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Abstract: Currently, the supplier selection process is considered as an integral part of the supply chain.
The appropriate selection of suppliers plays a preponderant role in the performance chain of supply as
it determines relevant aspects such as cost management and flexibility of most production processes.
Background: Tt is considered a multi-criteria and multi-objective problem because it includes both
qualitative and quantitative factors. Method: To solve the Supplier Selection and Fair Order Allocation
Problem (SSFOAP), a hybrid solution methodology based on the best-worst method (BWM) and
MMD-TOPSIS techniques in the first phase has been developed to find a robust ranking of suppliers.
In the second phase to determine the weight of the objective function, the Linear Programming (LP)
approach is used. Results: This proposed model can help decisionmakers find the right orders for
each supplier and enable purchasing managers to manage supply chain performance in terms of
cost, quality, and service. To test the performance of our solution methodology, we apply our hybrid
technique to solve a real case of the Tunisian Electric Society (TSE). Cplex software is used to solve
bi-objective programming and to answer strategic questions. Conclusions: The experimental results
indicate that the combination of MMD-TOPSIS and bi-objective programming provide effective gain
concerning solution quality compared with the given solution of the administrator of TSE.

Keywords: order allocation; supplier selection problem; mixed data; TOPSIS; suitability indices

1. Introduction

The era of globalization has led to intense competition in the industrial sector. To
win the competition, every company tries to reduce costs, improve product quality, and
improve service quality. One of the important activities in companies in the industrial
sector is the selection of suppliers. This activity is directly related to areas of company
performance, one of which is financial performance. The selection of suppliers has the aim
of building a long-term partnership relationship with suppliers. It is enough for companies
to partner with several suppliers, but the relationship must be trusted [1].

To improve company performance, management needs to have a certain strategy in
achieving the company’s vision and mission that has been set. Suppliers are business
partners who play an important role in ensuring the availability of goods the company
needs. In the supply chain concept [2,3], suppliers play a very important role and in-
fluence the continuity of the company’s production. Problems in the delivery of goods
from the supplier will cause stockouts and long lead times. The most crucial function
performed by the purchasing department is to select the best suppliers to improve the
supply chain efficiency.

The correct selection of suppliers has been and will be one of the major concerns of
the industry in general, and therefore the operation of tools that facilitate the incorporation
of strategies that facilitate decision-making processes regardless of the complexity of the
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scenario, the use of decision methodologies, such as multi-criteria analysis, provides
organizations with sufficient capacity to react to complex events to the extent that they can
structure the problem and deal with it in a systematic way.

Selecting the best suppliers in the procurement function requires consideration if we
are going to rely on single or multiple sourcing purchasing strategies. The SSFOAP is an im-
portant strategic decision in the procurement process which the decision-maker optimizes.
Many researchers have addressed the importance of these two problems, which is one of
the problems that the decision makers in the procurement function need to optimize.

Decision making in an organization is a very important and critical process. One of the
significant activities that affects organizational performance is supplier selection. Ideally,
supplier selection should not only consider one factor, such as price or other factors, but
should also involve many influencing factors. One method that can be used is the TOPSIS
method, which was developed by Ching-Lai Hwang and Yoon in 1981. This method chooses
the alternative that has the longest geometric distance from the negative ideal solution
(NIS) [4,5] and the shortest geometric distance from the positive ideal solution (PIS).

Supply Chain Management is an efficient process consisting of several suppliers,
factories, warehouses, and stores. The principal objective of supply chain management
is to satisfy the customer demand with efficient use of resources as distribution capacity,
inventory, and human resources (e.g., [6-8]). According to [9], the supplier selection topic
is an MCDM issue that considers mixed criteria (qualitative and quantitative criteria). The
relative importance of these criteria and sub-criteria are considered among the principal
role of procurement managers. Figure 1 describes the stages of supplier selection and the
fair order allocation problem.
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demand data
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Figure 1. Supplier selection and fair order allocation problem.

Research in the literature has studied the problem of supplier selection and order
allocation by using the hybrid MCDM methods and mathematical models. Up to now, no
research investigated this problem by combining BWM and MMD-TOPSIS methods to eval-
uate suppliers. Moreover, reviewing existing literature, we remark that the mathematical
optimization models developed to model the order allocation problem between suppliers
do not consider the notion of equitable sharing.

The objectives of this research are to first propose a robust methodology that considers
mixed data in the supplier selection problem and make the final rang robust by combining
the BWM method that is considered the best and worst criteria and the MMD-TOPSIS
method which consider the mixed criteria and the meaningfulness normalization procedure
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that do not consider in standard TOPSIS method. The second objective is to allocate
the order quantity proportionality between the different suppliers and make the final
result remain robust based on the suitable rank of suppliers obtained by combining the
MCDM method.

This research develops a novel approach based on dependent phases for selecting
supplier and order quantity allocation issues that take into consideration the BWM method
and MMD-TOPSIS procedure in the first phase and the fairness order allocating among
different suppliers in the next phase.

In the first step, we determine the criteria weight by the BWM method, and we spread
on the MMD-TOPSIS for evaluating the suppliers considering the mixed criteria (qualitative
and quantitative criteria). In the second step, we develop an LP to allocate the demand fairly
among the select suppliers obtained in the previous phase. The main strategic questions
are: What are the evaluating criteria of suppliers? What is the rank of suppliers? How can
the order amounts be fairly allocated between suppliers?

The contribution of this paper develops a new, hybrid, MCDM method based on the
worst and best criterion and the meaningfulness concept. We combine the Best-Worst
method, MMD-TOPSIS method, and bi-objective LP for resolving the SSFOAP. The BWM
method is considered to determine the weights of criteria. The MMD-TOPSIS method
is applied to rank suppliers. This method is suggested to determine the meaningful
suitability index (MSI) of suppliers. Secondly, we define a bi-objective LP to distribute the
order quantity fairly between suppliers by considering their meaningful suitability index.
Decision-maker considers minimizing the total purchasing cost and the threshold of fair
order allocation constraints (such as demand, capacity, Inventory space, etc.).

Our main goal in this study was to address the almost total lack of research evidence
on what it means to use an integrated method to solve the fair supplier selection and order
allocation problem. We did this by observing and reporting directly on the day-to-day work
of a company in selecting suppliers, with particular attention paid to the practices by which
these leaders are informed for all practical purposes, as dictated by their specific work.

This Tunisian real-case study is considered to show the efficiency of our proposed
integrated approach.

The results obtained show the efficiency and the performance of the proposed ap-
proach which makes the decision in the multi-criteria decision process easy and robust,
regardless of the measurement scale used in the context of mixed criteria.

In the next section, a literature review on the topics is given. Section 3 is a problem
description of SSFOAP. Section 4 develops a solution methodology to find the optimal
result of the embedded integer model for a system with real-valued data of TSE Company.
Section 5 provides numerical experimental results with a discussion of our contributions to
managerial and policy implications for SSFOAP in the Tunisian case study. We conclude
the paper in Section 6.

2. Literature Review
2.1. Supplier Selection Problem

The supplier selection process consists of identifying the number of potential suppliers
that can be chosen to satisfy the needs of firms and take care of the supply chain. Selecting
the best suppliers is an MCDM problem that contains qualitative and quantitative factors.

The successful implementation of SCM is achieved through the strategic selection of
suppliers (e.g., [10]). The development of suppliers is a way to increase the competitiveness
of the entire supply chain. (e.g., [11-13]).

Supplier selection is a significant activity in the enterprise because it can reduce the
total cost of goods and grow company competitiveness. In addition, quality of demand,
delivery time, and costs enhance the complexity of this supplier selection decision in an
increasingly globalized market competition (e.g., [14]).

Ref. [15] identified 23 criteria for supplier selection based on a purchasing manager
questionnaire. In [16] they have studied 74 articles discussing the criteria in the supplier
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selection problem and the authors concluded that the priority of each criterion depends
on each purchasing situation. Based on the study of [15,16] the most important criteria for
supplier selection are based on the rating.

Ref. [17] have firstly shown that 68 papers (87.18%) consider quality in the process
of supplier selection. They showed that delivery is the second popular criterion 82.05%
of papers. Ref. [18] summarized the different selection criteria, and they concluded that
the most important criteria are price, delivery, and quality. Recently, ref. [9] presented a
systematic review of papers published between 2000 and 2017 on this topic.

In fact, in the theory of decision-making aid, the representation of each criterion
assigns a performance to each potential action based on a specific scale and takes into
consideration a preference system linked to a given point of view. If we consider several
points of view, the main objective of the multi-criterion aggregation procedure (MCAP) is
to construct a global preference system when takes all the points of view. The statement
of “the a is strictly preferred to b” is meaningful only if it is invariant under admissible
transformations of scale for each point of view.

Ref. [19] developed the BWM method. It is a multi-criteria decision-making method
that considers the best criteria (the criterion has the most important role) and the worst
criteria (the criterion that has the opposite role) determined by the decision maker (DM).
The BWM is based on an asymmetric pairwise comparison of decision criteria. The DM
gives his preferences of the best criterion over all other criteria and her preferences of
all criteria over the worst criterion using a number of a predefined scale (e.g., 1-9). The
optimization problem is formulated to determine the weights of the different criteria. A
new TOPSIS procedure was created via meaningful normalization and the rank reversal
for mixed data is proposed by [20].

Recently a decision support tool for supplier evaluation and the selection problem
is examined by [21]. The authors propose a mathematical formulation as multi-criteria
decision-making (MCDM) to solve the problem. Also, in [22], a combination of analytic net-
work processes with TOPSIS procedure is proposed to give an appropriate MCDM model.

2.2. The Fair Order Allocation Problem

The fair division problem is to divide the items among several partners who value
them differently, and each item must be given as a whole to a single person.

There are many research papers related to order quantity allocation, process group
communications, and techniques that provide high availability through fault tolerance.

Ref. [23] proposed a mathematical model for single plant order allocation with a
genetic algorithm for solving the model to minimize the total time of all orders. Extending
previous work, ref. [24] propose intelligent optimization modeling to resolve the multi-
product and multi-plant order allocation problem.

Ref. [25] proposed a genetic algorithm (GA) and simulated annealing (SA) to solve
a multi-supplier and multi-product order allocation problem with transaction costs over
a multi-period.

Deducted from recently researches that price, quality, and work performance are
important in determining suppliers while others works introduce other criteria, including
social relations, intrapersonal trust, and technological infrastructure. Meanwhile, ref. [26]
stated the criteria that should be used in selecting suppliers was quality, quantity, delivery
time, and cost. Ref. [27] uses quality, delivery, and environmental handling criteria in the
selection of suppliers. In addition to some of the criteria mentioned above, various other
studies also convey several different criteria, including [28-30].

2.3. Optimization Techniques in the SSFOAP

In purchasing problems, the multiple sourcing strategy is the process of selecting more
than one supplier when the single supplier cannot satisfy the buyer’s requirements. In this
process, the order quantity is divided between suppliers, and the decision consists of a
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hybrid of the supplier selection and order quantity allocation issue. In literature, several
mathematical models have been proposed to formulate multi-sourcing SSP.

However, the buyer needs to make and optimize the process of SSFOAP due to the
inherent interdependency between them and define the objectives and constraints. These
issues are considered as two key strategic decisions in purchasing topics.

Some multi-criteria decision-making (MCDM) approaches have been used in literature to
evaluate suppliers, such as the AHP method (e.g., [31-33]), the ANP technique (e.g., [34,35]),
the TOPSIS method (e.g., [36,37]) and the VIKOR method (e.g., [38—41]).

In the last decade, numerous integrated MCDM methods have been proposed in
research to solve supplier selection problems. Ref. [42] developed an improved TOP-
SIS integrated with BWM to solve green supplier selection in the context of MCGDM
problems with intuitionistic fuzzy information. Ref. [43] proposed a grey-based multi-
criteria decision-support tool composed of the ‘best—-worst method” (BWM) and TODIM
is used to determine social sustainability attribute weights to rank suppliers in a group
decision setting.

Ref. [37] integrated the BWM with the fuzzy TOPSIS to rank the green supplier’s
selection based on weighted criteria of their green innovation abilities. This integrated
approach was applied in the Khuzestan steel company. A hybrid technique is proposed
by [44]. The authors combine triangular fuzzy numbers, the BWM, and TOPSIS in random
environments for group decision making (GMo-RTOPSIS) to choose the best resilient supply
chain partner.

Several related works explore the reputation of supplier selection and the order
quantity distribution, and some mathematical models are developed to formulate these
problems which are those of [45,46].

In the last decade, various hybrid approaches have been proposed in the literature
for solving the SSFOAP. Ref. [47] proposed a hybrid ANP with goal programming and
using the decision-maker’s preference to choose the best suppliers. Ref. [48] proposed a
combined multi-criteria decision method and multi-objective LP model to solve the SSFOAP
decisions. Ref. [34] integrated the ANP and TOPSIS techniques with LP to rank suppliers
and allocate the order quantity between them. Ref. [49] presented a hybrid MCDM method
by comparing the Fuzzy AHP and the Fuzzy TOPSIS techniques to make the best decision
of the supplier selection. In [50], the SSFOAP under uncertain environments is studied
by integrating the fuzzy TOPSIS and Multi-Choice Goal Programming methods. Ref. [51]
proposed three integrated MCDM methods (AHP, ARAS, and MCGP) to resolve the catering
supplier selection problem. Ref. [52] studied green supplier selection by combining two-
phase fuzzy goal programming with the intuitionistic fuzzy TOPSIS method.

Although many studies in the literature dealt with the topic of SSFOAP, none of them
considered the problem of meaningfulness and fair allocation in the supplier selection process.

So far, no research integrates the BWM with the MMD-TOPSIS method and mathe-
matical programming to choose the supplier and distribute the order quantity problems.
Table 1 describes the literature of optimization techniques used in supplier selection with
order allocation problems.

Table 1. Optimization Techniques Review of SSFOAP.

Papers Optimization Techniques Order Allocation Supplier Selection
[13] Multi-objective decision analysis X
[53] Fuzzy multi-objective linear programming X
[54] Fuzzy multi-objective linear programming X
[20] MMD-TOPSIS method X
[24] A mixed-integer nonlinear programming model X
[25] Genetic algorithm X
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Table 1. Cont.

Papers Optimization Techniques Order Allocation Supplier Selection
[26] Fuzzy AHP X
[31] AHP X
[32] AHP X
[33] AHP X
[34] ANP+TOPSIS + linear programming X X
[35] ANP X
[36] TOPSIS X
[37] TOPSIS X
[41] VIKOR X
[40] VIKOR X
[38] VIKOR X
[39] VIKOR X
[45] Genetic algorithm X
[47] ANP + MOLP X X
[48] Multi-objective linear programming X
[55] QFD + TOPSIS X
[50] Fuzzy TOPSIS + Goal programming X X
[51] AHP, ARAS, and MCGP X X
[52] fuzzy goal programming + IF-TOPSIS X X

3. Problem Description and Mathematical Model

The distribution system discussed in the proposed model is composed of a set of
suppliers indexed by i N = {1,...,n}, a single buyer, a single product, and one period.
We assume that the buyer has a constant demand “d” that can be purchased by a subset
of suppliers S; C S at a non-negative unit purchasing price pi, limited capacity Ci, and
meaningful suitability index Ii. Then, the strategy questions in this paper are: From which
supplier(s) and what order quantity can be split fairly between suppliers?

For formulating this problem, the parameters and decision variables of the mathemati-
cal programming are given below:

3.1. Parameters

i Index of the supplier (I=1, ... ,n)

d Item demand

pi Item Unit Price

Ci The capacity of supplier i
Holding cost

b Shortage cost

Q Storage upper bound

Q Shortage lower bound

MsSI Meaningful suitability index

BT Total budget
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3.2. Decision Variables

X; Number of products ordered proportionally

St Product inventory

S— Product shortage

(5;.', The positive threshold for equitable distribution of orders
i The negative threshold for equitable distribution of orders

3.3. Mathematical Model

Given the above parameters and decision variables, the bi-objective LP problem is
formulated as follows:

Subject to

n
MinZy =Y pix;+hST +bS™ 1)
i=1
n n
MinZ, =YY (65 +6;) ()
i=117=1
n
Y xi—St+S =d 3)
i=1
X,’SCI' Vi:1,...,7’l (4)
ST <Q )
ST <q (6)
MSIy x x; — MSL x xp — 6, + 6, =0; Yi=1,...,n (7)
x; >0 Vi=1,...,n (8)

Two objective functions are given: the total purchasing cost is minimized in Equation (1).
The total deviation of MSI between the supplier i and supplier i’ is minimized in Equation (2).
Equation (3) describes the total demand. The capacity of each supplier is given in Equation (4).
The inventory spaces, shortage, and fair allocation are presented in Equations (5)~(7), respec-
tively. We finish our LP with the non-negativity constraint in Equation (8).

4. Integrated BWM-MMD-TOPSIS in SSFOAP

Based on the problem formulation previously described, this study aims to introduce
an integrated BWM and MMD-TOPSIS with bi-objective LP to solve the SSFOAP in a
real case in the TSE manufacturing system by considering the minimization of the total
purchasing cost and the threshold of fair order allocation for each supplier.

The main steps of the proposed integrated approach are:

(1) Phase 1: Apply the BWM-MMD-TOPSIS Method to Compute the MSI of Suppliers’
Selection for Cardinal and Ordinal Data.

@M
@)
©)
(4)
©)
(6)
@)

®)

Step 1. Establish the performance decision-making matrix.

Step 2. The Best-Worst Method (BWM) to evaluate criteria supplier selection.
Step 3. The Cardinal Data-TOPSIS step (CD-TOPSIS method).

Step 4. The Ordinal Data—TOPSIS step (CD-TOPSIS method).

Step 5. Compute the weighted Euclidean distance.

Step 6. Compute the relative closeness coefficients c;’s.

Step 7. Rank the suppliers based on the decreasing values of the relative
closeness coefficients ¢;’s.

Step 8. Use the cutoff method to delete suppliers with MSI < ci min.

(2) Phase 2: The Fair Order Allocation

Step 1. Formulate the bi-objective LP model of problem integrated MSI.
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Step 2. Solve the bi-objective LP by e-constraint method.
Step 3. Determine the optimal fair order quantity using CPLEX software solver.

4.1. Problem Statement: A Real Case Study in TSE Company in Tunisia

TSE is a Tunisian company established in 2012 located in Nabeul city. This company
offers work and solutions in general electricity to professionals and individuals and pro-
vides services in electrical installation. Its services are installation, troubleshooting and
assistance, monitoring, and maintenance. TSE company supplies its needs from five suppli-
ers (Scap, Camilec, Siala, Compto, and Decibel) located in Tunisia, considered among the
best suppliers in the electricity sector. In this real study case, we take the case of purchasing
one product, which is the electric cable tube 3 x 2.5 mm Ro2V. The best supplier must be
selected in the TSE Company according to three purchasing mixed criteria. The data were
obtained from decision makers within the organization.

4.2. The Suggested Integrated Model

In this section, we present our hybrid integrated model solution that combines the
BWM and MMD-TOPSIS procedure with a bi-objective LP (Figure 2). Three separate and
dependent steps are described. In the first step, we compute the criteria weights and the
MSI of suppliers using the BWM and MMD-TOPSIS methods. We develop a bi-objective
LP and we apply the e-constraint method used to solve the mathematical model in the
second step.

Phase 1: Supplier Selection

P —— |

Phase 2: Fair Order Allocation

Define a set of criteria (ordinal and : l
cardinal criteria) by the decision E BLP Collect Data base
* MMD- )
- T '
Building a performance decision FOPSIS ] 1
matrix ‘ Formulate the objective functions
! '
i I : .
; Apply BWM method ! Y
| ‘ PPy e ‘ Determine the capacity,
: l i budget,...constraints
1
H Cardinal data TOPSIS [CD-TOPSIS) | l
'
! i
' ‘ i Formulate the bi-objective linear
. | 3 ra ing (BLI
Ordinal data TOPSIS (OD-TOPSIS) : programming (BLF)
1
! ; I
Determine the Euclidean distance E Solve the BLP by g-constraint method
‘ profiles |
' ]
5 L : !
E Compute the Meaningful Suitability E CPLEX Solver
| index (MSI) '
Cutoff method : l
'

Delete each supplier has a MS1<0.5

Optimal fair order
allocation

Final ranking of suppliers /

Figure 2. The hybrid integrated methodology.
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4.2.1. Phase 1: Supplier Selection Problem Using BWM and MMD-TOPSIS Method

We suggested the BWM calculate the weights of the different criteria [56]. The TOPSIS
method meaningful context to determine the meaningful suitability indexes for five suppli-
ers of a TSE company. The supplier should be ranked by two evaluation ordinal criteria
(quality, flexibility) and one cardinal criterion is delivery.

The following discrete gradations are introduced to range the suppliers: Very Good
(VG), Good (G), and Intermediate (I). The main steps of the Hybrid BWM and MMD-
TOPSIS technique are as follow:

The BWM with Meaningful Mixed Data-TOPSIS Procedure

Step 1. Construct the decision-making matrix: m alternative and # criteria are given.
We construct the performance value of the alternative i at the criterion j.

Step 2. Determine the criteria weights by BWM

Step 2.1: Determining the best and the worst criteria

Step 2.2: Determining the preferences of the best criteria over all the other criteria.

Calculate the preference of the best criterion with a given number from 1 to 9.

The result is noted as Best-to-Others:

Ap = (ap1, agy, -..., ABm) )

where: a;; > 1
Step 2.3: Defining the preferences of all criteria over the worst: From 1 to 9 and the
result is recorded as Others-to-Worst:

Aw = (@, Qw, - Guw) " (10)

where: a; = 1

Step 2.4: Solving the LP

Minimize the maximum among the set of { ‘wB — ajw;
lem can be formulated by the following model:

}, and the prob-

7

Wj — AjyyWy

. wpg wj
5 a1 2L g 11
mmmax{| w, ag;|, — ajw } (11)
s.t.
wj >0, forall j (13)

This min-max programming can be converted to the equivalent model:

Min ¢ (14)
S.t.
%; —apj| <¢, forallj (15)
w;
] .

‘ww —ajp| <& forallj (16)
Y wi=1 (17)

j
wj >0, forall j (18)

Step 2.5. Calculate the final criteria weight

The optimal weights w; = (wy, wy, ..., wy) and the optimal value of ¢ is obtained by
solving the least model. The optimal value of & closer to zero indicates desired consistency.

Step 3: The Cardinal Data-TOPSIS step (CD-TOPSIS procedure)
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The CD-TOPSIS technique is a modified TOPSIS technique for cardinal data.

Step 3.1: Compute the reference point d; which is the maximum distance between two
consecutively ordered intra-attribute values

At first, a new reference point is defined to sort the initial attribute values in descending
order for attribute C;, and to calculate the d; as the following Equation (19):

dj = (“(k);’ - ”(k+l>f) (19)

Step 3.2: Compute the positive ideal PIS and negative ideal NIS solutions
Then, the PIS and NIS are determined based on d jas the next formula:

PIS;=a;" = a;; +d;(2) (20)

NIS; = a;~ = max(0,a;) — d; )

Step 3.3: The meaningful normalization procedure for cardinal data
Based on the work of Aouadni et al. in 2017, the meaningful normalization method is:

ajj — Llj__
] ]
Step 4: The Ordinal Data-TOPSIS step (OD-TOPSIS)
The OD-TOPSIS procedure could be considered for ordinal data.

Step 4.1: Determine the Superiority and Inferiority Score (I and S score) for each C; as:
Sj(a) = Card{b € A/Cj(a) > Cj(ab)} (23)

Ii(a) = Card{b € A/Cj(a) < Cj(ab)} (24)

In the previous formulas, the score S;(a) (resp. I;(a)) is nothing but the number of
alternatives b “beaten” by (resp. “beating”) alternative a. We advise transforming the
ordinal initial attribute values, considering the two earlier scores.

Step 4.2: The meaningful normalization procedure for ordinal data

The meaningful normalizing method for ordinal data is defined by Equation (25).

S..
0 1]
Y= 25
U Si]' + Il']' (25)

Step 5: Compute the weighted Euclidean distance
The weighted Euclidean distance is calculated by using the Formulas (26) and (27).

Nf—=

i = (T wj(1—19)" + ¥ wi(1-15)%) (26)
jeo jeC

a7 = (L w(r)) + L wi(r)™)’ 27)
j€o jeC

Step 6: Compute the relative closeness coefficients c;’s
The suppliers ranged based on the relative closeness coefficients.
;-

4 28
T (28)

Step 7: Assortment of the suppliers based on relative closeness coefficients in decreas-
ing values
Step 8: Apply the cutoff method to delete the supplier that has an MSI < ci min.
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We describe the steps of the TOPSIS procedure in the following paragraph.
Stepl: Building a Performance Decision Matrix

Decision makers in the TSE Company create the performance decision matrix with five
suppliers and three mixed criteria (Table 1). In the TSE’s, the qualitative and quantitative
factors of the supplier selection problem were identified based on a literature review search.
After discussion, the decision makers and experts defined quality and flexibility as ordinal
criteria and the cardinal criteria are delivery. The five suppliers are compared based on the
ordinal scale: VG, G, and I (Table 2).

Table 2. Performance Decision Matrix.

Ordinal Criteria Cardinal Criteria
Suppliers/Criteria Quality Flexibility Delivery
Scap VG VG 4
Camilec VG G 5
Siala VG G 1
Compto G G 3
Dcbel G I 3

Step 2: Determine the Criteria Weights by BWM

In this step, we use the BWM to determine the weight of the decision criteria. We
define the best and the worst criterion in this case. The decision maker in the TSE company
selects “quality” and “flexibility” as the best and the worst criteria, respectively. The
DM preferences of the best criterion over all other criteria are shown in Table 3. The DM
preferences of the worst criterion over all other criteria are shown in Table 4.

Table 3. The DM Preferences (Best Criterion).

Best Criterion Quality Flexibility Delivery
Quality 1 2 2

Table 4. The DM Preferences (Worst Criterion).

Worst Criterion Quality Flexibility Delivery
Delivery 3 2 1

According to Tables 3 and 4, the significance weights are w; = 0.5, wp = 0.3, and
w3 = 0.2, and the CR = 0.1, which indicates a good degree of reliability.

We integrate the weight of criteria in the next step for determining the final rank
of suppliers.

Step 3: Determine the CD-TOPSIS Step

Step 3.1: Compute the d; using Equation (19):
The delivery time criteria values in the descending order are 5, 4, 3, 3, and 1.
Therefore:

d=(1,1,0,2) =2 (29)

Step 3.2: Calculate the positive and negative ideal points
Calculate the positive and negative ideal points using Equations (20) and (13): we
obtain:
att =7 (30)
a =(0,(1-2)=0

Step 3.3: The meaningful normalization procedure
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The normalized performance for the delivery time criteria is given by (Table 4):

7 —a;
T3 = Tﬁ 31)
Step 4: Determine the OD-TOPSIS step
Step 4.1. Determine the Superiority (S-score) and Inferiority Score (I-Score)
We obtain the results in Table 5 by applying Formulas (15) and (16).

Table 5. The Superiority and Inferiority Scores Matrix.

S-Score I-Score
Suppliers
Quality Flexibility Quality Flexibility
Scap 2 4 0 0
Camilec 2 0 1
Siala 2 1 0 1
Compto 0 1 3 1
Dcbel 0 0 3 4

Step 4.2. The meaningful normalization method for ordinal criteria
In this step, we determine the meaningful normalization by using Formula (4) for
cardinal data and Formula (7) for ordinal data (Table 6).

Table 6. The Meaningful Normalized Matrix for the Ordinal and Cardinal Data.

Ordinal Data Cardinal Data
Quality Flexibility Delivery
Scap 1 1 0.42
Camilec 1 0.5 0.28
Siala 1 0.5 0.85
Compto 0 0.5 0.57
Dcbel 0 0.25 0.57

Step 5. Calculate the Weighted Euclidean Distance (WED)
Apply the Formulas (8) and (9) to calculate the WED (Table 7).

Table 7. The Weighted Normalized Matrix.

Separation Measures

Suppliers e P
Scap 0.317 0.8688
Camilec 0.4533 0.7573
Siala 0.2382 0.8756
Compto 0.7781 0.3840
Dcbel 0.7985 0.3316

Step 6: Determine the meaningful relative closeness (optimal solution)

At this step, we compute the relative closeness (for each supplier); the result is:
Siala = 0.79; Scap = 0.73; camilec = 0.62; compto = 0.33; and Dcbel = 0.28.

Step 7: The final rank of the suppliers considered the meaningful suitability indices.
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The final ranking is as follows: Siala > Scap > Camilec > Compto > Dcbel (Table 7).
The first supplier is Siala, which has a meaningful suitability index equal to 0.79.

Step 8: Cutoff method

The cutoff method consists of cutting off the values of a function less than a given
number. Alternatively, the decision makers in the TSE Company indicate that the supplier
that has a meaningful suitability index less than the standard meaningful suitability index
is deleted, and it is not considered in the fair order allocation. The orders will be distributed
among the suppliers who have a Meaningful Suitability Index (MSI) greater than or equal
to 0.5 and the other suppliers (compto and Dcbel) are eliminated.

4.2.2. Phase 2: Fair Order Allocation
Database Collect for Bi-Objective LP

In TSE Company, the orders must be allocated between the different suppliers where
the whole demand is 30,000 m and the full budget (BT) equals 90,000,000 dinars. The
supplier capacity (Ci) and the Purchase Price (Pi) are presented in Table 8. The upper and
lower bound of storage and shortage is 500 and 400, respectively. A bi-objective LP for
SSFOAP is applied in the TSE Company.

Table 8. Capacity with the Purchasing Price Data.

Suppliers Ci Pi
Scap 18,000 2200
Camilec 13,000 2300
Siala 15,000 2400
Compto 16,000 2350
Dcbel 9000 2150

We have applied the Cplex software to solve the proposed mathematical model. In
Table 8 we give the order quantity where it is distributed equitably among five suppliers.

The e-Constraint Method

The e-constraint method has been used for solving the proposed bi-objective LP. This
method transforms the multi-objective optimization problem into a mono-objective by
optimizing one of the objectives and using the other as constraints, incorporating them in
the constraint part of the model. Assume the following MOMP problem:

(i(x), f2(x),.. ., fp(x)) (32)
S.T (33)
x€eS (34)

where x is the vector of decision variables, fi(x), f2(x), ..., f(x) are the p objective func-
tions, and S is the feasible region.

Min(fi(x), fa(x),..., fp(x)) (35)
s.t (36)

fa(x) < e, (37)

fa(x) <, (38)

...... , (39)

fr(x) <ep, (40)
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xeS 41

The efficient solutions of the problem are obtained by parametrical variation in the
RHS of the constrained objective functions (g;). Selecting the ¢ is the most important thing
in this method because the answers are so sensitive to this parameter. So, the selected ¢
must be in the range of fj’”i” <eg< f]?"“x for each objective function.

Our proposed bi-objective programming for supplier selection and fair order allocation
is as follows:

Minzp =YY" Y (65 +3;) (42)
Subject to:
YN xi—ST+S =d (43)
x; < CVi (44)
st<Q (45)
ST < (46)
MSIy x x; — MSI; X xpp — 5”/ +d,=0 Vi 47)
Y o pixi+hST+bST <e (48)
x>0 Vi (49)

5. Numerical Experiments

This research proposes a new hybrid approach for solving SSFOAP in the TSE Com-
pany in Tunisia. Our proposed approach combined mixed data from TOPSIS and bi-
objective LP. The main objective of this approach is to rank suppliers and distribute the
order quantity equitably among them based on MSI. The results show that the Siala com-
pany has the best meaningful suitability index of 0.79; the final robust rank of the suppliers
is Siala > Scap > Camelic > Compto > Dcbel (Table 6). Table 9 describe the Optimal Fair
Order Allocation without the Cutoff Method

Table 9. The Optimal Fair Order Allocation without the Cutoff Method.

Suppliers Scap Camelic Siala Compto Dcbel
Meaningful suitability index 0.73 0.62 0.79 0.33 0.29
Optimal fair order allocation 7961232  6761.594 8615580 3598913  3162.681

After using the cutoff method, the command distribution quantity is distributed
proportionally among the suppliers. The optimal results indicated that the demand is
proportionally distributed among the three suppliers as the most quantity is purchased
from the Siala company, with an inventory shortage of 500 mm. The final equitable order
allocation between suppliers is presented in Table 10 and the important order quantity is
purchased from Siala (Tables 9 and 10).

Table 10. The Final Result with the Cutoff Method.

Suppliers Scap Camelic Siala
Meaningful suitability index 0.73 0.62 0.79
Optimal fair order allocation 10,267.76 8720.561 11,111.68

In this section, the advantages of the proposed approach to optimizing SSFOAP will be
explored and discussed. This methodology demonstrates that the final rank is accurate and
the BWM-MMD-TOPSIS method considers the meaningfulness in mixed data situations
and the resistance of rank hitches with the addition or the deletion or replacement of the
alternative. Then, mathematical programming is developed as the second step to determine
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the optimal equitably distribute order allocation among selected suppliers based on an
MSI. Moreover, the order allocation between suppliers was not affected by the deletion of
the two suppliers and they have a suitability index less than 0.5. The real case in the TSE
Company showed the efficiency of our proposed approach.

6. Discussions

However, the literature on the problem of supplier selection and order allocation
suffers from the meaningfulness and fairness notions. In addition, there is insufficient
research that takes into consideration the context of the mixed data and best-worst criteria
in supplier selection.

The best-worst method (BWM) was suggested to address existing deficiencies and
the challenges in pairwise comparisons and inconsistency issues in the AHP method.
Ref. [19] stated that the root cause of the inconsistency problem in the AHP method is the
unreasonable execution of paired comparisons. He reduced the total number of pairwise
comparisons to 2n-3 to identify the weight of n criteria.

The MMD-TOPSIS is a method used to improve the normalization procedure of
the standard TOPSIS in the context of mixed data and rank reverse to make the final
rank of alternatives robust and efficient. Ref. [20] are interested in the meaningfulness
of the different monotonic normalization procedures proposed in the standard TOPSIS
method and showing those which are meant for each type of scale. They are addressed
to the meaningful concept which comes from the theory of measurement to improve the
normalization procedure in the standard TOPSIS method.

Our proposed approach combined the BWM and MMD-TOPSIS tried to resolve this
drawback and offers a useful tool for decision makers to solve the supplier selection
problem which is a complex multi-criteria decision-making process.

Tables 3 and 4 show the DM preferences of the best criterion (Quality) over all other
criteria and the DM preferences of the worst criterion (Flexibility) over all other criteria.

According to the results of Tables 3 and 4, the final priority weights of the different
mixed criteria of suppliers in the TSE Company show that the quality of the supplier had
the greatest importance by 0.5.

The results of the BWM method integrate into the MMD-TOPSIS method to rank
suppliers. The final result in Table 9 demonstrates that of the suppliers, Siala is the best
supplier by 0.79 and the final rank is Siala > Scap > Camelic > Compto > Dcbel.

We integrate the results of the proposed MCDM method in bi-objective linear pro-
gramming because of constraints, such as capacity, budget, and demand. We considered
the fair distribution orders among suppliers as constraints which have not been studied
in the supplier selection literature. Table 9 shows that the optimal results indicated that
the demand is proportionally distributed among the five suppliers. To show the efficiency
and robustness of our proposed approach, we apply the principle of the cutoff method
when deleting the supplier that has a weight less than 0.5. The final rank remains the
same after deleting the worst suppliers, Compto and Dcbel. The final results are present in
Table 10 which indicate that the order allocation between suppliers remains equitable and
the important order quantity is purchased from the best supplier Siala.

7. Conclusions

In this work, issues related to the current practice of supplier selection in the TSE
Company were analyzed. A hybrid approach combining the BWM, MMD-TOPSIS, and
BLP for resolving the problem of SSFOAP. This approach is founded on two main phases.
The first consists of applying the BWM and MMD-TOPSIS method for determining the
weights of selection criteria and for ranking suppliers established on the meaningful
suitability index. In the second phase, we developed a bi-objective LP to optimize equitable
order allocation.

The solution suggested building a reliable and efficient process for supplier selection
in this company, which is shown in Figure 2. We have developed the process shown in
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Figure 2, focused on supplier selection in TSE. In addition, each of the specific objectives
proposed in this work has also been achieved. The supplier selection criteria having been
established thanks to the multifunctional collaboration of the company, the enveloping
analysis of the data was retained for the preselection of the suppliers, and for the final
selection, an LP model was used as a whole. Likewise, the applicability of the MCDM
approach, MMD-TOPSIS, to the problem chosen by the company has been demonstrated.

The final results show that the orders are allocated proportionally between the different
suppliers that considers their meaningful suitability indices. For future research, we
propose to integrate an MCDM method for determining the criteria weights and apply it to
the green supplier selection problem.

The managerial implications of the above-demonstrated results in the real case in
TSE are: This study provides a robust methodology for decision makers in the company
who must make decisions of supplier selection and order allocation fairly in a complex,
real-world environment. The new hybrid method proposed in this research is an efficient
and reliable tool to solve the process of SSFOAP and to make this complex problem, in
reality, easier and more robust for the decision makers in the company compared with the
other hybrid methods proposed in the literature. The proposed framework can be applied
to solve the studied issues considering the economic, environmental, and social criteria in a
sustainable context.

The Integrated MMD-TOPSIS method prioritizes sustainability criteria based on or-
dered comparisons, which is ideal for supplier selection, despite some limitations caused
by the availability of information and the degree of uncertainty present in the selection
process providers. Thus, the presented application of the MMD-TOPSIS model constitutes
an a posteriori starting point to extend the use of multidisciplinary criteria in the field of
sustainability in a more rigorous way.

In addition to obtaining the alternative weighting of priority criteria and sub-criteria,
the TSE Company can also make decisions in the selection and evaluation of the best
suppliers, not only by considering one or two criteria but also by considering several
alternative criteria. This is the advantage of the integrated method because this method
can show the consideration of an alternative that is considered to have a weakness that is
quite influential, but on the other hand, it has advantages that need to be considered.

The novel hybrid approach proposed in this work is robust, flexible, and reliable in
solving supplier selection and order allocation issues. This research has certain limitations:
(i) the results are not generalized in other real cases, and we have applied the methodology
on only the case in the TSE company; (ii) we do not take into consideration the hard case in
the order allocation problem and we only study the case of one product and one period,
and we did not compare the obtained results with another framework in the literature.

Future work in this area may include an application of this methodology in other
issues in logistics. Then, a larger set of real cases must be examined to consider other factors
and constraints (fuzzy and stochastic data), especially after the period of COVID-19, when
new developments and trends have emerged in logistics.
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