projects, there may be dependencies between the evaluative criteria. Thus, it is better to use MCDM
techniques that evaluate the interrelationships between the criteria, e.g., Analytic Network Process (ANP)
and DEMATEL approaches.

. Since most resilient evaluative criteria are qualitative, the experts’ opinions are employed to measure their
value, which may not be completely accurate. Therefore, if a valid and acceptable approach can be developed
to quantify these criteria, the final results will be more reliable.

Author Contributions: Conceptualization, A.F.; Formal analysis, S.A.H.; Funding acquisition, P.S.;
Methodology, S.A.H. and A F.; Project administration, S.H.Z.; Resources, S.S.; Supervision, S.H.Z;
Writing—original draft, S.A.H.; Writing—review & editing, S.H.Z., PS. and S.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Mathematics 2022, 10, 44 22 of 24

Abbreviations
IT2F Interval Type-2 Fuzzy
BWM Best Worst Method

TOPSIS Order Preference by Similarity to Ideal Solution
IT2FBWM  Interval Type-2 Fuzzy Best Worst Method

AHP Analytical Hierarchy Process

SAW Simple Additive Weighting

MCDM Multiple Criteria Decision Making

SCM Supply chain management

PMF Primary Membership Function

SMF Secondary Membership Function

GT2FS General Type-2 Fuzzy Sets

ANP Analytical Network Process

VIKOR VlseKriterijumska Optimizcija I Kaompromisno Resenje

MARCOS  The Measurement of Alternatives and Ranking according to Compromise Solution
TODIM An acronym in Portuguese of interactive and multi-criteria decision making
FIS Fuzzy Inference System

RSS Resilient supplier selection

SSS Sustainable Supplier Selection

GSS Green Supplier Selection

GRA Grey Relational Analysis

DEMATEL Decision Making Trial and Evaluation Laboratory

DEA Data Envelopment Analysis

PCA Principal Components Analysis

QFD Quality Function Deployment

SWARA Step-Wise Weight Assessment Ratio Analysis
WASPAS Weighted Aggregated Sum-Product Assessment

PR Preference Relation

BWLRV Best-Worst Linguistic Reference Vectors
SLP Secondary Linguistic Preference
WI Weak Importance

MI Moderate Importance

Mpl Moderate plus Importance

SI Strong Importance

Spl Strong plus Importance

vSI very Strong Importance

vvSI very very Strong Importance

EI Extreme Importance

IVT2F-PIS  Interval-Valued Type-2 Fuzzy Positive Ideal Solution
IVT2F-NIS Interval-Valued Type-2 Fuzzy Negative Ideal Solution

CR Consistency Ratio
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