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Abstract: Commercial-off-the-Shelf (COTS) component selection is considered a
critical task in effectively developing a component-based software system (CBSS).
COTS vendor selection involves selecting the right vendors who can provide reliable
COTS components at a suitable price and on time. However, COTS vendor selection is
commonly a multi-criteria decision-making (MCDM) issue” associated with many
paradoxical criteria for which the decision maker’s knowledge may be uncertain and
ambiguous. This paper attempts to present “Intuitionistic Fuzzy Sets (IFS) combined
with the technique for order preference by similarity to an ideal solution (TOPSIS)
method” to appraise and choose the best COTS vendor under the environment of
group decision making while considering reliability, delivery time, compatibility,
vendor support and functionality as benefit criteria. In contrast, price and
maintenance be the cost criteria. The considered case study demonstrated the
presented case effectively.
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1. Introduction

Component-based software systems (CBSS) are established by assimilating
software components that are popularly known as commercial-off-the-Shelf (COTS) if
purchased as a ready-to-use component from the market or an in-house built
component if developed within the organization. CBSS is gaining significant attention
in the industry as well as in academia. CBSS aims to select appropriate components for
developing an effective software system (Gupta, Mehlawat, & Mahajan, 2019). This
approach helps significantly reduce software development time by keeping costs
under control. To control cost CBSS approach to software development is motivated.
The two main methodologies for developing the CBSS are: Units can be either
“developed from scratch” or “acquired from the suppliers available in the market”.
These readymade components are called COTS or pre-packaged software. These COTS
components can be purchased from a wide range of suppliers. The property of COTS
components is that they are used without any modifications. The major concern with
these COTS components is that different suppliers are available for the COTS product
in the market. Therefore, one must be careful when selecting the COTS products from
these suppliers.

The integration of COTS products may face many challenges, including functional
problems, compatibility issues, licensing issues, vendor issues, etc., even though the
industry can gain these challenges’ multiple potential advantages after deploying COTS
products. Jha and Bali (2012) devised a method for selecting ideal components for a fault-
tolerant commutable software structure to maximize entire system resilience while
lowering overall costs. A chance-limited goal programming model was developed after
treating the characteristics relating to component reliability and cost as random variables.
Gupta, Mehlawat, and Verma (2012) have evaluated the fitness of the COTS component
considering various parameters and calculated each COTS component’s score. They have
used the analytical hierarchy process technique in their models.

COTS vendor selection involves selecting the right vendors who can provide
reliable COTS components at a suitable price and on time. COTS vendor selection is
classically a “multi-criteria group decision-making problem” with numerous
paradoxical criteria which make the decisions uncertain and ambiguous. The choice of
COTS selection depends upon the goal of the Decision Maker (Badampudi, Wohlin, &
Petersen, 2016). For instance, if the objective of a software development project is to
minimize the total cost, then the decision-maker might select the most cost-effective
COTS components. However, hardly any project works on single criteria. Decision-
makers must consider all the relevant criteria and trade-offs while choosing COTS
components for effective decision-making. The criteria may be project related (such
as delivery time and price), process-related (such as functionality and compatibility),
and non-technical criteria (such as vendor support & maintenance). According to Garg
(2020), the COTS selection and ranking problem have been modeled as an MCDM
problem that involves ranking the various criteria and an optimization model based
on FMBDA. Tailor and Dhodiya (2020) developed a genetic algorithm-dependent
amalgam technique with a fuzzy exponential membership function for the optimum
COTS components’ optimum fit. The choice in this suggested technique must define
multiple ambition levels according to their preferences to create an effective allocation
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plan with variable geometrical features in the exponential basis functions. Mehlawat,
Gupta, and Mahajan (2020) suggested that the software can be developed in phases
and delivered to the client. The phase-wise development is possible with the help of
COTS, and a case study for e-commerce application has been developed in work.

As COTS components are available with the multi-vendors, it becomes difficult to
manually evaluate each alternate on multiple conflicting criteria. Therefore, this paper
presents “Intuitionistic Fuzzy Sets (IFS) combined with TOPSIS method” to assess and
choose the best COTS component under the environment of group decision making.

Many researchers (Bali & Madan, 2015) have contributed to COTS evaluation &
selection. Adam et al. (2020) have developed a COTS-Based Real-Time System used for
Pump Motor Control. Although many authors proposed various accumulation models
for the COTS election process to maximize software reliability, few authors have
worked on minimizing the cost of software development using the CBSS approach.
Both single and multi-criteria optimization models were proposed. Most of the models
developed for COTS selection include quantitative parameters, such as price, delivery
time, reliability, etc., but many qualitative parameters, such as vendor support,
maintenance, functionality, etc.,, have not been incorporated in the formulation of
optimization models. This is one of the significant research gaps identified and the
motivation. The author of this paper has proposed a framework that is useful in
developing the Component-based software system. The paper presents a methodology
used by the software industry dealing in with a component-based software system.
The framework presented in this paper clearly explains the trade-off between
different criteria while developing software with COTS components.

In the remaining paper, ‘Section 2’ highlights a literature review relevant to this study’s
topic and the methodology outlined in ‘Section 3’. The technique is then shown using a case
study described in ‘Section 4’. Finally, ‘Section 5’ contains the final observations.

2. Literature Survey

A fuzzy set approach is applied when the judgment call phase is ambiguous. The
notion of ‘fuzzy set’ is employed in various applications (Goguen, 1973). The inclusion
of any item in the fuzzy set is a unique integer between 0 and 1. So, the membership of
an item in classical set theory is specified by “yet if the item is a member of the set or
not.” It’s a two-sided situation. The member of an item is explained using a method
described using unit interval [0,1] in fuzzy set theory.

MCDM approaches are of great interest and have been in demand for the last two
decades as they are helpful in decision-making involving multiple objectives (Sidhu et al,,
2021). With the help of the MCDM method, one can evaluate and compare the different
computing alternatives available to achieve a goal (Kumar et al.,, 2020; Kumar & Singh,
2020). Literature has numerous approaches to solving MCDM problems (Tzeng & Huang,
2011). In TOPSIS, a rank of units is defined by the difference in positive-ideal (PI) and
negative-ideal (NI) distance. According to Garg and Kaur (2020), the extended TOPSIS
method is also beneficial for assessing MCDM problems (Chodha et al,, 2022). Therefore,
the best alternative must be with the least and maximum distance from PI and N1
solutions, respectively (Kumar et al., 2022; Singh et al,, 2022).

“Intuitionistic fuzzy set” is an extension of conventional fuzzy set theory, which was
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proposed in 1986. In the Fuzzy system, the entity’s membership is determined by an
individual value ranging from zero to one. Nevertheless, the “degree of non-
membership of an item in a fuzzy set is one minus the degree of membership” is not
assured. As a result, IFS is an outgrowth of a fuzzy set with a degree of hesitancy.
Gangwar, Bali, and Kumar (2020) compared the performance of LSTM and SVM in
wind speed predictions. The researchers proposed many different techniques
presented in the literature by the researchers for COTS selection. Carney and Wallnau
(1998) suggested basic principles applicable to evaluating COTS structure. A good
programming model considering multiple criteria was presented by Badri, Davis, and
Davis (2001); Wei, Chien, and Wang (2005) suggested a framework for ERP systems
using an AHP-based approach. COTS evaluation is an MCDM problem (Shyur, 2006).
The author proposed a hybrid model of the ANP (Analytic Network Process) system
integrated with modified TOPSIS. A two-phased decision support technique for COTS
selection was proposed by Neubauer and Stummer (2007). These techniques can
further be implemented for problems like the weighting criteria entropy method as
suggested by Parveen, Arora, and Alam (2020).

Cortellessa, Marinelli, and Potena (2008) presented an optimization technique for
“build-or-buy decisions” in COTS picking. Every part can be acquired as off-the-shelf
(COTS) or produced in-house by the company. This method is known as the “build-or-buy”
principle, and it directly impacts the software cost and the platform’s ability to achieve its
specifications. Gupta et al. (2009) suggested a fuzzy multi-objective boost model for a
modular software application for COTS selection. The notion of intra-modular coupling
density (ICD) has been included by Kwong et al. (2010) in an optimal model for software
application picking. Choosing and evaluating COTS software is done in an ad-hoc manner
(Couts & Gerdes, 2010). A paradigm for enterprise’s COTS software enhancement,
assessment, and assessment methods was addressed (Tarawneh et al,, 2011). The author
highlighted a few of the observations which must be addressed:

1. Identifying the systems that enable the acquisition and assessment of COTS software.

2. Establish significant criteria for the screening process and practical evaluation.

3. Suggest solutions to the misalignment between COTS qualities and client expectations.

4. Create an archive from previous selection instances to arrange facts to aid in decision-
making.

In constructing the “fault-tolerant modular software system”, Bali et al. (2014)
offered multiple computational equations for component selection. Furthermore, the
researchers utilized the build-or-buy strategy to design multi-objective optimization
algorithms for selecting components. Kushwaha, Panchal, and Sachdeva (2020)
proposed a method with its application for examining the risk assessment of cutting
system in sugar mill industry situated in western Uttar Pradesh province of India.
Milovanovi¢ etal. (2021) proposed model that can be used in practice to solve not only
the problem of supplier selection, but also similar problems where the decision is
made based on inaccurate data. This model seeks to reduce indecision and subjectivity
in decision making. Gergin, Peker, and Kisa (2021) study object to select the most
suitable supplier for a company engage in activities in the automotive supply industry.

Most of the approaches discussed above seem to address complex problems
related to COTS selection. Several existing models discussed in the literature for COTS
selection are based on quantitative criteria. However, many essential criteria can be
expressed in qualitative terms that are incomplete and vague. Thus, fuzzy set theory
is used for choosing COTS software products (Biswas & Gupta, 2019; Gupta etal., 2019;

37



Commerecial-off-the Shelf Vendor Selection: A Multi-Criteria Decision-Making Approach Using
Intuitionistic Fuzzy Sets and Topsis

Gupta etal.,, 2009; Gupta et al., 2012). IFS is a further development of fuzzy set theory.
Itis appropriate to handle decision-making challenges under uncertainty. Aggregation
of experts’ opinions is an important task for group decision-making evaluation.
TOPSIS is a prevalent method in the MCDM domain. Many authors have proposed
hybrid techniques for COTS selection by integrating TOPSIS with AHP or ANP (Shyur,
2006; Upadhyay, Deshpande, & Agrawal, 2010). Bali, Bali, and Madan (2019) has
formulated an optimization model known as IFSOM. It is a two-level technique for
COTS assessment and selection. They have shown that to develop CBSS, two stages are
required. The first stage is the assessment of the COTS vendors, and the second phase
is the selection. Researchers have discussed many hybrid techniques for COTS
selection, but IFS integrated with the TOPSIS method was not considered. Therefore,
the novelty of this work is to propose a hybrid approach, “IFS combined with TOPSIS
method”, to assess and choose the best COTS vendor in the ecosystem of group
decision making. The fuzzy TOPSIS along with other techniques can be implemented with
COPRAS (Kumari & Mishra, 2020) for hybrid MCDM problems by Dhiman and Deb (2020).

3. Methodology

Intuitionistic Fuzzy Sets (IFS) gives the interconnectedness of the COTS selection
technique. This is stated in (Atanasov, 1986; Atanassov, 1989, 1994). An IFS is a strategy for
dealing with ambiguous situations that extends the traditional Fuzzy Sets (FS) developed by
Zadeh in 1965 (Zadeh, 1965). “A fuzzy set entity’s membership is a single number between
“0” and then one,” according to fuzzy sets. Nonetheless, the “degree of non-membership for
an item in a fuzzy set is one minus the degree for membership” is not guaranteed, as there
may be some hesitancy by Kumari, Mishra, and Sharma (2021). As a result, IFS, an expansion
of FS that includes the degree of hesitation, is suggested. So, the method “intuitionistic fuzzy
set” is quite remarkable and is applied in the various decision-making fields.

3.1 Preliminaries

Few explanations of fuzzy sets, linguistic variables, and IFS are reviewed by Zadeh
(1965), Atanasov (1986) and Zadeh (1975).

Definition 1: (Zadeh, 1965): “Assume set Z is non-empty. A fuzzy set X drawn from
Z is presented as

X={zu,z)zeZ} (1)

Where uy(z): Z — [0,1] states membership function for ‘fuzzy set’ X. The function
value of u(z) is termed as the grade of membership of z € Z in X.”

Definition 2: (Atanassov, 1989): “Assume set Z is a non-empty set. And an
intuitionistic fuzzy set X in Z is given by

X =z uple), vy(z)hiz € 2} (2)

Whereuy(z): Z — [0,1] and ve(z): Z — [0.1]with the condition

0= uy(x) +v(z) = Lforallz € Z. The numbers uy(z). vy (z) € [0.1] represent the
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degree of membership and non-membership of z to X, respectively.”

Definition 3: (Atanassov, 1994): “The third parameter of IFS is w(z}, is known as
‘intuitionistic fuzzy index’ or ‘hesitation degree’, whether z belongs to X or not

me(2) = 1— pg(2) — v (2) (3)
Itis seen that for every z € Z:
0=m(z) =1 (4)

If the value of @y (z) is small, knowledge about Z is more definite. If m;(z7 is large,
knowledge about z is more indefinite.”
Assume. Both | and K to be IFSs for set Z, then addition and multiplication
operations are defined as below:
J 8 K = {{z.u4(2) + uxl@) — 4;@ux(2) v (2)ve @) 2 € 2} (5)
J® K = {{z0,(2)8x(2) v (2) + v (@) — v (2)vg @)z € 2} (6)

Definition 4: (Zadeh, 1975): “A variable is said to be linguistic if the values are
represented with linguistic terms. Linguistic variables are useful in describing
complex situations, and undefined by normal quantitative expressions”.

In Tables 1 and Table 3, linguistic variables are presented as fuzzy numbers.

Table 1. Linguistics phrases for analyzing the importance of the technique and decision-

making processes.
Linguistic terms IFNs
Very Important (VI) (0.90, 0.10)
Important (I) (0.75, 0.20)
Medium (M) (0.50, 0.45)
Unimportant (UI) (0.35, 0.60)
Very Unimportant (VU) (0.10, 0.90)

3.2 COTS Selection Process

The COTS selection process includes allowing different ratings to vendors
depending upon the processing of decision-maker evaluation. Due to this, it becomes
challenging for a decision-maker to give an accurate quality score for the criteria
considered an alternative.

Let“A = {A,A,,..... ,A,,}is a set of possible substitutes and X = {X;, X,,..... , X}
is criteria set”.

Various steps for the Intuitionistic Fuzzy TOPSIS technique are given below (Boran
etal, 2009):

Step 1: Allocating weights to the decision-makers.

Let there be “I be the experts or choice makers”; their influence is a linguistic
variable expressed in ‘intuitionistic fuzzy numbers.
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th
Assume “E,=[y;. vy, m;] is an intuitionistic fuzzy number to a rating of k expert”.
Then, the weight for k™ expert can be expressed as below (Boran et al, 2009;
Rouyendegh, 2014):

I[#k o [#ﬁ Vi D
kz;‘[#k o (ﬂkﬁk Vi B 9

Step 2: Create an accumulated intuitionistic fuzzy decision matrix based on the
expert’s views.

RK) —
Let“ (r is an intuitionistic fuzzy decision matrix of each expert”. Then,
a distributed, intuitionistic, fuzzy decision matrix combines all the expert views into a
group view. The IFWA operant (Xu, 2007) is used to do this.

A, =

ij )mxn

R = ':"l‘_i']ﬂ;xr!' Where

=1FWA, (r?, 1, ....1")

1|J

:Alnf” OLIP ®.... @ A1

[T Ta-s) TT68) TTa-s) L1647 ®

k=1 k=1 k=1 k=1

= (i )V 0, 7 () (=120 j=L,)

r
where,

The accumulated intuitionistic fuzzy decision matrix is represented as:

o h f fin
Ky P s G
R= _r31 _r32 _r33 _ran =
.rml .rmz -rms . -rmn
(;uAl(Xl)'VAl(XJ’”Al(Xi)) (#Al(xl)’vAl(Xl)’”Al(Xl)) " (/JA1(X1)1VA1(X1)'7[A1(X1))

_(qu(&),vAz(xl),ﬂAz(&)) (qu(&),vAz(xi),ﬂAz(xl)) - (AtAz(xl),vAz(xl),ﬂAz(&))
(% Vi 00 i (%)) (2 (00, Vi (%, T (%)) (i (%), Vg (X, Zan (%))

Step 3: Determination of criteria weights

(k) — (k) (k)
« I:/Llj ’

X
decision-maker to the criterion” !. By using the IFWA operator, the weights of the
pattern are calculated as follows

_k)] th
Let ) is intuitionistic fuzzy number given by the k
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_ (1) (2) ()]
w; —|FWA/1(WJ. W, W
=W O LW D ... 4w

| L) TT08) [T0-)* 1168 | o

k=1 k=1 k=1 k=1

w :[Wl,wz,w3,....,wj]

Where Wi :('ui’vj'”j); j=12,...n

Step 4: Development of accumulated weighted intuitionistic fuzzy matrix of decisions.

Once the accumulated intuitionist fuzzy judgment and parameters weights are
collected, the weighted intuitionist fuzzy decision matrix is developed using the
expression given below (Atanassov, 1989):

ROW = {(X, 11, (X).£4,(X), V4 (X) + v, (X) =V, () v, (X)) / x € X } (10)
ﬂ-Ai W(X) = 1_ VAi (X) - VW(X) - luAi (X)luw(x) + VAi (X)VW(X) (11)

Therefore, the aggregated intuitionistic fuzzy decision matrix can be expressed as
follows:

'

oo, .o

=
=]

12 13 in
’ ' ' ’
r21 r22 r23 h 2n
' ’ ’ ’ ’
R | a1 r32 r33 . 3n | T
' ' ' ) ’
rrnl rmZ rm3 . r-mn

(/UAlw (Xl)’VAlw (Xl)v”Alw (Xi)) (/‘Alw (Xl)’vAlw (X1)17ZA1W (Xl)) " (tuAlW (Xl)'VA:LW (X1)7”A1w (X1))
(Faaw OV ) s (%)) (a4 Vi O Ty (%)) (i (4 Vi O0): i (%)

(/uAmW ()Y pmw (X0): 7 g (X1)) (:uAmW(Xl)7VAmW (X 7 g (X1)) (luAmW (X1)7VAmW(X1)'7[AmW(X1))
rij' = (ty (Xj)'V/’Ai (Xj)’ T (Xj)) = (i (Xj)'V/’AiW (Xj)7 T piw (Xj )
(I :1121-"! mj j :1121"'! n)

were,

Step 5: Find our intuitionistic fuzzy negative most ideal solution (IFNIS) and
intuitionistic fuzzy positive-ideal solution (IFPIS).

The evaluation criteria for the TOPSIS method can be divided into two classes, i.e.,
benefit and cost. Let G1 is the benefit and Gz is the cost criteria, respectively. A*is an
IFPIS and A- is an IFNIS, which are presented below:

X; ’<(miax,uAiW (Xj)/ ge G1)1(mlin Hpiw (Xj)/ geG, )>'
F = [i=12,..,m

<(miinvAi-W (x)/9 EGl)*(ml"ix‘ﬁ\i.w (x)/g EG2)> (12)
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o X (min s ()1 9 €6, ). (max (%) 1 € G, ) 1o (13)

<(miaXVA|.w (Xj)/ g eGl)’(miinvAi.W (XJ)/g EGz)>

Step 1 Azsigning weights to dedision makers
Linguistic terms for determining the value of
parameters
Weights assigned to experts
Develop ageregated intuitionistic, fuzzy decision matrix
Step 2 depending on experts wiew
E —DLI.inguisticterms for the rating of a Iternatives}
‘R —DL Ratings of the Alternatives by the experts 1
e . . .
= Step 3 Determination of criteria weights
5
wy
o
g Construction of aggregated weighted intuitionistic fuzzy
Step 4 decision matrix
Calculating Intuitionistic fuzzy positive-ideal solution
Step 5 {IFPI5) and intuitionistic fuzzy negative-ideal solution
{IFNIS)
Step 6 { Caloulate the distance measure from IFPIS and IFNIS l
Step 7 Calculation of relative closeness coefficient (CC) and
(S ranking of altermatives

Figure 1. COTS Assortment Progression

Step 6: Calculate the distance measure from IFPIS and IFNIS

To measure the distance between IFPIS and IFNIS of each alternative, the
intuitionistic separation measure utilizing normal Euclidean distance stated by
(Szmidt & Kacprzyk, 2000) is presented as below:

S'= \/Zlng[(/‘m.w (X)—u,.,, (Xj))z +(VAi.w () =V (Xi))z +(”Ai-W O3 =7 (Xj))z] )(14
n 2 2 2 15
S = 2_an|:(‘uAi.w (X)) —u, (Xj)) +(VAi-W )=V (XJ)) +(”A"W )= (Xj)) ] )(

Step 7: Calculation of relative closeness coefficient (CCi) and ranking of
alternatives here the relative coefficient of the closeness for every alternative possible
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for intuitionistic fuzzy ideal solutions is determined by the below-mentioned
expression in Eq. (16).

CC =—"1—
'S, +S 0<CC, <1 (16)

i” where !

The alternative is closer to IFPIS as depicted by the bigger value of the corresponding
closeness coefficient, and farther from IFNIS can be concluded. After determining each
alternative’s relative closeness coefficient (CCi), they are arranged according to the
descending order. The most appropriate choice is the one with the most immense figure.
The steps involved in the COTS selection process is given in Figure 1.

4. Case Study

Even during the strategy stage of the development process, evaluating and
selecting COTS components based on functional and technical criteria is critical. To
demonstrate the model suggested in this work, and the example of a medium-sized
COTS-based software development company named XYZ was taken. The company has
to develop customized software for a Business School.

The requirement elicitation Manager holds a series of meeting with the B-School
stakeholders and gathers all the functional and non-functional requirements. After the
requirement gathering phase, both parties prepared and mutually agreed upon an SRS.
The Director, Manager, and the software development team decided to adopt a CBSS
strategy for software development. Under this strategy, different components are
assembled to form modules that form a complete software system. Depending upon the
requirements gathered, the software to be developed goes through five modules.

These five modules were sufficient to fulfill all the requirements mentioned in the
SRS. The different modules required for the B-school software were Finance, HR,
Inventory, Exams, and Students. It was further decided that all the modules would be
delivered to the client in one go. The company developed all the modules except the
Exam module. The company did not develop the Exam Module due to a lack of time
and technical ability. Therefore, the company purchased the COTS component for the
Exam Module and had to select the appropriate software vendor.

An open tender with a due date was floated to various companies that wish to
supply the exam module. The software development company holds an in-house
meeting and decides that the Exam module software vendor will be finalized based on
the seven criteria associated with the module. The seven criteria will be:

X X

L: Reliability 5: Functionality

2 : Delivery Time 6: Price
X

%: Compatibility 7 : Maintenance Fee
X

4: Vendor Support
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Nine vendors submitted their quotations and participated in the bid for getting the
contract for supplying the exam module. After a preliminary evaluation and a quick
comparison of the nine competing vendors for the exam module, four vendors were
chosen for final consideration. These four vendors were called alternatives and named
an alternative (A1), alternative (A2), alternative (A3), and alternative A4. With this,
the solution set of the vendor selection problem has been reduced from 09 to 04. These
four vendors further participated in the evaluation process, and only one was selected.
The complete process of the vendor selection is given in the subsequent section.

Steps for Software Vendor Selection

Step 1: Allocate weights to decision-makers. Table 1 offers the linguistic terms for
determining the value of parameters and decision-makers. Then, using Eq. (7), the
weights assigned to experts are obtained. Finally, the expert’s importance and weights
are given in Table 2.

Table 2. Decision maker’s importance and their weights

Expert 1 Expert 2 Expert 3
Linguistic Terms Important Medium Very Important
Weight 0.356 0.238 0.406

Step 2: Develop accumulated intuitionistic, fuzzy decision matrix depending on
experts’ views. Table 3 represents linguistic terms to rate various alternatives.

Table 3. Linguistic terms to rate various alternatives.

Linguistic Terms IFNs
Extremely Good (EG)/ Extremely High (EH) (1.00, 0.00)
Very Very good (VVG)/ Very Very High (VVH) (0.90, 0.10)
Very Good (VG)/ Very High (VH) (0.80, 0.10)
Good (G)/ High (H) (0.70, 0.20)
Medium Good (MG)/ Medium High (MH) (0.60, 0.30)
Fair (F)/ Medium (M) (0.50, 0.40)
Medium Bad (MB)/ Medium Low (ML) (0.40, 0.50)
Bad (B)/ Low (L) (0.25, 0.60)
Very Bad (VB)/ Very Low (VL) (0.10, 0.75)
Very Very Bad (VVB)/ Very Very Low (VVL) (0.10, 0.90)

Using Table 3, the alternative software vendor is assigned the ratings concerning each
criterion by three experts shown in Table 4.

Table 4. Ratings of the alternatives

Criteria  Suppliers Decision Makers Criteria Suppliers Decision Makers
DM1 DM2 DM3 DM1 DM2 DM3
X1 Al VG G G X5 Al F G MG
Reliability A2 VG G VG  Functionality A2 G VG G
A3 G G VG A3 G G G
A4 G VG VG A4 VG VG VVG
X2 Al G MG F X6 Al MH M MH
Delivery Time A2 MG MG MG Price A2 H H MH
A3 MG F F A3 MH MH H
A4 VG G VG A4 VH VH VH
X3 Al F G MG X7 Al H M MH
Compatibility A2 G VG G Maintenance fee A2 H MH H
A3 G G MG A3 MH MH H
A4 VG VVG VVG A4 H H VH
X4 Al G MG F

Vendor Support A2 MG G MG
A3 MG F F
A4 VG G VG
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As shown below, the accumulated intuitionistic fuzzy decision matrix is built using Eq. (8).
X X, X, X

1 4 5 6 7

0.740,0.156,0.104) (0.605,0.292,0.103) (0.596,0.302,0.102) (0.605,0.292,0.103) (0.596,0.302,0.102) (0.576,0.321,0.101) (0.619,0.278,0.103)

0.780,0.118,0.102) (0.600,0.300,0.100) (0.728,0.170,0.102) (0.626,0.272,0.102) (0.728,0.170,0.102) (0.663,0.236,0.101) (0.679,0.220,0.101)

0.746,0.151,0.103)  (0.538,0.361,0.101) (0.663,0.236,0.101) (0.538,0.361,0.101) (0.700,0.200,0.100) (0.644,0.254,0.102) (0.644,0.254,0.102)
( ( ( ( ( )

0.769,0.128,0.103) (0.780,0.118,0.102) (0.872,0.100,0.028) (0.780,0.118,0.102) (0.849,0.100,0.051) (0.800,0.100,0.100) (0.746,0.151,0.103)

X X X

2
R=li
(

Step 3: Determination of criteria weights Table 5 shows the relevance of the linguistic
terms represented by the criteria.

Table 5. The relevance of weight of the criteria

Criteria Notations DM1 DM2 DM3
Reliability X, VI VI VI
Delivery Time X 2 I I I
Compatibility X5 VI I VI
Vendor support X4 M I M
Functionality Xs VI M I
Price X M I M
Maintenance fee X M I M

To find out the weight of every criterion, the opinion of the experts on criteria were
aggregated using Eq. (9).

-7

[(0.900,0.100,0.000)
(0.750,0.200, 0.050)
(0.876,0.118,0.006)
(0.576,0.371,0.053)
(0.787,0.189,0.023)
(0.576,0.371,0.053)

 (0.576,0.371,0.053) |

W

{XI'XZ'XS'X4’X5'X6'X7} -

Step 4: Development of aggregated weighted intuitionistic fuzzy decision matrix

After parameter weights and alternatives ratings are calculated, the aggregated weighted
intuitionistic fuzzy decision matrix is built using Eq. (10) in the following manner.

X, X, X, X, X, X, X,

(0.666,0.240,0.094) (0.454,0.434,0.113) (0.522,0.384,0.004) (0.348,0.555,0.097) (0.469,0.434,0.097) (0.333,0.573,0.094) (0.356,0.546,0.098)
- 1(0.702,0.206,0.092) (0.450,0.440,0.110) (0.637,0.268,0.095) (0.361,0.542,0.097) (0.573,0.327,0.100) (0.382,0.520,0.098) (0.391,0.510,0.099)
=1(0.671,0.236,0.093) (0.404,0.489,0.107) (0.581,0.326,0.093) (0.310,0598,0.092) (0.551,0.352,0.097) (0.371,0.531,0.098) (0.371,0.531,0.098)
(0.692,0.215,0.093) (0.585,0.294,0.121) (0.764,0.206,0.030) (0.449,0.445,0.106) (0.668,0.270,0.062) (0.461,0.434,0.105) (0.430,0.466,0.104)

Step 5: Get IFPIS and IFNIS.

Reliability, delivery time, compatibility, vendor support, and functionality are

G, = { X, X5, Xy, X, X, )

G,={X.,X
the cost criteria 2 { 6o } . Then, intuitionistic fuzzy positive-ideal solution and
intuitionistic fuzzy negative ideal solution are obtained as follows.

a_ [(0702,0.206,0.092),(0.585,0.294,0.121),(0.764,0.206,0.030), 0.449,0.445,0.106),
(0.668,0.270,0.062), (0.333,0.573,0.094), (0.356,0.546, 0.098)

o (0.666,0.240,0.094),(0.404,0.489,0.107),(0.522,0.384,0.094),(0.310,0.598,0.092),
" 1(0.469,0.434,0.097), (0.461,0.434,0.105), (0.430, 0.466, 0.104)
Step 6: Calculate the distance measure from IFPIS and IFNIS

benefit criteria , Whereas price and maintenance fee be

The intuitionistic separation measured using normal Euclidean distance along with
results is shown in Figure 2.
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Step 7: Calculation of relative closeness coefficient (CCi) and ranking of
alternatives.

0.7067 a

2 . E o. ONASE 1
0.064 0.086.075 0.057 0.058%

Rank of Vendor Alternative

Al A2 A3 A4

Distance measures and Relative
Closeness

Vendor Alternatives

Negative Distance Measures

— R a1 K

Figure 2. Distance measures, relative closeness coefficient, and rank of the alternatives

In the last step, the relative closeness coefficient for each possible alternative in the
context of intuitionistic fuzzy ideal solutions is calculated using Eq. (16). Then the four
alternatives were ranked in decreasing order of CCi. For example, the higher value of
0.7067 of relative closeness of alternative vendor A4 assigned its first rank, followed
by alternative vendor A2 with 0.3348. So, the vendor alternatives are ranked as A 4 >
A2>A1>A3;refer to Figure 2.

Sensitivity Analysis

For the comparison of the rankings obtained by the proposed methodology,
sensitivity analysis is applied to investigate the relative closeness coefficient and the
rank of alternatives (Kumar & Channi, 2022; Kumar et al.,, 2021). The sensitivity
analysis allows the researchers to check whether any likely bias from a specific expert
has significantly affected the results obtained (Vaid et al., 2022). It also helps to check
the robustness and generalizability of the results obtained (Biswas & Gupta, 2019).
For checking the robustness, we are testing the results by assigning different
importance to the experts. First, Expert 1 was chosen; the linguistic importance (refer
to Table 1) to this expert kept changing in every run of the sensitivity analysis while
the weights assigned to the other two experts remained the same. The same procedure
is followed with experts 2 and 3, as shown in Table 6. Table 7 presents a ranking of
COTS vendors for the twelve-sensitivity analysis runs. We observe that the ranking
remains the same for the 10 runs out of a total of twelve.

Table 6. The linguistic importance assigned to the experts during sensitivity analysis

Expert 1 Expert 2 Expert 3
Original Solution I M VI
Run 1 VI M VI
Run 2 M M VI
Run 3 Ul M VI
Run 4 VU M VI
Run 5 I I VI
Run 6 [ VI VI
Run 7 [ Ul VI
Run 8 [ VU VI
Run 9 [ M [
Run 10 [ M M
Run 11 [ M Ul
Run 12 [ M )48
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Table 7. Ranking of COTS vendors for the twelve-sensitivity analysis runs
Vendors OR R1 R2Z R3 R4 R5 R6 R7 R8 R9 R10 R11 Ri12

Al 3 3 3 3 3 3 3 4 4 3 3 3 3
A2 2 2 2 2 2 2 2 2 2 2 2 2 2
A3 4 4 4 4 4 4 4 3 3 4 4 4 4
A4 1 1 1 1 1 1 1 1 1 1 1 1 1

*OR = Original Run; Ri = it Run

It can be observed from Table 7 that the rankings of only two vendors, namely A1 and
A3, in runs 7 and 8 are different in comparison to all the other sensitivity analysis runs.
However, the top two ranks remain the same in all the 12 runs. Hence, we can say that
there is no deviation from the results obtained in the original run and all the 12 runs. The
top vendor in terms of ranking is A4 in all the twelve-sensitivity analysis runs performed.

5. Conclusion

This paper presents a solution to the MCDM for assessing and selecting COTS
vendors by employing an intuitionistic fuzzy-TOPSIS approach. The paper begins with
the introduction section laying the foundations with the terms and the concepts used
in the work. Next, the review of the literature section summarizes the work done by
other authors in the area of COTS, component-based software systems, and IFS.
Finally, the methodology section presents and discusses the IFS-TOPSIS technique
used in this paper. The work presented in the paper has got significant implications. It
can be used as a guide to the software professionals developing component-based
software systems. The formulated model gives an insight into the different criteria on
which the CBSS is developed. The trade-off between different criteria can be visualized
from the presented work.

In supporting their work, the authors have presented a case study in which four
software vendors were chosen for evaluation based on seven different criteria. The
ratings assigned to each alternative concerning each criterion, during the evaluation
process, together with the weights of every criterion, the linguistic terms denoted by
intuitionist fuzzy numbers were defined. The COTS vendor selection was made with
the help of TOPSIS, and the alternatives were ranked as A4 >A 2 >A 1> A 3.
Intuitionist fuzzy sets are best to address vagueness and ambiguity when considering
various alternatives. Therefore, the TOPSIS approach integrated with IFS has a
massive prospect of success in multiple-criteria decision-making scenarios. Further,
this work can be extended by integrating IFS TOPSIS with the optimization model by
making it a two-phase process. Hence, this would make the COTS selection process
more robust. As written, the intuitionistic fuzzy TOPSIS method can also be used for
the green supply selection problem (Rouyendegh, 2014; Rouyendegh, Yildizbasi, &
Ustiinyer, 2020). Sensitivity analysis was also performed to check possible bias, which
could occur because of a particular expert, which may influence the reported findings.

Therefore, this work can be expanded by combining an optimization model with an
objective function ranking and quantitative parameters as a set of constraints. The
model would aim to maximize rankings obtained using the Fuzzy TOPSIS method.
Hence, the new technique can be called a hybrid approach as it involves two phases -
Fuzzy TOPSIS and optimization model for COTS selection. This work can further be
extended by incorporating the build or buy strategy. The build or buy strategy makes
the optimization models more robust and provides a competitive edge, especially in
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mission-critical systems.
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