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Abstract: When solving multiple attribute decision making (MADM) problems, the 2-tuple linguistic
variable is an effective tool that can not only express complex cognitive information but also prevent
loss of information in calculation. The picture fuzzy set (PFS) has three degrees and has more
freedom to express cognitive information. In addition, Archimedean f-conorm and ¢-norm (ATT) can
generalize most existing f-conorms and t-norms and Maclaurin symmetric mean (MSM) operators
can catch the relationships among the multi-input parameters. Therefore, we investigate several
novel aggregation operators, such as the picture 2-tuple linguistic MSM (2TLMSM) operator based
on the ATT (ATT-P2TLMSM) and the picture 2-tuple linguistic generalized MSM (2TLGMSM)
operator based on ATT (ATT-P2TLGMSM). Considering that the input parameters have different
importance, we proposed picture 2-tuple linguistic weighted MSM (2TLWMSM) operators based on
ATT (ATT-P2TLWMSM) and picture 2-tuple linguistic weighted generalized MSM (2TLWGMSM)
operators based on ATT (ATT-P2TLWGMSM). Finally, a MADM method is introduced, and an
expositive example is presented to explain the availability and applicability of the developed
operators and methods.

Keywords: picture fuzzy set; 2-tuple linguistic variable; MSM operators; ATT; MADM

1. Introduction

The multiple attribute decision making (MADM) problem is a significant area of decision science,
whose theories and methods are widely used in engineering, economics, management, the military
and many other fields. Generally, decision makers will provide an evaluation of each alternative for
every attribute or criterion according to their own cognitive beliefs. The main task of solving MADM
problems is sorting a group of choices and finding the best one based on decision information provided
by decision makers.

Since being proposed by Zadeh [1] in 1965, fuzzy theory has been widely used with applications
in various areas. However, the fuzzy theory can only express membership—Non-membership
cannot be represented. The intuitionistic fuzzy set (IFS) presented by Atanassov [2], which is an
important extension of traditional fuzzy sets, contains membership degree and non-membership degree.
Because of the ambiguity of objects and the uncertainty of human thought and cognition, decision
makers have difficulty using crisp numbers to evaluate relevant decision making problems, such as
student assessment and car performance evaluation. Decision makers are more accustomed to making
evaluations directly in linguistic terms, such as good, generally, and not good. Therefore, many methods
and models have been developed to solve real problems based on linguistic variables [3-6]. For example,
since the type 2 fuzzy sets (T2FSs) could better represent the indeterminacy and simplify the calculation
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process, the interval type 2 hesitant fuzzy sets (IT2HFSs) can reflect the uncertainty of inaccurate
information more effectively. Deveci et al. [7] proposed a method including T2FSs and the IT2HFSs to
access airlines’ service quality. Finally, accurate data results and practical implications were obtained.

Herrera and Martinez [8] proposed the concept of 2-tuples made up of a linguistic variable and
a numerical value to prevent loss of information when addressing MADM problems. Subsequently,
many operators and methods based on 2-tuples have been proposed. On the basis of the power average
(PA) operator, Xu and Wang [9] studied several 2-tuple linguistic power average (2TLPA) operators
which could alleviate the impact of partial arguments on the aggregated consequences. Furthermore,
the method proposed in the paper considered all the decision parameters and the interrelationships
of each other. However, there is a slight disadvantage in that it ignores the relationship between the
two parameters. In addition, considering the significance of different parameters, a 2-tuple linguistic
weighted PA (2TLWPA) operator was proposed. Wei and Zhao [10] came up with series aggregation
operators according to 2-tuple linguistic information and a dependent operator that eliminates the
influence of unjust 2-tuple linguistic parameters on the aggregation results. Jiang and Wei [11] developed
a 2-tuple linguistic Bonferroni mean (2TLBM) operator based on the Bonferroni mean (BM)operator
and a 2-tuple linguistic weighted BM (2TLWBM) operator to account for the different importance
of the input parameters. Merigo et al. [12] introduced some aggregation operators based on 2-tuple
linguistic information that provide a more complete understanding of the situation being considered.
Moreover, the authors also studied the applicability of the novel method in different fields. A modified
composite scale that can enhance the precision of decision making was developed by Wang et al. [13]
to overcome the limitation of the 2-tuple linguistic representation model. Qin and Liu [14] proposed
several operators based on 2-tuple linguistic information and the Muirhead mean (MM) operator. It is
known as a mean type aggregation operator that can utilize the intact relation between the multi-input
parameters. Meanwhile, they applied the method proposed in the paper for supplier selection.

As the decision environment and content become increasingly complex, the use of 2-tuple
linguistic variables alone fails to accurately describe ambiguous and fragmentary cognitive information.
Cuong [15] developed the picture fizzy set (PFS) to express uncertain cognitive information characterized
by three degrees: A positive membership degree y(x), a neutral membership degree v(x) and a negative
membership degree 17(x). Therefore, PFS allows several types of answers when solving decision making
problems, such as yes, abstain, no, and refusal. Many research achievements have been made in the field
of PFS theory. Singh [16] applied the correlation coefficient to clustering analysis where the attribute
values are in the form of PFS. Because the PFS contains more information about people’s evaluation
than IFS, the proposed correlation coefficients are a further generalization of IFSs. Yang et al. [17]
proposed picture fuzzy soft sets and studied their relevant properties. In particular, there is a method
based on adjustable soft discernibility matrix which could obtain a sequential relationship between all
objects. Son [18] proposed a generalized distance measure for pictures and the method of hierarchical
picture clustering (HPC). Wei [19] proposed picture fuzzy cross entropy to address the MADM problem
which can reflect the fuzziness of subjective judgment easily. Thong and Son [20] developed a novel
hybrid model including picture fuzzy clustering and intuitionistic fuzzy recommender systems that
are applicable to health care support systems. These models not only improve the accuracy of medical
diagnosis but also guarantee the development of a medical security system. But the limitations of
these models are the time complexity and the capability of the model when new patients are added to
the system.

Archimedean t-norms and t-conorms (ATT) are types of t-norms and f-conorms that have
become important tools for explaining the conjunction, and the operational rules have been defined.
Beliakov et al. [21] used ATT to calculate the IFS, thus simplifying and extending the existing
constructions. Liu [22] developed single-valued neutrosophic number operators based on ATT which
are able to extend to most of the existing t-norms and t-conorms and single-valued neutrosophic
numbers (SVNNs). Liu [23] developed some operators based on ATT and PFS and studied several
properties and particular cases of the operators.
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The aggregation operator is a crucial tool for addressing MADM problems. Many effective
aggregation operators have been developed for situations where the input arguments have some
relations. Yager [24] introduced the PA operator. In the process of aggregation, parameter values support
each other. Tan and Chen [25] investigated the induced Choquet ordered averaging (I-COA) operator
and demonstrated its relationship to the induced ordered weighted averaging operator. Bonferroni [26]
developed the Bonferroni mean (BM) operator, which can effectively address the relationships among
input parameters. Liu et al. [27] presented several intuitionistic uncertain linguistic Bonferroni OWA
(IULBOWA) operators that can aggregate max and min operators and introduced relevant score
functions, accuracy functions, and comparative methods. Li and Liu [28] proposed novel aggregation
operators according to the Heronian mean (HM) operator that considered the interrelationships of
attribute values. BM and HM operators can only account for relationships between input arguments and
not the correlation between multiple arguments. To overcome this limitation, Maclaurin [29] proposed
a Maclaurin symmetric mean (MSM) operator to capture the relationships among multiple input
arguments. Qin and Liu [30] solved MADM problems based on MSM operators under a hesitant fuzzy
environment. Wang et al. [31] extended MSM aggregation operators with single-valued neutrosophic
linguistic variables and developed methods for multiple-criteria decision making (MCDM). Wei and
Lu [32] proposed the Pythagorean fuzzy MSM (PFMSM) and Pythagorean fuzzy weighted MSM
(PFWMSM) operators and discussed their desirable properties. Liu and Zhang [33] extended MSM
operators with the single-valued trapezoidal neutrosophic number (SVTNNSs) to not only account for
the correlation between multi-input arguments but also conveniently depict uncertain information in
the decision making process.

Inspired by the above analysis, although the PFS can address complex and uncertain problem
flexibly, PFS has difficulty expressing cognitive information. Therefore, we use the picture 2-tuple
linguistic set based on PFS and 2-tuple linguistic information to address MADM problems, thereby
overcoming the above limitation and preventing loss of information in the calculation and aggregation
processes. In addition, we apply the ATT to address MADM problems described by picture 2-tuple
linguistic numbers (P2TLNs). Then, we extend MSM operators under a P2TLN environment, such
as ATT-P2TLMSM and ATT-P2TLGMSM, to capture the interrelationships among multiple input
parameters. In cases where the input parameters have different significances, ATT-P2TLWMSM and
ATT-P2TLGWMSM are proposed. Based on the above operators, we propose a method to handle
MADM problems.

The framework of this paper is as follows. In Section 2, we explain several basic concepts and
theories. In Section 3, a novel operation for picture 2-tuple linguistic sets based on ATT is proposed.
In Section 4, we develop novel P2ZTLMSM operators. In Section 5, we present models based on the
ATT-P2TLWMSM operator and the ATT-P2TLGWMSM operator to solve the MADM problems. Finally,
an expositive instance is provided in Section 6.

2. Preliminaries

2.1. 2-Tuple Linguistic Term Sets

Let S = sii=1,2,...,I} be a linguistic term set, where [ s
an odd number; for instance, when | = 7, S is defined as S =
{s1 = particularly bad, s, = bad, s3 = slightly bad, s, = medium, s5 = slightly good, s¢ = good},s; = particularly
good. Every label s; of S is a feasible value of a linguistic variable, and the following characteristics should
be satisfied [6,28,34]:

(1) Ifandonlyifi< j, thens; <s;.

(2) neg(s;) = s;_i_1 is the negation operator.
(3) 1Ifi> j, then max(s;s;) = s;.

(4) Ifi< j, then min(s;s;) =s;.
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To process fuzzy linguistic information effectively, Herrera and Martinez [8] developed a 2-tuple
fuzzy linguistic representation model via symbolic translation to perform computations with words.
Next, we provide several relevant definitions.

Definition 1. [8,28,35] Let S = (so, S1, - - .,S1-1) be a linguistic term set and B be a real number in [0, — 1]
based on the calculation result of a symbolic aggregation operation. Then, the function A used to obtain the
2-tuple corresponding to the elements in S is defined as:

A:[0,1-1] - Sx[-05,05)

A(B) = (si,a) @

where i = round(B), a = p—1i, a € [-0.5,0.5), and round(.) is the usual rounding operation.

Definition 2. [8,28,35] Let S = (so,s1,...,51-1) be a linguistic term set and (s;, o;) be a 2-tuple. There is a
function A1 that can obtain f € [0,1— 1] based on the 2-tuple, that is:

1:5x[-0.5,05) = [0, 1]
Al(sja)=i+a=p )

From the above definitions, it is clear that a value of 0 must be added as symbolic translation to
convert a linguistic term into a linguistic 2-tuple:

A(si) = (s1,0) ®)

2.2. Picture Fuzzy Set

Definition 3. [15] Let X be a fixed universe; a picture fuzzy set (PFS) P on X is defined as
P = {(x,yp(x),np(x),vP(x)))xeX}, where up(x) € [0,1], np(x) € [0,1], and vp(x) € [0,1] are
the positive membership, neutral membership, and negative membership of P, respectively, which satisfy
0 < up(x) +np(x) +vp(x) < 1. Furthermore, m(x) = 1 — up(x) —np(x) — vp(x) is the degree of refusal
membership of P for all x. For convenience, the set P = {up,np, vp) is called a picture fuzzy number (PEN).

Cuong [15] defined several operations as follows.

Definition 4. [15] Suppose P and G are two PFNs; then,

(1) PCGif up(x) < pg(x), np(x) < 116 (x), vp(x) 2 v6(x), Yx € X;
(2) PUG = {(x,max(up(x), ug(x)), min(np(x), ng (x)), min(vp(x), v (x)))|x € X};
(3) PNG = {(x,min(up(x), uc(x)), max(np(x), n6(x)), max(vp(x),vs (x)))|x € X};
@ P ={(xvp(x),np(x), up(x))|x € X}.

Based on Definition 5, Wei [36] proposed the following operational rules for PENS.

Definition 5. [36] Suppose P and G are two PFNs; then,

(1) P®G = (up+ uc — priic, NPNG, VPVG);

(2) P®G = (upuc, np+nc —nene, ve +ve —vpve);
3) AP = (1 -(1- [.lp)/\, npt, vP/\), A>0;

@ P =(up'1-(1-np)",1-(1-vp)") A>0.
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2.3. Archimedean T-Norm and T-Conorm

Definition 6. [37,38]. T: [0,1] x [0,1] — [0,1] is called a t-norm if T satisfies the following four axioms:

(1) T(x,0)=0and T(1,x) = x for all x;

(2) T(x,y) =T(y,x) forall x and y;

3) Ty <TW,y)ifx<xandy<y’;

(4 T(T(x,y),z) =T(x,T(y,z)) forall x, y and z.

Definition 7. [37,38] T*: [0,1] x [0,1] — [0,1] is called a t-conorm if T* satisfies the following four axioms:

(1) T(0,x) =xand T*(1,x) = 1 for all x;

(2) T (x,y) =T (y,x) forall xand y;

) T(xy)<T(,y)ifx<x'andy <y’

4 T(T(x,y),z) =T (x,T(y,z)) forall x, y and z.

If T(x,y) and T*(x,y) are continuous, and T(x,x) < x and T*(x,x) > x for all x € (0,1), then
we call T(x,y) and T*(x, y) the Archimedean t-norm and t-conorm, respectively. We can obtain a
strict Archimedean t-norm by ¢(x) as T(x,y) = g7 1(g(x) + g(y)), where g(x) is a strictly decreasing
function g : [0,1] — [0, o] such that g(1) = 0. Similarly, we can obtain T*(x,y) = f~'(f(x) + f(y))
and (x) = g(1- %)

Based on the above definitions, Tao et al. [39] developed several algebraic operations.

Definition 8. [40] Let x, ye [0, 1] and A > 0 be a scalar; then,

1) xey=T(xy) =f(f(x)+f(y)

2) x0y=T(xy) =g (g(x)+g¥)
(3) Aox=fYAf(x);
4 =g (Ag(x)).

Some special cases exist when the generator function is set to different values:

(1) Letg(t) = —logt, f(t) = —log(1-t), g"'(t) = e, and f1(t) = 1 —e~*. Then, the algebraic
t-norm and t-conorm are obtained: TA(x y) =xy, TA (v, y) =x+y—xy.

(2) Letg(t) = log(—),f( ) = log( (l ! ), gt = ef+1' and f71(t) =1- m Then, the Einstein

t-norm and t-conorm are obtained: TE (v, y) = m, Te* (x,y) = fjxyy
@) Let g(t) = log( =), f(t) = og( “UEER), 70 = kg, £ = 1+ by, and

Xy

y > 0. Then, the Hamacher f-norm and t-conorm are obtained: Ty(x,y) = A =)’

* _ _1_
Ty (x,) = U g

2.4. MSM Operators

Definition 9. [29,31] Let x;(i = 1,2, ...,n) be the collection of nonnegative real numbers. An MSM operator
of dimension n is a mapping MSM(™) : (RT)" — R* such that:

1
Zl<11< <im<n H/ 1x1]

Msm(m) (1,0, %) = cr

4)
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where (i1, 1y, ..., 1im) traverses all m-tuple combinations of (1,2,...,n) and Clt = Wlm), is the binomial

coefficient. In the following analysis, assume that iy < iy < ... < iy. Furthermore, x;; represents the ij th
element of a specific arrangement.

Clearly, the MSM(™) operator has the following important attributes.

(1) Idempotency. If x; = x for each i, MSM(m) (x,%,...,x) =x;
(2) Monotonicity. If x; < y; for all i, MSM(m) (x1,%2,..., %) < MSM(m) (1,92, Yn);
(3) Boundedness. Min {x1,xp,...,x,} < MSM(’”){xl,xz,...,xn} < max {x1,x2,...,Xx}.

Definition 10. [31] Let x;(i = 1,2, ..., n) be the collection of nonnegative real numbers and p1,pa2, ..., pm = 0.
A generalized MSM operator of dimension n is a mapping GMSMP1p2-pm) . (RTY" — R+ such that

1
) ) m Pj p1+po+epm
lezl<...<1msn Hj:l xij

G

GMSMP1P2rPm) (x1 . x,) (5)

where (i1,1y,...,im) traverses all m-tuple combinations of (1,2,...,n) and CI' = m,(;im), is the
binomial coefficient.

It can easily be seen that the GMSM("#1P2+Pn) operator has the following desirable properties.

(1) Idempotency. If x; = x for each i, then GMSM(Mp1p21Pm) (x,x,...,x) =x;
(2) Monotonicity. If x; < y; for all i, GMSMUP1P2Pm)(xy, x0,...,%,) <

GMSMUmPIR2Pm) (1, Y, ., Yn);
(3) Boundedness. min{xq,xp,...x,} < GMSM(m’pl’pZ’""p’”)(xl,xz,...xn) < max{xy,x2,...%}.

Definition 11. [31] Let x;(i = 1,2, ..., n) be the collection of nonnegative real numbers and p1,p2, ..., pm = 0.
A geometric MSM operator of dimension n is a mapping GeoMSMP1P2-Pn) - (RT)" — RT such that

1
T
Ca

7] 7 e m f—t + . . .
GeoMSMmP1P2Pm) (31, xy) = FIETT—— 131'1<.1j[<imgl(plx,1 + poxi, +...+pmx,m) (6)
where (i1,ip,...,iy) traverses all m-tuple combinations of (1,2,...,n) and CJl = m!(:im)! is the

binomial coefficient.

Clearly, the Go,MSM("P1P2-Pm) operator has the following desirable properties.

(1) Idempotency. If x > 0 and x; = x for each i, then GooMSMMP1P2Pm) (x,x,...,x) =x;

(2) Monotonicity. If », < 'y for all i GooMSMMP1P2Pm) (x1,%2...,%n)
GooMSM(M:P1P2-Pm) (V1,92 Yn);

(3) Boundedness. min{xq,xp,...x,} < GEOMSM(m'pl'pZ'”'"’m)(xl,xz,...xn) <max{xq,x2,...X,}.

IA

3. Picture 2-Tuple Linguistic Sets and a New Operation

3.1. Picture 2-Tuple Linguistic Sets

In this section, we introduce several concepts of picture 2-tuple linguistics based on PFS and
2-tuple linguistic term sets.
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Definition 12. [36,41]A = {(s;,a), (ua(x),na(x),va(x)),x € X} is called a picture 2-tuple linguistic set if
pa(x) €10,1], na(x) € [0,1], va(x) € [0,1], 0 < pa(x) +na(x) +va(x) <1,s; € Sand a € [-0.5,0.5).
pa(x),na(x),va(x) are the degrees of positive membership, neutral membership and negative membership,
respectively of element x to (s;, ). Then, t(x) = 1 — up(x) —np(x) — vp(x) is the degree of refusal membership
of element x to (s;, ) for all x.

For convenience, we call ® = < (si, ), (p(p, Mo, v(p)> a picture 2-tuple linguistic number (P2LTN),
and uy € [0,1], 1y € [0,1], vy € [0,1], i +1p + vy < 1,5 € Sand a € [-0.5,0.5).

Definition 13. [36,41] Let ® = < (si, ), ([ufp, nq),v(p» be a P2TLN] the score function S of a P2TLN can
be defined as:

S(P) = A(A‘l (si,cx) - 5

), ATH(S(@)) € [0,1-1] @)

Definition 14. [36,41] Let & = <(si, a), (y(P, Mo, v(p)> be a P2TLN; the accuracy function H of a P2ZTLN can
be defined as:
He + 7t Ve

H(®) = A(A‘l (si, ) >

), A (H(®)) € [0,1-1] ®)

Based on Definitions 13 and 14, Wei [36,41] presented a related comparison of P2TLN as follows.

Definition 15. [36,41] Let &1 = <(Si1,a1),(u<p1r77<p1lvfp1)> and &, = <(Siz/0¢2),(}1(p2, 7]({)2/1/([)2» be two
P2TLNs, S(®1) and S(®;) be the scores of ®1 and ®,, and H(P1) and H(P,) be the accuracy degrees of Pq
and @, respectively.

If S(®1) < S(D7), then @4 is smaller than P, denoted by &1 < &y.
I£S(d;) = S(P,

~—

4

(@) IfH(Pq) < H(Py), P is smaller than P,, denoted by &1 < Ps.
(b) IfH(Pq) = H(P,), P is the same as O;, denoted by &1 = y.
() IfH(Pq) > H(Dy), P is larger than P, denoted by &1 > .

3.2. New Operations for Picture 2-Tuple Linguistic Sets Based on ATT
In this section, inspired by the new operational laws of 2-tuple linguistic and picture fuzzy

linguistic sets, we introduce the operational rules of P2TLNs based on ATT.

Definition 16. Let ®; = <(si1,a1),(y({,1,n¢1,v(p1)> and &, = <(si2,a2),(y(p2,n(p2,v¢2)> be two
P2TLNs; then,

(1) @0 = <A((l -0 () A )))( ch_igfﬁf))i gjf[((v}f))))l eytoe) ) '
2 ® oD, = <A((l -8 (o )+ o )))[ ijgigﬁj ))I ?((xz))))l Pl s ]>
(3) Aod = <A((l —1) f—l(/\f A7 (n.m) ) )87 (A8(n01)), 87 (A8(ven )))>

@ o = (s{0- 0 (e ) (¢ el S0 ) S 0 o)

If ¢(x) takes different forms, we obtain some special cases.
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Case 1. If g(x) = —logx, then we have:
- -1
(1) D, DA D, = <A(A (511/ al) ( Si2, a2) W)r (.uwl + Heoa = Hor Heoar Ty U(PZ/V<P1V<P2)>;

A7 (s; : .
(2) DP1®4P; = <A( . al enay ) (Au(Pl.uq?Z’n(Pl T Mgy = N1 Npar Vor + Vo, = Vo V‘Pz)>/

» aosar=(afc-11 ( () =) ) )
@ ot = (o= 0282 ) ()1 (1)1 - (0-) ).

Case 2. If g(x) = 1og( ) then we obtain the following formulas:

_ _ 12 AN spa)+87 (sp.ag) ) Hoy gy Ny oy Vo1 Vepp .
@ Py @ P2 = <A((l 1) (1—1)2+A‘1(sil,Lkl)-A'l(s,z,az) /(1+#<ﬂ1 ey l+(1—1]¢1)(1—n¢2) ’ 1+(1—V(p1 )(1—v¢2) )>
_ _ A7 (spp )-8 (spp,a7) Hoy Hoy Moy oy Yoy Ve |\
@ eed= <A((l RU=T =T <,1 a1>)(< -0 (s ))) (H(l—wl)(l—wz)’ PHleroa " 14001 Ve )>
A((l— 1) (- 1)+A71(3i1:“1)) - L(sip,aq) \)
(s, —A-1(sya ) A
(3) 10 :< ((=1)+a"1(sy 011)) 1,01 >;
1 ((wm‘ (Y zwl) )
) , T
(T+pg, )" +(1- '“fﬁ) (2_'1</’1) +(ngy )" (2= W’l) ("fr’l)
A A A A A
(4) ot = <A((l— 1) 2(8 (sn al)) ) ( 2(:“«’1) (t4ng, ) _(1_’14’1)\ (14vpy )" ~(1-vgy) . )>
(0-1)-8"(sa1)) + (8 sia0)) )\ (2= ) + oy )" (11, )+ (1m0, ) (g )+ (12, )

Case 3. If g(x) = log(M) and & > 0, then we have the following operational rules:

A (1—1)(1 DA (sn, “1)+(1 1A 71(51‘2,042)—(1—5)'A71(Sil,al)'A’l(Siz,az))
- (I-1)*=(1-&)-A" (s a1 )- A~ (s510,12) / .
A e < (Fmﬂ‘m‘(l‘é)ﬂﬁ Heoo N1 My Vo1 Ve, ) /
1=(1=E gy gy " EF-(1=E) gy Hlgy Ty Ty " E+(1=E)Vepy +Vipy =V vy
A((l ~1) A (spn,m)-A7 (sp.an) )
2) D0y P; = £(1-1)*+(1-8) ((1-1) A (si 1)+ (I-1) A7 (sp,02) ~A7 (si,a1 )-A~ (s.2)) ).
( Hoq ooy Moy T9a ~(1=E)1p1 gy Vopy Ty —(1=E) v, vy !
E+(1=Etgy Hpy—tip iy " 1=(1=Ongynp, 7 1=(1=E)vg v,

((-1)+(E=1)-A" (si,01) ) =((1=1) -2 (sp,0) )
A (l - 1) A i
((1=1)+(E-1)-A (5;,01)) +(E=1) (=) =A (spp,1))

(1+(5_1)”¢1)A_(1_A“‘P1)A 5(”‘/’1)}t >
(3) A@ CD - P 7 7 ;
o < (L= Dpipy ) +(E1) (1449, ) (1D (12091 ) (1) ()
‘S(me)

(1+(‘5_1)(1_"<P1)) (&= l)<V</’1>
A
Al-1 (A (si,o1) ) ),
(( ) ((1—1)Jr(é—l)A~((l—1)—A‘1 (sit))) +(&-1) (A1 (Sn,al)A)A
&g 1+(&-1) (19, ))
(4) CI)A_< (“71) , ( ?1 , >
1 (=0 (101 ) ) D) () (1 D0y ) 61 (12701 )
(1+(&=1)(vgy))
(1+(EDvgy ) + (1) (1vgy )

4. Picture 2-Tuple Linguistic MSM Operators Based on ATT

Based on the new operations for picture 2-tuple linguistic sets and MSM operators, we developed
a few novel P2ZTLMSM operators.
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4.1. The ATT-P2TLMSM and ATT-P2TLGMSM Operators

Definition 17. Let ®; = <(sl~,al~),(yq)i, nq,i,vq)i»(i =1,2,...,n) be a set of P2TLNs.
the ATT-P2TLMSM operator A" — A is as follows.

0
&b ® q>
1<iy <..<ip<n\j=1

G

ATT — P2TLMSM™) (@4, ..., ®,) =

where A is a collection of P2TLNs and m = 1,2,...,n

9 of 25

Then,

©)

According to the operation rules of P2TLNs in Definition 16, the ATT-P2TLMSM operators are

shown below.

Theorem 1. Let ®; = <(si,ai), ([u(pl-, n(pi,v(pi» (i=1,2,...,n) beacollection of P2TLNs withm = 1,2,...,n

The result of aggregating by Definition 17 is still a P2TLN.

1<i GB‘ < (‘Eélcpl.]‘) !
ATT — P2TLMSM(") (@, ..., @) = [ =

A((l— >-1[,}1 f {gy zlgﬁmdmgf[g-l(z]_lg{ ((si - )]]]]]m
) )

:< g 1(1 ( 1((;—51( 1<ii<. <zm<nf( (Z;nlg(”w;)))
P EA (o (Trzie i 8 (200 £(000))) )
f ( (_1(%21( 1<i1<.‘.<imsng( (ZT1f<V<Pl] ))))))

where (iy,1ip,...,1n) traverses all m-tuple combinations of (1,2,...,n) and Cpt = m!(:im)!
binomial coefficient.

)
)

Proof. The flowchart of proof is shown in Figure 1.
The specific proof process is as follows.

Because @;; = <(Si]-,6¥z‘j), (y(pij,n(pij,ij» (i=12,...,nj=1,2,...,m)
1| ym A 1(51 a’])
m "_<A(l D Z sl =~ ||} >
8\ Lj=18Hei;)) j=1J\Ngi;)) j=1 Vi
(87 (2 &etgiy)) £ T F0i)) F T Fve)

- o (8e)

1<iy <..<ip<n\j=1

{oor o ae o220 >

B < [ f_1(213i1<...<imsi¢ f(g_l(ZTzl g((u(pij))))/ g_1<21si1<.4.<imsn g(f‘l(Z’}Ll f(mpi]-))))r ]
8_1(219’1 <<y <n g(f_l(z;nzl f<V‘/’ij))))

(10)

is the
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frrfete 52

. 1§i1<§?<i,?;(j?lq)ij) _ f 1(%f(f_1(21<11< <i ,<nf 1g( )))))
" g‘l(ci,nng(g 1(Zl<zl< <y, <ng (n‘PZJ )))))
g‘l(ég(g‘l(&qﬁ...«mg8 ZT 1f(V‘P1] )))))

A((l—l)f [%[zl<ll< <lm<nf(g-1[z;“1g[ 5 )]] ]]]>

:< f_l(cim(21<zl< <iy <nf Z;n 13 /J(pz )
g_l(CLM(ZKzK <zm<ng ] 1f 77(pz] )
(lezl<...<zm£ng 2711]( <p1] )

e

5

m
52} ®
1<ip <. <m< j=1 ]

fove (el [ [t

=

< ig(f 1(CL Lsiy<..<i ,<nf 11 8(11,)) >))) >
A 2 Dol f<n@, >)))
( ( (Lm Zl<ll< cinen 8 E T F(vei)))) )))

Therefore, Theorem 1 proved to be correct. O

ren

(

Start

/
/  Input
// P2TLNs

Y

MSM
operators

Y
New
operations
for P2TLSs

!

/ Output /

/ P2TLNs
A —

A |

( E nd_\\>
N Y

Figure 1. The flowchart of proof.
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Property 1. Let ®&; = <(sl~, a;), (‘uq,i, Neir vq,i)>(z' =1,2,...,n) and o = <(s;, (x;), ([J;i, 17;1,, v;i)>

(i=1,2,...,n) besets of P2TLNs. ATT — P2TLMSM(™) then has several properties.

(1)  Idempotency: If the P2TLNs ®; = & = <(s(p,a(p), (yq), nq),v(p»for all i, then ATT — P2TLMSM(™) =
® = (59 ap) (1,19 75))-

(2)  Commutativity: Assume @; is a permutation of ®; for all i; then, ATT —
P2TLMSM™) (®y, ®,, ..., ®,) = ATT — PZTLMSMW)(cD;, ..., cb;).

(3)  Monotonicity: If (s;, ;) = (s;, a’lf), i = yfpi, Ngi < r]:pl. and vy; < vfpi foreachi(i=1,2,...,n), then
®; > @) and ATT — P2TLMSM("™) (1, ®,, ..., @) > ATT - PZTLMSM('")(@;, ;... ,q>;).

(4) Boundedness: If ®° = min®; = <min,-(sl~, ai),(mini(y(pi), mini(n(pi), mini<v(,,i))> and
dT = maxd; = <maxi(si,ai),<maxi(y(pi), maxi<17(pi), maxl-(v(pi)», then ®- < ATT -
P2TLMSM(™) (D1, ®,, ..., d,) < P

Proof.

1. Since each ®; = & = <(s(p, oz(p), (/J(p, n(p,v(p)>, that is,

ATT — P2TLMSM ™ ( , D, .
i ol e «wf( ( ()
:< (,}1 ( (L;n( 1<i1<...<im§nf( j 18 Ho ))))) >
(;f( _1(%;111<21<i1<...<imSng(f j= 1f(77<P )))))
(if( (é( 1<i1<...<imsng( ZTUC(VW )))))

Al(I-1)g

-1 1
m8

£

C’n”f(g‘l( - g

cn

g

o

1
m

g‘l(—

1

m

;”:1 8(“4))))

g( f_l(CZ’f(g‘l(Z

m
CVI

" f(v)))

f(g (Cmg(f i

= (5920, (s g, v))

This property is obvious, and we do not prove it here.

If (sj,ai) > (slf,
D = <(s(p,a(p), (yq),n(p,v(p»,d); =d" = <( Spr <P)’ (y(p,n(p, ({)», according to idempotency, ATT —
= ((sps @), (1t g, vp)) and ATT - P2TLMSM™) (0", &%, ..,
afp), (lujp, Tf(p, v(*P)> Therefore, we have

P2TLMSM™) (&, ®, ...

(53

o), pyi >

,P)

m
CH

el

)

-1

s(,, a(,, ]

Hpir Mo < U(Pl, and v < v(p for each i (i=1,2,..

W) )

P2TLMSM™) (@1, ®,, ..., ®,) < P2TLMSM™) (@5, @3, ..., ®},)

According to idempotency, let min{®y,P», ...,

and max{®, Dy, ...,

monotonicity,
O

Dy}

< @ for each i (i=1,2,...,
,®) < ATT — P2TLMSM(™) (d;, ®,, ...

®,} = ® = ATT — P2TLMSM"™) (®,®, . ..,
®* = ATT — P2TLMSM("™) (&*,®*, ...,
if ® < &; and P;
= ATT — P2TLMSM"™) (&, ®, . ..

).

.,Tl) and d; =

Based on the
n), then we have
,®D,) and ATT -
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P2TLMSM("™) (®q, s, ..., ®,) < ATT — P2TLMSM(™) (®*,d*,...,&*) = ®*. Therefore, the
following conclusion can be obtained.

min{®, D, ..., &y} < ATT — P2TLMSM"™/{®;, 5, ..., P,} < max{®y, Dy, ..., P,

In the following, we present a detailed formula as an example to introduce the P2TLMSM operator
in the context MADM. When g(x) = —log x, based on Formula (10), we can obtain:

1
1<i @' < (‘gl‘@']) !
ATT - P2TLMSM(™) (@, ..., @) = | 2ol 7

1
1N\
(A7 ) )
1= Ti<i <cinen| 1= i | =
1

1 1
(1 - (ngi1<...<i,,,sn(1 - H;ﬂ=1 ‘u(pij))é) A= (1 - (H15i1<...<imsn(1 - H;‘nzl(l - U@ij)))ﬁ) ’

1- (1 - (H1$i1<4--<im$”(1 B H;n:l(l - V(Pij)))w)m

Al(1-1)

i (11)

Next, we study some special cases of the P2TLMSM operator with respect to the parameter m.

(1) Whenm =1, Equation (10) degrades to the following formula.

ATT - P2TLMSMM (@4, ..., ®,) = ]S‘g"
A (sp,04) i ¥ l H (12)
= <A((l - 1)(1 - (Hlsilsn(l = )) ]]/ (1 — (<t <n(1 = p19)"s (TTa<ty <0 i) " (Tt < Vi) )>
(2) Whenm =2, Equation (10) degrades to the following formula.
1<i- EE: <n(j§1<pif) i
ATT — P2TLMSM®) (@4, ..., ®,) = ”T
L\
(A‘l (s,- s )) A (s, a; cr
R ————— sy
= < 2 \3 2 \3 >
(1 - (H1$i1<izsn(1 - Hrpil.u@lz))”(ni])) 1= (1 - (Hlsi1<izgn(l - (1 - 77<pi1)(1 - 77(/)1’2)))”(”71)) ’
1
2 \2
1- (1 - (Hlsi1<i23n(1 - (1 - V(ﬂfl)(l - V({’fz)))n(nil))
(3) When m = n, Equation (10) degrades to the following formula.
1
1<i <®<i <n( 'élq)jf) '
ATT - P2TLMSM" (&, ..., @) = | ——=o2——-
(14)

B

(T 110 1= 1))

, ((H;l:l Hcpi/)
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Definition 18. Let ®; = <(si,ai),(y(pi,n@i,v(pi»(i:1,2,...,n) be a set of P2TLNs. Then,
the ATT-P2TLGMSM operator A" — A is as follows.

@ ®

1<iy <..<im<n\j=1 Y

m 7
Ci

1
m Pj P12+ tpm
(o

ATT — P2TLGMSM"P1p2-bm) (D, .. ®y,) = (15)

where A is a collection of P2TLNsand m = 1,2,...,n

On the basis of the operation rules of P2TLNs in Definition 16, the ATT-P2TLMSM operators are
presented below.

Theorem 2. Let ®; = <(sl-, ozi),(y(pi, Noir V(Pi)> (i=1,2,...,n) beaset of P2TLNs and m = 1,2,...,n. Then,
the aggregation result from Definition 17 is also a P2TLN.

1

m _pi\\P1+pP2+Fpm
® ed /|1
1<iy <..<im<n\j=1 'j

ATT — P2TLGMSM"P1p20m) (By, ..., ®,) = o

A[(Z_l)g1[mg{f1(#(21<i1<...<im<nf(g [ j=18|8 p]g(A (sz )aij , (16)
[ & sl (& (T iz (87 (20 8le ”fg(“ v )
f‘l(mf (8_1(ﬁ(21<n< <inen &(F (ZT S Pif (i)
e L1 g P (OB Vs V)

~— ~— —

where (iy,ip,...,1,) traverses all m-tuple combinations of (1,2
binomial coefficient.

Because the proof is analogous to Theorem 1, we do not repeat it here.

Property 2. Let ®; = <(si, a;), (#<pi, Neis v(pi)>(i =1,2,...,n) and o = <(s;, a’lf), (y:pi, n;i, v:m.»
(i=1,2,...,n) be collections of P2TLNs. ATT — P2TLGMSM"P1P2~Pm) then has a number of properties.

(1) Idempotency: If the P2TLNs &; = & = <(s¢,a(p),(y¢,n(p,v(p)> for all i, then ATT —
P2TLGMSMU1#2Pm) = & = (50, a0 ), (11, 119, V)

(2)  Commutativity: Assume @; is a permutation of & for all i; then, ATT —
P2TLGMSM"#1P2Pm) (@1, By, ..., ®y) = ATT = P2TLGMSM U1 #20-0m) (@7, B3, .., @}, ).

(3)  Monotonicity: If (s;,a;) = (slf,a;‘), Hoi 2 oy Tpi <M, and vy < Vo for each
i (i=1,2,...,n), then ® > @ and ATT — P2TLGMSMU"#1P2-Pn) (D, Dy, ..., &y) > ATT —
P2TLGMSM(M1020m) (@7, @3, ®}).

(4) Boundedness: If ®° = min®d; = <minl-(si,ai),(min,-(y(pi),mini(n(pi),mini(v(pi)))and
dT = maxd; = <maxi(si,ai),(maxi(y(pi),maxi<nq,i),maxi(v(pi)», then ®- < ATT -
P2TLGMSMP1p2Pm) (B, Ds, ..., P,) < DT

Because the proof is analogous to Property 1, we do not repeat it here.
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In the following, we present a detailed formula as an example to introduce the P2ZTLMSM operator
in the context of MADM. When g(x) = —log x, based on Formula (16), we obtain:

1
m i\ \P1 P2 tTPm
® ® ./
1<iy<..<im=n\j=1 1]

ATT — P2TLGMSMmPLP2-pm) (D1, ..., Dy) = o

A-l(, )P;‘ ar PR
1—[ngl<m<imsﬂ[1—H;,n1[ i ,] JJ ] , N

1 1
= v ﬁ PLFpotTpm p; ﬁ pLpo+Fpm >
m ] m 7
1- (Hlsi1<m<i,”5n(l - H]‘:l ,Uq),-/,)) " A-11- (H15i1<m<i,”5n(1 - ]':1(1 - Tl({,,-/.))) ! s
1
n p Cim p1tp2tetpm
J n
1-]1- (H15i1<...<im$n(1 - j:1(1 - V(p,-/.)))

Next, we study several specific cases of the P2ZTLGMSM operator with respect to the argument .

Al(-1)

(1) Whenm =1, Equation (17) degrades to the following formula.

o o1\n
ATT — P2TLGMSMW (®4, ..., ®,) = [ == ]
1( ) P1 : ﬁ
A (51,05 n
< A[(l —1)[1—(H1silsn(1—( ) ) J (18)
= 1 1 L
ey \L\PiTRtFpm N\ )Pzt >

[[1—(H15i15n(1—ﬂ};1i)) ] '1_[1_(1753]1}) ] '1_[1_(1/27]1}) J ]

(2) Whenm =2, Equation (17) degrades to the following formula.

o (éd{.’) BE
ATT = PATLGMSMP2) (@1, @) = [ Z20
P\ Y
2 (A7) |
A (l - 1) 1- ngi1<i2sn 1- szl (1-1) ’ (19)

1

1
—2_\prtiz —2_\pti2 >
pi \\iD pi \\\n-D)
(1= (=1 )7 1 (st - )7

1

2_\p1tr2
2 pi \\\"-D
ot )

(3) When m =n, Equation (17) degrades to the following formula.

1
m P\ \ P12t Frm
® ® ./
1<iy <..<im<n\j=1 1

ATT — P2TLGMSM(MPLP2m) (D1, ..., D) = o
T P (20)
(=D — = 4
j= (I-1)
n pj \pitp2t-tpm n pj \\P1tP2ttpm m pi \\p1tp2t-tpm
[( j=1 [J(p]l'j) A= ( le(l N n‘P]if)) A= ( f:1(1 B v‘f’]if)) ]

4.2. The ATT-P2TLWMSM and ATT-P2TLWGMSM Operators

A

We now introduce the weighted ATT-P2TLMSM and ATT-P2TLGMSM operators to improve the
decision making accuracy.
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Definition 19. Let ®; = <(si,a,'),(y(pi,r]@,v(pi)>(i: 1,2,...,n) be a set of P2TLNs and W =

(w1, w,..., wn)T be the weight vector, where wj represents the importance degree of @;, satisfying Y. | w; = 1
with w; > 0. Then, the ATT-P2TLWMSM operator A" — A is as follows.

D ( ® w;. (Di].)

1<iy<..<ip<n\j=1

G

ATT — P2TLWMSM™) (@4, ..., ®,) = 1)

where A is a set of P2ZTLNsand m = 1,2,...,n

On the basis of the operation rules of P2TLNs in Definition 16, the ATT-P2TLWMSM operators are
shown below.

Theorem 3. Let ®; = <(sl~, ai),(yq,i, Noir v(pi)> (i=1,2,...,n) beaset of P2TLNs and m = 1,2,...,n. Then,
the result of aggregating via Definition 19 is also a P2TLN.

e B (éwijq%‘j) 8
ATT _ PZTLWMSM(m) (q>1/ s, CD”) — <iq <.,.<1mélm],

<A[“ o e ok 1

(-1
(E s (Cas e A7 (E s (1)) >
L Ul Sy (ol O C))))
P A B e s A w0 8(051)))

where (i1, 1y, ... ,iy) traverses all m-tuple combinations of (1,2,...,n) and CI' = Wlm, is the binomial

coefficient. The proof of Theorem 3 is analogous to that of Theorem 1, and we do not repeat the proof here.

Property 3. Let ®; = <(si, a;), (y(Pi, n(Pi,v(pi»(i =12,...,n) and &} = <(s;*, a’lf), (lu*q)i, r];l., v*q)i)>
(i=1,2,...,n) be sets of P2TLNs. ATT — P2TLWMSM\"-P1P2-¥m) then has a number of properties.

(1)  Monotonicity: If (s;,a;) = (s;,alf), Poi = [“‘:oi’ Npi < 17;1 and vy < v . for each
i(i=1,2,...,n), then ®; > ® and ATT — P2TLWMSM"P1#20-#m) (By, D5, ..., n) > ATT -
P2TLWMSM Ut P1p2ripn) (&7, @5, ..., @3, ).

(2)  Boundedness: If ® = min®; = <mini(si,ai),(mini(y(Pi),mini(n(pi),min,'(v(pi)» and
dT = maxd; = <max1~(si,ai),(maxi(y(pi),maxi@(pi),maxi(v(pi)», then ®~ < ATT -
P2TLWMSMp1p2Pm) (B, Dy, ..., D,) < DT

The proof is analogous to that of Property 1 and is therefore omitted.
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B

1- [Hlsi1<m<im5n

In the following, we present a detailed formula as an example to introduce the P2ZTLMSM operator
in the context of MADM. When g(x) = —log x, based on Formula (22), we obtain:
ATT — P2TLWMSM(™) (&1, ..., ®,,) o
A Vs 0, i Cixl
1- ;”1[1 —[1 - ((17]1) /)] ]]]
S N 0/ S (I R (R |
(1= (M a1 = -4 )

Al(1-1 |
[( ) ] (23)
If we consider some specific values of m, the following formulas can be obtained.

(1) Whenm =1, Equation (23) degrades to the following formula.

1< e (%%q)”i)
ATT - P2TLWMSM™) (@, ..., @) = —==52——

i+ ! 1 L 1 (24)
= <A{(l - 1)[1 - (Hlﬁisn(l - Ai(lgsi')m) ’)n ]]/ {1 - (Hlsisn(l - ,U(pi])w")", (H1§i1<...<im§n ’Iq,;;)”; (Hlsi]<...<im§n V,p;;)" ]>
(2)  When m =2, Equation (23) degrades to the following formula.
2 2
1<ir <n( _§1¢1j)
ATT — P2TLWMSM®) (&, ..., ®,) = %
1
2 \7
Al (1= 1= [TTi<i,<ip<n -1l 1= I-—= ,
, 2 1 (25)
2 i\ n(r-1)
1
2 w,-]. n(nz—l) 2
1-11- (H15i1<i291(1 - Hj:1(1 - n(pi]-))) ’
wi =y :
2 1; nin—
(8 A (EEH))
(3) When m = n, Equation (23) degrades to the following formula.
ATT — PZTLWMSM<")(¢)1 ..... CI’,,) _ [1<i1<..<z,x<;(]1 i/)
(26)
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Definition 20. Let ®; = <(si, oc,'),(y(pi, Noir v(pi)>(i =1,2,...,n) be a set of P2TLNs and W =
(w1, w,..., wn)T be the weight vector, where wj represents the importance degree of @;, satisfying Y. | w; = 1
with w; > 0. Then, the ATT-P2TLGWMSM operator A" — A is as follows.

1
m p] p1tp2+tpm
o ( ® (wz].csz) )

1<iy<..<ipy<n\j=1

G

ATT — P2TLGWMSM " P1P20m) (D, .. D) = 27)

where A is a collection of P2TLNs and m = 1,2,...,n

On the basis of the operation rules of P2TLNs in Definition 16, the ATT-P2TLGWMSM operator is
presented below.

Theorem 4. Let ®; = <(si,ai),([u({,,», T](pirv(pi)> (i=1,2,...,n) beacollection of P2TLNs and m = 1,2,...,n
Then, the result of aggregating with Definition 20 is also a P2TLN.

1
n Pi\\P1tp2ttpm
® ®(w,“<1>,‘)]
1<y <..<im<n\j=1\ ] ]

ATT — P2TLGWMSM(™) (&4, ..., ®,) = =

L i L e i o 1/

:< g (T o (1 W a7 (O Vi COW(99))))) ) >
f_l(mf(g_l(%(21<zl< <1m<ng( (2711f( 1( f(g 1(w1, ('an,))
P e 87 (B (B < 8 (2 AU (3 (38

where (i1, 1y, ... ,iy) traverses all m-tuple combinations of (1,2,...,n) and CI' = m!(ﬁm)! is the binomial

coefficient. The proof of Theorem 4 is similar to that of Theorem 1 and is therefore omitted.

Property 4. Let ®; = <(Si, a;), (,u(pir 77<pi,V<pi)>(i =12,...,n) and O = <(5 &; ) (xu(,)l/ W(Plf (Pl)>
(i=1,2,...,n) besets of P2TLNs. ATT — P2TLGWMSM"P1P2Pm) has the following important properties.

(1)  Monotonicity: If (s;,a;) = (s;,alf), Poi = ”:pi’ Npi < 77:01' and vy < v;i for each
i(i=1,2,...,n), then ®; > ® and ATT — P2TLGWMSM"#P1P2#m) (D1, @y, ..., By) > ATT —
P2TLGWMSM#1p2pm) (&7, @5, ..., @3, ).

(2) Boundedness: If ¥~ = n®;, = <mini(si,ai),(mini(yq,i),mini(n(pi),min,'(v(pi)» and
dT = maxd; = <maxl(s,,a,) (maxi(y(pi),maxi<n(pi),maxi(v(pi)», then ®~ < ATT —
P2TLGWMSM "1 p20m) (D, B, ..., Py) < DT

The proofs are analogous to those of Property 1 and are therefore omitted.
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In the following, we present a detailed formula as an example to introduce the P2ZTLGWMSM
operator in the context of MADM. When g(x) = —logx, based on Formula (28), we obtain:

1
1<i <®<' <n('§1(wijq)ij)pj) prtpottpm
ATT — P2TLGWMSM " P1-Pn) (..., By ) = | L=

1
Cp. Lm PLtpo+tpm
B R =T '

1
R E—
wi\Pj\\ o prraT
_ < (1 - (H15i1<.‘.<1‘m5n(1 - 71:1(1 - (1 B quj) J) ])) ) ' >
w, Pj m
- (1 - (HlSi1<~~~<in1§n(1 - H (1 n(pl ) )) ] ’

1
ZUI pj C”’ p1tpptetpm
(1= (M- =)

If we consider some special values of m, the following formulas are obtained.

A (l - 1) 1- [H1§i1<...<im§n

(29)

(1) Whenm =1, Equation (29) degrades to the following formula.

[ (é (w, D, )p ) n
(1 ) 1<ip<n\j=1\ '/ 'j
ATT — P2TLGWMSMUP1) (&4, ..., ®,) = ——

. (1_1>[1_[n1<ﬁ<,,(1-(1-(1-%)”“)’”))"]“ , -
:< (1—(H1<z‘1<n(1‘(1 (1 ) ))] [1-(H1<1-1<n(1 (—nj;l)’q))l)m/ >
—[1—(H1<i1<n(1 (1 V::Z)pl)) )p

(2) Whenm =2, Equation (23) degrades to the following formula.

p] P1+r2
_ 1<i ?i <n('§1( i ij) )
ATl PZTLGWMSM(Z'Pl’pZ)(q)l,...,q)n) = [ === ]C2

1

8 (siy ) NN = TR
{rof 52 )T

1 (31)

— < (1 - (Hlsi1<i2sn(1 - I‘[?Zl(l - (1 _ yq)ij)wz'j)pj)),,(f_m )Pﬁ-pz , >

1

2

Wi \Pj\\ n(n-1) e

1- (1 - (H1§i1<izsﬂ(l - ?:1(1 Bl n(ﬂij‘) )) ) '
” Wi \Pj\\ n(n-1) P2

1- (l - (ngi1<i2Sn(l - Hf:1(1 a V‘Pi;) )) ]
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(3) When m = n, Equation (23) degrades to the following formula.

ATT — P2TLGWMSM(tP1-P1) (B, . .. s

A s Wij\Pj m ;
5T e

1 1 1
m @i e : m _ wi; Pi\pFpa+—Fpn B m B Wi Pi\p1Tpp+Tpn
[( (= (1= i)Y A= (m(1-n,) A= (s (1-v,)

1
n P p1tpP2+tpn
1<i ® (‘®1<Zu’f¢ii) /)
<iy <.<ipsn\j=
’ q)n) =

A

g

5. MADM Based on the ATT-P2TLMSM Operator

Based on the ATT-P2TLWMSM and ATT-P2TLGWMSM operators, in this section, we address
the MADM problems in which the attribute preference values take the form of picture 2-tuple
linguistic variables.

Let A ={A1,A>..., A} be a discrete set of alternatives, C = {C1,C5. .., C,} be the set of attributes
and w = {w1, w2 ..., w,} be the weighting vector of the attributes Cj(j =1,2,...,n), where w;j € [0,1],
27:1 w; = 1. For the alternative A; € A of the attribute C; € C, the decision maker provides an attribute
value P which is a picture 2-tuple linguistic variable. Each attribute value i, constitutes the decision
matrix R :(rij)mxn - <(Sij’ aij)’ (Hij’ Mijr Vif)>m><n'

Next, we apply the ATT-P2TLWMSM and ATT-P2TLGWMSM operators to solve MADM problems
in which the attribute values take the form of P2TLNs. The flowchart of the method is shown in Figure 2.

( Start

Input
/ matrix

Y
Aggregate P2TLNs in matrix
by the operator to derive
the aggregation results

:

Calculate the scores
and rank the
alternatives

Y

Select the best
choice with scores

y

Output the
best alternative

Y

( End )

Figure 2. The flowchart of the method.
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Step 1. Aggregate all P2TLNs via the ATT-P2TLWMSM or ATT-P2TLGWMSM operator to derive the
aggregation results ¢;(i = 1,2,...,m) of the alternatives A = {A1, Ay ..., An}.

Step 2. Calculate the scores S(@;)(i =1,2,...,m) of the P2TLNs ¢;(i =1,2,...,m) and rank the
alternatives A = {A1, Ay ..., An}. If S(¢;) is equal to S(qo ]-), the accuracy degrees H(¢;) and H ((p]-) must
be calculated. Then, rank the alternatives A = {A1, A; ..., Ay} according to H(¢p;) and H(qo j).

Step 3. Sort the alternatives A = {A1, A, ..., Ay} and select the best choice with S(¢@;)(i = 1,2,...,m).
Step 4. End.

6. Illustrative Example

6.1. Data and Backdrop

In this section, we adapt a practical example from Wei et al. [36] to illustrate the methods
proposed in this paper. A company plans to invest in an enterprise resource planning (ERP) system.
Five optional ERP systems A;(i = 1,2,...,5) are available, and the company considers the following
four attributes when evaluating the alternatives: (1) C; represents functionality and technology; (2) C
represents strategic fitness; (3) C3 represents vendor s ability; and (4) C4 represents vendor’s reputation.
Furthermore, the weight vector of the four attributes is w = (0.2,0.1,0.3,0.4), and the decision matrix
b= (@if)5x4 is given in Table 1, where ¢;; € 5,5 = (S0,51,52,53, 54,55, 56,57, 53) = (extremely bad, very
poor, poor, slightly poor, fair, slightly good, good, very good, extremely good).

Table 1. Picture 2-tuple linguistic matrix.

Options\Attributes Cy Cy C3 Cy
A ((s4,0),(0.53,0.33,0.09)) {(s2,0),(0.89,0.08,0.03)) ((s1,0),(0.42,0.35,0.18)) ((s3,0),(0.08,0.89,0.02))
Ay ((s1,0),(0.73,0.12,0.08))  {(s4,0),(0.13,0.64,0.21)) ((s2,0),(0.03,0.82,0.13)) ((s4,0),(0.73,0.15,0.08))
As {(s5,0),(0.91,0.03,0.02)) {(s1,0),(0.07,0.09,0.05)) {(s4,0),(0.04,0.85,0.10)) ((s2,0), (0.68,0.26,0.06))
Ay ((s5,0),(0.85,0.09,0.05)) {(s,0),(0.74,0.16,0.10)) {(s7,0), (0.02,0.89,0.05)) ((s1,0), (0.08,0.84,0.06))
As ((s3,0),(0.90,0.05,0.02)) {(s1,0),(0.68,0.08,0.21)) ((s3,0),(0.05,0.87,0.06)) ((s1,0),(0.13,0.75,0.09))

6.2. Method Based on the ATT-P2TLWMSM and ATT-P2TLGWMSM Operators

In general, we set m = 2, according to Section 5. The procedures to address the MADM problem
are as follows.

Step 1. Aggregate all P2TLNs by the ATT-P2TLWMSM or ATT-P2TLGWMSM operator to derive the
aggregation results ¢;(i = 1,2,...,m) of the alternatives A = {A1,A; ..., Ap}. The aggregation results
are listed in Table 2.

Table 2. The aggregation results of the ATT-P2ZTLWMSM and ATT-P2TLGWMSM operators.

Operators\Attributes ATT-P2TLWMSM ATT-P2TLGWMSM (p=1,q=2)
Aq {(s1,—0.2945), (0.1259, 0.8214, 0.5405) {(s1,—0.1703), (0.1318,0.8083,0.4791))
Ay {(s1,—0.2271), (0.1368,0.7807,0.5978) ) {(s1,0.0173), (0.1925,0.7196, 0.5520) )
Az {(s1,—0.0282), (0.1649,0.7178,0.5077)) {(s1,0.0342), (0.2093,0.7010, 0.4786) )
Ay {(52,0.1086), (0.0981,0.8565,0.5212)) {(s3,—0.0697), (0.0973,0.8672,0.4797))
As {(s1,0.4509), (0.1113,0.8132,0.5332)) {(s1,—0.3932), (0.0991, 0.8249, 0.5025) )

Step 2. Based on the aggregation results displayed in Table 2, the score functions of the ERP systems
are given in Table 3.
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Table 3. The score functions of the enterprise resource planning (ERP) systems.

Operators\Attributes ATT-P2TLWMSM ATT-P2TLGWMSM (p =1,q=2)
Aq (50,0.2065) (s0,0.2707)
A, (s0,0.2083) (s0,0.3258)
As (s0,0.3193) (s0,0.3778)
Ay (s1,-0.3917) (s1,-0.0951)
As (s0,0.1587) (s0,0.1810)

Step 3. Rank all the alternatives A = {A1, A ..., As} based on the score functions in Table 3. The sorting
results are given in Table 4.

Table 4. The final sorting results.

Parameter

Operator Ranking
m P1 P2
ATT — P2TLWMSM(™) 2 - - Ay > Az > Ay > Ay > As
ATT — P2TLGWMSM("#1.72) 2 1 2 As>Az> Ay > A > As
The best choice is Ay.
Step 4. End

6.3. Comparative Analysis and Discussion

First, we compare the methods proposed in this paper with the methods developed by Wei [36,41];

the comparison results are presented in Table 5. As shown in Tables 4 and 5, the rank results of the
methods proposed in this paper are the same as those of the methods in [36,41]; therefore, the approach
developed in this paper is accurate and effective.

)

)

The merits of the methods proposed in this paper for addressing MADM problems are as follows:

The calculation object of the operators proposed in this paper is P2TLN, which not only includes
2-tuple linguistic information but also expresses the degree of positive membership, the degree of
neutral membership, the degree of negative membership and the degree of refusal membership of
an element in linguistic terms. These functions make the representation of linguistic information
more precise.

The same ranking results as those in references [36,41] show that the methods proposed in this
paper are valid and effective for solving MADM problems in which the attribute values take the
form of picture 2-tuple linguistic information. Compared with the methods based on P2TLWA
and P2TLWGBM proposed by Wei [36,41], the operators developed in this paper can capture the
interrelationships among multiple input parameters. Therefore, the methods proposed in this
paper are valid and correct and can solve MADM problems better.

Table 5. Comparison of different methods.

Method Operator Ranking
Method in [36] P2TLWA™) (m = 2) Ay > Az > Ay > Ay > As
Method in [41] P2TLWGBM"P12) (py = py = 1) Ay > Az > Ay > Ay > As
Proposed methods in this paper ATT — P2TLWMSM(™) (m = 2) Ay > Az > Ay > A1 > As

Proposed methods in this paper ~ ATT — P2TLGWMSM"#192) (p; = p, = 1) Ay >A3>Ar > A1 > As

In the following, we use Table 6 to illustrate the influence of parameters on the sorting results.
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Table 6. Comparison results for different parameter values.

Operator Py P Ps3 Ranking

- - - A4>A3>A2>A1>A5
Ay > A3 > Ay > A1 > As
- - - Ay > A3 > A1 >A) > As
- - - A4>A3>A1>A2>A5

- Ay > Ay > Az > A1 > As
- Ay > A3 >A5> A1 > Ay
- A4>A3>A2>A1>A5
- Ay > A3 > Ay > A1 > As
- Ay > A3 > Ay > A1 > As
- A4>A3>A5>A1>A2
- Ay > A3 > Ay > A1 > As
- Ay > A3 > Ay > A1 > As
- A4>A3>A5>A1>A2
- Ay > Az > A1 > Ay > As
- Ay > A3 > Ay > A1 > As

A4 >A3 >A1 >A5>A2
A4>A3>A5>A2>A]
Ay > Ay > Az > A1 > As
Ay >A3> A1 > A5 > Ay
A4>A3>A2>A1>A5
Ay > Ay > Az > A1 > As
Ay > Ay > Az > A1 > As
A4>A3>A5>A2>A]
Ay > A3 > A5 > Ay > Aq
Ay > A3 > A5>A) > Aq
A4>A3>A1>A5>A2
Ay >A3> A1 >A5> Ay
Ay >A3> A1 > A5 > Ay

ATT — P2TLWMSM (™)

B w N~ |3
1
1
1

ATT - P2TLGWMSM(m:p1.p2) 2

ATT — P2TLGWMSM(mp1p25) 3

B WONN PP PP PR P, PRPOOR,  WWWNNNRE =R~ RO
= =R WONNRRE R R R OR O WNNRFRE WNNFRE WN RO

R R R R R R R QNP R OO

As shown in Table 6, the best choice is A4, and the worst choices are As or A;. When we select the
ATT-P2TLWMSM operator to solve the MADM problem and m is given different values, although the
optimal and worst choices remain the same, the ranking changes. The MSM operator captures the
interrelationship among input parameters, and the value of m determines the relationships between
how many input parameters must be considered. When the value of m is too large to be close to the
number of attributes, ranking results have some small errors.

When we select the ATT-P2TLGWMSM operator to solve the MADM problem and m = 2, as
shown in Table 6, the best option is still A4. Furthermore, if p; or p; is equal to 0, the final sorting result
has no practical meaning. Therefore, the arguments must be real numbers. In addition, when p; is less
than or equal to p, the same ranking results are obtained.

Furthermore, there is a comparison for ATT-P2TLGWMSM with different values of p1, p2 and p3
when m = 3. The ranking results are the same when two of the three parameters have the same value
and the other is different. For example, when p; is equal to 2, 3, or 4 and p; is equal to p3 (both equal
1), the ranking results are all Ay > A3 > A > A5 > Aj. The data in Table 6, indicate that if one of the
arguments far exceeds the others, the sorting results may be disordered. Moreover, the content in
Table 6 indicates that when m = 3, alternatives A, Ay and As are easily impacted.

In conclusion, the parameter values directly affect the final sorting results. Therefore, companies
must choose suitable parameters to address MADM problems. In addition, the methods proposed in
this paper are shown to be flexible and valid through the comparison and analysis of the above results.

7. Conclusions

In this paper, we solve MADM problems with picture 2-tuple linguistic information via novel
aggregation operators—The ATT-P2TLMSM operator and the ATT-P2TLGMSM operator. Moreover,
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we discuss a few desired properties and series of specific cases of the proposed operators in detail.
Considering that the input parameters have varying importance, the ATT-P2TLMSM operator and the
ATT-P2TLGMSM operator are introduced. Finally, a method for MADM with picture 2-tuple linguistic
information based on the proposed operators is developed, and an illustrative example is given to
confirm the proposed operators. The method can not only capture the relationship of input parameters,
but also take the ATT operational laws whose operations are closed into account. In addition, P2TLNs
are suitable to describe decision makers’ confidence that the final decision results would be effective
and flexible.

In the future, we will study a series of novel operators based on P2TLNSs that can accurately express
uncertain information. In view of the fact that the ATT operation rules are not easy to understand,
we will search for more easy-to-understand and simplified calculation rules without compromising
accuracy. In addition, we will address more MADM problems, such as environmental evaluation,
bank investment, and stock forecasting. Moreover, we will extend the MSM operators to handle
MADM problems.
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