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1 Introduction

In modern decision-making sciences, multi-attribute group decision-making
(MAGDM) refers to a series of decision issues where domain decision experts (DEs)
are required to provide their evaluations over feasible alternatives under multiple
attributes [1-5]. Some techniques or methods are then applied to help DEs to obtain
the ranking order of candidate alternatives so that the optimal one(s) is obtained
accordingly. However, it is quite difficult to deal with the inherent fuzziness and
uncertainties in practical MAGDM problems. Numerous scholars and scientists
devoted themselves to discover tools that can effectively handle fuzzy information in
data. Intuitionistic fuzzy sets (IFSs) [6], originally generated by Atanassov have the
capability of representing uncertain information and they depict fuzzy phenomenon
from both positive and negative perspectives. In other words, by simultaneously
incorporating membership degree (MD) and non-membership degree (NMD), IFSs
can more comprehensively and accurately describe fuzzy and vague decision-making
information. Due to this characteristic, [FSs-based MAGDM theory and methods
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have been active fields, and quite a few new achievements have been made in the
past couple of years. For example, in [7] Xu originated the theory of aggregation
operators (AOs) for intuitionistic fuzzy numbers (IFNs). After it, some other AOs for
IFNs, such as intuitionistic fuzzy Bonferroni mean [8], intuitionistic fuzzy point oper-
ators [9], intuitionistic fuzzy Maclaurin symmetric mean [10], intuitionistic fuzzy
Muirhead mean [11], intuitionistic fuzzy power average operators [12], intuitionistic
fuzzy power Bonferroni mean [13], etc., have been proposed one after another.

MDs and NMDs of IFSs are denoted by crisp numbers, however, which is some-
times difficult to be determined by DEs. As MAGDM problems in practice are
becoming more and more complicated, rather than crisp numbers, DEs would like
to employ linguistic terms to denote MDs and NMDs to express their assessments.
Motivated by this fact, Chen et al. [14] generalized IFSs and proposed linguistic
intuitionistic fuzzy sets (LIFSs), which use linguistic terms to denote MD and NMD.
Linguistic terms are quite similar to natural language and so that it is more convenient
for DEs to use LIFSs to provide their evaluation values. After the appearance of LIFS,
Ouet al. [15] introduced the LIFS-TOPSIS method to deal with MAGDM problems.
Yuan et al. [16] proposed a series of linguistic intuitionistic fuzzy (LIF) Shapely AOs
to handle decision-making issues with LIF numbers (LIFNs). Meng et al. [17] studied
preference relations under LIFSs and applied them in decision-making problems. Liu
and You [18] proposed a collection of novel LIF Heronian mean AOs under Einstein
t-norm and t-conorm. Liu and Qin [19] put forward LIF power average operator
in order to reduce the negative influence of unduly high or low aggregated LIFNs
on the final results. Liu and Qin [20], and Liu and Liu [21] further presented LIF
Maclaurin symmetric mean operators and LIF Hamy mean operators to capture the
interrelationship among multiple aggregated LIFNs. To effectively handle hetero-
geneous interrelationship among LIFNs, Liu and his colleagues [22] defined LIF
partitioned Heronian mean operators. Garg and Kumar [23] further introduced novel
LIF power average operators and the corresponding decision-making method based
on set pair analysis. Zhang et al. [24] proposed the LIF-ELECTRE decision-making
method and applied in coal mine safety evaluation problems. Peng and Wang [25]
introduced a LIF MAGDM method based on cloud model and studied its application
in selecting sustainable energy crop. For more studies on LIFSs-based MAGDM
methods, readers are suggested to refer [26-30].

Aforementioned literatures reveal that LIFSs are capable to depict fuzzy eval-
uation values provided by DEs effectively, however, they still have drawbacks
when dealing with some practical decision-making situations. The definition of
LIFS is as follows: let § = {salso < 5o < s;, ¢ € [0, 1]} be a predefined contin-
uous linguistic term set, then a LIFS defined on S can be expressed as A =
{(x, s9(x), s5(x))|x € X }. Asisknown, A should satisfy the constraint that 6 +c <z,
which cannot be always strictly satisfied in some practical MAGDM problems. For
example, an ordered pair (s3, s4) is used to depict a DE’s evaluation value, where
s; is a linguistic term and [ € [0, 6]. As 3 + 4 < 6, the evaluation value (s3, s4)
cannot be handled by LIFSs, which illustrates the weakness of LIFSs. In order to
more accurately capture DEs’ complicated and uncertain decision information and
handle more difficult decision situations, Garg [31] proposed a new tool, called
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linguistic Pythagorean fuzzy sets (LPFSs), which are motivated by Pythagorean
fuzzy sets (PFSs) that introduced by Yager [32]. As is widely known, the constraint
of PFSs is that the square sum of MD and NMD is not greater than one and this
characteristic makes PFSs more powerful and flexible than IFSs, gaining great inter-
ests from scholars [33—42]. In LPFSs, MDs and NMDs are denoted by linguistic
terms, satisfying the constraint that 82 + o2 < t? (s¢ and s, denote the MD and
NMD, respectively, and s, is the largest linguistic term of the predefined linguistic
term set), and due to this reason, LPFSs can describe lager information span than
LIFSs. In [31], Garg proposed basic operational linguistic Pythagorean fuzzy (LPF)
values, presented their fundamental AOs, and applied in MAGDM problems. After
it, Liu et al. [43] studied LPF operational rules, AOs, and MAGDM method based
on Archimedean t-norm and t-conorm. Han et al. [44] introduced distance and
entropy measures of LPFSs and based on which, an LPF-TOPSIS decision-making
method was originated. To felicitously handle MAGDM issues where interrelation-
ship among attributes is heterogeneous, Lin et al. [45] put forward the LPF partitioned
Bonferroni mean operators.

There exists high indeterminacy and hesitancy when providing MDs and NMDs of
evaluation values in the most practical MAGDM processes. Hence, the key problem
is to effectively deal with the inherent fuzziness and uncertainties of data and DEs’
hesitancy. For instance, Torra [46] proposed the concept of hesitant fuzzy sets (HFSs)
by considering multiple possible MDs in an evaluation element. Compared with the
classical fuzzy set theory [47], HFSs can better depict DEs’ hesitancy. Similarly, Zhu
et al. [48] introduced the dual HFSs (DHFSs) by taking not only multiple MDs but
also NMDs into account. DHFSs are regarded as an extension of IFS, as they empha-
size multiple values of degrees instead single ones. Another example is dual hesitant
Pythagorean fuzzy sets introduced by Wei et al. [49], which consider more than
one Pythagorean fuzzy MDs and NMDs in the traditional PFSs. These publications
remind scholars and DEs an extensively existing phenomenon that most decisions
are made in a hesitant fuzzy environment and DEs’ hesitancy should be taken into
consideration before determining the rank of feasible alternatives. In LPF, decision-
making environment, we always encounter MAGDM situations wherein DEs are
hesitant among a set of linguistic terms when giving the MDs and NMDs an eval-
uation value. Motivated by DHFSs which allow the existence of multiple MDs and
NMDs in a decision evaluation value, this paper extends the traditional LPFSs to a
hesitant fuzzy environment and propose dual hesitant linguistic Pythagorean fuzzy
sets (DHLPFSs), which permit MDs and NMDs to be denoted by a set of linguistic
terms. Compared with LPFSs, DHLPFSs are more flexible and can depict attribute
values more accurately. In this chapter. We first give the definition, operational rules,
comparison method, and AOs of DHLPFSs and propose a novel MAGDM method
with DHLPESs. We also show the performance of the proposed new method through
illustrative examples.

Additionally, to more accurately capture DEs’ evaluation value in hesitant fuzzy
decision-making environment, not only each member in an evaluation element but
also its probabilistic information should be considered. For example, Zhang et al.
[50] capture the probability of each member in HFSs and proposed the probabilistic
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HFSs (PHFSs). Compared with HESs, the PHFSs not only depict the hesitant fuzzy
MBDs but also the corresponding probabilistic information. Afterward, PHFSs have
been successfully applied in various fields, such as public company efficiency eval-
uation [51], hospital evaluation [52], virtual reality project declaration evaluation
[53], selection of the most influential teacher [54], etc. Similarly, Hao et al. [55]
extended DHFSs to probabilistic DHFSs by taking the probabilities of possible MDs
and NMDs into account. The ability of efficiency of probabilistic DHFSs to depict
DEs’ evaluation values is further studied in [56-58]. Additionally, some other new
information representation tools were also proposed, such as probabilistic linguistic
terms set [59], probabilistic linguistic dual hesitant fuzzy sets [60], and probabilistic
single-valued neutrosophic hesitant fuzzy sets [61]. These publications motivate us
to further extend DHLPFSs to a more generalized form, i.e., probabilistic DHLPFSs
(PDHLPESs). The advantages of PDHLPFESs are outstanding. First, they allow the
MD and NMD to be denoted by two collections of possible linguistic terms, which can
comprehensively describe DEs’ high hesitancy. Second, they also consider the corre-
sponding probabilistic information of each linguistic term, which can more effec-
tively depict group’s evaluation values. For the sake of applications of PDHLPFSs in
MAGDM, the basic operational laws, comparison method, and AOs of PDHLPFSs
are studied. Finally, the main steps of solving a MAGDM problem under PDHLPFSs
are presented.

The main motivations of our works are to propose novel MAGDM methods, that
only not more accurately depict DEs’ evaluation information but also help them
to appropriately determine the optimal alternatives. The main contributions of this
chapter are four-fold. First, two information expression tools were proposed, namely
DHLPFSs and PDHLPFSs. These two fuzzy set theories have obvious advantages
and superiorities in depicting DEs’ evaluations. Second, we proposed a series of
AOs to fuse DHLPFSs and PDHLPFSs, which are potential for introducing novel
decision-making methods. Third, we proposed two new MAGDM methods. Finally,
real MAGDM problems were employed to prove the validity of our methods. The
rest of this chapter is organized as follows. Section 2 recalls basic notions which
will be used in the following sections. Section 3 introduces DHLPFSs and the corre-
sponding MAGDM method. Section 4 further proposes DHLPFSs and studies their
applications in MAGDM. Conclusion remarks can be found in Sect. 5.

2 Basic Concepts
This section briefly reviews basic notions that will be used in the following sections.
Definition 1 ([31]) Let X be a fixed set and S = {s0, s1, 52 ..., s/} be a continuous

linguistic term set with odd cardinality. A linguistic Pythagorean fuzzy set (LPFS)
defined in X is given as

y = {(x, sa(x), sp(x))lx € X}, (D
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where 5,(x), sg(x) € S, S«» and sg represent the linguistic MD and linguistic
NMD, respectively, such that 0 < o? + ,32 < 2. For convenience, the ordered pair
y = (sa, s,g) is called a linguistic Pythagorean fuzzy value (LPFV). The linguistic
indeterminacy degree of y is expressed as w(x) = S (P—ar—p2) "

The basic operational rules of LPFVs are presented as follows.

Definition 2 ([31]) Let y; = (5a,, 54,)» ¥2 = (Sa» 55,), and y = (s, 55) be LPFVs
and A be a positive real number, then
1 rneéen= (s (B+a2—ada2/12)' s(ﬁlﬁz/l));

@ 182 = (S sz gipeyy)

3) Ay = (sl(l(1az/;zy)'/2vsz<ﬁ/z>’~ ;

4 V)L = (sl((x/l)‘”vsl(l(lﬂz/[z)x)l/2>~

Garg [31] proposed a method to compare any two LPFVs.

Definition 3 ([31]) Let y = (sq, sg) € o,y be a LPFV, then the score function
S(y) of y is expressed as

SW) =S jeren 2

and the accuracy function H (y) is defined as
H(y)=s g 3)

where S(y), H(y) € S. Lety; = (Sa. , sﬁl) and y, = (saz, s,gz) be any two LPFVs,
then

(1) I S(y1) > S(y2), then y; > y»;
(2) It S(y1) = S(r2), then

If H(y1) > H(y2), then y1 > y2;
If H(y1) = H(y2), then y; = y».

3 Dual Hesitant Linguistic Pythagorean Fuzzy Sets
and Their Applications in MAGDM

In this section, we introduce the notion of DHLPFSs and study their application in
MAGDM problems. For this purpose, we first introduce the motivations to explain
why we propose DHLPFSs and why we need them. Afterward, some related notions,
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such as operational rules, comparison method, and AOs are proposed. Finally, we
employ DHLPFSs as well as their AOs to solve MAGDM problems.

3.1 Motivations and Necessity of Proposing DHLPF Ss

In LPFSs, MD and NMD are denoted by two linguistic terms. As is known, linguistic
terms set and linguistic terms are similar to natural language so that LPFSs provide
DEs a convenient and natural manner to express their evaluation values. Due to this
reason, LPFSs are more suitable than PFSs to depict DEs’ fuzzy and complex evalua-
tion information. However, the traditional LPFSs still have limitations in some prac-
tical MAGDM problems. As real decision-making problems are very complicated,
sometimes it is difficult for DEs to provide single linguistic terms for MD and NMD.
Actually, DEs are always hesitant among a collection of possible linguistic terms
when determining MDs and NMDs of their evaluation values. To better demonstrate
this phenomenon, we provide the following example.

Example 1 Suppose there are three professors and they are invited to evaluate the
innovativeness of a doctoral student’s research proposal. To more accurately and
effectively evaluate the quality and innovation, DEs are permitted to use multiple
values to denote MDs and NMDs of their evaluation values. Let S be a given linguistic
term set, where S = {so = very poor, s; = poor, s, = slightly poor, s3 = fair, s4
= slightly good, ss = good, s¢ = slightly good}. the three professors use multiple
linguistic terms to express their evaluation information and DEs’ evaluation opinions
are listed in Table 1.

Take the first professor as an example, as seen in Table 1, he/she is hesitant between
s4 and ss when giving MD and sy, s, and s3 when providing MD. It is obvious that in
the framework of LPFSs, the overall evaluation values of the decision group cannot
be denoted. This is because LPFS theory only allows single MD and NMD, and so
that it is insufficient to handle Example 1. In practical MAGDM problems, due to
many reasons, such as lacking prior knowledge or time, DEs often hesitate among
several values when providing MDs and NMDs and obviously LPFSs are incapable
to handle these situations. Therefore, it is necessary to study LPFSs under hesitant
fuzzy decision environment.

Table 1 The evaluation
information provided by DEs
in Example 1 The first professor {s4, 55} {s1, 52, 53}

The second professor {52, 83, 54} {s0, 53}

Possible MDs Possible NMDs

The third professor {s1, 52, 54} {50, 52, 53}
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3.2 Definition of DHLPFSs

Definition 4 Let X be a fixed set and S = {540 < @ <1} be continuous linguistic
term set with odd cardinality. A dual hesitant linguistic Pythagorean fuzzy set
(DHLPFSs) defined on X is expressed as

D = {(x, hp(x), ga(x))|x € X}, “4)

where h4(x), ga(x) C S are two sets of some linguistic terms, denoting the possible
linguistic MDs and linguistic NMDs of element x € X to the set D, respectively, such
that o2 +n% < 1%, where s, € hp(x),and sy € gp(x) forx € X.Forconvenience, we
call the ordered pair d(x) = (hp(x), gp(x)) a dual hesitant linguistic Pythagorean
fuzzy element (DHLPFE), which can be denoted asd = (h, g), where s, € h,s, € g
and o2 + n* < I2.

Definition 4 reveals that DHLPFSs can be regarded as a generalized form of
LPFESs, by considering situations of the existence of multiple MDs and NMDs. In
other words, LPFES is a special case of DHLPFSs. Hence, the proposed DHLPFSs
are more suitable to deal with decision-making cases wherein DEs have different
opinions and they cannot reach an agreement. In Example 1, if we use DHLPFSs to
denote the overall evaluation value, then it should be d = {{s1, $2, 53, 54, S5}, {50,
S1, $2, 53} }, which is obviously a DHLPFE.

3.3 Operations of DHLPFEs

Based on the definition of DHLPFEs and the operations principle of DHFEs, we
propose some basic operational rules of DHLPFEs.

Definition5 Letd, = (hy, g1),d» = (hy, g2),andd = (h, g) be any three DHLPFEs
and A be a positive real number, then

(1 didd= Ualehl,azehz,megl,ﬂzegz {[5(03+022703022/12)1/2}, {s(’ll'h/l)}];
2 ded= Uffléhl,ﬂzéhz,mEgl,ﬂzegz {{S(UIUZ/I)}’ {S(n%+77§7n%n%/12)1/2}};

3) A= Uaeh,neg {{sl<l—(1_02/12)'\)]/2}’ {sl(n/l)*}};
@ d" =Usenpes {{Suo/l)*}: {Sl<]_(1_n2/lz);)l/2}}~

Example2 Letd, = {{s3, s4, 55}, {s2, s3}} anddp = {{s2, 54}, {s4}} be two DHLPFEs
derived from a pre-defined linguistic term set S = {s5,|0 < @ < 6}, then

di ® do = {{53.4641, 54.5826, 5426875 54.9889, 55.1208 $5.4671}> 151.3333, 52.0000} };
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di @ do = {{51.0000, 51.333, $2.6667> 53.3333}, {54.2687, » S4.5826 )}
3d; = {{s4.5621, » S5.4614, 55.9138}, 150.2222, $0.7500}};
d} = {{50.7500, $1.7778, $3.4722}, {83.2735, Sa.5621}}-

Theorem 1 Let di = (hy, g1), do = (h1,8), and d = (h, g) be any three
DHLPFEs, then

1) di®d,=dr®do;

2) di®d,=d®d;

3) Ad Ddy) = Ard) B Ay,

4 Md @ rod = (A + A2)d, (A1, A2 = 0);
(5) dM@d»> =dMt* (), A > 0);

6) df ®@d; = (d ®@dy)", (= 0).

Proof 1t is easy to prove that (1) and (2) hold, in the following we attempt to prove
other formulas. According to Definition 5, we have

T |[3(1—«1—0%/:2)<l—o§/ﬂ>>*)"2 ] ey )

and

A Adr = K ; s [ A}
di ® Md; Ualeh]megl {{Yl(l_(l_alz/p)‘)”z} S1n1 /1y }
@ Uazehz,nzegz [ {sl(l_(l_g%/lz)’~)'/2 ]’ {S’(nz/l)k }l

= U”lehl«”ZEhZ-mEglﬂzegz [{Sl(l—((l—gf/ﬂ)(l—a;/ﬂ))“)”z } {‘Y’(mn:/lz)k ]} =Md1 © ),

which proves the correctness of (3).
Meanwhile, we can obtain that

Ad @ rad

= Uaemeg ”31(17(17(12/12))-1)'/2 }’ {S’(n/l)’“' }} ® Uueh,neg {{X[(]—(Ifqi/[z)’c)l/z } {‘Y’(n/n‘Z }}
= Uaeh,neg {’Sl(lf(l—oz/lz);zﬂl )1/2 } [s(’m/“;"“z) ] }

and

(1 +22)d = Uaeh neg { {Sl(l(lgz/p)h“z)'/z}’ {Sl(fl/l)'\‘ﬂ2 }} =2d ® rad,
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which proves the validity of (4).
Moreover,

dedt= U”Eh”’eé' {{sl("m“ b {Sl(l(lnzm)“)l/z}}
? U"E’“"Eg {{Sl(a/m b {sl(l—(l—nz/lz)”)l/z}}’
= Ugeh,neg {{sl((r/l)»\wkz }, {sl(l(lnz/ﬂ))““‘Z)I/Z } }

Mty _ L — J* A
drTt = Uaeh,ﬂeg {{SI(G/I)AHML {sl(l_(l—nz/lz)““z)]/z}} =d" ®d 2,

which proves the rightness of (5).
Besides,

A r_ )
di ®dy = Uoleh],megl {{SZ(UI/I)A}’ {SI(I—(I—n%/lz);‘)]/Z }}
® Uﬂzehz,nZEgz {{SZ(UZ/I)‘A }’ {Sl(l(lﬂ%/lz)k)l/z } }’
= U {S 2 x}, S N\ /2 .
oiehi.oehymegimeg | | 1(0192/17) 1(1=(Q=nt/12) (1=n3/12))")

In addition,

X
d| @ do)* = {s } s
& d leehlyvzehzmEgmzegz a2/t (fﬁw%*n?ng//z)l/z

- e
- U"l ehy,0p€hy 1 €81,12€82 [ {Sl(alaz/lz)k ’ [31(1_((1—n%/12)(1_,7%/12))A)1/2 ] ] Shed

which demonstrates (6) holds.

3.4 Comparison Method of DHLPFEs

To rank DHLPFEs, we provide the following comparison method.

Definition 6 Let d = (h, g) be a DHLPFEs, the score function 7(d) of d is
expressed as

7d) =s - , 5)
R R
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and the accuracy function ¢(d) is defined as

o) =s 7 : 6)
J (( Z aiz) /#h+< Z rﬁ) /#g) /2
i=l,0eh Jj=lneg

where #h and #g denote the numbers of elements in / and g. For any two DHLPFEs
d[ and dg,

(3) Ift(d) > t(d>), thend; > dy;
4) Ift(d)) = t(d>), then

If o(d)) > ¢(d>), then d; > dy;
If o(d)) = ¢(d>), then di = d,.

Example 3 Let S={5,]0 < <6}bea pre-defined continuous linguistic term set,

and d; = {N{so, $2, 83}, {84, s5}} and dr = {{s1, 53}, {52, 53, 5}} be two DHLPFEs
defined on S, then we have

T = X\/<62+(02+22+32)/3—(42+52)/2)/2 =01 ¢l = X\/((o2+22+32)/3+(42+52)/2)/2 8T

T = X\/(62+(12+32)/z-(22+32+52)/3)/z =639 ) = s\/((]2+32)/2+(z2+32+52)/3)/2 = em

According to Definition 6, we can get d, > d;.

3.5 Some Basic Aggregation Operators of DHLPFEs

To aggregate attribute values under DHLPFSs, we propose a series of weighted AOs
for DHLPFEs and discuss their properties.

Definition 7 Letd; = (h;, g;)(i = 1,2, ..., n) be acollection of DHLPFEs, and let
w=(w,ws,... ,w,,)T be the weight vector, such that 0 < w; < 1 and Zf’:l w; =
1. The dual hesitant linguistic Pythagorean fuzzy weighted average (DHLPFWA)
operator is defined as

DHLPFWA(d],dz, ...,dn) = @?zlwid,', (7)

Based on the operations of DHLPFEs, the following aggregated value can be
obtained.
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Theorem 2 Let d; = (h;, g;)(i = 1,2, ...,n) be collection of DHLPFEs, then the
aggregation result by using the DHLPFWA operator is also a DHLPFE and

n ] )

DHLPFWA(,,dy, ..., dn) = s 12 (-1
oj€h;.njeg; n . CINWi
P S8 1(17_]‘[1(175[.2/12)’”» ligl('h/l)'
=

Proof When n = 2, then

widi = Umehl,n,ql {{Sz(l—o—a%/ﬂ)‘”)‘“}’ st} }

and

wad =U [{S Wy 1/2 Ky wa }
242 or€hy,mES 1(1=(1-03/1?)"?) ’{ L(m2/1) }
Then

DHLPFWA(],dy) = wid) ® wads

= U"l ehy,op€hy.n €gl.meEe) l [sl(l(lalz/ﬂ)w' (17a22/12)wz)l/2 l
{S(l(m /l)wl (’l2/l)wz) } },

which implies that Eq. (8) holds for n = 2.
In addition, we assume Eq. (8) holds for n =k, i.e.,

. 12018
1—.1'[|(lfa,.2/12)”’) L

1

(mi /1)1

=

DHLPFWA(dy, dy. ... .d;) = Uaiehmggi s (
1

then when n = k + 1, we can obtain
DHLPFWA(. dy. ... dp.diy1) = O wid;

@Wk+1dk+1U . NG {s k N ]
1:[1(176,.2//2)"> ],vl;[l(m”) i

i=

K
oi€hi,ni€gi ,(F

Y A
@U‘Tk+lehk+lv’7k+l€gk+l l[sl(l—(l—aﬁ“/lz)A)l/z] { 11 /1) }]

:LJ chi e Sk V2 5 S kel N
oichi ni€gi 1<]71—[ (175,2/12)""') l_]‘[l(m//)“,
-
i
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i.e., Eq. (8) holds for n =k 4 1. Therefore, (12) holds for all n. The proof of Theorem 2
is completed.
In the following, we investigate some properties of DHLPFWA operator.

Theorem 3 (Monotonicity) Let d; = (h;, &) and d} = (hl* g;“)(i =1,2,...,n)
be two collections of DHLPFEs, where s, € h;, s,, € g; and Sor € h, Sy € g For
Vi=1,2,...,nif s5 < Sor and s,, > St then

DHLPFWA(dy, dy, ..., d,) < DHLPFWA(d},d3,....d}). )

Proof For any i, there are 55, < 55+ and 5, > s,+. For the terms in the aggregated
results, we have

12 < s 1/2 an

= n y1zands =S Y-
,(I_H(l_ai*z/,z)w) 1‘]‘[l<n,»/1)w l_]'[l(r;i*/l) i
i=1 = i=

N n
_ —g2/12)"i
1(1 f(1-0/1) )
According to Definition 6, we can get DHLPFWA(,, d,...,d,) <
DHLPFWA(d;,d3, ....d;) with equality if and only if 55, = 5o+ and s, = s,
for all ;.

Theorem 4 (Boundedness) Let d; = (h;, g)(i =1,2,...,n) be a collection of
DHLPFEs. For each sq, € hj, sy, € g i =1,2,...,n),letd” = (smin{(,,.}, smax{,,i]),
d+ = (smax{a,-}’ Smin{n,-})~ Then

DHLPFWA(d™,d",...,d”) < DHLPFWA(d), dy, ..., d,)
<DHLPFWA(d*,d*,....d*).  (10)

Proof ForVi = 1,2, ..., n,wehave Smin(o,} < So; < Smax{o;}s Sminfn;} = Sni = Smax{n;}-
Then

N 1= 1 =S R 1 = Smin{o;}»

n n

N 2\ 2
1 o2/ 12 w,) 1(]7 1—(min{o; 12»,) > owi
( T(1-0/%) (1= (minoi/1%) 1| 1-(1-(min{o;}/ %)=

=58 S Ssoa = Smax(}s
T/~ 1 T (maxgng}/ D" !
i=1 i=1

=5 1 <s§ I = Smax{o;}»

1(17 ﬁ (1-a?/12)" ) 2 1<|7 ﬁ (1—(max{a;}/ D))" ) 2
i=1 i=l

=S n > a = Smini)-
LT @i/ D 1 1 (mingn: /1) ‘min{r; }
=1 i=1
Further,
DHLPFWA(d_’d_’“”d_>:U g n 1/2 ’|S n Wi ]
i Vi 1 Wi
l(l_'gl<l_(mln{”i}/l)2> 1) il;ll(ma"{’h}/) i

i
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= {swinfo ) ) J

DHLPFWA(d‘*',d'*’,.A.,d‘*'):U s s

1(1711’1'[ (17(max{a,»}/1)2)wi)'/2 ' zi

i=1

(min{o; }/1)"7 ]

==

1
= {smas{ey S J

According to Definition 6, we have DHLPFWA(d,, do,...,d;,) >
DHLPFWA(d’,d’,...,d’) with equality if and only if d; is same as d~.
Similarly, DHLPFWA(d,d>, ....d,) < DHLPFWA(d",d*,...,d") with
equality if and only if d; is same as d ' can be obtained. So, the proof of the theorem
is completed.

Definition 8 Letd; = (h;, g;)(i = 1,2, ..., n) be acollection of DHLPFEs, and let
w=(w,w,..., wn)T be the weight vector, such that0 < w; < 1and > w; = 1.

i=1
The dual hesitant linguistic Pythagorean fuzzy weighted geometric (DHLPFWG)
operator is defined as

DHLPFWG(d,, dy, ..., dy) = ®_,d", (11)

Theorem 5 Let d; = (h;, gi)(i =1,2,...,n) be collection of DHLPFEs, then the
aggregation result by using the DHLPFWG operator is also a DHLPFE and

S 5 12)

’.Hl(m'/’)wi ’

i=

DHLPFWG(.dy.....d) =\, .
1 o 1

n ) A\ 1/2
_ _o2/12\"i
l(l iEl(l 2/2) )

The proof of Theorem 5 is similar to that of Theorem 2, which is omitted here.
In addition, DHLPFWG operator has the following properties and the proofs are
similar to those of Theorems 3 and 4.
Theorem 6 (Monotonicity) Let d; = (h;, &) and df = (h},g/)(i =1,2,...,n)
be two collections of DHLPFESs, where s,, € h;, sy, € g and so» € h}, s,+ € g/ For
Vi=1,2,...,n,if 55, < Sor and s,, > Sty then

DHLPFWG(d,d>,....d,) < DHLPFWG(d}.,d5,....d;).  (13)

Theorem 7 (Boundedness) Let d; = (h;, g)(i =1,2,...,n) be a collection of
DHLPFEs. For each sq, € hi, sy, € g (i =1,2,...,n),letd” = (smin{m}, smax{m}),
d* = (Smax(oy}|» Smingy;})- Then

d~ < DHLPFWG(d,,d>, ...,d,) <d". (14)
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3.6 A MAGDM Method Based on DHLPFSs

In this section, we study DHLPFSs and their AOs in MAGDM problems and propose
a new MAGDM method. We further provide a real decision-making example to
illustrate the effectiveness of the new method.

3.6.1 Description of a Typical MAGDM Problem Under DHLPFSs

A typical MAGDM problem under DHLPFSs can be described as follows: Let
A = {A, Ay, ..., A,} be a set of candidates and G = {G, G»,...,G,} be
set of attributes. The weight vector of attributes is w = (w, wy, ..., wn)T, such
that Z?:I w; = land 0 < w; < 1. A group of DEs D = {Dy, D, ..., D}
is invited to assess the performance of all the alternatives. The weight vector
of DEs is A = (A, A2,...,A)7, such that 0 < A, < 1 and Sl ke =
1. Let S = {sylh €[0,1]} be a pre-defined continuous linguistic term set. To
properly evaluate the feasible alternatives, for attribute G;(j =1,2,...,n) of

Aii=1,2,...,m), DE D,(e = 1,2,...,1) uses a DHLPFEs df, = (h‘?j,gfj)

L

defined on S to express his/her evaluation information. Finally, a series of dual hesi-
tant linguistic Pythagorean fuzzy decision matrices are obtained. In the following,
based on the proposed AOs we further present a method to solve this problem.

3.6.2 The Steps of a Novel MAGDM Method Based on DHLPFEs
Step 1. Normalize the original decision matrix. In most practical MAGDM problems,

there are two types of attributes, i.e., benefit type and cost type. Hence, the original
decision matrices should be normalized according to the following formula:

hi;. 8i;) for benefitattribute

dfj = . (15)
8ij» hi; for costattribute
Step 2. Compute the overall decision matrix. For alternative X;(i = 1,2, ..., m),
use DHLPFWA operator
1 2
dij=DHLPFWA(d);.d}.. ....d}), (16)

or the DHLPWG operator

dj = DHLPFWG(d\.d2, ..., d}), a7

ijo Yije
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to determine the comprehensive evaluation matrix.

Step 3. Compute the final overall evaluation values of alternatives. For alternative
Xi(i=1,2,...,m), use DHLPFWA operator

di=DHLPFWA(d, di, ..., din), (18)
or the DHLPWG operator
di=DHLPFWG(d;,dn, ...,din), (19)

to compute its comprehensive evaluation value.
Step 4. Calculate the score value S(d;) and accuracy value H (d;) of d;.

Step 5. Rank all the alternatives according to the score and accuracy values.

3.6.3 An Illustrative Example

Example 5 In order to improve the accommodation conditions of students, a univer-
sity plans to install air conditioners in student dormitories. After primary evaluation,
there are four suppliers to be select (A, A,, A3, and A4). In order to choose the
optimal air conditioners supplier, the university arranges an expert group composed
of students and teachers to evaluate all candidate alternatives. All the five possible
candidates are evaluated under four attributes, namely reputation (G), competitive
power (G»), quality of products (G3), and price advantage (G4). The weight vector of
attributes is w = (0.3, 0.1, 0.2, 0.4)”. We assume there are three DEs (D, D,, and
D3) whose weightis § = (0.243, 0.514, 0.243)T . LetS = {so = extremely poor, 5| =
very poor, s, = poor, s3 = slightly poor, s4 = fair, s5 = slightly good, s¢ = good, s; =
very good, sg = extremely good} be a linguistic term set, and DEs use DHLPFEs to
express their evaluation values. The original decision matrices are listed in Tables 2,
3, 4. In the following, we use the proposed MAGDM method to determine the most
suitable air conditioners supplier.

Table 2 The original decision matrix provided by D; in Example 5
Gi G G3 Gy

Ay {{s6, 57}, {52, s8}}

{{s7}, {52, 54}}

{{ss}, {s2}}

{{s6, 57}, {s3}}

As

{{s5}, {s4}}

{{s1}, {57, 56}}

{{s6, 3}, {s3}}

{{s3}. {s3}}

A3

{{ss, 58}, {s2}}

{{ss5}, {s2}}

{{s1}, {s7}}

{{s2,54}, {s6}}

Ay

{{s3}, {s8}}

{{s2.53}, {s6}}

{{s1}, {s6}}

{{s2}, {s6}}
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Table 3 The original decision matrix provided by D, in Example 5

Gy G Gs3 Gy
Ay {{s2, 53}, {s2}} {{ss,57}, {s4}} {{s3}, {52, s4}} {{s6}, {52, 54}}
Ay {{s1, 52}, {s4}} {{s1,52}, {s6}} {{s3}, {s1,56}} {{ss}, {s3}}
Az {{ss}, {s2,54}} {{ss}, {s2}} {{s1}, {s5}} {{sa}, {53,561}
Aq {{s2, 53}, {55, 58}} {{s2}, {s5}} {{s4, 55}, {s1}} {{s2, 5}, {s3}}
Table 4 The original decision matrix provided by D3 in Example 5

Gi Gy G Gs
A {{s3}, {s6}} {{s2, 7}, {s4}} {{s3}, {52, s5}} {{s6}, {53, s4}}
Az {{s1, 55}, {53, 54}} {{s1,53}, {s6}} {{s3}, {s3}} {{s5, 57}, {s1}}
A3 {{ss}, {s2}} {{s5,56}, {s1}} {{s4}, {s6}} {{s4}, {54, 56}}
Ay {{s3,s5}, {s3}} {{s2}, {s4}} {{s1}, {s6}} {{s1}, {ss}}

Step 1. It is easy to find out that all attributes are benefit types and hence the original
decision matrices do not need to be normalized.

Step 2. Use the DHLPFWA operator to compute the comprehensive decision matrix,

which is shown in Table 5.

Step 3. Use the DHLPFWA to compute the comprehensive evaluation values of
alternatives. As the final overall evaluation values of all the feasible alternatives are

too complicated, we omit them here.

Table 5 The comprehensive decision matrix of Example 5 using the DHLPFWA operator

Gy

G

Al {{54.8878> 54.6964 54.1619, $3.8970 }» {52.6120,

536582} }

{{57.0, 56.5568 56.2839, 55.4469 }, {53.3799,
s4.0}}

Az {{53.7547, 52.8160, 53.9158> $3.0527}» {54.0,
37299} }

{{51.0, 517450 51.60» 52.1342 } {55.9501,
s574}}

A3 {{ss.0}, {s20}}

{{55.0, 55.5201}, {51.69}}

Aq {{52.5464> 53.3307, 53.05 5036617 }» {58.0,
562831} }

{{52.2024, 52.0}> {54.9506} }

G3

Gy

Ay {{s3.6617}> {52.0, 52.4988, 52.8560, 53.5683 } }

{{56.3198, 56.0}, {52.4356> 52.6120, 53.4781,
§3.7299}}

Az | {{54.1619, 53.0}> {51.7056, 54.284} }

{{s3.6478. 855125}, {$2.2071}}

A3 {{s2.2424}, {556718}}

{{53.6504> 54.0}> {55.437, 56.05 $3.8074>
5420171}

Ay | {{53.0361, 53.8423 ), {52.3888} }

{{s1.8123. $3.9171}, {57.4508}}
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Table 6 The comprehensive decision matrix of Example 5 using the DHLPFWG operator

Gy G
Al {{53.6859, $2.9925, 53.5504, 52.8824 }> {53.7608, | {{57.0, 55.1628, 55.8883, 543429}, {53.6504,
58.0}} 540} }
As {{52.1862> $1.4786> $3.1220, S2.1114}, {54.0, {{51.05 $1.3060, $1.4280, $1.8650 }» {51.65825
537928} } 558011} }
Az {{s7.1368}, {520}} {{55.0, 552265}, {s1.8123}}
Ay {{52.4356> $2.7575, 53.0, 533965 }» {58.0, {{52.2071, 52,0}, {55.1142} }
562831} }
G3 Gy
Ay {{53.3965} {52.0, 53.1565, 532406, 53.9773}} | {{56.2290, S6.0} {52.5464, 52.8906, 53.55615
537928 }}
Ar {{s3.5504> 53.0}, {22414, $5.0126} } {{54.4163> 547926 }» {52.6748}}
A3 {{s1.4006}, {55.9559}} {{53.3799, 4.0}, {55.6641- 56.0> 54.34065
549381} }
Ay {{52.0392, $2.2870 }» {54.6390} } {{51.6900, 52.7066 }» {58.0}}

Step 4. Compute score values of alternatives according to Definition 6 and we can
get the following results:

1(d)) = 6.4920, 1(dy) = 6.0067, t(ds) = 7.6187, 7(dy) = 4.5884

Step S. Based on the score values presented in the afore step, we get the ranking
order of alternatives, i.e., A3 > A; = A, > Ay, and A3 is the the best alternative.
In step 2, if the DHLPFWG operator is used to compute the comprehensive
decision matrix, then we can get the following results (see Table 6).
Then, we continue to use the DHLPFWG operator to compute the overall values
and calculate the score values according to Definition 6, we have

T(dy) = 4.7904, 1(dy) = 5.3967, t(d3) = 5.3515, t(ds) = 1.6702

Therefore, the ranking order of alternatives is Ay > Az > A; > A4, and A; is
best alternative.

3.6.4 Further Discussion

This section proposes a new MAGDM method wherein DHLPFSs are used to prop-
erty DEs’ evaluation values. The main advantages of our developed decision-making
method are two-fold. First, it allows attribute values or DEs’ evaluation values to be
denoted by linguistic terms, which provides DEs a flexible and reliable manner to
express their assessments. In actual decision-making situations, DEs usually would
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Table 7 Characteristics of different MAGDM methods
Whether it Whether it Whether it permits | The degree of
depicts DEs’ | depicts DEs’ multiple MDs and | flexibility it
qualitative qualitative NMDs provides for DEs
evaluation evaluation
Gag’s [31] method | Yes Yes No Medium
based on LPFSs
Yu et al.’s [62] Yes No Yes Medium
method based on
DHFSs
Our proposed Yes Yes Yes High
method

like to use linguistic terms numbers to evaluate the performance of possible alter-
natives. Hence, our MAGDM method provides DEs, scientists, and practitioners
a practical approach to make reasonable decisions. Second, our method permits
the attribute values by several possible linguistic terms, which effectively handle
DEs’ hesitancy. Therefore, our method is more practical and powerful than some
existing decision-making methods. First, it is more useful than that proposed by
Garg [31] based on LPFSs. Garg’s [31] MAGDM method only allows the MD and
NMD of attribute values to be denoted by single linguistic terms, which overlooks
DEs’ high hesitancy in complicated MAGDM situations. In addition, our method
can solve decision-making problems in which attribute values are in the form of
LPFSs. However, the decision-making method introduced by Garg [31] is unable to
handle MAGDM problems in DHLPFSs. Additionally, our proposed method is also
more powerful than that put forward by Yu et al.’s [62] based on DHFSs. Similar
to DHLPFSs, DHFSs can also effectively deal with DEs’ high hesitancy in alterna-
tives’ performance evaluation process. However, in DHFSs the possible MDs and
NMDs are represented by crisp numbers while in DHLPFSs all MDs and NMDs
are denoted by linguistic terms. In other words, DHFSs can only describe DEs’
quantitative evaluation values, while DHLPFSs depict both DEs’ quantitative and
qualitative evaluation information. Hence, our method is also better than Yu et al.’s
[62] MAGDM method. We provide Table 7 to better illustrate the advantages of our
proposed method.

4 Probabilistic Dual Hesitant Linguistic Pythagorean
Fuzzy Sets and Their Applications

In this section, we introduce another new concept, called PDHLPFSs, for depicting
DEs’ evaluation information. We first introduce the motivations of proposing
PDHLPFSs. Then, the definition of PDHLPFSs, as well as some other notions,
such as operational rules, comparison method, and AOs are studied. Based on these
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notions, a new MAGDM method is proposed and its actual performance in realistic
decision-making problems is illustrated through numerical examples.

4.1 Motivations of Proposing PDHLPF Ss

As discussed above, DHLPFSs permit multiple linguistic MDs and NMDs, which
can more effectively describe DEs’ evaluation values. However, as realistic MAGDM
problems and very complicated, there are quite a few situations that cannot be handled
by DHLPFSs. In DHLPFSs, all possible values provided by DEs have importance,
which is not consistent with real decision-making situations. Actually, each member
in DHLPFEs has a different degree of importance. We provide the following examples
to better explain the drawbacks of DHLPFSs.

Example 6 A professor is invited to evaluate the innovation of a student’s thesis
(which can be denoted as A for convenience). Let S = {so = very poor, s; = poor,
s, = slightly poor, s3 = fair, s4 = slightly good, s5 = good, s¢ = slightly good} be
a pre-defined linguistic term set. The professor may express that he/she is 30% sure
that the MD should be s4, and 70% sure that the MD should be s5. In addition, he/she
is 40% sure that the NMD should be 59, 40% and 20% sure that the NMD should be
s, and s3, respectively. Then the evaluation value of the expert can be expressed as

Innovation (A) = {{54(0.3), s5(0.7)}, {s0(0.4), 5(0.4), 53(0.4)}}

Example 7 There are a hundred teachers and students and they are required to express
how they feel about the satisfied degree of the design scheme of new campus (which
can be denoted as B convenience). Let S = {sy = very poor, s; = poor, s, = slightly
poor, s3 = fair, s4 = slightly good, s5 = good, s¢ = slightly good} be a pre-defined
linguistic term set. For the MDs, 28 of them state it should be s3, 34 of them argue
it should be s4, and the other 38insist it should be s5. For the NMDs, 57 of them
state it should be s; and the other 42 of them insist it should be s3. Then the overall
evaluation value can be expressed as

Satisfied degree(B) = {{53(0.28), 54(0.34), 55(0.38)}, {51(0.57), 53(0.43)}}

The above examples reveal that in order to more accurately capture DEs’ evalu-
ation values, not only multiple MDs and NMDs but also their corresponding proba-
bilistic information should be taken into account. As a matter of fact, some scholars
have noticed this phenomenon and some effective information description tools have
been proposed, such as probabilistic linguistic sets, probabilistic hesitant fuzzy sets,
and probabilistic dual hesitant fuzzy sets. Motivated by these fuzzy set theories, we
genialize DHLPFSs into PDHLPFSs.
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4.2 Definition of PDHLPFSs

Definition 9 Let X be a fixed set and S = {540 < @ <1} be continuous linguistic
term set with odd cardinality. A probabilistic dual hesitant linguistic Pythagorean
fuzzy set (PDHLPFSs) E is expressed as

E = {{x, hp(x)|p(x), ge(x)|t(x))|x € X}. (20)

The component 2 g (x)|p(x) and gg(x)|t(x) are two sets of some possible values,
where hg(x), gp(x) C S , denoting the possible linguistic MDs and NMDs of the
element x € X to the set E, respectively, such that 09 + n? < 19(q > 1), where
So € hp(x),ands, € gg(x) forx € X. p(x) and #(x) are corresponding probabilistic
information of hg(x) and gg(x), respectively, such that 0 < p; < 1,0 <t; < 1,
Zfil pi =1, and Zii , t; = 1. For convenience, we call the ordered paper e(x) =
(hg(x)|p(x), ge(x)|t(x)) a probabilistic dual hesitant linguistic Pythagorean fuzzy
element (PDHLPFE), which can be denoted as e = (h|p, gl|t) for simplicity.

From Definition 9, it is seen that PDHLPFS is a generalized form of DHLPFS
and DHLPES is a special case of PDHLPFS, where the importance degrees of all
members are equal. In the framework of PDHLPFSs, the overall evaluation value of
DEs’ in Example 1 can be express as d = { {5 10.125, 5, 10.250, 53 10.125, 54 10.375,
s510.125}, {50 10.250, 51 10.125, 5, 1 0.250, 53 1 0.375}}, which is a PDHLPFE.

4.3 Operation of PDHLPFEs

Definition 10 Let e; = (h1|pn,. &1|te,). €2 = (h2|pn,. g2)t,,), and e = (h|p, glt)
be any three PDHLPFEs and A be a positive real number,
(5) e1Per = UUl €hy,02€hy,n1€81,mEL { {S((f12+022—012‘722/12)]/2 |pm Po }’ {S(mﬂz/l) |tm tnz } };

6) e1®e = Ualehl,azehz,megl,ngegQ {{S(Gl(fz/l)|pm paz}’ {s(n%+n§_n%,’%/lz)‘/2|tmtﬂz]};
(D) he=Usenneg {{Sl<1(102/12))‘)l/2|p0 }’ {Sl(n//)"”'l}};

A
®) e =Usennes {{sl(a/l)‘|p”}’ {Sl(l(lnz/lz)*)'/zvn}}'

Example 8 Let e = {{s3|0.5,54]/0.2, 55|0.3}, {52]0.6, 53]0.4}} and e, =
{{S2|0.3,S4|0.Z}, {s4/1}} be two PDHLPFEs defined on a pre-given continuous
linguistic set S = {540 < a < 6}, then

e Dey

_ {33.4641 |0.1500, S4_5325|0.3500, 54.268710.0600, 54.983910.1400, 55 1208 |0.0900. §5.4671 ‘042100}
{s1.333310.6000, 52 0000 |0.4000}
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e ®ep

{51.000010.1500, 51 33310.0600, 51 666710.0900, 52 000010.3500, 52 666710.1400, 53 333310.2100},
{S4 2687 }0 6000, 54,5826 |0 4000}

3e1 = {{s4.562110.5000, s5.461410.2000, 559138|0.3000}, {50.2222|0.6000, 50.7500/0.4000}};

€3 = {{50222210.3000, s 7775]0.7000}, {55 .4614]1}}

Theorem 8 Let e = (hl |phl,g1 |tgl), ey = (h2|ph2, g2|tg2), and e = (h|p, glt) be
any three PDHLPFEs, then

(1) er®er=erDen;

2) e1®er=exQe;

B)  Aleg ® er) = ey D Aey;

4) re® e = (A + A2e, (A1, 22 > 0);
(5) e =M (A, A > 0);

6) e} ®eh=(e1®e)", (A>0).

Proof 1t is easy to prove that (1) and (2) hold. In the following, we try to prove
the correctness of the following equations. According to the operational rules for
PDHLPFEs presented in Definition 10, we have

Ae D er) = UU]€h1,02€hz,r]1€g1,7]2€g2 {[Sl(l—((17612//2)(1*022/12))/\)m |Poy Poy }. {Sl(m”z/]:)k [ty tny ] }a

and

Arep @ dey = Ualehl,n1€g1 [{%(p(l—af/ﬂ)k)l/zlpa' ] [Sl(m/m Iy, }]
@ Ljazehzmeg2 ”sz(p(kag/ﬂ)‘)l/z |Poy } {Sl(nzm‘ [, }]

= Ug,ehl,azehz,megl,nzegz [[sl(l (1=02/2)(1-02/12))" )”zlp"‘ p@] { l(mnz/lz)Altmt"Z]}
= A(er ® e2).

which proves that (3) holds.
Meanwhile, we can obtain that

Ae® Ape

aeh neg ‘l 2/12 A I/ZPUI { l())/l))‘l | 77}|

*Uoennes ‘ Isl(l(lg2/]2))‘2>l/2pd ] {SM/I)*Z "”}l
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e Hx'(l(102/12)A2M1>1/2|p(r ] [S('(”/“A'Hz)m}l,

and

A+ A2)e = Udeh,neg [{S,(li(ligz/ﬂ)ﬂﬂz)lﬂ\Pa }» {Sl(n/l))'”h |tn}] =Are ® Aze,

which illustrates the validity of (4).
Moreover,

et = Uaeh,r]eg {{Sl(a/l)”‘l |p"}’ {Sl(l(1n2/]2)}‘l)l/2|t77}}
® Uaeh,ﬂeg {{Sl(zr/l))'2 |p‘7}’ {sl(l—(l_nl/IZ)'\z)l/z|t7]}}’
= Uaeh,neg {{SI(U/I)MMz |Pa}, {Sl(l(17;2/12)““2)]/2'1‘” } },
and

A+rr . 5 — A A2
e’ - erh,neg {{sl(a/l)”*hlpﬂ}’ {Sz(1—(1_,,2/12)’-1+;.2)‘/~|tn}} ="' ®e”.

Hence, (5) holds.
Finally,

A A 5
aee= UmEhl-mEgl [{X](J'/I)A |Poy }’ {Xl(l—(l—ﬂ%/lz))k)l/z i }}
® Uﬂzehmzegz {HS“"Z/IMPUZ H {‘Yl(l—(l—nﬁ/lz))u)]/z‘tnz } ]

- U”IEhl-”ZEhZJHEglJ’IZEgZ {{X’("I"Z/lz)k [Po1 Po: } [Sl(l—((l—n%/lz)(l—ni/lz))k)l/z s l }
and

A
Py
e ®ey) = s s 2 |ty }})
1®e) (UUlEhLUZEthVHEgl~712682 {{ o102/11Por Po2 [ (3 +n3—mz/12)" Vst

= Uméhlﬁzéhz.mEgquEgz i [S’(”lal/lz)k ‘pgl Po }’ {S[(l*((]*U%/IZ)(I*’I%/Iz))A)I/z|tmtnz } }

=e’1\®e§,

which demonstrates the correctness of (6).
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4.4 Comparison Method of PDHLPFEs

Definition 11 Let ¢ = (h|p, g|t) be a PDHLPFEs, the score function I'(e) of e is
expressed as

I'e)=s " e ) (21
J (12+ Z Uizpzr,'* Z 71%,)/2
i=l,oeh j=lineg ~
and the accuracy function 2(e) is defined as
(22)

Q) =s )
#h #g
J ( Z Uizpa,-JF Z n?t,]j)/Z
Jj=lneg

i=l,0€h

where #h and #g denote the numbers of elements in / and g. For any two PDHLPFEs
ey and e,, then

(1) IfT(e;) > I'(ey), then e > e;
(2) IfT'(e;) = I'(ey), then

If Q(e;) > Q(ey), then ey > e3;
If Q(ey) = Q(e2), then ) = e5.

Example 9 Let S = {540 <& <6} be a pre-defined continuous linguistic
term set, and e; = {{50]0.2,5/0.3, 53]0.5}, {s4/0.4, 55/0.6}} and e; =
{{5110.5, 53|0.5}, {52]0.2, 53]0.7, 55|0.1}} be two PDHLPFEs defined on S, then we
have

T(e1) =5 /@m0 27203755057 - (@081 5%067)2) 2 — 539427

§2(e1) =5 /(0212505575057 /31 (P01 572067) 2) 2 — 518235

T(€2) =5 /im0 575057 2- (0 27071501 3) 2 = S42216:

§2(e) = 8 S((1740.5243240.57) 2+ (2240.224340.7°4520.12) /3) /2 — S1.1951-

According to Definition 11, we can get e; > e.
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4.5 Aggregation Operators of PDHLPFEs

Definition 12 Let ¢; = (hi|py,, gilte,)(i =1,2,...,n) be a collection of
PDHLPFEs and w = (wy, wy, ..., w,,)T be the weight vector, such that 0 < w; < 1
and > ! ,w; = 1. The probabilistic dual hesitant linguistic Pythagorean fuzzy
weighted average (PDHLPFWA) operator is expressed as

PDHLPFWA(ey, e, ...,e,) =®_ wie;, (23)
Theorem 9 Let ¢; = (hi |Ph,-7 gi |tg,.)(i =1,2,...,n) be collection of PDHLPFEs,
then the aggregation result by using the PDHLPFWA operator is also a PDHLPFEs

and

PDHLPFWA(ey,e,...,e,)

ZUU,Eh,»,r;,-eg‘- S( liI _/12) )12|1_[p(7/ ,islili[l(ni/l)w’llil:!tm} , (24)

i=1

Proof We first prove that (24) holds for n = 2. Since

wiep = Uglehl’megl {{51(17(170_12/12)»1'1)1/2|p0—] }, {Sl(,“/l)w[ |tm }},
and

w262 = U, e 10 agriyey 21 | (ovaorsion |

Then

PDHLPFWA(el,ez) =wje] ®wpep

- UU} €hy.op€hy i €gl.mesn

'l%l(w%m)”‘ (1=egr2)") " , T

which demonstrates that Eq. (24) holds for n = 2.
If Eq. (24) holds for n =k, i.e.,

PDHLPFWAC(ei, e, ..., ex)

Uffi €hini€gi

k

k
1/2|||pi, S & |||t,. y
) e T
i1 =

s k
(-0 a-my ) i
i=1
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then when n = k + 1, we can obtain

PDHLPFWAC(ey, ez, ..., ert1) = B wie; © wipierr

X k
= el [ Tro s « [T

o;€hini€gi =1 LT (/D™ =1

= i=1 -

s k
1(1—1‘[(1—0}/12)“‘1)
i=1
D s w1z R At
Uamehm,nk“egk“ [[ ’(1_(1—%2“/12)“) [Poy11 1(n2 /1) [fg41
k+1 k+1
= N N s Iy

1(1—»1'[:(|7a,‘2/12)"”'> FILon /Dy

i.e., Eq. (24) holds for n = k + 1. Therefore, Eq. (24) holds for all n. The proof
of Theorem 9 is completed.

Theorem 10 (Monotonicity) Let ¢ =  (hi|pn.gilty) and e =
(hf|ph;, g;"’tgi*)(i =1,2,...,n) be two collections of PDHLPFEs, where s,, € h;,
Sy, € & and sor € hy, Sy € g ForVi =1,2,...,n,if 55, < Sor and sy, > sy,

while the probabilities are the same, i.e., ps, = Doty = Iy, then

PDHLPFWA(ey, es,...,e,) < PDHLPFWA(e}, €3, ..., ¢€). (25)

n

Proof For any i, there are s, < 55+ and s, > s,;+. For the terms in the aggregated
results, we have

2 < s

n 12 =
(-fio-y)
i=1

N
I

n N\ 172 ands n ” Z S n i e
,(FH(lfGi*z/,z)»l) 1‘]‘11(7,,»/1)*: l_]'[](r;j/l) i
i=1 = i=

According to the score function in Definition 11, we can get
PDHLPFWAC(ey,e3,...,¢,) < PDHLPFWA(e}, e5, ..., ¢) with equality if
and only if 55, = s and s, = s, for all i.

Theorem 11 (Boundedness) Let ¢; = (hi|py,, 8i|te,)(i = 1,2, ...,n) be a collec-
tion of PDHLPFEs. For each s,, € h;, s, € gi(i = 1,2,...,n), let e- =
(smin{rr,-] |pmin{(r,-}7 Smax{n,-}|tmax{n,»}): g+ = (Smax{(ri}’pmax{(ri}a smin{n,»} tmin{m})- Then

PDHLPFWA(e*.e* ..... e*) < PDHLPFWA(e, ey, ... en) < PDHLPFWA(9+,0+ ..... e*). (26)

Proof ForVi =1,2,...,n,we havesmin{,,i} = So; = Smax{o:}>Smin{n;} = Sy = Smax{n:}»
DPminfoi} < Po; < Pmax{o;}> tmin{ni} < ty; < tmax{n,}- Then

.
2 wi
1(1—(1—(min(o,)/1)2)i1 )

N

1(17121(170,2/12)"7)

i=l1

=5

1(17 ﬁ (1=(min{o; }/1)?)" )
i=1

i=

=5

-
-
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S n <s n =y i)
/0 = 71 T maxton) /0 maxt)

i i=

<s 1

1(17 1‘[ (1—(max{o;}/1)*)" ) :
i=1

s 1 = Smax{o;}>

z(lfilj](1,(,,_2/12)%)7

N > = Smin{n:}-
a0 = "1 [Tamingpyoe et
i=1 i=1
For the probabilities:
n n n n
l—[ Po; > l_[ Pmin{o;}» tzr; > tmin{a;}
i=1 i=1 i=1 i=1
and
n n n n
l_[pﬂ,» =< Hpmax{a,}a ty, < Tmax{o;}-
i=1 i=1 i=1 i=1
And,

e”)

PDHLPFWA(e e, ...

N U 1(1—ﬁ(1—(min{o,-}/1>2)“"‘>
i=1

= {Smin{ai}

N

n
2] l_[ Dmin{o:} { »

i=1

n
1_[ tmax{m},
i=1

et)

n
l_[ Pmin{o;}> Smax{n;}
i=1

PDHLPFWA(e", e, ...

n
= U iz l_[ Dmin{oi} { »

N n
1(171‘[ (lf(max{a,}/l)z)w’)
i=1

i=1
n n
= {Smax{m} l—[ Pmin{o;}> Smin{n;} l—[ tmax{m} }
i=1 i=1
According to the score function in Definition 11,

PDHLPFWA(ey, es,...,e,) > PDHLPFWA(e ,e™,...,¢7)

if and only if ¢; is same as e~. Similarly, PDHLPFWA(ey, ey, ..

J. Wang et al.

n
S —
{ ! T (max{ni}/ D" | H max{n,}}

n
S Lo
[ ! Blmingnlz ll_! ma"‘”'}}
i=1 =

we

PDHLPFWA(e*, et, ... ,e+) with equality if and only if ¢; is same as e™ can

be obtained. So, the proof of the theorem is completed.

have
with equality
Sen) =



Extensions of Linguistic Pythagorean Fuzzy Sets and Their Applications ... 393

Definition 13 Let ¢; = (hi|p,, gilte,)(i =1,2,...,n) be a collection of
PDHLPFEs and w = (w, wy, ..., wn)T be the weight vector, such that 0 < w; <1
and Y ', w; = 1. The probabilistic dual hesitant linguistic Pythagorean fuzzy
weighted geometric (PDHLPFWG) operator is expressed as

PDHLPFWG(ey, e, ..., e,) = ®_je!", (27)
Theorem 12 Let ¢; = (h;|py,, 8i|te)(i = 1,2, ..., n) be collection of PDHLPFEs,
then the aggregation result by using the PDHLPFWG operator is also a PDHLPFEs

and

PDHLPFWG(ey,es,...,e,)

i=l1

n n
= S n IR N 0 12 te ¢ (- (28
O :,m/,,‘,ﬂpm} (-frooey) [Tatp ©@®
i=1 = i=1

The proof of Theorem 12 is similar to that of Theorem, which is omitted here. In
addition, it is easy to prove that PDHLPFWG operator has the following properties.

Theorem 13 (Monotonicity) Let ¢ =  (hi|pn.gilty) and e =
(hﬂphi*, 8! tg,*)(i =1,2,...,n) be two collections of PDHLPFEs, where s,, € h;,
Sy € gi and Sox € hy, Syr € g ForVi =1,2,...,n,if 55 < Sor and s,, > Syt

while the probabilities are the same, i.e., ps, = Possly, = by, then

PDHLPFWG(ey, es,...,e,) < PDHLPFWG(e}, é5, ..., €}). (29)

> Tn

Theorem 14 (Boundedness) Let ¢; = (hi|py,, 8i|te,)(i = 1,2, ...,n) be a collec-
tion of PDHLPFEs. For each s,, € hy, s, € gi(i = 1,2,...,n), let e~ =
(smin{a;] |pmin{a,-}» Smax{n;}|tmax{n;}); et = (Smax{ai}|pmax{(r;}a Smin{n;} tmin{n,-})- Then,

e" < PDHLPFWG(ej,ey,...,e,) <e™. (30)

4.6 MAGDM Based on PDHLPFEs

In this section, we introduce a new MAGDM method under PDHLPFSs based on the
proposed AOs. Further, a numerical example is presented to show the effectiveness
of our proposed method.
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4.6.1 The Main Steps of a MAGDM Approach Under PDHLPFSs

A representative probabilistic dual hesitant linguistic Pythagorean fuzzy MAGDM
problem is described as follows: Let A = {A}, A», ..., A,} be a set of candidates
and G = {Gy, G, ..., G,} be set of attributes. The weight vector of attributes is
w = (Wi, wa, ..., wy)!, such that Z;zl w; = land 0 < w; < 1. Several DEs
D = {Dy, Dy, ..., D} are invited to form a group to evaluate the efficiency of
all the feasible alternatives. The weight vector of DEs is A = (A1, Az, ..., A,)T,
such that 0 < A, < 1 and Zi:l re = 1. Let S = {snlh € [0,1]} be a pre-
defined continuous linguistic term set. For attribute G;(j = 1,2, ..., n) of alter-
native A;(i =1,2,...,m), the DE Dy(k =1,2,...,t) uses a PDHLPFE ef.‘j =

hesitant linguistic Pythagorean fuzzy decision matrices are gotten. In the following,
we use the proposed AOs to introduce a novel MAGDM method.

Lok ) to express his/her evaluation. Finally, a set of probabilistic dual

4.6.2 The Steps of a Novel MAGDM Method Based on PDHLPFEs

Step 1. Normalize the original decision matrix. In most practical MAGDM problem:s,
there are two types of attributes, i.e., benefit type and cost type. Hence, the original
decision matrices should be normalized according to the following formula:

k k ; ;
P (hij Pit; - 8ij tgf}) for benefitattribute

€; = . 3D
(gfj tek s hf‘, Dk, ) for costattribute
Step 2. Compute the overall decision matrix. For alternative A;(i = 1,2, ..., m),
use the PDHLPFWA operator
e = PDHLPFWA(e}j,efj,...,e;;), (32)
or the PDHLPFWG operator
eij = PDHLPFWG(elj. e} ef). (33)

to determine the comprehensive evaluation matrix.

Step 3. Compute the final overall evaluation values of alternatives. For alternative
A;(i=1,2,...,m), use the PDHLPFWA operator

e = PDHLPFWA(e,-l,e,Q,...,e,-,,), (34)
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or the PDHLPWG operator

e, =PDHLPFWG(eir, e, - - -, €in), (35)

to compute its comprehensive evaluation value.
Step 4. Calculate the score value S(e;) and accuracy value H (e;) of ¢;.

Step 5. Rank all the alternatives according to the score and accuracy values.

4.6.3 A Real Application of the Proposed Method

Example 10 In order to stimulate the enthusiasm for research of doctoral students, a
college plans to evaluate the quality of doctoral students’ theses and selects the best
one and gives the author scholarship. After primary selection, there are five theses
authored by five students, and three professors are required to evaluate the five theses.
The weight vector of the three professors is A = (0.243, 0.514, 0.243)7 . The five
theses are assessed under four attributes, i.e., the significant degree of the study
(G1), the degree of innovation (G2), the degree of compliance with academic norms
(G3), and the significant degree methodology (G4). The weight vector of attributes
isw = (0.3,0.1,0.2, O.4)T. Let S = {so = extremely poor, s; = very poor, s, =
poor, s3 = slightly poor, s4 = fair, 55 = slightly good, s¢ = good, s7 = very good, sg
= extremely good} be a linguistic term set, and DEs use PDHLPFEs to express their
evaluation values. The original decision matrices are presented in Tables 8, 9, 10.

Step 1. As the original decision matrices are benefit types, the original decision
matrices do not need to be normalized.

Step 2. Use the PDHLPFWA operator to determine the comprehensive decision
matrix, and the result is listed in Table 11.

Step 3. Use the PDHLPFWA operator to calculate the overall evaluation values of
alternatives. As the comprehensive evaluations are too complicated, we omit them
here.

Step 4. Calculate the score values of alternatives, we can obtain

['(e1) = s5.6466, I'(€2) = 556735, T'(€3) = 555048, ['(e4) = 55,6687

Step 5. Rank the alternatives and we can get A, > A4 > A; > As, which implies
A, is the optimal alternative.

If we calculate the comprehensive decision matrix and overall evaluation values by
the PDHLPFWG operator, then the score values of alternatives are I'(e;) = 56266,
I'(ez) = ss56583, ['(e3) = S5.5646, and ['(eq) = s56453, and the ranking order is
Ay > Ay = A, = Az, which indicates A, is the best alternative.
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4.6.4 Further Discussion

This section proposes a novel MAGDM method wherein DEs’ evaluation information
or attribute values are expressed by PDHLPFSs. To sum up, the main advantages of
our proposed decision-making method have three aspects. First, it employs linguistic
terms to denote the possible MDs and NMDs, which makes it easy to denote DEs’
assessment information both quantificationally and qualitatively. Second, it allows
the existence of multiple MDs and NMDs, which is more capable of describing
DEs’ high hesitancy in realistic complex decision-making problems. Third, it can
also describe probabilistic information of each linguistic term, making it smoother
to describe a decision-making group’s overall evaluation information. These three
merits make our decision-making method more flexible and powerful. In addition,
our MAGDM method is also more powerful than some existing decision-making
approaches. First, compared with aforementioned decision-making method based
on DHLPFSs, the newly developed MAGDM method under PDHLPFSs can more
accurately depict DEs’ evaluation information, as it not only considers multiple
MDs and NMDs but also take the probabilistic values of MDs and NMDs into
consideration. Second, it is also more powerful than the method introduced by Hao
et al. [55]. It is noted that the method proposed by Hao et al. [55] is based on
PDHFSs, which use crisp numbers to denote the possible MDs and NMDs. Hence,
Hao et al.’s [55] method only consider DEs’ quantitative evaluation values. In our
proposed PDHLPFSs, the possible MDs and NMDs are denoted by linguistic terms,
and hence our method can describe DEs’ evaluation values both quantificationally
and qualitatively. We provide Table 12 to better demonstrate the advantages of our
developed MAGDM method.

Table 12 Characteristics of some MAGDM methods

Whether it considers | Whether it considers Its degree of flexibility
the probabilistic DEs’ quantitative and | when dealing with
information of MDs | qualitative evaluation | practical MAGDM
and NMDs values simultaneously | problems

The aforementioned | No Yes Medium

decision-making

method based on

DHLPFSs

Hao et al.’s [55] Yes No Medium

decision-making

method based on

PDHEFSs

Our developed Yes Yes High

method based on

PDHLPFSs
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5 Conclusion Remarks

The LPFSs can effectively describe DEs’ evaluation values in complicated decision-
making situations. However, the main drawbacks of LPFSs are they overlook multiple
MDs and NMDs as well as their corresponding probabilistic information. The aim
is to overcome the two shortcomings by probing extensions of LPFSs. We first
proposed the DHLPFSs, which have the ability of effectively dealing with multiple
MDs and NMDs. After it, we proposed AOs for DHLPFSs and applied in MAGDM
method. we continued to consider the fact that members in DHLPFSs may have
different frequencies, occurrences, and degrees of importance, we further generalize
DHLPFSs to PDHLPFSs by considering not multiple MDs and NMDs but also
their probabilities. We further showed how to use to PDHLPFSs to solve practical
MAGDM problems. Numerical examples have demonstrated the effectiveness of
our proposed novel MAGDM methods. In future research, we shall continue our
study from two aspects. First, we are studying applications of our methods in more
actual-life MAGDM methods. Second, we will study more extensions of LPFSs,
such as cubic LPFSs, hesitant LPFSs, uncertain LPFSs, etc., to accommodate more
complex decision-making environments and propose novel MAGDM methods to aid
practitioners to make wise decisions.
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