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Abstract This paper investigates the multiobjective sup-
plier selection problem (SSP) with type-2 fuzzy parame-
ters. All the involved parameters such as aggregate
demand, budget allocation, quota flexibility, rating values,
are depicted as type-2 triangular fuzzy (T-2TF) parameters.
To tackle the T-2TF, first, critical values (CV)-based
reduction method is introduced, and then chance-con-
strained programming is modeled to obtain the crisp ver-
sion of the multiobjective SSP. Secondly, an interval-based
approximation method is also developed for defuzzifying
the T-2TF parameters. Further, a novel interactive neutro-
sophic programming approach is also suggested to solve
the deterministic multiobjective SSP, which allows the
decision-makers to incorporate the neutral thoughts or
indeterminacy degrees efficiently. The computational study
is presented to verify and validate the defuzzfied tech-
niques and the proposed solution approach. An ample
opportunity to select the most desired compromise solution
with maximum overall satisfaction level is also addressed.
Finally, the conclusions and future research direction are
revealed based on the discussed work.
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1 Introduction

The existence of uncertainty is trivial in real-life problems.
Many decision-making scenarios inevitably yield an
uncertain environment while modeling optimization prob-
lems. The incomplete, inconsistent, and inappropriate
information about the system leads to uncertainty.
Vagueness and ambiguousness among the different
parameters’ values are represented using the fuzzy set (FS)
theory. Firstly, Zadeh [37] investigated the FS that tackles
the membership function of an element into the feasible
decision set. For complex data, the depiction of vagueness
or ambiguity through a single membership function are not
equally feasible. The abrupt fluctuation among the values
of imprecise parameters occurs according to the changes in
the decision-making environment. Due to the complexity
of real-life problems, it may not be feasible to depict the
fuzzy parameters with a single membership function.
However, a set of corresponding membership grades can be
a better representative of the degree of belongingness in a
more appropriate way. Thus, the extension of FS with a set
membership degree is introduced by Zadeh [38] and named
as the type-2 fuzzy set (T-2FS). The T-2FS allows the
decision-maker to convey the parameters with a set of
membership grades into the FS (or type-1 fuzzy set).
Therefore, the concept of type-1 and type-2 membership
functions came into existence. For each type-1 membership
function (or only membership function), there is a type-2
membership function associated with it and ensures the
wholesome alignment of uncertainty degrees in the T-2FS.
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In the area of T-2FS, many researchers have made a sig-
nificant contribution to both the theoretical and application-
level domain. Liang and Mendel [17] performed a theoretical
study on type-2 fuzzy parameters. Mendel and John [21] also
examined the necessary operations on type-2 fuzzy sets. Uncu
and Turksen [32] discussed the discrete interval type-2 fuzzy
models in learning parameters using uncertainty. Wu and
Mendel [33] also investigated the uncertainty measures in
interval type-2 fuzzy parameters. Juang and Tsao [12] dis-
cussed the interval type-2 fuzzy neural network for online
learning. Nie and Tan [24] contributed to the reduction
method of type-2 fuzzy parameters. Lam and Seneviratne [16]
performed a stability analysis of the interval type-2 fuzzy
model under the control system. Kundu et al. [13-15] have
also attempted to solve the different sorts of transportation
problems under interval type-2 fuzzy parameters. Muhuri
etal. [23] studied a reliability redundancy problem under type-
2 fuzzy uncertainty. Olivas et al. [25] presented an ant bee
colony optimization technique with type-2 fuzzy uncertainty.
Qin et al. [26] generalized the multicriteria group decision-
making problem for the green supplier selection with interval
type-2 fuzzy parameters. Liu et al. [20] also addressed a novel
green supplier selection technique by combining quality
function deployment.

The supplier selection problem is a well-known and
integral component of the supply chain planning problems.
The selection of best suppliers depends on various criteria
such as overall performance ratings, less rejection of items,
timely delivery, fulfilling aggregate demand. The literature
suggested that a large part is dedicated to SSP as a multi-
criteria decision-making problem in interval type-2 fuzzy
uncertainty. Tiirk et al. [31] investigated the application of
interval type-2 fuzzy parameters in supplier selection prob-
lems. Sang and Liu [27] presented an interval type-2 fuzzy
multicriteria decision-making problem with an application
in supplier selection problems. Ghorabaee et al. [10] studied
a green supplier selection by considering interval type-2
fuzzy parameters in multicriteria decision-making. Hei-
darzade et al. [11] also presented the supplier selection
technique using the clustering method with interval type-2
fuzzy parameters. Mousakhani et al. [22] also implemented
type-2 fuzzy parameters in the green supplier selection
problem. Liu et al. [19] developed an integrated supplier
selection model under the type-2 fuzzy parameters.
Recently, Wu et al. [34] investigated an extended green
supplier selection problem with type-2 fuzzy uncertainty.

A neutrosophic set (NS) is the extension and general-
ization of FS and intuitionistic fuzzy set (IFS), which is
presented by Smarandache [29]. It manages the indeter-
minacy degrees or neutral thoughts while making deci-
sions. Thus the marginal evaluations of each objective
function are determined by truth, indeterminacy, and falsity
degrees under the neutrosophic decision set. Based on NS,
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Ahmad and Adhami [3, 4], Ahmad et al. [5, 7] addressed
neutrosophic programming approach for solving the mul-
tiobjective optimization problems. Many researchers such
as Abdel-Basset et al. [1], Adhami and Ahmad [2], Ye [36]
also contributed in the neutrosophic research domain. Here,
we have developed an interactive neutrosophic program-
ming approach (INPA) to solve the multiobjective SSP
with type-2 fuzzy parameters. The proposed INPA can be
considered as the extension of Ahmad et al. [6, 7], Torabi
and Hassini [30], respectively. We have discussed the
multiobjective SSP while ensuring the flow of the ordered
quantity of items to different suppliers with type-2 fuzzy
parameters. A novel solution approach is suggested for
solving multiobjective SSP based on the neutrosophic set.

Various decision-making problems inherently contain
vagueness or ambiguousness in the data-set. This incomplete
information is conveyed either in the form of approximate
intervals or linguistic terms. In SSP, the system parameters’
available data/possible values cannot always be precisely
determined and known. For instance, the price of a unititem at
a supplier is “about 510$”, say between 450$ and 5608, the
available supply quantity of a supplier is “around 350-380
units”, etc. Thus due to irregularities and inconsistencies like
lack of input information, inappropriate and incomplete
knowledge, noise in data, flawed statistical analysis, etc., it is
sometimes hard to identify exact membership grades and,
hence, model the problems in terms of type-1 fuzzy sets. As a
result, T2-FS has emerged due to fuzziness in the membership
function. Usually, the experts’ possible values of parameters
in approximate intervals, linguistic terms, etc. Also, each of
the points in a given interval may not have the same impor-
tance or possibility. For a large data-set of a specific parameter
collected from previous experiments, generally, all the points
are not equally possible. Such types of linguistic information,
approximate intervals, and blurred data-set can be expressed
by T2-FSs, where the membership degree of each point cannot
be precisely determined. The three-dimensional nature of a
T2-FS gives an extra degree of freedom to represent uncer-
tainty over the type-1 fuzzy set.

For the multiobjective SSP with fuzzy information, we have
two motivations to explore this problem within the type-2
fuzzy set theory framework. Firstly, it is more advanced and
typical to treat some critical parameters as type-2 fuzzy vari-
ables because of the practical difficulties in determining their
crisp membership functions. Secondly, when some parameters
are assumed to be T2-FS, designing an effective method to
handle the optimization problem is also challenging.

The main contribution to this research can be regarded
as follows:

e Most of the supplier selection problems are studied as
multicriteria decision-making problems under T2-FSs,
but here, we have presented multiobjective SSP with
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continuous type-2 fuzzy parameters at different degrees
of vagueness.

e The continuous type-2 fuzzy parameters are dealt with
two different techniques, such as critical values reduc-
tion and nearest interval approximation methods for
obtaining the corresponding crisp version.

e An interactive neutrosophic programming approach
(INPA) is proposed to solve the crisp multiobjective
SSP, which considered the degree of indeterminacy
while making decisions.

e Opportunity for generating the desired solution results
by tuning the degree of vagueness (o) and compensa-
tion co-efficient (1) is also suggested.

The remaining portion of the manuscript is presented as
follows: In Sect. 2, the concept of type-2 fuzzy set is dis-
cussed while Sect. 3 represents the formulation of multi-
objective SSP under type-2 fuzzy parameters. The
proposed INPA is presented in Sect. 4. In Sect. 5, a com-
putational study is addressed to verify the applicability and
validity of the proposed solution approach. The conclu-
sions and future research opportunities are discussed in
Sect. 6.

2 Preliminaries

In this section, we have discussed some basic concepts
related to Type-2 fuzzy set.

Definition 1 [37] (Fuzzy set or type-1 fuzzy set) Suppose a

universal set X, then a fuzzy set (FS) A in X can be defined
as follows:

A= {x -x)x € X)

where ,u;(x) :x — [0, 1] denotes the membership func-

tion of the element x into the set g, with the condition
0 < p-(x) <L

Definition 2 [21] (Type-2 fuzzy set) An FS is said to be
Type-2 fuzzy set (T-2FS) if the membership function
(degree of belongingness) is also fuzzy, it means that the
membership function for each element into the set is not a
crisp value but represented by a fuzzy set. Such a mem-
bership degree is known as the type-2 membership func-

tion. Thus, a T-2FS A can be stated as follows:

A= {((x,w),u;(x,w)) |xe X,we V,C|0, 1]}

where u;(x, w): (x,w) — [0, 1] denotes the type-2
membership function, V, is the type-1 membership func-
tion of x € X which is the domain of type-2 membership
function ,u;(x) into the set A and can be defined as follows:

i )/, we Ve o,

where f f represent the union over entire permissible x and
w. For discrete universal discourse, f is interchanged by
> /

For each x, assume x =x, the type-2 membership
function [21], represented by ,u;(x =x,w),we V, C
[0, 1] can be depicted as follows:

few)/w,

pe(x,w) = p-(x) =
A A WEVX/
w= w’ €

where 0 <f,(w) <1. In

Vo, fe(w) = ,u;(x/,w') is known as type-2 membership

particular,

function. Therefore, A can be represented as follows:
A= fx, ()| x € X}

or

If all the type-2 membership functions are 1 (e.g.,
fe(w) =1, Vx,w), the T-2FS is reduced into interval type-2
fuzzy set (IT-2FS) [21]. The characterization of an IT-2FS
using footprint of uncertainty (FOU) depicts a two-di-
mensional plane containing points x and their type-1
membership functions V,. More precisely, FOU admit the
uncertainty in the type-1 membership functions of an IT-
2FS.

Example 1 Suppose X = {4,5,6} and the type-1 mem-
bership functions of the elements of X are
Vv, ={0.3,04,0.6}, V5;=1{0.6,0.8,0.9} and V,;=
{0.5,0.6,0.7,0.8} respectively. Now, one can obtained the
type-2 membership function of the element 4 as follows:

A(4) = po(4,w)
= (0.6/0.3) + (1.0/0.4) + (0.7/0.6)
[03,04,06
N <0.6, 1.0, 0.7 >
More specifically, ,u;(4,0.3) = 0.6, /1;(4,0.4) = 1.0 and
u;(4,0.6) = 0.7. Furthermore ,u;(4,0.3) = 0.6 means

membership function (type-2) of the element 4 having the
membership grade (type-1) 0.3 is 0.6. Thus A comply on

0.3, 0.4, 0.6)’ which

the value 4 with membership (O 6.1.0. 0.7

depicts a random fuzzy variable.
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Similarly,
i(5) = up(5.w)
= (0.7/0.6) + (1.0/0.8) + (0.8/0.9),
fi+(6) = u(6,w)
= (0.3/0.5) + (0.4/0.6) + (1.0/0.7) + (0.5/0.8)

Hence, the discrete type-2 fuzzy variable A can be pre-
sented as follows:

A =(0.6/0.3)/4 + (1.0/0.4)/4 + (0.7/0.6) /4
+ (0.7/0.6)/5 + (1.0/0.8)/5 + (0.8/0.9)/5
+ (0.3/0.5)/6 + (0.4/0.6) /6 + (1.0/0.7) /6
+(0.5/0.8)/6,

Definition 3

type-2 triangular fuzzy variable J is depicted by
(s1,82,83;1;,1,), where s1,s2,s3 are the real numbers and
1,1, € [0, 1] are the two parameters identifying the degree

of vagueness or ambiguity that 1; takes a value x and the

[21] (Type-2 triangular fuzzy variable) A

secondary possibility distribution function ﬁ;(x) of  is
depicted by

~ X — 51
fie(x) =
Y S2 — 81
. X—S S —X\ X—8 X—8;
— n;min ) ) )
S2 —S1 S2—81/ S22 — 81 S2 — 81

. X—81 $§—X
+’7rm1n R
S2 —S81 S — 8

(1)
for any x € (s1,5,), and
~ §3 — X
pyl) = L3 _—

. S3 —X X—98 S3 —X S3 —X
—n,min ) ) 9 (2)
S3 —S2 83 —82/ 83 — 82 S3 — 853

. <S3—X X—Sg>:|
+ nr min )
83 =82 83 =82
A type-2 triangular fuzzy variable (T-2TFV) can be con-
sidered as the generalization of a triangular fuzzy variable
(TEV). In TFV (s1,s52,s3), the degree of belongingness
(membership function) of each element is a fixed point in
[0, 1]. Moreover, the type-1 membership function in a T-
2TFV 1; = (81,82, 83;7;,,) is not a fixed value and having
a specified interval between 0 and 1. The parameters #; and
n, depicts the periphery of T-2TFV. Intuitionally, if
n =1, =0, then T-2TFV J changes into a TFV and,

@ Springer

Egs. (1) and (2) represents the membership function of
TFV. With the aid of Egs. (1) and (2), ﬁ;(x) can be

depicted as follows:

)

xX—3s X—s85 Xx—= xX—5 +s:
1_ 1’ 1 1 if s <x< 1 z’

$2 — 8] S"7 — 51 8 — 51 85— 5| "5y — 851 2
xX—3s s —X X—5 XxX—5 s —X . SIS
[ ]— 2 l‘ ! ] if 2 <x<s,
52— $1 s1—81 s — 81 s -8 §2 = 81 2
$3-X x—s §3—X §3—X X = . +s
3 2 83 ‘ 2 ifs,<x< 2t
Yz*&‘o hfh $3—5 §3— 5 "s3— 85 2
$3—X sx—x $53—X §3—X 53— X S+
3 ‘ 3 i 28
hfvz v;frz 53— 52 83— 5 "53— 85 2

Thus, the T-2TFV Vi is  represented by

J: (s1,52,83;1;,1m,). For instance, suppose a T-2TFV

¥ =(2,3,4;0.5,0.8) then its type-2 membership function
can be depicted as follows:

ﬁ;(x)
(0.5(x —2),x — 2, 1.8(x — 2)), if 2<x<2.5,
(x=2)=053—x),x—2,(x—2)+083—x)), if25<x<3,
T (4 —x)—05(x—3),4—x,(4—x) +08(x—3)), if3<x<3.5,
(0.5(4 — x),4 —x,1.8(4 —x)), if 3.5<x<4.

Hence the membership function for each point of x is a
TFV, e.g., ﬁfl;(2.5) = (0.25,0.5,0.9),

ﬁ7(3.2) = (0.7,0.8,0.96), and so on. The domain of type-
2 membership function ';17 (2.5), i.e., V5 5 ranges from 0.25
to 0.9 and ﬁ:;(32) ranges from 0.7 to 0.96, respectively.

The domain of type-2 membership function of all the ele-
ments elicit the FOU.

Definition 4 (Critical values for random fuzzy variables)
Qin et al. [26] investigated three types of critical values

(CV) of a random fuzzy variable J They can be summa-
rized as follows:

(i) the optimistic CV of i, represented by CV (1)), is
depicted as

CV(y) = sup {ocﬁPos(Jzoc)} (3)

ael0, 1]

(ii)  the pessimistic CV of J, represented by CV (J), is
depicted as

QIZ = sup |a N Nec JZoc
W= p povee(F2a)]
(iii))  the CV of J represented by C V(J) is depicted as
CV(y) = sup |aNCr(y >u ,
(W) %E[Ogl][ (lﬂ_ )} (5)
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2.1 Reduction Method for T-2FVs Based on CV

Firstly, Qin et al. [26] propounded a reduction method
based on CV that transforms a type-2 fuzzy variable into a
type-1 fuzzy variable (or simply a fuzzy variable). Suppose

Y be a type-2 fuzzy variable with type-2 membership
function /77 (x) (a random fuzzy variable). Here, we tried to

incorporate the CVs as a depicting value for random fuzzy

variable ]Z;(x) ie., CV(¥), CV(y), and CV(y). Thus

these methods of reduction are known as optimistic CV
reduction, pessimistic CV reduction, and CV reduction
methods, respectively.

Example 2 Suppose a type-2 fuzzy variable A. With the

aid of Eq. (3), we have W(ﬁ;@)) =
sup [oc N Pos (ﬁ~(4) > a)] , Where
ae(0, 1] A
1, if x<0.4,
Pos(ﬁ;(4) Zoc) =107, if04<2<06

0, if0.6<a<l.

such that
CV(i~(4)) = sup [xaN1JU sup [xNO0.7]
A 2€[0,0.4] 2€[0.4,0.6]
U sup [xNO]
2€[0.6,1]

=04U06U0=0.6

Similarly, using Eqs. (3), (4), and (5), we have

CV(ii(4)) = 0.6, CV(1i~(5)) = 0.8,
CV(ii~(6)) = 0.6

CV(fi(4)) = 0.4, CV(i~(5)) = 0.6,
CV(ii~(6)) = 0.6

CV(fi~(4)) = 0.4, CV(Ti(5)) = 0.65,
CV(ii-(6)) = 0.6

On implementing optimistic CV, pessimistic CV and CV
reduction methods, the type-2 fuzzy variable A deduced

. . . 4,5,6
into the following fuzzy variables (0' 6, 0.8, 0. 6)’

4,56 \ . 4,5,6
0.4, 0.6, 0.6 0.4, 0.65, 0.6 )
1 [26]

lp = (51752,53;’117’7}’)’ then we have

Theorem Consider a T-2TFV

(i)  Using the optimistic CV reduction method, the

reduction \; of J has the following possibility
distribution

(1+V[,)(X—SI) 7 ifSISXSSI+Sz,

2 — 81+ 1,(x — 1)
(1+'1r)x+'1,452*517 g Sits <x<s,

T B e
" (=1+n,)x—n,5 —s3 if s <x<52+53
, $2<x< ——,

53— 82+ 1.(x — 2)
(I +n,)(s3 —x) e eEs o

$3— 52 +1,.(s3 —x)

(6)
(i1)  Using the pessimistic CV reduction method, the
reduction \, of J has the following possibility

distribution

(x—s1)
s2 =51+ m(x—s1)’

. Sy + s
if 5 <x< '2 2,

_ emm) , i 7S]+SZSX§82,
52— 51+ n(s2 — x) 2
Hy, (x) = (55 — x) -
- ) if SZSXS \7
83 — 82+ 1;(x — 52)
(5‘3—)() i S2 + 83 <x<sa,

(7)
(iii)  Using the CV reduction method, the reduction s,
ofJ has the following possibility distribution

1 - s s
( +11,)(x Sl) 7 if51SX§g1+g2,
§2 — 81+ 2n,(x — s51)
1— g
(1 =n)x+ ns2 517 " S1+SZ§X§52,
oy (x) = s2 — 81+ 2;(s2 — x)
s - _ _ _
(=1 +n)x—ns 537 if52§x§52+s3,
53— 52+ 2i;(x — 52)
1 53 — s
( + I7r)(s‘3 x) ’ i Sy + 83 <x<s,
s3 — 852 + 21n,(s3 —x) 2

(8)

Theorem 2 (Qin et al. [26]) Consider \; be the reduction
of the type-2 fuzzy variable \; = (s}, 5, 851, m,.;) derived
from the CV reduction method for i =1,2,...,n. Also, let

Vi, Vo, ..., W, are mutually independent, and k; > 0 for all
i=12,...,n
Proof Please visit [26]. O

2.2 Nearest Interval Approximation of Continuous
T-2FVs

The nearest interval approximation method provides the
crisp interval for a continuous T-2FVs. To present this, we
first obtain the CV-based reduction of the T-2FVs. After
that, we determine the corresponding o-cuts of these CV-
based reductions. Ultimately, on applying interval
approximation method to the o-cuts, we get the approxi-
mate crisp intervals.

@ Springer
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Here, we demonstrate the nearest interval approximation
method with T-2FV. Suppose there be a T-2FV

¥ = (s1,52,53:0,1,). Using Theorem 1, we have the
optimistic CV reduction, pessimistic CV reduction, and CV
reduction of J as Y, ¥, and 5 with possibility distribu-
tion functions depicted by Egs. (6)—(8). Applying the
concept of a-cuts of a fuzzy variable Wu and Mendel [33],
we obtain the o-cuts of the reductions of J

a-cut of the optimistic CV reduction /, of J: Using
the definition of a-cut of a fuzzy variable, we get the o-cut
of the reduction V¥, as [, (o), ¥ z()], where

(1+n,)s1 4 (s2 — 51 — 1,81

. if0<2<0.5,
l// (O() o (1 + ;/Ir) -1
1L -
(51 ni?+;?+;i+mnﬂ7 if 0.5<a<1
)
(”_”””_(”_””_m”w, if05<u<l1,
lﬁ (O()_ (l_nr)—i_nr“
1R -
(1+ m)(siz . (s; 52 + msa)OQ if0<2<0.5
n,) — N«
(10)

o-cut of the pessimistic CV reduction s, of J: The a-cut
of the reduction , is determined as [, (o), Yop(a)],
where

St (SZI* SLTMS) 02 y<05,
—no
Yor(2) =
st (2 = s Fms)% g5y
1+
(11)
s”_wa;”_"””“, if05<a<l
o
Yog(a) =
Rl G kel /L5 ST WP
1 —no
(12)

o-cut of the CV reduction /; of IZZ The o-cut of the
reduction /5 is determined as [y, (o), Y5g(2r)], where

(1+n,)s1 + (s2 — 51 — 21,51 )t

 if0<x<05,
l// (O() _ (1 + '7;) - 21’”0( o
() = B B
(s1—ms2) + (52— 51 + 2’7152)“7 F05<a<l
(1 —mn) +2n0
(13)

@ Springer

(5= m%2) = (3 =92 = 2ms)o s
Vanl(d) = (1 =m) +2n0
3R -
1 3 — (53— +2
( + 17,).83 (S3 sy + "Irs.?)(x’ if 0<0<0.5
(1 + }’]r) - 2'1r(x
(14)

It is well-known that nearest interval approximation of a
fuzzy number [21] A with the distance metric d is repre-
sented by Cd(N) = [CL, Cg], such that C, = fol Ap(o)do
and Cg = fo Ag(o)do, where distance metric d measure the

distance of A from Ca(A ) and can be depicted as follows:

d(K, cd(X))

1 1
_ \/ / (Au(2) — C1)da + / (Ag(2) — Cr)2du
0 0

Applying this method for the o-cuts of optimistic CV,

pessimistic CV and CV reduction of J, we can obtain the

nearest interval approximation of .

Nearest interval approximation of IZ using o-cut of
of J: For this, the

nearest interval approximation of lz can be stated as
[CL, Cg] follows:

CL*/n¢md

_ / S(1+4n,)s1 4 (55— 51 — nrsl)ad(a)
0 (1 +n,) =m0

_+/1®1—nﬁﬁ+(&—wl+nﬁﬂa

0.5 (I—=n,)+n

=Cu +Cpn

(1+n,)s1 141,
CLi = 1
i "\1¥o0sn,

— N,S1 1+17r
0517 — (1 In(—"Tr_
n? { fr (-%m)n(1+05m>}

S — 1,52
Ny
> — 851+ 1,5

2
r

the optimistic CV reduction 1y,

d(o)

r

§2 — 8

In(1 — 0.51,)
[05’7r + (1 - nr) ln(l - 057];’)]

(15)
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1
Q:Awwm

_ /045 (14n,)s3 — (s3 — 52 + 11,S3)ocd(a)
0

(1 +’7r) /R
N /1 (3= 1n,52) — (53 — 82 — ﬂrSZ)“d(a)
0.5 (1 - 1’],) +’1r°‘
= Cp1 + Cp2
1 K
Car _ (I +n)ss
ny
1+79
n(—""
x n<1+o.5n,>
53 — 82 — 1,83 I+,
4 B2 sy, — (14+n,)In{ ——1r—
n? [ nr = (L) (1+0-5nr)}
§3— 1,8
Cpp = — 3= 1r%2
ny

§3 — 82 + 1,52
U

x In(1 = 0.57,) —

(16)
The intervals given by Egs. (15) and (16) are called opti-

mistic nearest interval approximation of .

Nearest interval approximation of J using o-cut of
the pessimistic CV reduction i/, of : In this case, the

nearest interval approximation of i can be stated as
[CL, Cg] follows:

o= [ itz

_ /0‘5 s1+ (52— 81— ms1)a
0 I —no

d(x)

1
St 4 (82 — 851 + 18
+/ 1+ (52 — 51+ m;52) d(x)

0.5 1+ 0
=Cn+Cp

S1
Ci=——

m (17)

x In(1 — 0.59,) — w
i

x [0.5n7; + In(1 — 0.5n,)]

S1 1 + n; )
Cp=—Inl ——
2 Ul <1 +0.5n,

s — 851+ 1,.82
2
ny

1+
0.5, —In| ————
. [ L n<1 + 0-5771)]

1
@zlwmm>
0.5

- /O ' d()

. /1 53— (83— 8 — n,sz)ocd(a)
0

53 — (83 — 82 + my83)
1 — 7][0(

5 L+
= Cg1 + Cr2
Cri = — 21In(1 — 0.51,) (18)
n

3 — §2 + ;83
n

3 1 + n;
Crpp =—In| ——
e Ul (1 + 05'71)

$3 — 82 + 182 1 +n
LS B a9 ) M Y (/8
! [ = (1 + 0~5m)]s

r

The intervals given by Egs. (17) and (18) are called pes-

simistic nearest interval approximation of .

Nearest interval approximation of J using o-cut of
the CV reduction y; of J: In this case, the nearest

interval approximation of  can be stated as [Cy, Cg]
follows:

1
G = fo Yypd (o)
e (L+m)s1 + (52 =81 = 2’1r81)°<d(a)
(] + nr) - 2’71‘06
1 (st = ms2) + (52— 51+ 2m8)
+ d(o
hos (1 —=my) +2n0 (@)

=CpL +Cpn
1
Cr :( +’7r)sl
my
Sy — 81 — 217,S1
In(1 -
X["r - (1 + nr) ]H(] + nr)]
S1 — ;82
Cp =——In(1+79
14
Sy — 81+ 2m;82
AL G (1 (1 4 )
1

(19)
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1
Cr = fo lp3Rd(O€)
— (?5 (1 + 11,).93 - (S3 — S+ 2anS)ad((x)
(1 + nr) - 217;’0(
1 (53— ms2) — (53 — 52 = 2:0)
+ d(o
hos (1 —=mn) + 20 (@)

= Cp1 + Cr2
1
CR] — ( + ’17’)53
Ny
§3 — 82 + 21,83
In(1 -
X [nr - (1 + nr) 111(1 + ”r)]
§3 — 152
C =—"In(l
R2 2, n(1+mn)
53— 8o — 21,82
== = (1= ) In(1 + )]
4y

(20)
The intervals given by Egs. (19) and (20) are called cred-

ibilistic nearest interval approximation of .

Example 3 Suppose a T-2TFV J =(2,3,4;0.5,0.8),
then we can obtain the nearest interval approximation of J
Taking the advantage of Egs. (15) and (16) the optimistic,
Egs. (17) and (18) the pessimistic and Egs. (19) and (20)
the credibilistic nearest interval approximation of IZ are
depicted as
[2.4086,3.5913], [2.5567,3.4432] and [2.4925,3.504],
respectively.

3 Supplier Selection Problem

The multiobjective SSP is considered under the uncer-
tain situation. It is assumed that an automobile company
places an ordered quantity to the different suppliers for
multiple parts to identify the quota allocation in a supply
chain. For this purpose, the decision-makers are strictly
against the shortage of parts, specific with the different
capacities and budget allocation. Due to real-life com-
plexity, vagueness and ambiguousness among the param-
eters are taken as type-2 triangular fuzzy numbers, which is
more realistic. The decision-makers’ main aim is to handle
the T-2TF parameters so that the minimum total cost
associated with ordering the aggregate demand, the rejec-
ted items of the suppliers, and the late delivered items are
obtained. The relevant notions and descriptions are sum-
marized in Table 1.

Objective functions

The total cost of ordering in SSP has significant
importance while allocating the budgets. For minimizing
the total cost for ordering the aggregate demand, the first
objective function is depicted. Mathematically, it can be
shown in Eq. (21).

Minimize Oy = ) > v/ x (P] xxl)  Vij ()
i

The second objective function represents the total rejection
while handling the items. Thus, the second objective
function ensures the minimization of the vendors’ total
rejected items over a planning period. The mathematical

Table 1 Notions
and descriptions

Indices Descriptions

i Denotes the number of suppliers (i = 1,2,...,1)

@ Springer

j Denotes the number of items (j = 1,2,...,J)
Decision variable

xlf Units order quantity assigned to supplier i

v Represents the binary variable such that ylf = { L . lf x> 0

0, if otherwise

Parameters

D/ Total aggregate demand quantity of item type j over a fixed planning period (units)

ﬁl! Price of unit item type j of the ordered quantity to the supplier i ($/unit)

ﬁlf Percentage of rejected items j delivered by the supplier i

Lﬁ-[_f Percentage of late delivered items j by the supplier i

ﬁll Maximum limit of available quantity of item type j for the supplier i (units)

RV, Rating value for supplier i

PC Minimum purchasing value that a vendor can have

QAﬁl Quota flexibility value for supplier i

S Minimum flexibility value in supply quota that a vendor should have

B; Total budget allocation to the supplier i ($)
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expression for the total rejected items is presented in

Eq. (22).
SN i x (R x )
i

To survive in the competitive market, on-time delivery of
the items is an essential criterion for the suppliers. It
enhances the market values and good-will of the vendors.
Hence, the third objective function minimizes the total of
late delivered items of the suppliers. The mathematical
expression for the minimization of late delivery is stated in
Eq. (23).

Minimize O3 = ZZy{ X (lﬁf X x{) Vi,j. (23)
i

Minimize O, = Vi,j. (22)

Constraints

The aggregated demand of the item type j from each
supplier i must be fulfilled; and can be represented in
constraint (24).

22 yix =T Vi (24)
i
The constraint (25) ensures that the available maximum

capacity of item type j must be less than the ordered
quantity given to the supplier i.

3 < UL
J

i

The total purchasing value of item type j is represented in
constraint (26).

ZZyl (RV ><x>>PC Vi,j. (26)

The constraint (27) provides the essential flexibility needed
with vendors’ quota.

Xi:;y{x<QF xx><S Vi,j. (27)

The restrictions over maximum budget amount allocated to
suppliers is represented by constraint (28).

2.2

The constraints (29) reveal the flow status of items.

xl={y/=1or0} Vi,j. (29)

PJX.X <B Vi,j. (28)

The non-negativity restrictions over ordered quantity given
to suppliers is represented in constraint (30).

x>0 Vi (30)

Thus the formulation of SSP with type-2 fuzzy parameters
can be summarized as follows (31):

:Zizjylj x
:Ziz,'yzj X
Minimize O3 = 52, 5, y/ x (L’B-[ X x{‘)
subject to
> >y x x| =TD/
ooy xxl <ol G31)
DD IR ( Vi x x] ) >PC
>l x (OF xx]) <

(P! xx])
(R] x x])

Minimize O,

Minimize O,

Zizjy{X (P]XX)SB
xl ={y/ =1lor0}
x{EO.

where (A)J7 (-=TD,P,R,LD,UL,RV,PC,QF,S,B) repre-
sent the type-2 triangular fuzzy parameters involved in the
objective functions and constraints, respectively. The
transformation of SSP into its deterministic form can be
presented in the following sub-sections:

3.1 Chance-Constrained Programming Problem
Using Generalized Credibility

Let us consider that all the type-2 triangular fuzzy
parameters (-) are transformed into the equivalent type-1

fuzzy (or only fuzzy) parameters (-') using the CV-based
reduction method. To solve the proposed SSP with type-2
fuzzy parameters, we present a chance-constrained pro-
gramming (CCP) model with these reduced fuzzy param-
eters. The working principle of chance-constrained
programming is based on the chance (or confidence) level
associated with the risk violation. In CCP, the vague or
uncertain constraints are permitted to be violated such that
it must be satisfied at some confidence level (or chances).
Firstly, the CCP with type-1 (fuzzy) parameters was
introduced by Liu and Chen [18], Mendel and John [21],
Yang and Liu [35] using credibility-based measures. Since

the transformed fuzzy parameters (') may not be nor-
malized, hence the actual credibility measure cannot be
applied. Therefore, with the aid of generalized credibility
measures, as the multiobjective SSP (31) is of minimiza-
tion-type problem, the equivalent CCP model can be for-
mulated of the SSP (31) as follows:
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Min,(Min=7,) = Cr [, 55,0f x (P! x ) <71] 2
Min, (Min=2) = Cr 52, 55,0/ x (R x )
Min,(MinzZ) = Cr [0, 0] x (LD x of ) <3] 22
subject to
Cr[2 3 vl xad = 1DV 2.,
Cr{z Z yl ><x UL”} lj
6’:[21 ijz{ X (RV,i X
CNr[ZiZJ.y{ X (QF/ X X ) <§} 20(54
oyl (P xf) < Bi| = o

x/ = {y/ = lor0}
x{zo.

le) zﬁcﬂ > o,

1

(32)

where MinZz. represent the minimum possible deterministic
form that the objective function attains with generalized
credibility at least (0 <o <1). More precisely, o corre-
sponds to the minimization of the «-critical value Mendel
and John [21] of the objective functions. Further,
oc{ (Oga{, <1) are the pre-determined generalized credi-
bility satisfaction levels of the respective constraints for all
i, j, respectively. All the constraints signify that the
restriction imposed over ordered quantity of items type j
given to supplier i must be satisfied at the credibility level

by at least oc{ .

3.1.1 Crisp Equivalance

Suppose that ( ) are mutually independent the type-2 tri-
angular fuzzy variables depicted as

(7: ((.)1, ()% (.)3;;11’,,;1”), Using Theorem 2, the
chance-constrained SSP model (32) is transformed into the
following deterministic equivalent parametric program-
ming problems:

Case I When 0<o<0.25, the equivalent parametric

programming problem for model (32) is given as follows
(33):

@ Springer

Minimize O; = 32,3,/
_(1 P _40()'#‘1) pY ]+2aP2j J
% 1+ (1 — 4o/,
Minimize 0 — ¥, Sy -
(1= 200 (1= 4], ) RV 4+ 2287 ]
g L+ (1 — 4o,
Minimize 05 = ¥, 53,/ —
(1 — 20+ (1 — 4a)y! I)LD]’ | +20LD'x]
x 1+ (1 —da)p!; >
subje;tto

330y x x| = Drp

> Zj Yzj X xj <Dy

Sun; Zj ylj (DRVI X X ) > Dpc

32 30 v! % (Dori x x]) < Ds

5 Yyl % (Dpr x xl) <D

x{ = {ylf = lorO}

;xlj >0.
where DTD,-,DUL,-,DRV,,DPC,DQFI-,DS,DP{,DB/ are depic-
ted in Eqs. (37)-(44), respectively.

Case Il When 0.25 <o <0.5, the equivalent parametric
programming problem for model (32) is given as follows
(34):
=

y (1 —2a)P; pY ’+ (20 + (4o — l)n{;i)P,-zjx{
1+ (4o — 1)y},
Minimize O,
y (1 —20)RVx] + (200 + (4o — 1)17,,) RYx!
1+ (4o — 1)'71,i
Minimize O3
- 20)LDY'x] + (200 + (40 — 1)}, )LD'x]
1+ (4o — 1),
subject to
> ij{ X x! = Drp
E-Z ylj X xj<DUL,
> Zj)’,j (DRV' X X; ) > Dpc
32537 v! % (Dr x x]) < Ds
Ziijzj X <D XX ) <Dg
x/ = {yl =1lor0}
xlj >0.

Minimize O,

=3 ijzj

=3 ij'ii
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Case III When 0.5 <« <0.75, the equivalent parametric

programming problem for model (32) is given as follows
(35):

Minimize O,

= Zi Z_;)’zj

(20— D)PYx! + (2(1 = ) + (3 — o)) PY'x]
X
1+ (3 - 40‘)']1‘,‘
Minimize O, = 7,3, y!

. [(Za ~ DRV + (2(1 — o) + (3 — 4a)n] )RV x ’}
1+(3- 40‘)’71,i

PP
(20 — 1)LDPx! + (2(1 — o) + (3 — 4a)nf )LD x]
8 { 1+(3- 40‘)’71,i }

Minimize O3 =

subject to
>yl X x| = Drp
DY yl ><xJ<DUL,
Ziiji (DRV’ X X ) 2 Drc
Zizjyf X (Dopi % x] ) < Dg
> ijlj X (DP{ X xl’) <Dp,
x/ ={y/ =1or0}
x] >0.
(35)
Case IV When 0.75<a <1, the equivalent parametric

programming problem for model (32) is given as follows
(36):
Minimize Oy = 37, 3~ y!
{(za — 1 (4= 3y )P +2(1 - )P?’x’j}
X h)

I+ (4“ - 3)']r,i
D3P ijrj
(22— 1+ (o= 3)n/ )RV +2(1 —
« 2
1+ (4“ - 3)']r,i
> ijlj
(200 — 1 + (4ot — 3)11f‘i)LD?jx{' +2(1
X : .
1+ (40— 3)};

Minimize O, =

)R?’x{}

Minimize O3 =

)LD x!

subject to

>3y % &l =Dy

> Z yl X x] <Dy
2 iji (Drvi x x] ) > Dpc
303y x (Dgr x x!) < Ds
Zizjy{ X ( pi ><x><DBA

xl = {y/ =1or0}
x{zo.

where

Dypi

Dyy

Dor

(1 =20, + (1 — 4o}, )] ) TD? + 20}, TD?
I+ (1= daf)nf;

(1 = 2a)TDP + (2] + (40); — 1p])TD?
1+ (4ot — D

(2oh = )TD" + 2(1 — o)) +

)

)

14+ (3 - 4“,'/1)'1{.:'
(20} — 1+ (4, = 3)) )TDP +2(1 — o, ) TD?
1+ (401{, — 3);1{;,.

)

(1 — 2ay + (1 — 4o)y] JULP + 20, UL
1+ (1 =4,

(1 =2 )ULP + (20}, + (40}, — D)pf,)UL?
1+ (4“,]2 - 1)'1{.,‘

+Q(1 —ah) +
L+ (3 —dah)nl,

(20 — 1+ (dathy — 3l JULP +2(1 — o) UL?

1+ (40(,2 - 3);1,),»

)

)

(22}, — 1)UL

s

(1 =205 + (1 — doly)ni )RV + 205 RV
1+(1- 4043)‘1{,;

(1= 22)RV? + (2at) + (4or — 1)
1+ (4o — Dy

+ 201 —ah) +

;

[)RV?

’

(20} — 1)RV!

(3 — 4o /) TD”

(3 — da)n] ) UL”

1+3- 4“;‘%)’7;’?
(20fy — 1+ (4ol — 3)] )RV +2(1 — o} RV
L+ (day — 3)nf,; "

(1 — 20, + (1 - 41';);7,’,)Pc3 + 204 PC?

)

(1 - 40’13 ’711
(1— 205,;)PC3 + (20 + (dady — Dyl )PC?
+ (4o — 1),

(20}, — 1)PC! + (2(1 ohy) + (3 — 4oyl ) PC?
+(3 - 49‘{3)%, ’
(20f — 1+ (4051.3 —3)] )PC? +2(1 — o) PC?
1+ (4o — 3)nf,;

)

(1 =20, + (1 — 4a, )] JOF® + 20, OF

1+ (1- 40‘1‘&)”{,,’

(1= 20)QF + (2at, + (4fy — 1)
1+ (4o, — D),

+ (201 — o)) + (3 — 4a )yl ) OF

)

1l QF

’

(2o}, — 1)OF"

(3 — dafy)n/ )RV

14+(3— 4“;'/4)'7£.i
(20, — 1+ (4ol — 3)n])OF™ +2(1 — &) OF2
1+ (4o — 3)nj,

)

if 0<eaj, <0.25,
if 0.25 <« <0.5,
if 0.5 <o, <0.75,

if 0.75<ad <1.

(37)

if 0<al, <0.25,
if 0.25 <o, <0.5,
if 0.5 <, <0.75,

if 0.75<oh, < 1.

(38)

if 0< ), <0.25,
if 0.25<u)<0.5,
if 0.5 <ad, <0.75,

if 0.75 <ol <1.

(39)

it 0<a, <0.25,
if 0.25 <o, <0.5,
if 0.5 <oy <0.75,

if 0.75 <ol < 1.

(40)

if 0<eaj, <0.25,
if 0.25 <al, <0.5,
if 0.5 <o}, <0.75,

if 0.75<ad, <1.

(41)
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Ds
(1= 20y + (1 — 4oy )] )S* + 224, . ;
- 4044)"1];[. ) if 0 <o, <0.25,
1—200)8% + (20, + (4ad, — 1)) )82 ,
( ,4) 1 ( ;4 ( ;4 )’71‘1) 7 it 0‘25§af4§0.5,
+ (dogy — l)"m
(2o, = 1)S' + (2(1 — o)) + 3 = 4af)n) )S* j
O o, . if 0.5<0, <0.75,
(20, — 1+ (4}, — 3] )S° +2(1 — ) j
1+(4“j 3 7 if 0.75 <o <1.
i4 M.
(42)
D,
1—2a-f+ 1 — dad )l \PP + 200 PP
( ( = ,Z) 11,)) 7 if 0<al, <025,
15 nll
1= 20l)PP + (20, + (4l — )] )PP .
( ) E i5 i) iS )711) 7 if0.25§a§5§0.5,
15_ ’ln
B 2a121P"+21 3 dad)pl )P2 .
R AR ) O s <ons
- i5/r,i
(2“{5 -1+ (4“5 - 3)'71.;)[)12 +2(1 - “{S)P{Z . i
1+<41/. 3 5 if 0.75 <o <1.
%is M
(43)
Dp,

(1 =205 + (1 — dar)n/,) B} + 2058}
1+ (1 - 405{5)’71{1
(1 - 22)B} + (205 + (datls — U], )B?
1+ (dofs — L)
(225 — 1)B} + (2(1 — afy) + (3 — 4a)n] ) B?
14+ (3 - 4“{5)"{*,[ '
(20l — 1+ (dafs — 3/ ) B} +2(1 — ofs ) B?
1+ (doifs — 3)ni; ’

, if 0 <ol <0.25,

, if 0.25 <al <0.5,

if 0.5<al <0.75,

if 075 <ol <1.

(44)

Finally, the crisp version of multiobjective SSP (32) using
generalized credibility method is summarized in models
(33), (34), (35) and (36) depending on the range of a. One
can select the desired range of o, and after that the corre-
sponding crisp multiobjective SSP can be depicted for
further solution.

@ Springer

3.2 Using Nearest Interval Approximation

Suppose that ( ) are mutually independent the type-2 tri-
angular fuzzy variables depicted as

()= ((-)1, (), (-)3;71,1,,7],1,). We obtain the nearest
interval approximations (credibilistic interval approxima-
tion, sub-section 2.2) of ( ). Let us assume that the nearest

interval approximations of (-) is represented by [ (gl
Using these nearest interval approximations, the multiob-
jective SSP (31) is transformed into the following interval
programming problem (45):

=2 ij'ii X
Ziiji’/ X

([Pl Pi] x x])
(Rl Rig] > x])

Minimize O,

Minimize O, =

Minimize 0y = 2, 5] % ((LD].LD] %)
subject to
335y x = [1D], TD]
S 30y x x] < [UL, ULY] (45)
>3y x ([RV,RVE] x x/) >[PCL,PCR]
2 ny{ X ([QF i, OF ig] x x]) <[St, Sk]
Do Z}‘Y{ X (I:Pl{lJPl{R} X xi) <[Bir, Big]
x{ = {ylj = lorO}
xl’ >0.

3.2.1 Deterministic Version

Firstly, we determine the deterministic version of the
uncertain constraints using the concept of possibility
degree of interval number [39] depicting a certain degree
by which one interval is more substantial or smaller than
the other. Here, we define the expressions for all the con-
straints of the multiobjective SSP (45) by achieving the
possibility of satisfaction degrees or marginal evaluations
of each interval parameters and can be given as follows:
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Crpi< (1D}, 1D}

1, if TDI <TD],
TD}, — TD/ 4 _ .
= R " if TD] <TDI <TD},
TD} — TDj
0, if TDI > TD},

Cupi< [uL; UL

1, if UL <UL},
UL, — UL . 4 .
=¢ Rk = if ULl <UL <ULL,
ULL — UL}
0, if UL! > ULk
Crvi< [RVERVE]
1, if RVI<RVI,
RVi, — RV! ‘ . ,
= —K ——  if RVi <RV <RVE,
RVi, — RV?
0, if RV >RVi
Cpc > pe,,pcy)
0, if PC <PCy,
PC — PC
={ -—— "L if PC; <PC<PCg,
PCk — PCy,
1, if PC > PCy
CQFI'Z [QF ;1,,QF ig]
0, if QF; <QF,
F. — OF
_ O OFu i o, <QF, < QFy,
QFiR - QFiL
1, if QF; > QFr
CSS[SL,SR]
1, if S<S;,
Sg— S
= if S <S<S
SR — SL ) 1 L >9D >9R,
0, if S> Sy
Crix[p).p1)
0, if PJ < P]JL7
pl_p/
= L it P <P/ <P,
PiR - PiL
1, if P! > P}
CB, < [Bi,Bir]
1, if B; <By,
Big — B; .
=¢ ————, if By <B; <Bg,
Big —Bip’ B PSP BR
0, if B; >Bir

If all the constraints are permitted to be satisfied with some
specified possibility level between O and 1, such as,

CTD./g [Tp].1D}] = > o), CUL’§ [uL uLy] = > “127 CRvig [RVE RVE]

> 03, Cpe> [pe,.pcy) 2 %3y CoF, > 0F,.0F ] 2 %47 Cs < (5.5
o J

>al,, Cpi > [P P%] > o5 and Cp <[, By = 0‘15’ then the

equivalent deterministic inequalities of the respective

constraints are depicted as follows:

TD! <TD} — o, [TD} — TD}], Vi, j. (46)
UL' <UL, — o, [ULy — UL}], Vi, j. (47)
RV <RV% — o;[RVY, — RVi], Vi,j. (48)
PC > PCy, + o} [PCg — PCy), Vi,j. (49)
QF; > QFg + atl,[OFx — QF], Vi,j. (50)
S<Sg — oy [Sk — 1], Vi, ). (51)
P} > Pl + [Pl — P}t], Vil). (52)
B; <Big — os[Bir — Bir], Vij. (53)

We have transformed each objective function into two
different sub-objective while dealing with the interval
parameters. A lower/minimum value of each objective is
calculated by O1, 0, and O; whereas the upper/maximum

values are determined by Oy, O, and Oj, respectively. We
have solved for the following individual objective function
under the constraints (46)—(53).

01 = Mlnpf <pPl<pl

MmZZy, P’><x

0, = MaXPf <P <Pl

MmZZyl P’xx

0, = MmR-" <RI <R,

MmZZyl (R x x])

0, = Mafo <R <R,

MinZZy, (R x x])

03 = MmLDf <LD! <LDJ,

MmZZyl (LD x x|,
05 = MaXLD’ <LD! <LD,
MmZZy, LD]xx)

Thus the equivalent deterministic interval multiobjective
SSP (45) can be stated as follows (54):
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—Min. e j J o )
01 =Miny _pipr [Min 35, 57y x (P! x x]
7 e j
01 = MaXP{LgP'I.’gP{R Min }; iji X

0, = MinR{LSR{SR{g Min 3}, Z_,- yz] X (le X xl’

—_ N j J J

02 = Maxgj _ pi < pi | Min D21 X (R} x x;
. R J J s

O3 = MmLD{LgLD{ <LD, [Mm 22i2Yi X (LD] x x] )}

05 = Max; ) < 1o} <1, [Min 22 v} % (LD] x xl])j|
subject to
constraints (46)—(53)
x{ = {yl’ = lorO}
xlj >0.
(54)

Hence the obtained multiobjective SSP (54) can be solved
to determine the optimal compromise solution for each
objective function.

4 Proposed Interactive Neutrosophic
Programming Approach

Many multiobjective optimization techniques are popular
among researchers. Based on the fuzzy set, different fuzzy
optimization method came into existence. In the fuzzy
programming approach, the marginal evaluation of each
objective function is depicted by only the membership
functions and can be achieved by maximizing it. The
extension of the fuzzy optimization method is presented by
introducing intuitionistic fuzzy optimization techniques. It
is comparatively more advanced than the fuzzy technique
because the marginal evaluation of each objective function
is depicted by the membership and non-membership
functions, which can be achieved by maximizing the
membership and minimizing the non-membership func-
tions, respectively. The real-life complexity most often
creates the indeterminacy situation or neutral thoughts
while making optimal decisions. Apart from the acceptance
and rejection degrees in the decision-making process, the
indeterminacy degree also has much importance. Thus to
cover the neutral thoughts or indeterminacy degree of the
element into the feasible solution set, Smarandache [29]
investigated a neutrosophic set. The name “neutrosophic”
is the advance combination of two explicit terms, namely;
“neutre” extracted from French means, neutral, and
“sophia” adopted from Greek means, skill/wisdom, that
unanimously provide the definition “knowledge of neutral
thoughts” (see Smarandache [29], Ahmad and Adhami
[3]). The NS considers three sorts of membership func-
tions, such as truth (degree of belongingness),
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indeterminacy (degree of belongingness up to some
extent), and a falsity (degree of non-belongingness)
degrees into the feasible solution set. The idea of inde-
pendent, neutral thoughts differs the NS with all the
uncertain decision sets such as FS and IFS. The updated
literature work solely highlights that many practitioners or
researchers have taken the deep interest in the neutrosophic
research field (see, Ahmad and Adhami [4], Ahmad et al.
[5], Ahmad et al. [6]). The NS research domain would get
exposure in the future and assist in dealing with indeter-
minacy or neutral thoughts in the decision-making process.
This study also fetches the novel ideas of neutrosophic
optimization techniques based on the NS. A novel inter-
active neutrosophic programming approach is developed to
solve the multiobjective SSP under type-2 fuzzy parame-
ters. The marginal evaluation of each objective function is
quantified by the truth, indeterminacy, and falsity mem-
bership functions under the neutrosophic decision set. Thus
the NS plays a vital role while optimizing the multiob-
jective optimization problems by incorporating, executing,
and implementing the neutral thoughts. Consider the gen-
eral formulation of multiobjective programming problem
(MOPP) with k objectives as follows:

Minimize (O;(x), 02(x),...,Ok(x))
s.t. (55)
H(x)<0, x>0

where Oy (x) is the k™ objective functions and; H(x) and
x are the real valued function and a set of decision
variables.

Bellman and Zadeh [8] first propounded the idea of a
fuzzy decision set. After that, it is widely adopted by many
researchers. The fuzzy decision concept comprises fuzzy
decision (D), fuzzy goal (G), and fuzzy constraints (C),
respectively. Here, we recall the most extensively used
fuzzy decision set with the aid of following mathematical
expressions:

D=0onNncC

Consequently, we also depict the neutrosophic decision set
Dy, which contemplate over neutrosophic objectives and
constraints as follows: Consequently, we also depict the

neutrosophic decision set Dy, which contemplate over
neutrosophic objectives and constraints as follows:

Dy = (N, 0k) (NI, Ci)
= (x, up(x), p(x), vp(x))

where
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— mind For (%), 1o, (%), - -, o, (x) N
hplx) = { He, (x)HuCz(‘x)’ --aﬂc,-(x) }V <X

_ X 40, (x)a ;“02 (x)> sy ;L’Ok (x) X
iD(X) - { AC (x)a ;ch(x)v . '7)“Ci(x) }v €X

— max v 1(x)av02(x)v' 7v0k(x) X
i) =man] ) JEEX

where pp(x), Ap(x) and vp(x) are the truth, indeterminacy
and a falsity membership functions of neutrosophic deci-
sion set Dy , respectively.

In order to depict the different membership functions for
MOPP (55), the minimum and maximum values of each
objective functions have been represented by L; and Uy
and; can be obtained as follows:

Ur = max [Ok(x)] and Ly = min [Ok(x)] Yk =1,2,3,...,K.

(56)

The bounds for kth objective function under the neutro-
sophic environment can be obtained as follows:

Ul =Ur, L =L
Ul =L +s, L} =L}
Ul =U' L =Lt

where s and # € (0, 1) are pre-determined real numbers
prescribed by decision-makers.

The linear-type truth p(Ok(x)), indeterminacy
k(O (x)) and a falsity v;(Ok(x)) membership functions
under neutrosophic environment can be furnished as
follows:

1 (Ok (%))
1 if O(x) <L{
Ull -0 57
= ;w_ﬁjvwgmwgw 7
0 if Ox(x)>U}
24Ok (x))
1 if O(x) <Li
U)y - Ok(x) . A (58)
= w lfLi'SOk(x)gUk
0 if Ox(x)>U;
Vk(Ok(x))
0 if Oux) <L}
O(x)—L; .. | ; (59)
= ﬁ if L <O (x) < U
1 if Oux) > U}

In the above case, L; # Uy for all k objective function. If
for any membership L; = Uy, then the value of these
membership will be equal to 1.

Introducing the idea of [8], we maximize the overall
achievement function to reach the optimal solution of each
objectives. The mathematical expression for achievement
function is defined as follows:

Max ming=123... x t4(Ok(x))

Min max;—; 3.k 4(Ok(x))

Min max—123,. x Vk(Ok(x)) (60)
subject to

all the constraints of (55)

Also, assume that p(Ok(x)) >0, A(Or(x))<p and
Vi (Ox(x)) <7, for all k.

With the aid of auxiliary parameters o, f and 7, the
problem (60) can be transformed into the following prob-
lem (61):

(INPA) Max y(x) =0(6 — f— ) + (1 —6)

Skt (1 (O (%)) = 4 (O0x(x)) = vi(Ok(x)))
subject to
14 (Ok(x)) = 6,
Ak (Ok(x)) < B,
vie(Ok(x)) <7,
0>p, 0<0+p+79<3,
o,p,y €10,1]
all the constraints of (55)
(61)

where 0 is the compensation co-efficient between the
overall satisfaction level and the sum of individual mar-
ginal evaluation of each objective function in neutrosophic
environment. Thus the development of proposed INPA
(61) has a new achievement function which is represented
by a convex combination of differences among the bounds
for truth, indeterminacy and falsity degrees of objective
function (0 — f —7), and the sum of differences among
these achievement degrees
(1 (0x () — A (Ok(x)) = vi(Ox(x))) to make sure gener-
ating an established balanced compromise solution.

Definition 5 A vector x* € X is said to be an optimal
solution to proposed INPA (61) or an efficient solution to
the crisp MOPP (55) if and only if there does not exist any
x€X such that, p(x)>p(x*), A(x) <A(x*) and
vk(x) < vk(x*), Vk= 1,2, .., K.

Theorem 3 A unique optimal solution of proposed INPA
(61) is also an efficient solution to the crisp MOPP (55).

Proof Consider that x* be a unique optimal solution of
proposed INPA (61) which is not an efficient solution to
crisp MOPP (55). It means that there must be an efficient
solution, say x**, for the crisp MOPP (55) so that we can
have: W () > g (x4, A () < Ae(x) and
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Ve (x™) <we(x*); Yk=1,2,...,K. Thus for the overall
satisfaction level of each objective functions in x* and x**
solutions, we would have
(0—=B—7)(x*)>(d—p —7)(x*), and concerning the
related objective values we would have the following
inequalities:

Y(x') =006 — f—7)x")
+(1-0) [Z(ﬂk(Ok(X*))

— /lk(Ok(x*)) - Vk(Ok(X*)))}
)

=~
I

Hence, we have arrived at a contradiction that x* is not a
unique optimal solution of proposed INPA (61). This
completes the proof of Theorem 3. O

5 Computational Study

Consider an automobile company orders the number of
different parts to various suppliers. The outer purchases of
the parts approximately in turn into 76% of the total cost,
which is quite large. The available resources for manu-
facturing purposes are limited. Therefore, to select the
suppliers based on the different purchasing behavior, sev-
eral experts are assigned. The experts have designed the
selection criteria based on the certain ordered quality with
its limitations. The experts have suggested the various
parameters as type-2 triangular fuzzy numbers because of
the existence of primary and secondary possibility degrees
of each element into the feasible decision set. The proposed
multiobjective SSP is implemented with the three different
objectives comprising the minimization of total ordering
cost, rejection rate, and delivery time of the items under a
set of available resources. The crisp multiobjective SSP is
written in AMPL, and solution results are obtained using
Knitro 10.3.0 through NEOS server version 5.0, accessed
allowed by Wisconsin Institutes for Discovery, University
of Wisconsin, Madison See, Dolan [9], Server [28].

5.1 Solution Results Using Chance-Constrained
Programming Method

We have represented the chance-constrained programming

problem for multiobjective SSP (32). For each objective
function and constraints, we have defined the pre-

@ Springer

determined credibility levels such as o = o;; = app = 03 =
g =05 =09, Vi=1,2,-,5, j=1,2,3. Table 2 depicts
the type-2 triangular fuzzy parameters for the proposed
mulltiobjective SSP.

With the aid of model (36), the corresponding crisp form
of the SSP can be given as follows (62):

Minimize O = 37, 7, v/
(20— 1+ (4o — 3)11f~i)P?jx{ +2(1 — a)Px!]
_ I+ (40— 3)n,
Minimize Oy = ), > y!
(20 — 1+ (40 — 3! IRYx] +2(1 - 2)Rx/]
| 1+ (40@ -3,
Minimize O3 = 3>,/
y l(Za — 1+ (4o = 3 JLDYx! +2(1 — oc)LDizjxlj]

X

X

1+ (40— 3/,
subject to

> Zj Yzj X xz] = Drp;

> Zj)’;i x x] < Dyp
52 3% % (Drvi x ) = Dpe
> ij,j x (Dgr: x x]) < Ds
> ijlj X (DP{ X xzj) < Dg,

x/ ={y/ =1or0}
x!>0.
(62)

where Drpj, Dyri, Dryi, Dpc, DoFi, Ds, Dpi, Dp, ¥V i & j are
calculated using Egs. (37)—(44), respectively.

On solving the problem (62) using proposed INPA, we
get the optimal objective values as O; = 62138, O, = 436
and Oz =784 with the overall satisfaction level
W(x) = 0.7216. The total computational time was 1.3642
sec.

5.2 Solution Results Using Nearest Interval
Approximation

The credibilistic nearest interval approximation of the type-
2 fuzzy parameters are determined with the help of
Egs. (19) and (20). All the equivalent data in the interval
form are summarized in Table 3.

Suppose that the satisfaction level with the possible
degree of each parameter in the constraints is 0.85. Thus
the corresponding crisp version of all the constraints is
determined with the help of Egs. (46)—(53). On applying
the proposed INPA, the compromise solution of the mul-
tiobjective SSP  (54) is obtained as follows:
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Table 2 Supplier source data type-2 fuzzy parameters

Parameters  No. of items No. of suppliers (i)
¥ 1 2 3 4 5
ﬁ{($/units) 1 (12,15,18; 0.54,0.61) (14,16,18; 0.32,0.65) (16,18,20; 0.65,0.47) (28,30,32;0.74,0.98) (36,40,44; 0.64,0.85)
2 (18,20,22; 0.52,0.75)  (22,25,28; 0.54,0.86) (25,27,29; 0.75,0.68) (16,18,22; 0.23,0.67) (27,29,31; 0.24,0.26)
3 (28,30,32; 0.62,0.81) (36,40,44; 0.32,0.52) (40,43,46; 0.41,0.16) (10,12,14;0.45,0.64) (12,14,16; 0.75,0.68)
ﬁl!'(%) 1 (0.12,0.15,0.18; (0.14,0.16,0.18; (0.16,0.18,0.20; (0.28,0.30,0.32; (0.36,0.40,0.44;
0.23,0.56) 0.32,0.85) 0.35,0.65) 0.54,0.87) 0.65,0.95)
2 (0.18,0.20,0.22; (0.22,0.25,0.28; (0.25,0.27,0.29; (0.36,0.68,0.10; (0.27,0.49,0.11;
0.64,0.83) 0.95,0.24) 0.62,0.57) 0.65,0.48) 0.42,0.36)
3 (0.28,0.30,0.32; (0.36,0.40,0.44; (0.40,0.43,0.46; (0.10,0.12,0.14; (0.12,0.14,0.16;
0.43,0.57) 0.64,0.92) 0.64,0.63) 0.85,0.94) 0.16,0.65)
ﬁ{(units) 1 (10,12,14; 0.45,0.64)  (25,27,29; 0.75,0.68) (40,43,46; 0.41,0.16) (36,40,44; 0.64,0.85) (36,40,44; 0.32,0.52)
2 (12,14,16; 0.75,0.68)  (18,20,22; 0.52,0.75) (36,40,44; 0.32,0.52) (28,30,32; 0.62,0.81) (14,16,18; 0.32,0.65)
3 (28,30,32; 0.62,0.81) (22,25,28; 0.54,0.86) (25,27,29; 0.75,0.68) (18,20,22; 0.52,0.75) (12,15,18; 0.54,0.61)
[jﬁ;(%) 1 (0.61,0.54,0.21; (0.21,0.35,0.34; (0.36,0.40,0.44; (0.40,0.43,0.46; (0.22,0.25,0.28;
0.65,0.61) 0.62,0.61) 0.64,0.92) 0.64,0.63) 0.95,0.24)
2 (0.27,0.49,0.11; (0.21,0.12,0.14; (0.28,0.30,0.32; (0.12,0.14,0.16; (0.14,0.16,0.18;
0.42,0.36) 0.39,0.37) 0.43,0.57) 0.16,0.65) 0.32,0.85)
3 (0.12,0.24,0.52; (0.11,0.31,0.45; (0.21,0.31,0.36; (0.34,0.61,0.42; (0.21,0.63,0.45;
0.31,0.36) 0.65,0.85) 0.65,0.45) 0.61,0.86) 0.65,0.89)
RV; (18,20,22; 0.21,0.65) (22,25,28; 0.61,0.86) (25,27,29; 0.75,0.64) (26,28,29; 0.81,0.67) (37,39,41; 0.64,0.83)
QAﬁl (40,45,50; 0.42,0.64) (45,50,55; 0.64,0.86) (65,70,75; 0.64,0.82) (12,15,18; 0.64,0.46) (14,16,18; 0.64,0.76)
§i($) (56,52,34; 0.64,0.83) (83,86,89; 0.64,0.46) (78,84,96; 0.67,0.48) (46,52,56; 0.64,0.98) (64,68,74; 0.94,0.86)
No. of items (j)
1 2 3
fbf(units) (125, 165, 195; 0.60,0.70) (215, 235, 245; 0.35,0.75) (320, 345, 385; 0.45,0.85)
PC (45230, 57840, 61250; 0.6, 0.8)
S (944750, 965840, 985470; 0.4, 0.7)

0, = 59021, O, = 82513, 0, = 389, O, = 552 and O, =
693, O3 =936 with the overall satisfaction level
W(x) =0.6909. The total computational time was 0.9651
sec.

5.3 Discussions

The two defuzzified technique for the type-2 fuzzy
parameters inherently focuses on the different aspects of
decision-makers’ choices. The CV-based reduction method
and nearest interval approximation technique are used to
obtain the equivalent type-1 fuzzy parameters (or fuzzy) of
the type-2 fuzzy parameters at an o-value. Since the
defuzzified values are different, the outcomes are also
conflicting. For the CV-based reduction method, all the
objective values fall within the optimal range of the solu-
tion results obtained by the nearest interval approximation
techniques. So, it is not worthy of commenting on the
performances of the defuzzification techniques. The

primary reason may be the different defuzzified values of
the type-2 triangular fuzzy parameters, which yield dif-
ferent objective values. Further, the various solution results
can be generated by tuning the values of «. Implementation
of the proposed INPA can also assist the decision-makers
to select the best optimal outcomes of the multiobjective
SSP.

After getting the global solution result using the pro-
posed INPA, there is still an ample opportunity to obtain
more specific and comprehensive outcomes by tuning
additional parameters (o) (vagueness degree) present in
vague constraints. Table 4 illustrates an overall satisfaction
level solution for single value of vagueness degree at
o = 0.9. Hence it would be worth useful for managers to
record the influence of parameter o« with the overall satis-
faction level (6 — § — y) which is graphically represented
in Figure 1. For linear-type membership functions, the
parameter o is tuned for different values. As Table 4 and
Figure 1 reveal that when parameter o increases, the overall
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Table 3 Supplier source data in

Parameters ~ No. of items (j)  No. of suppliers (i)
interval form
1 2 3 4 5
Pi($/units) 1 (12, 61) (14, 65) (16, 47) (28, 98) (36, 85)
2 (18, 75) (22, 86) (25, 68) (16, 67) (27, 56)
3 (28, 81) (36, 52) (40, 86) (10, 64) (12, 68)
RI(%) 1 (0.12, 0.56)  (0.14, 0.85)  (0.16, 0.65) (0.28, 0.87)  (0.36, 0.95)
2 (0.18, 0.83)  (0.22,0.64) (0.25,0.57) (0.36, 0.58) (0.27, 0.66)
3 (0.28, 0.57)  (0.36, 0.92) (0.40,0.63) (0.10, 0.94) (0.12, 0.65)
UL (units) 1 (10, 64) (25, 68) (40, 16) (36, 85) (36, 52)
2 (12, 68) (18, 75) (36, 52) (28, 81) (14, 65)
3 (28, 81) (22, 86) (25, 68) (18, 75) (12, 61)
LD! (%) 1 (0.61, 0.86)  (0.62,0.78) (0.36, 0.92) (0.40, 0.63) (0.22, 0.78)
2 (0.27,0.36)  (0.21,0.37)  (0.28,0.57) (0.12,0.65) (0.14, 0.85)
3 (0.12, 0.36)  (0.11, 0.85)  (0.21, 0.45) (0.61, 0.86)  (0.65, 0.89)
RV; (16, 58) (60, 78) (28, 62) (32, 68) (36, 86)
é??l (26, 48) (43, 57) (44, 65) (45, 68) (48, 26)
§1($) (62, 76) (54, 86) (24, 56) (57, 81) (73, 92)
No. of items (j)
1 2 3
D/ (units) (120, 180) (210, 260) (300, 340)
PC (47840, 49562)
S (925647, 945681)
Table 4 Overall satisfaction Degree of vagueness Compensation co-efficient
level (6 — ff — ) achieved
using INPA o 0=0.1 0=03 0=0.5 0=0.7 0=09
0.1 0.8289 0.8277 0.8268 0.8261 0.8156
0.2 0.8187 0.8179 0.8171 0.8167 0.8156
0.3 0.8121 0.8113 0.8198 0.8187 0.8173
0.4 0.8076 0.8064 0.8059 0.8056 0.8049
0.5 0.8027 0.8022 0.8013 0.8005 0.7986
0.6 0.7931 0.7919 0.7902 0.7989 0.7971
0.7 0.7822 0.7809 0.7896 0.7881 0.7873
0.8 0.7788 0.7781 0.7776 0.7771 0.7767
0.9 0.7667 0.7653 0.7641 0.7635 0.7622
1 0.7543 0.7534 0.7531 0.7524 0.7518

satisfaction degree of managers decreases. It may be con-
cluded that the nearer the o values reaches to 0, the more
likely the problem be to a crisp SSP model, and the overall
degree of satisfaction will always 1. This same behavior is
noticed for different compensation co-efficient 6 values,
the only difference being the initial point for the minimum
vagueness degrees. For a = 0.9, 0 = 0.1, the satisfaction
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level is found to be 0.8289 and reaches towards its worst at
o =0.9, 0 = 0.9 which is 0.7518. As discussed before, a
higher overall satisfaction level (6 — § — y) can be attained
with higher compensation co-efficient 6 values. The
downward trend is shown for the parameter o means that an
increment in these values will lead to the reduction in
overall satisfaction level (6 — ff —y) and vice-versa. To
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determine the best possible outcomes in the proposed INPA
methods, managers have to identify the most appropriate
parameters o. Thus, the presented INPA is more flexible,
versatile, and convenient for optimal global solutions.
Consequently, the proposed INPA is the most promising
and reliable solving the SSP model.

Additionally, the multiobjective SSP is also solved by
considering the type-1 fuzzy parameters. We have used the
same data-set as summarized in Table 2 with single
membership grades. The type-1 fuzzy parameters are
transformed into their respective crisp version using the
concept of [7]. The multiobjective SSP with type-1 fuzzy
parameters is then solved using proposed INPA, and
solution results are presented in Table 5. The various
outcomes are generated at different degrees of vagueness
(o). From Table 5, it can be observed that the values of all
the objective function falls within the optimal ranges
0, = 59021, O, = 82513, O, = 389, O, = 552 and O; =
693, 03 = 936 , respectively. Moreover, Table 5 reflects
that using the type-2 fuzzy parameters, all the objectives’

Compensation co-efficient (0)

—t—0=0.1 i §=0.7  =4e=0=0.9

~i-6=0.3 6=05

0.84

0.82

08

0.78

0.76

0.74

0.72 1

0.7

Overall satisfaction level (6—f8 — y)

0.68
0.1 0.2 0.3 04 05 06 07 08 09 1

Degree of vagueness (a)

Fig. 1 Overall satisfaction level (6 — § —y)

values are better than the type-1 fuzzy parameters. Since
type-2 fuzzy parameters involve a set of secondary mem-
bership grades, the possibility or chances for risk violation
becomes very less or negligible as compared to type-1
fuzzy parameters. In the type-1 fuzzy set, the correspond-
ing membership grades are depicted by a single value,
which is constant, whereas in the type-2 fuzzy system, a set
of secondary membership grades corresponding to each
primary membership function is considered. In both cases
(using type-2 and type-1 fuzzy parameters), as the degree
of vagueness increases, the objective functions reach their
worst solution and vice-versa. When the decision-
maker(s) is much concerned about the uncertainty and pays
more attention to the risk violation, the objectives yield in
worst outcomes due to the less achievement in the overall
satisfaction level. By considering the type-2 fuzzy param-
eters, the decision-makers can determine the better solution
results and overall satisfaction level.

6 Conclusions

This study presented the multiobjective SSP with type-2
triangular fuzzy parameters. The two defuzzification
methods are suggested to transform the T-2TF parameters
into the usual fuzzy one. First, the CV-based reduction
method and another one are based on the nearest interval
approximation technique with their robustness properties.
Both the techniques are applied to convert the T-2TF
parameters into their crisp version. The opportunity to
generate the various solution results at a different values of
o is presented. Further, a novel INPA is proposed to solve
the crisp multiobjective SSP under the neutrosophic envi-
ronment. The indeterminacy degree is incorporated while
obtaining optimal global solutions. A variety of overall
satisfaction levels at different compensation co-efficients 0
is also depicted for selecting the most promising solution
set.

Table 5 Comparison of

! " Degree of vagueness
solution results with respect to

Using type-2 fuzzy parameters

Using type-1 fuzzy parameters

type-2 and type-1 fuzzy o Min. O Min. O, Min. O3 Min. O, Min. O, Min. O3

parameters
0.1 59184 393.04 701.63 60023 405.62 72391
0.2 59191 402.68 722.96 61289 421.65 751.23
0.3 59706 417.27 763.91 62914 434.44 782.36
0.4 62389 429.51 788.31 63952 451.63 797.12
0.5 65028 443.89 804.29 67215 476.95 816.89
0.6 69384 471.41 831.47 71427 487.32 842.96
0.7 73906 494.13 866.22 75263 501.23 881.49
0.8 77826 511.34 895.61 79724 519.85 907.24
0.9 80508 531.45 911.76 81927 539.67 919.41
1 82229 543.25 927.68 82481 549.87 932.56
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Some more metrics regarding the type-2 fuzzy param-
eters, such as the defuzzification technique using the cen-
troid method, are left untouched. For future research, it can
be further extended for interval-valued T-2TF parameters.
The presented study can be applied to different real-life
problems such as inventory control, transportation and
assignment problems, supply chain management to manage
the possibility of degrees under hesitation.
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