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2
Abstract: In this article, to synthesize the merits of interaction operational laws (IOLs), rough
numbers (RNs), power average (PA) and Heronian mean (HM), a new notion of T-spherical fuzzy
rough numbers (T-SFRNs) is first introduced to describe the intention of group experts accurately
and take the interaction between individual experts into account with complete and symmetric
information. The distance measure and ordering rules of T-SFRNs are proposed, and the IOLs of
T-SFRNSs are extended. Next, the PA and HM are combined based on the IOLs of T-SFRNs, and
the T-Spherical fuzzy rough interaction power Heronian mean operator and its weighted form are
proposed. These aggregation operators can accurately express both individual and group uncertainty
using T-SFRNSs, capture the interaction among membership degree, abstinence degree and non-
membership degree of T-SFRNs by employing IOLs, ensure the overall balance of variable values
by the PA in the process of information fusion, and realize the interrelationship between attribute
variables by the HM. Several properties and special cases of these aggregation operators are further
presented and discussed. Subsequently, a new approach for dealing with T-spherical fuzzy multiple
attribute group decision-making problems based on proposed aggregation operator is developed.
Lastly, in order to validate the feasibility and reasonableness of the proposed approach, a numerical
example is presented, and the superiorities of the proposed method are illustrated by describing a
sensitivity analysis and a comparative analysis.

Keywords: multiple attribute group decision-making; T-spherical fuzzy rough numbers; Heronian
mean operator; interaction operational laws; power average operator

1. Introduction

An attribute evaluation value usually embraces ambiguous and impermeable infor-
mation in multiple attribute group decision-making (MAGDM) problems. However, as
the actual group decision -making problem becomes more and more complex, scholars are
faced with significant challenges in the expression of attribute variables. Fuzzy set (FS) [1]
is an information representation method, which is widely used to solve information model-
ing problems with vague and uncertain information in many fields, but the FS has only one
membership degree (MD) M (k) (0 < M (k) < 1). This is not sufficient to comprehensively
depict the uncertainty degree of humans’ cognition of things. In view of this, Atanassov
advanced intuitionistic fuzzy set (IFS) [2], which can describe more detailed information
than the FS via the MD M (%) and non-membership degree (NMD) N (k) (0 < N (h) < 1).
The characteristic of IFS is M () + N (#) < 1. In order to overcome the shortcoming that
the IFS cannot be used in decision-making scenarios where the sum of M (%) and N () is
greater than one, some scholars successively proposed Pythagorean fuzzy set (PyFS) [3,4]
((M(#))* 4+ (N (h))* < 1) and Fermatean fuzzy set (FFS) [5,6] (M (%)) + (N'(h))® < 1)
with a wider range of decision-making information, and more generalized g-rung orthopair
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fuzzy (g-ROF) (M (h))7 + (N (h))? < 1) [7]. Obviously, the IFS, PyFS and FFS are spe-
cial cases of g-ROFS. The boundary of assessment information described by the MD and
NMD also becomes larger when the parameter g value increases in g-ROFS. Therefore, the
comparison between g-ROFS and IFS, PyFS and FFS shows that the g-ROFS can provide
more free space and flexibility for people to describe assessment information with prefer-
ence. In recent years, the g-ROFS have been widely applied to the engineering and social
fields [8-18].

The MD and NMD in g-ROFS, respectively, represent the parts belonging to and not
belonging to a given set, while the rest is called uncertainty or hesitation degree, that is,
the g-ROFS can only deal with the fuzzy concept of “neither this nor the other”. However,
in some decision-making situations (such as voting), people need to find more ways of
responding with their opinions: Yes, Abstain, No, and Refuse [19]. Obviously, the -ROFS
is inadequate and unsuitable for expressing the opinions of decision-makers. Cuong first
proposed an extended notion of picture fuzzy set (PFS) [19], and it can accurately express
the evaluation opinions of decision-makers as an extension of IFS. The MD (0 < M (h) < 1)
stands for “Yes”, the abstinence degree (AD) (0 < A(h) < 1) expresses “Abstain”, the
NMD (0 < N (k) < 1) indicates “No”, and the rest of the whole set (i.e., Refuse degree
(RD): t(h) = 1 — M(h) — A(h) — N (h)) means “Refuse” in the opinion. Furthermore,
they must meet the restrictive condition that the sum is at most one. It is not difficult to
discover that this set is capable of more accurately expressing the assessment information
by extending the two-dimensional plane consisting of MD~NMD to the three-dimensional
space consisting of MD~AD~NMD. Therefore, the PFS is able to avoid the loss of evaluation
information and improve the consistency between the acquired data and the actual decision-
making environment [20]. In view of the fact that PFS cannot deal with the decision
problem of M(h) + A(h) + N(h) > 1, the spherical fuzzy set (SFS) is an extended
concept introduced by Ashraf and Abdullah in 2018 [21]. It features a larger decision space
than the PFS; in other words, the quadratic sum of three functions cannot be larger than
one. Inspired by the PyFS and ¢g-ROFS, a more generalized T-spherical fuzzy set (T-SFS)
(M(R)" + (A(R)" + (N(B))" < 1 (t > 1)) was advanced by Mahmood et al. [22]. It
enables decision-makers to express “Yes”, “Abstain”, “No” and “Refuse” in their opinions
with greater freedom and greater decision-making space. From the above, it is easy to find
that the T-SFS has obvious generalizability, and this concept is related to the FS, IFS, PyFS,
g-ROFS, PFS and SFS.

So far, the T-SFS has achieved abundant research results from theoretical study [22-24],
information measurement [25-29] and practical application [22,30-33]. As an important
part of T-SFS theory research, T-spherical fuzzy information aggregation technology has
been studied by many scholars. Mahmood et al. [22] produced the weighted geomet-
ric aggregation operators (AO) for T-SFS. The T-spherical fuzzy generalized Maclarurin
symmetric mean (MSM) (T-SFGMSM) operator and its weighted forms were introduced
by Liu et al. [30]. On the basis of some Hamacher operations, Ullah et al. [31] proposed
Hamacher AOs with T-spherical fuzzy numbers (T-SFNs). AOs with interval-valued T-
SFNs were developed by Ullah et al. [32]. Zeng SZ et al. [33] took the IOLs of T-SFNs into
account and advanced some interactive average AOs with T-spherical fuzzy information.
Grag et al. [34] introduced interactive geometric AOs with T-SFNs. Combining the supe-
riority of the Muirhead mean (MM) and PA operators, power MM and power dual MM
AOs were developed in T-spherical fuzzy environment by Liu et al. [35], as well as their
weighted forms. Munir et al. [36] put forward some Einstein AOs of T-SFNSs. Ju et al. [37]
produced some AOs considering the interaction of functions in T-SFN and applied them
to multi-attribute decision-making (MADM). Considering the advantages of T-SFS and
PA operator, Garg et al. [38] defined several power AOs. Munir et al. [39] studied some
associated immediate probability interactive geometric AOs. Liu et al. [40] developed the
MSM AOs with normal T-spherical fuzzy information considering the interrelationship
between multiple input variables. Mahmood et al. [41] advanced T-spherical fuzzy Dombi
prioritized AOs, and combined with MULTIMOORA method to solve MADM problem.
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1.1. Research Motivations

Different AOs are expressed by different functions in the T-spherical fuzzy environ-
ment. Some AOs focus on eliminating the influence of absurd or biased data provided by
people’s preferences from the results, such as the PA operator [42]. Some AOs concern the
correlation among input arguments, such as the MM [43] and MSM operators [44]. Other
AOs emphasize the operation laws between T-SFNs, such as Algebraic operations [21],
Hamacher operations [31], Einstein operations [36] and interactive operations [33,34,37].
At present, these studies only focus on the advantages of a certain dimension, and there
are still insufficient studies on T-spherical fuzzy AOs that comprehensively consider the
advantages of multi-dimensions. Therefore, until now, no AO has been proposed to fuse
T-spherical fuzzy evaluation information based on the comprehensive consideration of
the uncertainty of individual expert’s viewpoint and expert groups” opinion, interactions
between membership functions, the balance of input data and the interrelationship of
attributes. To bridge this gap, the motivations of this paper are summarized as follows:

e In group decision-making process, each decision maker gives the initial T-SFNs for
the assessment object and aggregates them according to certain rules. The relationship
between T-SFNs given by individual decision-maker is ignored, which leads to the
loss of part of the assessment information, so that the opinions of the decision-maker
group cannot fully and accurately express. In other words, the T-SFNs given by
individual decision-makers in group decision-making can only depict the ambiguity
and hesitation of the individual evaluation of decision-makers (i.e., individual uncer-
tainty), but cannot deal with the inaccuracy and subjectivity of group evaluation of
decision-makers (i.e., group uncertainty). Therefore, the uncertainty in practical group
decision-making problems cannot be fully expressed and dealt with only by T-SFN.
In order to simultaneously and synthetically express the individual and group uncer-
tainty of T-spherical fuzzy group decision-making problems, a new expression needs
to be developed. The combination of fuzzy theory and rough set (RS) theory can form
a more flexible and reliable expression through which to handle fuzzy assessment
information from an overall perspective [45-47]; it can reflect the completeness and
rationality of decision-makers’ viewpoints. This paper observes that existing stud-
ies mainly focus on the relationship between the FSs or IFSs and rough sets [48,49],
and seldom study the relationship between intuitionistic fuzzy numbers [47,50,51].
However, there is no research on T-SFNs.

e Interms of the IOLs of T-SFNs, the existing Algebraic, Einstein and Hamacher opera-
tions do not consider the interaction among the MD, AD and NMD in T-SFNs. For
example, assuming that {1 =<My, A, N1 >, pp = <My, Ay, N> are two T-SENs, if
N1 =0, Ay =0, and others are not 0, then the result is that both AD and NMD are
0 based on T-SFNs algebraic sum operation [21,31], which is counterintuitive and
needs to be overcome. Therefore, the use of the IOLs of T-SFNs for this purpose
(IOLs-ZG) was introduced by Zeng SZ et al. [33] and Grag et al. [34]. Although the
IOLs of T-SFNs can solve the above situation to a certain extent, they still feature
limitations (see example 1). However, Ju et al. [37] proposed more generalized and
universal IOLs of T-SFNs based on He et al. [52] (IOLs-]). IOLs-] can deal with the
above two defects.

e  The decision-makers may give too high or too low abnormal preference values due to
personal emotion or insufficient understanding of the decision object in the real world,
which can make the decision-making process unfair. In order to eliminate this negative
influence, this paper chooses the PA [42], which can mine the relative closeness of
variables through the support degree, and then make the variables support and
strengthen each other by assigning different power weights, to reflect the overall
balance in the process of information fusion.

e Insome decision situations, attribute variables are correlated with each other, which is
objective and should not be ignored in the process of information aggregation. Exist-
ing AOs, such as the Bonferroni mean (BM) [53], HM [54,55], MM [43] and MSM [44]
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feature the ability to capture the interrelationship between attribute variables. MM and
MSM operators have been extended in the T-spherical fuzzy environment [30,35,40].
Although MM and MSM operators feature more advantages than the HM and BM
operators in this respect [43,56], the calculation amount and computational complexity
of MM and MSM operators are much higher than in HM and BM operators, espe-
cially when the number of attributes is large. With regard to HM and BM operators,
Liu [57] indicated the former is more powerful than the latter, since the former is
capable of assessing the interrelationship between an attribute variable and itself and
reduce computational redundancy. In recent years, HM AOs have been successfully
utilized in various kinds of fuzzy MAGDM [57-60], but there is no study on HM AOs
with T-SFNs.

1.2. Research Contributions

In view of the above four motivations, the goal of this paper is to integrate the
advantages of RNs, IOLs, PA and HM to solve practical decision-making problems. In this
paper, there is a correlation between the concept of symmetry and the concepts of T-SFN
and RN. The mixture of T-SFN and RN can be further investigated based on symmetry.
A new concept of T-SFRN and its IOLs are introduced. The T-Spherical fuzzy rough
interaction power Heronian mean (T-SFRIPHM) and its weighted AOs are developed.
Furthermore, a MAGDM framework based on T-SFRIPWHM operator is established. In
addition, the proposed framework is applied to an example to find the most appropriate
alternative. The main contributions of this paper are described as follows.

e  The concept of T-SFRN is proposed for the first time, and the distance measure,
ordering rules and IOLs of T-SFRNSs are extended.
T-SFRIHM AOs are explored, along with their effective properties and special cases.
The MAGDM framework is established based on the T-SFRIPWHM operator.
Numerical examples are presented to illustrate the effectiveness of the MAGDM
framework proposed in this paper. The advantages and scientificity of the proposed
method are verified by sensitivity analysis and comparison with existing methods.

The other segments of this paper are structured as follows. Several basic notions about
the T-SFS, HM and PA operators are introduced succinctly in Section 2. Some concepts
of T-SFRNs are advanced in Section 3. The T-SFRIPHM and T-SFRIPWHM operators are
developed in Section 4. A new approach for MAGDM problem based on the T-SFRIPWHM
operator is advanced in Section 5. Subsequently, this method is applied to a given numerical
example, and the sensitivity analysis and comparison analysis are reported in Section 6.
Section 7 presents the concluding remarks.

2. Preliminaries
Here, some basic concepts of T-SFS, IOLs, PA and HM are introduced.

Definition 1 ([22]). Suppose H is a nonempty set, h € H. A T-SFS S denoted on H. is showed
as follows:

S = {<ﬁ, (M(\,(ﬁ),AS\(ﬁ),./\/g(ﬁ))Hﬁ S 7‘[} (1)

N
where the functions Mg (h), Ag (1), N5 () mean MD, AD and NMD of the fi to S, respec-
tively. Satisfying M (h), As (1), N (h) € [0,1] and (Mg(h))" + (Ag(ﬁ))t + (Ng(ﬁ))t <1
(t>1)forall i € H. The RD of S is nig(h) = \[/1 — (M@(ﬁ))t — (Ag(ﬁ))t — (N5 ()"
For the convenience of information presentation, Mahmood et al. [32] and Liu et al. [40] called the
triplet (Mg (h), Ag(h), N5(h)) as T-SEN, which can be denoted by p = (M, A, N).

Remark 1. T-SFN is a generalization of all kinds of fuzzy numbers, its special cases are as follows:



Symmetry 2021, 13, 2422

50f 28

Ift = 2, the T-SEN reduces to the spherical fuzzy number (SFN) [22].

Ift =1, the T-SFN reduces to the picture fuzzy number (PFN) [19].

If A =0, the T-SFN reduces to the g-rung orthopair fuzzy number (-ROFN) [7].
Ift =2, A =0, the T-SFN reduces to the Pythagorean fuzzy number (PyFN) [4].
Ift =1, A =0, the T-SFN reduces to the intuitionistic fuzzy number (IFN) [2].
Ift=1, A =0, N =0, the T-SFN reduces to the classical fuzzy number (CFN) [1].

SRR

Definition 2 ([37]). Suppose p = (M, A, N')is a T-SFN, its score function sc is given as follows:

1 q_ A1 N1
se(p) = LA ATN @

Its accuracy function ac is also given as follows:

ac(p) = M1+ AT+ N1 3)

Definition 3 ([37]). Suppose p1=<My, A1, N1 > and pr=<My, Ay, No > are two T-SFNE.
These T-SFNs can be ranked in the light of the following laws:

1. If sc(p1) > sc(§n), then o1 = (Ho;
2. Ifsc(p1) = sc(§a), then: (i) If ac(p1) > ac(n), then H1 = Ho; (i) If ac($r) = ac(§n),
then Hp1 = po.

Definition 4 ([22]). Suppose p1=<My, A1, N1 > and po=<My, Ay, N > are two T-SFNS,
the T-SFNs algebraic operation laws are described as follows (A > 0):

1. 01D = <\’/M§+M§—M§M£,A1A2,N1Nz>
2 o= <M1Mz, AT+ 2y — AL N NG —Nf/\/zf>

3. Apr=(J1—(1—-MHY AL ND

4 Pl = <MA,\’/1 —a-a)h{1-a —Nf)A>

He et al. [52] have proven that there are some shortcomings in the operation rules
of algebraic sum and product in the intuitionistic fuzzy environment. For example, if the
NMD of one intuitionistic fuzzy number (IFN) is 0 in the IFS, and the NMD of other IFNs is
non-zero, then the final NMD is also 0 through the aggregation of algebraic sum operation
rule, which is unreasonable and counterintuitive. Therefore, this situation exists not only in
the algebraic operation rules of Definition 4, but also in the Einstein operation, Hamacher
operation, and so on. In addition, there are some defects and limitations in the T-SFN
IOLs defined by Zeng et al. [33] and Garg et al. [34] (IOLs-ZG), and the sum and product
operations of any two T-SFNs may violate the constrain condition that the t power sum of
T-SFN’s MD, AD and NMD is not greater than one.

Definition 5 ([34]). Let p1 = <M1, Ay, N1 > and pr = <My, Ay, N > be two T-SFNS, the
interactive sum operation rule of T-SFNs is

1@ P2 = <V1 STy (1= M), {1 =TT (1= AD, TR (1= M) — Ty (1 M — AL = ) — A§A§> (4)
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Example 1. Let 91 =< 1,0,0 >, p» = < 0,1,0 > be two T-SFNs, then obtain <1, 1, 0> by
using T-SFNs sum of IOLs, (1)! + (1)! + (0)! = 2 > 1; the result cannot satisfy the constrain condition

of T-SFS: (Mg(ﬁ))t + (A(\-S\,(ﬁ))t + (N5 (h))" <1 (t > 1). Obviously, this is unreasonable.

To avoid the above unreasonable situation, Ju et al. [37] introduced the other IOLs of
T-SENSs (IOLs-]) based on He et al. [52,61].

Definition 6 ([37]). Suppose p1 = <My, A1, N1 > and p, = <My, Ay, Np > are two T-SFNs,
the IOLs of T-SFNs are described as follows (A > 0):

(V=T 0 M T (= ) T (1 M — A, T (1= M~ A~ T (1= M= AL VD)
2 oo ga = (YT (=N = 4D ~ T (1= AT — A= M), T (1N~ Ty (1= A7 — 4D, 1= TR, (1= A7)
5. A@1:<\[/17(17Mf) - mp? (17/\/157/\5))‘,{/(17/\/157/\5))‘—(17M§7A§f/\ff))‘>
s o0 = (Y0 -A =) == M- - =N - =N A - a -

Remark 2.

Ift = 2, the IOLs of T-SFNs in Definition 6 reduce to the IOLs of SFNs.

Ift =1, the IOLs of T-SFNs in Definition 6 reduce to the IOLs of PENs [62].

Ift =0, the IOLs of T-SFNSs in Definition 6 reduce to the IOLs of ;-ROFNSs [63,64].
Ift=2, Ay, Ay =0, the IOLs of T-SFNs in Definition 6 reduce to the IOLs of PyFNs [65].
Ift=1, Ay, Ay =0, the IOLs of T-SFNs in Definition 6 reduce to the IOLs of IFNs [52].

AR

Theorem 1 ([37]). Supposing 1 = <My, Ay, N1 > and o= < My, Ay, No > are two T-SFNs, the
operation properties are shown as follows (A1, Ay, A > 0):

P1D P2 =5 M

P1® 2 =5 ® P

Mp1© §2) = A1 D Ao
MpP1©A2p1 = (M +A2)P1
(p)M @ (p1) (m)“h
1) @ (P2)" = (p1® p2)"

AN L

Definition 7 ([37]). Let p. = <M§,Ag,./\/'g> (¢=1,2, ..., k) be a set of T-SFNs, then T-SFWAI:
QK — Q, lf

K
T — SFWAI(p1, 2, -+, x) = 5 wede ©®)

where Q) is a set of all T-SFNs, w = (wy, Wy, ... , wi)T is the weight vector of (p1, P2, -+, P ), satisfying
we € [0,1] and Zgzl we =1.

Theorem 2 ([37]). Let p; = (M;, Ay, NiYi =1, 2, ..., x) be a collection of T-SFNs and

w = (wy, Wy, ..., w)  bea weight vector of (1, P2, -+, ), satisfying we € [0,1] and 22:1 we = 1.
The result of Equation (5) is still T-SFN, and

T — SEWAI(H1, P2, , fx) =

<we (1= ME™, <vwm%—gla—Mbﬂwﬁ> (©)
\/ngl - g*Aé) -l (1 - Mg - 2*/\[5)%

Definition 8 ([37]). Let p1 = <My, A, N1 > and po = <My, Ay, Ny > be two T-SENs. The Hamming
distance (HD) between dq and d; is expressed as:
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R L EE VR R I
du(p1,2) = 3 @)
Definition 9 ([42]). Let x.(¢ = 1,2,...,x) be any family of non-negative real number, if
s 1+ T (x)
PA(x1, X2, ,Xx) = ), = X ®)
)= LT T T

The PA is known as power average operator. T(xg) = Yf_q ;.. sup(xg,xo) (c,0=1,2,...,«), where
sup (x¢,xy) denotes the support degree between x. and xy. sup(xc,xs) =1 — d(xc,xs), where d(x¢,xy)
means the distance between x¢ and x,. Furthermore, sup(xc,x;) meets the properties: (1) sup(x¢,xs) € [0,1];
(2) sup(x¢,xo) = sup(xq,xc); (3) if d(xc,xq) < d(x,xx), the sup(xc,xq) > sup(x;,xy).

Definition 10 ([55]). Let #, p > 0, 17 and p are not 0 at the same time, x.(¢ = 1,2,...,x) be any family of
non- negative real number, if

2 K n+p
HMﬂ/p(xlerI e /xK) = Z xgxg (9)

The HM'* is known as Heronian mean operator.

3. T-SFRN
3.1. The Concept of the T-SFRN

The T-SFS features a unique advantage in dealing with imprecise, vague, asymmetric and
uncertain complex information, while the RS does not need any prior knowledge, and it can mine
useful knowledge completely through the internal relationship of data. Therefore, the combination of
T-SFS and RS can realize the complementary advantages of these two tools. This combination not only
features data-driven characteristics and is not restricted by expert knowledge, but can also express
the intention of individual and group decision-makers more comprehensively and objectively. Based
on this, this subsection proposes a new concept of T-SFRN in the light of combining the concepts of
T-SFN and RN.

Suppose that the finite non-empty set Z is the universe, Vz € Z, the definition of T-SFRN
assumes that ¢ class is equivalent to T-SFN class to form a family of T-spherical fuzzy topological
sets, expressed as R={jjc g =1,2, ..., T}. There is a certain dominant ordering relationship between
each equivalent T-spherical fuzzy class, namely, ij; <> <... <y, soforanyclassj. € R,1 < ¢ <,
Y C Z, X C Z. The upper approximation of {j. can be defined as follows:

Apr(ge) = U{Y € Z/R(Y) 2 g, Y € X} (10)
The lower approximation of i can be defined as follows:
Apr(Je) =U{Y € Z/R(Y) < 7, YN X # ¢} 11)

where (Z, ) forms approximate T-spherical fuzzy rough space.

Based on the classical RN construction, any T-spherical fuzzy class i can be expressed by
T-SFRN, which consists of the T-spherical fuzzy rough lower limit (TSFRLL) T — SFRN(#¢) and the
T-spherical fuzzy rough upper limit (T-SFRUL) T — SFRN (), and can be expressed as follows:

T = SFRN(j;) = T - SFWAI(R(), R(%2), .., R(Y,))|Y € Apr(7e) (12)

T—SFRN(j;) = T —SFWAI(R(Y1), R(Y2),...,R(Yg,))|Y € Apr(i) (13)

T — SEFRN(7,) is obtained by utilizing the T-SFWAI operator [39] to aggregate T-SEN of
Y, Yo,..., Yo, as (Y1), R(Y2), ..., RN(Yy,), and their weights are equal, namely,
wy =wy =--- =wgq, =1/Q¢. Similarly, T — SFRN({j) can be obtained.

Definition 11. Based on the TSFRLL T — SERN(§j¢) and TSFRUL T — SFRN(§) of T-spherical fuzzy
class §jc, T-SFRN(yj¢) is defined as
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T — SFRN(Jc) = [T = SFRN(7), T = SFRN(5c)] = [(My,, Ay, N, ), (M, A, Ny )| ()

For convenience of expression, Equation (14) can be expressed as

[76) = e, 7e) = [{ (Mo A0 NO) ), (M, Ag, )] (15)

Remark 3. The T-SFRN can be used as a generalized form of a variety of fuzzy rough framework. T-SFRN
has the following special cases:

Ift =2, the T-SFRN reduces to the spherical fuzzy rough number (SEFRN).
Ift =1, the T-SFRN reduces to the picture fuzzy rough number (PFRN).
If A¢, Ac =0, the T-SFRN reduces to the g-rung orthopair fuzzy rough number (3-ROFRN).

Ift=2, A¢, Ac = 0, the T-SFRN reduces to the Pythagorean fuzzy rough number (PyFRN).
Ift=1, AQ,TQ = 0, the T-SFRN reduces to the intuitionistic fuzzy rough number (IFRN) [50,51].
Ift=1, Ag,Tg =0, ./\/’g,J\i/'g = 0, the T-SFRN reduces to the fuzzy rough number (FRN) [66,67].

S

Theorem 3. For any T-spherical fuzzy class jc (c=1,2, ..., 7), then j. < J. < Je.

Proof. Foreach ;. (c=1,2, ..., 7), the Apr(j) is composed of all T-spherical fuzzy classes that are
not greater than i, and the aggregation result through T-SFWAI operator is not greater than y.. Thus,
e < §c. Similarly, 7. < % can be obtained. Therefore, Theorem 3 is true. [

Theorem 4. Suppose [ij1] and [j,] are two T-SFRNs, they have the following operation properties (A > 0):

Lo ]+ () = @ ph o)
2 [l <[l = @55 © )]
3. Al = [Mj, A

4 [pt= [?1A/?TA

Proof. Since T-SFRN(,) (1 < ¢ < 7) appears in the form of an interval, its operation property is the
same as the general interval number, so it is easy to prove Theorem 4. [

Example 2. Suppose that four experts to evaluate an attribute, and the variables are expressed by
T-SFN: ij; = <0.700, 0.000, 0.400>, 7, = <0.200, 0.600, 0.500>, §; = <0.800, 0.100, 0.200>,
¥4 = <0.600,0.500, 0.000>. According to Definition 2 and Definition 3 (t = 2), these T-SFNs are sorted

as: Yo <Ys <Y1 <Yz

Taking i; as an example, it can be seen from the T-SFRN structure that there are
Apr(71) = {72, Ja, 71} and Apr(71) = {#1, 73}, then it can be obtained by Equations (12) and (13):

T — SERN (1) = T — SEWAI(i1, 72, 7a)

=<\/1—(1—0.72)

1

1 1 1
1-072)3 x (1-02%)3 x (1-0.6%)° — (1—0.72—-0%)3
1 1
x(1-02%2-0.6%)3% x (1—-0.62—05%)3

Wl

7

% (1-0.22)5 x (1 —0.62)§,$ (

1 1 1 1
(1-0.72-0%)% x (1-0.2%2-0.6%)3% x (1-0.6%—0.5%)% — (1 —0.72 — 0> —0.42)3 >
1 1
x(1—02%—0.6% —0.52)% x (1—0.6>2—0.5% —0.0%)3

=< 0.566,0.432,0.360 >
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T—SFRN(j1) = T — SEWAI(j1, §3)

Nl—

= <\/1f (1-072)% x (1 0'82);\} (1—0.72)%l ca-osio

1
(1-0.72-0%)2 x (1-0.8%> —0.1%)2

1 1
(1-0.72 - 0% —04?)? x (1-0.82—-0.12 - 0.2?)2

1 1
\j (1-0.7%—02)2 x (1—0.8% —0.12)— >

=<0.756,0.077,0.305 >

du([71], [72]) =

Next, [171] = [<0.566, 0.432, 0.360>, <0.756, 0.077, 0.305>].

Similarly, [#,] = [<0.200, 0.600, 0.500>, <0.648, 0.357, 0.321>]; [i3] = [<0.648, 0.357, 0.321>,
<0.800, 0.100, 0.200>]; [74] = [<0.465, 0.548, 0.338>, <0.714, 0.280, 0.251>].

The significance of the T-SFNs’ conversion into the T-SFRNSs is that the initial T-SEN is only
given by an individual expert, which ignores the interaction between experts and cannot accurately
express the group opinions of experts. However, the T-SFRN is derived from a holistic perspective
and can reflect the integrity and rationality of the experts” opinions. For example, the first expert’s
evaluation of the attribute is ij; = <0.700, 0.000, 0.400>, but from overall perspective, the attribute
value should be [1/;] = [<0.566, 0.432, 0.360>, <0.756, 0.077, 0.305>], which means the accurate value
should be between the TSFRLL <0.566, 0.432, 0.360> and the TSFRUL <0.756, 0.077, 0.305>. Thus, the
T-SFRN should be all T-SFNs between the lower limit and the upper limit. In addition, the T-SFNs
are transformed into T-SFRNs by applying the T-SFWALI operator, where taking IOLs of T-SFNs into
account, so that the T-SFRN is more reasonable, and it can avoid the counterintuitive dilemmas
caused by such as AD 0 in i/; and NMD 0 in 4. Therefore, the T-SFRNs can not only reflect the
uncertainty of individuals and groups, but also avoid the loss or attenuation of information.

3.2. The Compare Rules of T-SFNs

In this subsection, the HD between two T-SFRNs is proposed based on the distance measure
of T-SENs.

Definition 12. Let []] (¢ = 1, 2) be two any T-SFRNs, then the HD between [{j1] and [§,] is defined as

1 -—t =t —t =t +7t 5t
g(|M§ = M|+ |A} = Ay| + |V — N +‘M1 *le + ‘A1 *Az‘ + ‘N1 *Nz)) (16)
The HD between [ij1] and [ij,] features the following properties:
1. 0<dy(lyl [7.) <1,
2. dy(lyl, [§2D) = du(§], [j1D),

3. dy(ly1] [921) = 0, iff [§1] = [§2].

To compare any two T-SFRNs, the score function sc([j¢]) and the distance function Dis([fj¢]) of
T-SFRN [§j] are advanced based on the TSFRLL and TSFRUL of the T-SFRN.

Considering that the TSFRLL and TSFRUL are T-SENSs, they are fused by the interaction sum
operation, and the score function of one T-SFRN is obtained by utilizing the Equation (2) It is
defined as:

Definition 13. Supposing [ is any T-SFRN, its score function sc([j]) is

sel([7e]) = 5(2-200- MO - ) +(1- ME— AL- N - M - AL -ND)  (7)

According to Definition 8, the distance between the TSFRLL and TSFRUL of any T-SFRN is
taken as the distance function of T-SFRN [ ], which is defined as:

Definition 14. Supposing [ij.] is any T-SFRN, its distance function Dis([ij.]) is

. | ML= T+ [l = AL + [N - W

Dis([fc]) = d([{ M, A, N ), (M, Ae, V) 5

(18)



Symmetry 2021, 13, 2422

10 of 28

Definition 15. The score function sc([ij.]) considers the interaction among the MD, AD and NMD in [i],
and the distance function Dis([ij.]) is the HD between the TSFRLL and TSFRUL of [jc]. Let [jc] (g = 1, 2) be
any two T-SFRNS, then the comparison rules of [j.] (g = 1, 2) are defined as:

1. Ifsclyrl) > sc(la]), then [§1] > [,
2. Ifsc(lyr)) = sc(li2]), Dis([§1]) = Dis([ij2]), then [ij1] =[],
3. Ifsc(lijz]) = sc([§,1), Dis([i711) < Dis([ij21), then [§1] >[if2].

3.3. The IoLs of T-SFRNs

The T-spherical fuzzy rough interaction operation can be extended on the basis of Definition 6.

Definition 16. Let [ ] (g = 1, 2) be any two T-SFRNs. The IOLs of T-SFRNs are defined as (A > 0):

=

o«

:N

4g)/\t/121 (1 7Mg)

c=1

(1- M- )\f/lzll(lMéA) I (1- M- ng)>,

6= c=1

«
I
—_

=N
T

u\iw
o
T

i&
:1 ~

—_

o«

:N

— 2 J— — — —
(1-M, —Ag),\f/nl(l—Mg—Ag) (1- M, _A;_Ng>>

o
Il

—_
«
I

—_
P

¢=1

2 2 2 2 2

Hl(l—N’ ) Hl(l—ALé—Ag—Mé),\f/Hl(l—&) Hl(l—N‘ )\/1— H1<1—M2)>,
= = ¢= = =

2 —t 2 ottt 2 ot 2 2 —t
H(l_N _Ag) H(l_Ng_Ag_Mg)/tH(l_ g) H(l_N A)\/l_n(l_'/\/g)>
¢=1 ¢=1 ¢=1 ¢=1 =1

==
n
<

— (- M- A, 1 - M- At —(1—M§—A§—M>A>,

M - wmy —a-wm Ay Yo - - A -a-M - -

— =M A A A - N - - - A Y- -ty

~a-w-a - Ve - a-m - - a- '
Theorem 5. Let [jjc] (¢ = 1, 2) be any two T-SFRNs. They have the following operation properties:

[711® [72] = [§21® [§1];

[711® [§2] = [72]® [§1];

MG11® [§2]) = Al11® Alja] (A > 0);
)\1[?1]@ )Lz[]}]] =( )\1 =+ /\2) []]1] (/\1, Az >0);
[G1M @ [77] 72 = [7,1M472 (A1, Ay > 0);
[711*® [§2]1 " = ([§1]2 [G2]) * (A > 0).

S

Proof. According to the operational properties in the interval numbers, Properties 1 and 2 are easy to
be proved. Property 3 is proven below:

According to Definition 16,

IZT(l—MZ)\‘/IZT(l—M) I (1- M. — &‘),VIZI(1—M§—&)—IZT(1—M*—A§—/\JZ)>
c=1 i c=1 ¢=1 c=1 ¢=1

2 ——t 2 2 —t 2 t t 2 t ot ot
C1;11(1—/\/1g) \’/gll[l(l—/\/lg) C1;11(1—/\/1 —A_C), V};Il(l_Mg_Ag)_gE[l(l_Mg_Ag_N§)>

A A A
‘17(171+H(17M2)> ’<171+F2[1(17M§)) —(1—1+1‘[1(1—M2)—12[1(17&)+lz[1(17/\4i7§§))
= o= o= o=
A
< <171+ (=M~ TTO- M)+ 11 - M -4 - >
t c=1 ¢=1 =1 X
2 2 2
Bt 0+ f - a4 P00 )+ 0 - -0
A A A
*1—(1—1+n(1—/v1§)> o <1—1+ 21<1_mg>) —(1—1+ﬁl<1—m2) ﬁl(l—M )+ ]gll(l—M Ag>) ,
° = = = =
2 ——t 2 t 2 t o —t '
< <171+H1(17Mg)7]_[l(lfMg)+Hl(17/\/lngé)> - >
¢ o= 6= o=
2 t 2 t 2 ¢ t 2 ¢ t 2 &
<171+g1‘[1 17Mg)7gr[1(17Mg)+ I—[l(lfMngg)fHl(lfMngg)Jrng(lfM - A N))
= - = = _
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2 A 2 A 2 2 A 2 A
Wl H(l—Mg),\f/ml MY - TT (- M- ahY, \’/H(l—Mé—Aé) T (- M- AN >
_ c=1 ¢=1 ¢=1 ¢=1 =1
B . 2 A 2 : 2 A 2 . A2 L fAN T
¢171‘[(17Mg) \’/H(lfjvlg) ma-M, -4 ,VH 1-M ~A) -TI(A-M, - A ~N,) >
c=1 ¢=1 ¢=1 ¢=1 ¢=1
and then,
'<’1—<1 M) 0= M) = (1= s — )", Y- - ) - (- - - ), ]
AMin] = t ——t t ——t ——t t ——t ——
(1-a-3)" Vom0 - a- M -2 Vo -5 - - - - -
[ <*17<17M§)A,V< 1 M) — (- 0= ) {0 - ) — (- i - -3, ]
M) = t t -t At ——t -t
B e S AT U T A )
M) © M)
| -1y (1=1+a-m)") (1-1+ (- Mmh)")-
(1-1+0-mp") (1=1+ =M = (1= M)+ (=M ADT) (1= 14 (1= M) — (1= MY+ (1 - Mh - )
< 1= 14 (1= M) = (1= M) + (1 - M)~ f)A)(1—1+<1—M2>A (1= M) + (1= M - Ah)" )~ >
111+ =MD" = (1M + (1= M- AD (1= M- A+ (1 M- af - A
-1+ (1= My = (1= MY + (1= Mh - A" — (1= M — A" + (1 - ME — AL - N
= 17<171+(17ﬂ§)’\> 1-1+(1-M ><1fl+ 1-M A)
(1—1+(1—M;)") B T ey v A A Ty v AU Ty v Z)‘)(1—1+(1—m;)A—<1—M§)A+(1—H;—Z;)">'
< 171+(17m;>l7(pﬂi)%(yﬁi7Z§>")(171+mm’gﬂ(lfm) LM - *;)A>f >
| (a3 - -3 03 - A - 03 -3 - -7 - R
114 (=M — (=M + (- M= AY — (1= M= A + (1 — M — f/v;f)
2 A 2 A 2 t A 2 t A 2 t t A
<\f/1—gr211<1—mg> %gﬁl—M) - I Mg - 49 ,Vggl(l—mg—Ag) - I M- A= N >
- , 2 N A2 A2 . 4 A 2 g FAN | T
\/17]:[1(17/\/%) ,\/1:[1(17]\/15,) ]:[1(17./\/{ 7Ag) ’\/1:[1<17M§7A§) ]jl(lfMnggfﬁg) >
c= = ¢= c= c=
Obviously, @ = @), thatis, A([y1]®[y2]) = A[y1]® A[y2] (A > 0). Thus, Property 3 is true. Similarly,

T — SFRIPHM" (1], [#2), - - -

Properties 4, 5 and 6 are also true.
Therefore, the proof of Theorem 5 is complete. [

4. The T-SFRIPHM AOs
4.1. The T-SFRIPHM Operator

Definition 17. Let [(j.] (c =1, 2, ... , k) be a group of T-SFRNS, for any non-negative real number 1, p with
5 +p >0, if T-SERIPHM: QF — Q,
y 1+ T([7e])

. o NS
,[ym—( g_l,,-;_g<( yE) @ (g ar iy ) )) (19

which is called the T-SFRIPHM operator, where Q) indicates the group of all T-SFRNs, and « is the
balance coefficient. T([fc]) = ¢ _q oo sup([Fc], [fio]), where sup(lycl, [§o(g, 0=1,2, ..., x, ¢ #0)
indicates the support degree of [ij. ] and [§,], and it can be obtained from Equation (20):

K

2
x(k+1)

x(1+ T([7c])
v=1 (1+ T([70]

sup([¥cl, [7o]) =1 — du([7c], [§o]) (20)
where dy([ic], [o1) is denoted as HD between [ij.] and [ijy], it can be obtained from Equation (16). The value
sup(Y, Yo) features some properties: (1) sup(lycl, [yo]) € [0,11; (2) sup(lycl, [Yo]) = sup([§s], [GcD); (3) if
dp([a],[b]) < du([%], [9]), then sup([a], [b]) > sup([%], [§])-
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Theorem 6. Assuming [jc] (¢ =1,2, ..., «) is a group of T-SFRNs, for any non-negative real number 1,
pwithn +p>0, @0, = (1+ T([7c]))/ o1 1+ T([#0])), 0 < @ <Tand ¢ 4 @ = 1, the result from
Equation (21) is also a T-SFN.

T~ SERIPHM (7], [72), -+, 7)) = (&1) » g(mg[y“g])%(mé[ﬂg])”)ﬂp

1

(Ja-u+p)7 - @ 0 -atp)T — -1+ 1= 1-a 4T ),

= ; — 1 _ 1 T
<\/(1*E+ﬁ)””’*(ﬁ)”*ﬁ \/(1*4X+ﬁ)”*”*(1*7+5 T \/1* (1-—a+p)re
© _ _ b At K@D n _ _ tmg P K(,il)
a= 11 <1+(1M242Ng)m”(1/\4§Aé/\/f)“’g”( - (1M A +> <1 (1 Mé A) +>>

(I_Mé_AZ_Mé)K(DL (l—Mt _ ME)K‘DC

@1

|
\/\/

B 1 (0L ™1 a3 T
2
a ) —(=MY e\ 11 MY 7\ FED
— 1o (1= ME— AL — NEYDT (1 _ Aqh — AL — ASLYR2 _ 1—(1 M, :
v g}—%g( +( Mg Ac Mg) ( Mg Az Mg) (1—M2—A£—Nt)mg (1—./\/12 Aé N)
2
n K K 1— 1_Mt Xf K¢ U 1_ 1—M —Zt K@z P\ x(x+1)
A= M (1+0-M A - N0 - M - AN < AMemto) 3 - o g)tJ
i (-~ - TR v
P= M1 (0-M - A - N™ (- M, - At - Fy) ) T
c=1¢=¢
2
K@, i __y Kag o\ weT)
¥ & K1) —p K@gp 1—(1—Mt) “t (1—./\/1) +
Y= 11 1+(1—M —A /\/t) ¢ (1—/\/1 _A —N3) _< ¢ . )
“’“< o (1ML — A - W™ ( - My - A - Ny

Proof. In order to demonstrate that the result from Equation (21) is also a T-SFRN, the TSFRLL
and TSFRUL can be proven respectively. To this end, the proof of the TSFRLL is first considered.
According to the IOLs in Definition 16, there is

1
f

1
K(Dg[gg] = <(1 — (] 7M2)ng> ((1 7M§)KL05 i (1 7Mé 742)?(6%) , <(1 *Mé 7A2)ng B (1 *Mé *Aé 7-/\7/‘2);@05) r>
Let ko, [Zg] = <Eg’ﬁg’£€>’ then
1 1
(mg[ggn":<((1747ﬂ>t(17¢g27@”)*,((17% a-v-g)")", %>
1
(1= =M™+ (1= ML= A= N ) = (1= M- AL = )

:< ((17(17M2’Atg)“ﬂg+(17M2*&t7ﬂ2)mg) ,(17(1,%@HFMEA&M)WGY)%, >
(17 (17(17M27A2)Km€ +(17M27A27M1€)m7§)'1)%

Let o, = 1— (1-MY™™ + Q-M —AL—NH™ b = (1-M Al N,
c = 1 — (1-M -2 4 - M- AL - N, then (re[y ) =

(e =82) " (=) (1=et) ). simitrty, (el = ((af —18) (e =), (1) ).
Assume ji = (aZ—bZ)l’,gg ()i = (=) and gy = (s -t),
ﬁg = (Cg *ﬂg)T,Eg = (1 fcg)f,there is

(kaglg,))" @ (xlg, )"

=
|
|
5
(.
L34
2
N———
=
S
—_
|
o
=
|
IS
b
=
=
|
=
J=a
0
N——
T
-
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Then, if « = 2, there is

L (edi)! s Carly)

i

= (Cailg,)" @ Cailg,))) & (Cailg,)" o7, ) @ ((2@al7,))! © (20s[7,))°)

’ 2 F f 2 ot F F %
AL At =) = 1 (=i =it = beg)

g s ()
1- U 1— it 7’ m 1— it 1 et ot 7,
_ < ( g:gzg( Egg)> (glrr{‘g( Egg) gzgzg( Eet Qgg)) >
m ot t m t .t i
<g—¥—g - Bee ™ ”gg) gJ}:g - Fee ™l vgg))
Furthermore, if k = m + 1, there is
m+1
Y ((m+Dagly ])" @ ((m+ 1)@5[251)‘)
c=1¢=¢ ¢
—( 5 (4 1)alg ) ® ((m+ eyl ])f
c=1¢=¢ 6

1
t

K K K
1—- I (1u§u’g+bgb§)> ( [T (1—alaf+blb)— TI (1+bgbgcgcg)> >
c=1 ,

Il
T
s L=
J-\ d
_
|
-
B
&~
|
L3z
wv
=
_
|
L=
Kt
=
«
Y
|<
N
“n
N
N~

- <E€§’ig€’£€f5>
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Further,

1
2 2 t

R A
'((1 B =Mg)™" = (= Ege =T = 1) +1>>

t

=1,6=¢ ¢=1¢=¢

1
K ¢ K K
< <1g_1—[ (1ia2 ngbng)x(Kﬂ ) , <g n (17512 g+b7’/bg)v€x+l) H (1+b’7b§fc Cg)K(kH))

l >
( ﬁ (1+b'7bpfc cg)xwl), IK—[ (bﬂbP)mH)
g:

1,6=¢ ¢=1¢=¢

Then,

K , 2 K 2 '7}”” K '
1= I (140l —clcd) ™ + T (b{bF)=D - II (b”b”)”“ |
o

1,6=¢ ¢=1,8=¢ ¢=1,8=¢

¢=1,0=¢ ¢=1,8=¢ ¢=1,0=¢ ¢=16=

1
== K 2 K ]7% K K # !
1= I (L4000 —cl) ™D + ] (b”bf’)w+l> —(1- T1I (1—u'7p+b”bp)”+1)+ IT (b”b”)w+1 ,

c= [ G

¢=1¢=¢ ¢=1¢=¢

K K ﬁ !
1-(1- TI (1+b7’bp—cgca)"<”1)+ I1 (b”bp)”“)

Since o = 1- 0 ‘M&f;))mg@ 0= M~ Ay~ M) by =
t t b\ KD _ t b KD
“‘Mg@)—/‘ M) e = 1 - “‘qu) T A
(1= M) = Ay A—fé © )K% , thus,
1+(1- M — Al —/\/f)’“"ﬂ”u S ML AL N\ T
e
a= 11 (1+bV5 — ¢ Cg)““*” - 1 1—(1-M— AL 1—(1—/\/# Af)"‘vur ?
¢=18=¢ ¢=18=¢ (1 —Mé _42 _Nt)mg (1- Mt Mt)m@g
K K
é: gzgig (bﬁbg)xxﬂ _ gigig((l _Mé _Aé _Mé)xwgﬂ(l _Mtg Nt)K(DgP> +1
T B 2
1+ (1 7M€ 7Aé 7-/\7/‘2)7(‘9@7]( Mtg Nt )K‘DLP k(k+1)
K K
= p (1 ag §+b}7bg)xx+1 _ p 1_(1_Mé)xwg+ 17 1*(1*M§)W§+ p
¢=1,8=¢ c=1,0=¢ (1 —Mé —Aé —Afé)mq (1 *Mé 74&: 7&%)’“@@

Therefore, the TSFRULL can be obtained as follows,

({fa-sto @ fu-srp® -a-rep fi-a-xep)

Similarly, the TSFRUL can be obtained. Therefore, the proof of Theorem 6 is complete. [

Example 3. Suppose [ij;] = [<0.600, 0.300, 0.600>, <0.700, 0.000, 0.200>], [ij,] = [<0.500, 0.300, 0.700>,
<0.600, 0.600, 0.400>], [ij3] = [<0.700, 0.400, 0.000>, <0.900, 0.300, 0.200>], [§4] = [<0.400, 0.300, 0.800>,
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<0.500, 0.200, 0.600>] are four T-SFRNSs. The calculation process of Equation (21) is as follows (supposing t = 2,
n=1p=3):

Step 1. Calculated by the Equation (20), the sup([jcl, [Jo1) (c, 0 =1, 2, 3, 4, ¢ # 0) is obtained:

sup([ij11, [J2]) = sup([2], [71]) = 0.858, sup([ij1], [j31) = sup(lyj3], [j1]) = 0.838,

sup([ij1], [§4]) = sup([4], [§11) = 0.820, sup([ij2], [G3]) = sup([i3], [ij2]) = 0.727,

sup([21, [§4]) = sup([J4l, [G2]) = 0.855, sup([§31, [J4]) = sup([j4], [73]) = 0.672.

Step 2. According to T([fc]) = Y_1opcsup(Fcl [70]) and @c = (1+T([7c]))/

r—1 (L+T([#u])), there are

T([§11) = 2.517, T([§,]) = 2.440, T([§3]) = 2.237, T([§j4]) = 2.347;

@1 = 0.260, @, = 0.254, @3 = 0.239, @, = 0.247.

Step 3. The comprehensive value [1j] is obtained through Equation (21)

4x@cx1 4X @z X3 1(4+1)

2 2 2 2 2 2
\ 14 (1- M2 - AZ-N?) 1 (1-Mz—A; - N3) \
a= T L (- M2 A% N1 (- M- a2y = 0828
(17M§7A27,/\4/‘§)4xwg (17M§74%7M%)4X¢05

2
Ax@;x1 4xw§><3> 3+

B= T ((1—M§—A§—M2) (1— Mz — Az - N} ' =0.017

4><cog><1( 4x@F %3 1(4+1)

2 2 2 2 2 2
T4 (1= Mg — A7 - N7) 1= Mz — Az - NF)

4 1 :
r= A 1 (1- MY 1-(1- MYy — 0.929
(1 *Mg *Ag 7Mg)4><wg (1 *M% 74% 7M§)4xwg

1

So, uy = \/ (1—0.828 4 0.017) 75 — 001773 = 0.547,

Ny = \/ (1—0.828 +0.017) 75 — (1 — 0.929 + 0.017) 75 = 0.339,

vy = /1— (10828 +0.017) 75 = 0.584.

Similarly, iy = 0.662, 775 = 0.362, v; = 0.453.
Thus,

[§7] = T — SERIPHM'([i1], [§2], [#3], [7a]) = [< 0.547,0.339,0.584 >, < 0.662,0.362,0.453 >]

According to Theorem 6, it is found that the proposed operator features the following desir-
able properties.
1. Idempotency. Suppose [j.] (= 1,2, ..., x) is a family of T-SFRNs, for any non-negative real
number 7, p with 7 + p > 0, if [ffc] = [§], then
T — SERIPHMT([i1], [72], - - . [#]) = [7] (22)

2. Boundedness. Suppose [jc] (c=1,2, ..., ) is a family of T-SFRNs, for any non- negative real
number 1, p with 1 + p > 0, then

[a]” < T—SFRIPHM"([i1], (2], ... [#:]) < [a]" (23)
where [d]” = [<ming{J\/lg}, maxg{Ag}, maxg{ﬂg}>, <ming{mg}, maxg{xg}, maxg{ﬁg}>],
[a]t = [<maxg{/\/lg}, ming {Ag}, ming {M€}>,< max¢ {ﬂg}, ming{zg}, ming {Ng}>].

However, the T-SFRIPHM operator does not feature the property of Monotonicity. In accordance
with the IOLs of the T-SFRNs in Definition 16, the above properties of the proposed operator can be
easily proven, so this proof is omitted here.

Next, special types of this operator are obtained with regard to different the parameters ¢,
and p.
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Remark 4. Let [j] (c =1, 2, ..., ) be a family of T-SFRNs, when y — 0, the T-SFIPHM operator
(Equation (19)) reduces to the T-spherical fuzzy rough interactive power generalized linear ascending weighted
operator, i.e.,

T SERIPHMY (7). 72, -+ [7v]) = <(2+1) L clra [yg])f’) p @9
=

where T — SFRIPHM P ([i1], [#2], - - - , [ix]) can weigh the information ((x@1[§11)!, (x@s[21)!, ...,
(k@ [Jx])!) with weight vector (1,2, ... , x). However, Equation (24) cannot reflect the interrelationships
between the input T-SFRNs.

Furthermore, If # — 0,0 =1, @, = 1/x, t = 1, then Equation (24) reduces to the picture fuzzy
rough interaction linear ascending weighted average (PFRILAWA) operator. If 7 — 0, 0=1, @, = 1/,
t = 2, then Equation (24) reduces to the spherical fuzzy rough interaction linear ascending weighted
average (SFRILAWA) operator. Obviously, the PFRILAWA and SFRILAWA operators can not reflect
the correlation between the input variables, nor the overall balance of all the data.

Remark 5. Let [ ] (c=1,2, ..., x) be a family of T-SFRNs, when p — 0. Equation (19) reduces to the
T-spherical fuzzy rough interaction power generalized linear descending weighted operator, namely

1

T — SERIPHM™ (1), [72), -, [9s)) = | =—— i (k+1 = ¢) (kg [Fe])" (25)
w(x + 1)g:1

where T — SFRIPHM"Y([ij4], [#2], - - , [§x]) can weigh the information ((x@1[i1])}, (ka1 ...,
(k@x [ ])?) with weight vector (x, k — 1, ..., 1). The Equation (25) also cannot reflect the interrelationship
between input T-SFRNS.

Similar to Remark 4, if p — 0,7 =1, @; = 1/x, t = 1, then Equation (25) reduces to the picture
fuzzy rough interaction linear descending weighted average (PFRILDWA) operator. And if p —
0,1=1,@, = 1/x, t = 2, the Equation (25) reduces to the spherical fuzzy rough interaction linear
descending weighted average (SFRILDWA) operator.

Remark 6. Let [ij.] (c =1, 2, ... x) be a set of T-SFRNs, when n = p=1/2. Equation (19) reduces to the
T-spherical fuzzy rough interaction power basic HM operator, i.e.,

T — SERIPHMY ([72], (7], - , (7)) = Y (koclic)? © (keglge)t (26)

Similarly, if 7 = o = 1/2, @ = 1/x, t = 1, then Equation (26) reduces to the picture fuzzy rough
interaction basic HM operator. Furthermore, if 7 = p = 1/2, @, = 1/x, t = 2, then Equation (26)
reduces to the spherical fuzzy rough basic HM operator.

Remark 7. Let [j.]1(c=1,2, ..., «) bea collective of T-SFRNs, when n = p = 1. Equation (19) reduces to the
T-spherical fuzzy rough interaction power linear HM operator, i.e.,

T—SFRIPHMl'l([yﬂ,sz~~~,wxl)—( D) 2 (e 7)) (xwg[y;D) @7)

Similarly, if 7 = p =1, @, = 1/x, t = 1, the Equation (27) reduces to the picture fuzzy rough
interaction linear HM operator. Furthermore, if # = p = 1, @, = 1/x, t = 2, the Equation (27) reduces
to the spherical fuzzy rough linear HM operator.

4.2. The T-SFRIPWHM Operator

Notably, the importance of each input T-SFRN of the T-SFRIPHM operator in Definition 17 is
not considered. However, the weight of attribute, as an important input parameter, has a crucial
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part in the aggregation process of attribute variables and can affect the result of AOs in many actual
MAGDM problems. Therefore, the T-SFIPWHM operator is further developed.

Definition 18. Suppose [jjc]1 (¢ =1, 2, ..., ) be a collection of T-SFRNS, for any non-negative real number
1, pwithny +p>0, W= (wy, wy, ..., w7 is the weight vector of ([§1], [§2], . .., [§x]), meeting w € [0,1]
and ZZ:] we = 1, and T-SEFRIPHM: OF — O, if

¢=1¢=¢
where Q) is the set of all T-SFRNS, « is the balance coefficient T([c]) = Yf_; ;2. sup([#ic], [fio]), where
sup([ijcl, [Gol) (o =1, 2, ... %, ¢ # 0) is the support degree of [jc] and [{s]. Furthermore, sup([ij ],
[o]) features the following properties: (1) sup([ycl, [§o]) € [0,11; (2) sup([ycl, [§o]) = sup([§ol, [§cD); (3) if
dp((al, [b]) < du([%], [7]), then sup([al, [b]) > sup([%], [])-

, 5 5 5 K 1+T([7: - P e
T — SERIPWHME' ([§1], [72), -, [7<]) = <<2+1> » ((%[yd) ) )) (28)

Theorem 7. Supposing [j.]1 (g =1,2, ..., «) to be a set of T-SFRNS, for any non-negative real number 1,
pwithn +p>0, e = (xwe(1+ T([7g])))/ Thmq wo(1+ T([0]), 0 < &g < Tand Y ¢ ec = 1, then the
aggregated value by using Equation (28) is also a T-SFRN and

T~ SERIPWHMI (), 2], [nc) = (K(fmgég (el ® (eglael)” )
) <\/<1—a 8, w—<ﬁw>vlp,d<l—aw+ﬁw>v#—<1—vw+ﬁw>»f+ﬂ,d1—<1—aw+ﬁw>»f+ﬂ>, )

(V=80 +B) ™ = B ™ V(1= 80+ B — (1= T4 B P V1= (=0 4B 77 )

. £ &g 1—(1-— t_ At & U 1— 1_Mt_At £ O\ *x+D)
Tl (T ke e U B (W O

o N M- AN ) M- AL N
= - &l &P x(x+1)
b=, I1 (02— AL - MDY - ME - AL - ")
2
K € e 17(17Mt)5g+ U 1—(1—Mt)£§+ P\ D)
= 1 1— t_ Al’ _ t\Ecl 1— t Al’ _ N’f [ c . M; )
Iw GI{(I::g +( MQ = ’A—/Q) ( M@ =¢ %) (17M27A27A7/‘t€)a (17%7/‘%7./\[%)5

—t —t & n it € O\ x(k+1)
_ x —t = P e [(1-(1-M —AH*+ 1—(1-Ms— A6+
&y = ] <1+(1_M£—AZ—N2)§(1_M2—A§ Nt)g ( (—t g—t %t €g>< ( ——t ¢ j\;t Sé))
(1-M.—-A —N() (1*M57A§ &)

2
I—KI <(1 _ﬂé —Zé - Né)sgq(l —ﬂé —Zé —Ng)€€p> KO

— . & n —t & P «%ﬂ)
Fu = LS 1—/\/1 A Nt Ry v Sy VA v AN 1—7(1—ﬁ/lg) +£ 1;(1—Mg) —i—s
= ( ( A (1- M. - AL - NH" (1- M — A — Ne)*

Following the same proof as Theorem 6, Theorem 7 is true.
This weighted AO reduces to the T-SFRIPHM operator when w = (1/x,1/x, ..., 1/ ©)T, and this
AO only satisfies the property of Boundedness.

5. A Method to MAGDM Based on T-SFRIPWHM Operator

In this segment, a T-spherical fuzzy MAGDM approach with completely known weights of
experts and attributes is proposed. Suppose ¥ = {¥1, Y5, ..., ¥« is a finite collection of alternatives
and @ = {®1, Dy, ..., Py} is a finite collection of attributes, and W = (wq, wy, ... , wi)! is the weight
vector of the attributes, meeting wg >0, Zgzl wg = 1. Let A=(A1, Ay, ..., Aw)T be the weight vector
of experts, and satisfying A, > 0, }./2; A, = 1. The expert E, (e=1,2, ... , m) evaluates the alternative
Y, (6=1,2, ..., x) with respect to the attribute &z ({ =1, 2, ..., 0), and the evaluation value is

expressed in the form of T-SFNs, namely d =< M¢ e Ag ng >, the individual T-spherical

fuzzy matrix (ITSFM) D¢ = [dzé} is constructed where d¢ e =< M ggrAgng > is provided
by the e-th expert, and M¢ & gg, g§ respectlvely represent the MD, AD and NMD, which satisfies
Z\/lgg,)Agg,Ne el01]and (M) + (AL) + (V&) <1e=1,2,... ,m¢c=1,2,... ,x;{=1,2,... ,6;
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The T-SFRIPWHM operator is utilized to handle the MAGDM problems in the T-spherical fuzzy
environment; the flowchart of proposed method is shown in Figure 1, and the following detailed
procedure is presented.

Decision problem I Analyst DMs

g

- ( - - - - D
Construction of Alternatives and corresponding criteria are
decision elements collected

\

s

[ The individual evaluation matrices are provided )
| by the DMs with TSFNs

Information J
Processing @
[ The individual T-spherical fuzzy rough matrices )
| are obtained )
v
4 { - N
The T-SFRIPWHM operator is used to aggregate
the attribute variables of the alternative with
. regard to one expert )
Information

8

aggregation - N
The T-SFRIPWHM operator is used to aggregate
the alternative values under experts to determine

L the alternative comprehensive value

J

8

[ The ranking of alternatives is determined by score )

Results . . .
\ function and distance function

Figure 1. The flowchart of proposed method.

Step 1. It is necessary to guarantee that the types of attributes remain consistent in the decision
process, so the cost type attribute is converted into benefit type attribute. Furthermore, the given
ITSFM D¢ (e=1,2, ..., m) can be transformed into a normalized ITSFM R¢ = [7 GC]xxe (e=1,2,...,m

¢=12,...,5¢=1,2,...,0). The conversion method is presented as

eg = «“
) <N§€, A, Mg§>, for cost attribute
Step 2. According to Equations (12) and (13), the normalized ITSFM R is transformed into

the individual T-spherical fuzzy rough matrix [R¢] = [[’7251] » , where [7{;] = [<M o Aee N Z€>,

<Mg§,Ag§, >] €=1,2,...,mc=12...,6E=12,... ,9).
Step 3. Compute the support degree between the T-SFRN [?Z C] and T-SFRN [#¢,] (¢=1,2,...,
¢ e=12...,0,F¢p;e=12,...,m).

sup([7eel, [Fzp]) = 1 — du ([, [Fel) @1

where the dp ([7z], [7,]) is the HD between the T-SFRN [F(,] and T-SFRN [#(, ] according to Equa-
tion (16).

Step 4. Compute the power weight 82 e corresponding to the T-SFRN [726] according to Equa-
tions (32) and (33).

. { gé = <M Agg,./\f g§> for benefit attribute 30)
(de

()= Y sup(iee) %)) 32)
c=10#¢
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xwe (14 T([7]))
bt wo (14 T(7E])
Step 5. Use the T-SFRIPWHM operator to fuse the evaluation information [?Z g’,‘} corresponding

to each alternative with respect to the e-th expert, and to obtain the comprehensive value [§¢] (¢ =1,
2,...,%e=1,2,...,m)of alternative Y.

[g¢] = T — SERIPWHMG' ([F1], [l - [eg)) (34)

Step 6. Calculate the support degree between the T-SFRN [§¢] and T-SFRN [gg] c=12...,%
e,6=1,2,...,m)
sup((g¢), (82)) = 1 - du((5¢), 182]) (35)
where the dy ([g¢], [gg}) is the HD between the T-SFRN [¢¢] and T-SFRN [gN‘s] according to Equa-
tion (16).
Step 7. Calculate the power weight (p corresponding to the T-SFRN [g ] (g 2,...,50=1,
2,...,m) by Equations (36) and (37).

m
(g = Y sup(ig) () (36)
e=1,0#¢
g MO+ T(ED)
° o=t Ao(1+T([82]))
Step 8. The T-SFRIPWHM operator is applied to aggregate the T-SFRN [§¢] corresponding to
each expert, and to obtain the comprehensive value [V] of alternative ¥¢ (c=1,2, ..., x).

(37)

[Ve] = T — SERIPWHM*([g], [g2], -, 18¢']) (38)

Step 9. The score function sc([V,]) and distance function Dis([V,]) (c=1,2, ...
Y. are calculated through Equations (17) and (18).

Step 10. The final ranking of alternatives is determined according to Section 3.2, and the best
alternation is selected, i.e., the bigger the better.

, k) of alternative

6. Numerical Example

An example is provided to illustrate the application of proposed method in this segment. The
following example is revised from Refs. [21,35].

Example 4. Let {¥;, ¥,, Y3, 4! be a collection of alternatives, representing the air quality of Guangzhou in
2006, 2007, 2008 and 2009, respectively. SO(P1), NO»(D;) and PM;o(P3) are used as attributes to describe
air quality; their weight values are 0.314, 0.355 and 0.331, respectively. Suppose there are three air monitoring
stations (1, II, III) with weights of 0.4, 0.2 and 0.4, respectively. The experts gave the evaluation values for
three stations in regard to the three attributes, and the evaluation information is expressed in the T-SFNSs, see
Tables 1-3.

Table 1. Air quality data of stations.

Stations Alternatives &, &, D3

I Y, <0.265, 0.350, 0.385> <0.330, 0.390, 0.280> <0.245, 0.275, 0.480>
Y, <0.345, 0.245, 0.410> <0.430, 0.290, 0.280> <0.245, 0.375, 0.380>

Y; <0.365, 0.300, 0.335> <0.480, 0.315, 0.205> <0.340, 0.370, 0.290>

Yy <0.430, 0.300, 0.270> <0.430, 0.300, 0.270> <0.310, 0.520, 0.170>

11 Y, <0.125, 0.470, 0.405> <0.220, 0.420, 0.360> <0.345, 0.490, 0.165>
Y, <0.335, 0.335, 0.330> <0.300, 0.370, 0.330> <0.205, 0.630, 0.165>

b &) <0.250, 0.445, 0.305> <0.310, 0.585, 0.105> <0.240, 0.580, 0.220>

Y, <0.365, 0.365, 0.270> <0.355, 0.320, 0.325> <0.325, 0.485, 0.190>

I Y, <0.325, 0.485, 0.190> <0.220, 0.450, 0.330> <0.255, 0.500, 0.245>
Y, <0.270, 0.370, 0.360> <0.320, 0.215, 0.465> <0.320, 0.215, 0.465>

Y <0.510, 0.220, 0.290> <0.450, 0.370, 0.180> <0.490, 0.350, 0.160>

<0.390, 0.340, 0.270>

<0.305, 0.475, 0.220>

<0.465, 0.485, 0.050>
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Table 2. T-SFRNs matrix of stations.

Stations  Alternatives &, &, D3
I ¥, [<0.2552, 0.3155, 0.4347>, [<0.2828, 0.3437, 0.3883>, [<0.2450, 0.2750, 0.4800>,
<0.2996, 0.3713, 0.3355>] <0.3300, 0.3900, 0.2800>] <0.2828, 0.3437, 0.3883>]
v [<0.3000, 0.3161, 0.3952>, [<0.3504, 0.3072, 0.3596>, [<0.2450, 0.3750, 0.3800>,
2 <0.3906, 0.2697, 0.3492>] <0.4300, 0.2900, 0.2800>] <0.3504, 0.3072, 0.3596>]
v [<0.3528, 0.3370, 0.3131>, [<0.4016, 0.3295, 0.2798>, [<0.3400, 0.3700, 0.2900>,
3 <0.4281, 0.3084, 0.2746>] <0.4800, 0.3150, 0.2050>] <0.4016, 0.3295, 0.2798>]
v [<0.3764, 0.4250, 0.2232>, [<0.4070, 0.3744, 0.2487>, [<0.3100, 0.5200, 0.1700>,
4 <0.4454, 0.2737, 0.2828>] <0.4600, 0.2450, 0.2950>] <0.4070, 0.3744, 0.2487>]
it ¥, [<0.1250, 0.4700, 0.4050>, [<0.1793, 0.4456, 0.3837>, [<0.2490, 0.4627, 0.3234>,
<0.2490, 0.4627, 0.3234>] <0.2905, 0.4591, 0.2746>] <0.3450, 0.4900, 0.1650>]
v [<0.2861, 0.4718, 0.2778>, [<0.2575, 0.5245, 0.2513>, [<0.2050, 0.6300, 0.1650>,
2 <0.3350, 0.3350, 0.3300>] <0.3181, 0.3528, 0.3300>] <0.2861, 0.4718, 0.2778>]
v [<0.2451, 0.5201, 0.2627>, [<0.2687, 0.5444, 0.2192>, [<0.2400, 0.5800, 0.2200>,
3 <0.2819, 0.5254, 0.2187>] <0.3100, 0.5850, 0.1050>] <0.2687, 0.5444, 0.2192>]
v [<0.3422, 0.3984, 0.2648>, [<0.3300, 0.4142, 0.2621>, [<0.3250, 0.4850, 0.1900>,
4 <0.3650, 0.3650, 0.2700>] <0.3504, 0.3438, 0.2981>] <0.3422, 0.3984, 0.2648>]
I ¥, [<0.2457, 0.4601, 0.2980>, [<0.2200, 0.4500, 0.3300>, [<0.2382, 0.4764, 0.2895>,
<0.2600, 0.4250, 0.3150>] <0.2457, 0.4601, 0.2980>] <0.2575, 0.4649, 0.2811>]
v [<0.2144, 0.4866, 0.3245>, [<0.2553, 0.4188, 0.3739>, [<0.1350, 0.5750, 0.2900>,
2 <0.2963, 0.3033, 0.4153>] <0.3200, 0.2150, 0.4650>] <0.2553, 0.4188, 0.3739>]
v [<0.4844, 0.3203, 0.2169>, [<0.4500, 0.3700, 0.1800>, [<0.4707, 0.3600, 0.1701>,
3 <0.5100, 0.2200, 0.2900>] <0.4844, 0.3203, 0.2169>] <0.5002, 0.2931, 0.2330>]
v [<0.3508, 0.4130, 0.2456>, [<0.3050, 0.4750, 0.2200>, [<0.3941,0.4421,0.1961>,
4 <0.4299, 0.4259, 0.1837>] <0.3941, 0.4421, 0.1961>] <0.4650, 0.4850, 0.0500>]
Table 3. Aggregation results of the T-SFRIPWHM operator.
Alternatives Station I Station II Station III
¥ [<0.2777,0.2189, 0.3471>, [<0.3470, 0.3250, 0.3098>, [<0.3681, 0.3355, 0.2572>,
1 <0.3366, 0.2691, 0.2757>] <0.4017, 0.3515, 0.2250>] <0.3685, 0.3293, 0.2495>]
v [<0.3125, 0.2400, 0.3059>, [<0.4399, 0.4100, 0.2097>, [<0.3816, 0.3580, 0.2831>,
2 <0.3436, 0.2170, 0.2719>] <0.3552, 0.2883, 0.2600>] <0.2975, 0.2278, 0.3396>]
¥ [<0.3585, 0.2594, 0.2437>, [<0.4413, 0.4113, 0.2091>, [<0.4290, 0.2823, 0.1660>,
3 <0.3904, 0.2477, 0.2157>] <0.4611, 0.4226, 0.1694>] <0.4148, 0.2272,0.2151>]
¥ [<0.4194, 0.3408, 0.1886>, [<0.3953, 0.3281, 0.2054>, [<0.4079, 0.3347, 0.2004>,
4 <0.3814, 0.2340, 0.2335>] <0.3645, 0.2771, 0.2316>] <0.4587, 0.3564, 0.1565>]

6.1. The Decision Procedure

Step 1. Since all attribute types are consistent, no normalization is required here.
Step 2. Convert the T-SFNs in Table 1 into T-SFRNs according to Equations (12) and (13),

presented in Table 2.

Step 3. The support degrees sup([Fgg}, (7eo

then (f = 2).
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determined through Equation (31), and for the convenience of denoting sup([# gé} [~

ol) 3 S¢zg)
(12) = Sya1) = 0.9746,
(13) = S3(a1) = 0.9859,
(23) = Si(an) = 0.9360;
(12) = S3(a) = 0.9824,
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(13) = Saa1) = 09774,
(23) = S3(32) = 0.9602
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Step 4. The power weights eegg (c=1,2,3,4¢=1,2,3;,e=1,2, 3) are obtained through
Equations (32) and (33).

el = 0.9471, el, = 1.0623, e}, = 0.9906, e}, = 0.9457, ¢}, = 1.0628, €1y = 0.9915,
el = 0.9449, ¢}, = 1.0617, e}y = 0.9934, e}, = 0.9490, e}, = 1.0661, £}, = 0.9849;
1, = 0.9422,¢%, = 1.0696, €7, = 0.9882, &3, = 0.9440, ¢3, = 1.0737, €3, = 0.9823,

&3, = 0.9426, €3, = 1.0629, 5, = 0.9945, &, = 0.9437, ¢, = 1.0671, €5, = 0.9892;
g1, = 0.9417, &7, = 1.0649, &7, = 0.9934, &3, = 0.9513, &3, = 1.0620, €5, = 0.9867,
&3, = 0.9385, £3, = 1.0650, e3, = 0.9965, &3, = 0.9445, &3, = 1.0652, &3, = 0.9903.

Step 5. Use the T-SFRIPWHM operator to generate [g”g] ¢c=1,2,...,4e=1,2,...,3). The
results are listed in Table 3.

Step 6. Calculate the support degrees sup([gg}, [gg}) (c=1,2,...,4¢6=1,2,...,3) from
Equation (35). For convenience, sup([g¢], [gg}) is denoted as Sgﬁ , and the results are as follows.

S12 = 821 = 09583, SI3 = S} = 0.9584, 53° = S32 = 0.9826, S32 = S3! = 0.9489,
S13 =31 = 09654, S3° = S5 = 0.9599, S1? = S5! = 0.9368, S13 = S3! = 0.9784,
§33 = 532 =0.9498, S}2 = S21 = 0.9883, S}* = S3! = 0.9691, 533 = S3? = 0.9711.

Step 7. Determine the power weights 192 c=1,2,...,4e=1,2,...,3) from Equations (36)
and (37). The results are as follows.

81 = 1.1940, 93 = 0.6020, 83 = 1.2040, 0} = 1.1986, 93 = 0.5982, 83 = 1.2032,
81 =1.2002, 95 = 0.5942, 83 = 1.2056, 9} = 1.2026, 85 = 0.6017, 95 = 1.1956.

Step 8. The T-SFRIPWHM operator is applied to calculate the comprehensive evaluation
values [V].

[V1] = [<0.3122, 0.2157, 0.2439>, <0.3430, 0.2354, 0.2068>],

[V,] = [<0.3554, 0.2507, 0.2285>, <0.2856, 0.1745, 0.2332>],

[V3] = [<0.3675, 0.2376, 0.1722>, <0.3658, 0.2249, 0.1697>],

[V4] = [<0.3850, 0.2600, 0.1643>, <0.3680, 0.2296, 0.1690>].

Step 9. The score function sc([V Nof ¥ (g=1,2,...,4)is obtained through Equation (15).

sc([V 1]) = 0.5159, sc([V 5]) = 0.5137, sc([V 3]) = 0.5572, sc([V 4]) = 0.5601

Step 10. According to Definition 12, the ranking of alternatives is ¥4 > ¥3 >~ ¥; > ¥5. Thus,
the best is ¥4 and the worst is 5.

6.2. Sensitivity Analysis
6.2.1. Parameter t Influence Analysis

The score values and ranking orders are obtained by utilizing the T-SFRIPWHM operator when
different parameter ¢. The results are listed in Table 4.

Table 4. Influence of parameter f on results (7 = p = 1).

t Score Values Ranking Order

2 sc([V1]) = 0.51595, sc([V,]) = 0.51374, sc([V3]) = 0.55729, sc([V4]) = 0.56013 Yy-Y3>=%1~Y12
3 sc([V1]) = 0.50962, sc([V5]) = 0.51241, sc([V3]) = 0.52741, sc([V4]) = 0.52735 b ERa VRl S O]
4 sc([V1]) = 0.50535, sc([V2]) = 0.50828, sc([V3]) = 0.51448, sc([V4]) = 0.51326 Y3 ~-Yy =% -1
5 sc([V1]) = 0.50370, sc([V2]) = 0.50647, sc([V3]) = 0.50907, sc([V4]) = 0.50795 bERal R S &)
7 sc([V1]) = 0.50049, sc([V>]) = 0.50158, sc([V3]) = 0.50176, sc([V4]) = 0.50133 FERa SRl VR £]
10 sc([V1]) = 0.50006, sc([V>]) = 0.50032, sc([V3]) = 0.50025, sc([V4]) = 0.50015 IR £ Bl VR £]

From Table 4 and Figure 2, the score value of each alternative decreases gradually as the
parameter f increases, and the ranking order of alternatives also changes. As can be seen from Table 4,
the alternative ¥4 and alternative ¥, are the best and worst when t = 2, respectively. When the ¢
value changes from 3 to 7, the alternative Y3 is optimal, while the worst alternative changes from ¥,
to ¥1. When t = 10, the alternative ¥, is the most desirable, and ¥ is the least ideal.
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Figure 2. Sensitivity analysis of parameter .

6.2.2. Parameters 77 and p Influence Analysis

The score values and ranking orders are presented in Table 5, where different values of parame-
ters 17 and p are taken in the T-SFRIPWHM operator.

Table 5. Influence of parameters # and p on the results (f = 2).

7, p Score Values Ranking Order

0,1 sc([V1]) = 0.55787, sc([V5]) = 0.54841, sc([V3]) = 0.58971, sc([V4]) = 0.59767 Y- Y- ¥ - ¥,
1,0 sc([V1]) = 0.52171, sc([V5]) = 0.52838, sc([V3]) = 0.56052, sc([V4]) = 0.55924 Y- ¥ - ¥, - ¥,
1,1 sc([V1]) = 0.51595, sc([V2]) = 0.51374, sc([V3]) = 0.55719, sc([V4]) = 0.56013 Yy -¥Y3>-¥91 >
1,3 sc([V1]) = 0.48585, sc([V>]) = 0.47597, sc([V3]) = 0.52925, sc([V4]) = 0.53377 Yy -¥Y3>=¥1>~Y12
3,1 sc([V1]) = 0.47460, sc([V5]) = 0.47818, sc([V3]) = 0.51654, sc([V4]) = 0.51652 Y- ¥y - ¥ - Vs
3,3 sc([V1]) = 0.45319, sc([V5]) = 0.44979, sc([V3]) = 0.49129, sc([V 4]) = 0.49409 Yy - Y- ¥ - Vs
3,5 sc([V1]) = 0.43650, sc([V5]) = 0.43095, sc([V3]) = 0.47186, sc([V 4]) = 0.47578 Yy - Y- ¥ - ¥
5,5 sc([V1]) = 0.42339, sc([V,]) = 0.42040, sc([V3]) = 0.45498, sc([V4]) = 0.45832 Yy-¥Y3>=91>~Y12
7,7 sc([V1]) = 0.40914, sc([V5]) = 0.40639, sc([V3]) = 0.43989, sc([V4]) = 0.44443 PR CRR S &)
9,9 sc([V1]) = 0.40159, sc([V5]) = 0.39893, sc([V3]) = 0.43499, sc([V4]) = 0.44102 Y- Y- ¥ - Vs

With increasing # and p, the score value of each alternative decreases gradually and the ranking
results are generally stable at ¥4 > ¥3 >~ Y1 > ¥,. In particular, when 7 =1, p = 0, ¥3 is optimum
alternative and the worst alternative is ¥1. When 57 = 3, p = 1, the best alternative is also ¥3 and the
worst is ¥5.

6.3. Compare with Existing Methods
6.3.1. Compare with the Methods without Considering the Balance and Interrelationship

The score values and the ranking of alternatives obtained by different operators without consid-
ering the balance and interrelationship under T-spherical fuzzy environment are
compared [21,22,31,33,34,36,37,41].

As can be seen in Table 6, the existing methods of the T-SFWA, T-SFWG, T-SFEWA, T-SFEWG,
T-SFHWA and T-SFHWG operators all fail to consider the interaction between T-SFNs membership
functions, and only take into account the Algebraic, Einstein, and Hamacher operations; the alter-
native ordering results obtained are all Y3 >~ ¥4 >~ ¥, >~ ¥;. In addition, although the T-SFWAI
and T-SFWGI operators take the IOLs-] of T-SFNs into consideration, the T-SFWIA and T-SFWGIA
consider the IOLs-ZG of T-SFNs. The alternative ordering results obtained by them are consistent,
namely Y3 =~ ¥4 >~ ¥, = ¥;. However, the T-SFDPWA and T-SFDPWG combining attributes’
(or experts’) priority relationship and the Dombi operator obtain different results, in which the
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T-SFDPWA and proposed method obtain the same optimal alternative, ¥4, while the T-SFDPWG
produces the same result as other operators.

Table 6. Comparison with methods without considering equilibrium and interrelationship.

AOs Score Values Ranking Order

T-SFWA ! [21] sc([V1]) = 0.40102, sc([V5]) = 0.43084, sc([V3]) = 0.50076, sc([V4]) = 0.48393 Y3 -¥, =Y - ¥,
T-SFWG 2 [21,22] sc([V1]) = 0.38997, sc([V5]) = 0.41518, sc([V3]) = 0.48546, sc([V4]) = 0.47048 Y-, - ¥, -1
T-SFEWA 3 [36] sc([V1]) = 0.40002, sc([V5]) = 0.42888, sc([V3]) = 0.49892, sc([V4]) = 0.48246 PERSR TSR SRS &
T-SFEWG * [36] sc([V1]) = 0.39032, sc([V5]) = 0.41507, sc([V3]) = 0.48574, sc([V4]) = 0.47022 Y- Yy - - ¥
T-SFHWA ° [31] sc([V1]) = 0.45273, sc([V5]) = 0.47614, sc([V3]) = 0.53556, sc([V4]) = 0.51951 Y-y =¥ - ¥
T-SFHWG © [31] sc([V1]) = 0.37115, sc([V5]) = 0.38290, sc([V3]) = 0.44594, sc([V4]) = 0.43263 Y- Yy - Y - ¥
T-SEDPWA 7 [41] sc([V1]) = 0.39702, sc([V5]) = 0.44538, sc([V3]) = 0.49968, sc([V4]) = 0.55403 Y, - Y3 =¥ - ¥
T-SFDPWG 8 [41] sc([V1]) = 0.63695, sc([V3]) = 0.63771, sc([V3]) = 0.72353, sc([V4]) = 0.70342 PERSR TSR SRS &
T-SEWIA ? [33] sc([V1]) = 0.49529, sc([V5]) = 0.50284, sc([V3]) = 0.58463, sc([V4]) = 0.56922 Y- Yy - - ¥,
T-SFWGIA 10 [34] sc([V1]) = 0.50454, sc([V5]) = 0.53420, sc([V3]) = 0.60272, sc([V4]) = 0.58766 Y-y =¥ - ¥
T-SEWAI 11 [37] sc([V1]) = 0.38886, sc([V5]) = 0.40915, sc([V3]) = 0.48675, sc([V4]) = 0.46558 Y- Yy - ¥ - ¥
T-SEWGI 12 [37] sc([V1]) = 0.38779, sc([V5]) = 0.40445, sc([V3]) = 0.48068, sc([V4]) = 0.46359 Y-, - ¥, -1
T-SFRIPWHM se([V1]) = 0.51595, sc([V5]) = 0.51374, sc([V3]) = 0.55719, sc([V4]) = 0.56013 Y, -¥3 Y - ¥,

! T-spherical fuzzy weighted average; 2 T-spherical fuzzy weighted geometric; 3 T-spherical fuzzy Einstein weighted average; * T-spherical
fuzzy Einstein weighted geometric; 5 T-spherical fuzzy Hamacher weighted average; 6 T-spherical fuzzy Hamacher weighted geometric; Y
T-spherical fuzzy Dombi prioritized weighted arithmetic; 8 T-spherical fuzzy Dombi prioritized weighted geometric; ° T-spherical fuzzy
weighted interactive averaging; ! T-spherical fuzzy weighted geometric interaction averaging; 1! T-spherical fuzzy weighted averaging
interaction; 2 T-spherical fuzzy weighted geometric interaction.

6.3.2. Comparison with the Methods Considering Equilibrium

Some T-spherical fuzzy operators [35,38] considering the overall data balance are selected to
compare with the proposed operator with T-SFNS.

As can be seen in Table 7, the T-SFPWA and T-SFPWG operators only consider the overall
balance of T-SFNs, but do not consider the interrelationship among the attribute variables. This is
the same as the alternative ranking results of the T-SFRIPWHM operator in the parameters 7 = 1,
p=0and 5 =0, p =1 scenarios. In the T-SFRIPWHM operator, the overall balance of the T-SFNs
and the interrelationship between the attribute variables are both considered when the parameters
1 = p = 1. Obviously, the ranking of the obtained alternatives is more reasonable. In addition,
compared with the WT-SFPMM and WT-SFPDMM operators (17 = p = 1), the same optimal alternative
Y4 and suboptimal alternative ¥3 are obtained. Obviously, the proposed method takes more account
of the IOLs and uncertainty in T-SFSs compared with the WT-SFPMM and WT-SFPDMM operators.
Therefore, the T-SFRIPWHM operator is more scientific and advantageous.

Table 7. Comparison with methods with equilibrium.

AOs Score Values Ranking Order

T-SFPWA ! [38] se([V41]) = 0.73664, sc([V5]) = 0.79212, sc([V3]) = 0.91189, sc([V4]) = 0.88655 Y5 = ¥4 = ¥; = P>
T-SFPWG 2 [38] sc([V1]) = 0.15939, sc([V2]) = 0.14620, sc([V3]) = 0.28635, sc([V4]) = 0.29527 ¥4 = ¥3 = ¥1 = ¥»
WT-SFPMM 3 [35] sc([V1]) = 0.17070, sc([V5]) = 0.18064, sc([V3]) = 0.24271, sc([V4]) = 025866 ¥4 = V5 = ¥, = ¥;
WT-SFPDMM 4 [35] sc([V1]) = 0.41734, sc([V5]) = 0.47026, sc([V3]) = 0.51831, sc([V4]) = 0.52105 ¥, = ¥3 = ¥, = ¥
T-SFRIPWHM (7 = 1,0 =0)  sc([V1]) = 0.52171, sc([V5]) = 0.52838, sc([V3]) = 0.56052, sc([V4]) = 0.55924  ¥3 = ¥4 = ¥1 = ¥
T-SFRIPWHM (7 =0,0=1)  sc([V1]) = 0.55787, sc([V]) = 0.54841, sc([V3]) = 0.58971, sc([V4]) = 0.59767 ¥4 = ¥3 = Y1 = T2
T-SFRIPWHM (7 = p=1) se([V1]) = 0.51595, sc([V5]) = 0.51374, sc([V3]) = 0.55719, sc([V4]) = 0.56013 ¥4 = ¥5 = ¥1 = ¥»

1 T-spherical fuzzy power average; 2 T-spherical fuzzy power geometric; 3 weighted T-spherical fuzzy power Muirhead mean; 4

T-spherical fuzzy power dual Muirhead mean.

weighted

6.3.3. Comparison with the Methods Considering Interrelationships

In the following, three T-spherical fuzzy operators [30,35] considering the interrelationships of
attributes are applied to compare with the T-SFRIPWHM operator.

As can be seen in Table 8, the T-SFWGMSM, WT-SFPMM and WT-SFPDMM operators all con-
sider the interrelationship among attribute variables, and the optimal alternative ¥4 and suboptimal
one Y3 are consistent with proposed method, which also reveals the practicability and feasibility of
proposed approach. However, the ranking of alternatives ¥ and ¥ is different from the proposed
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method, because the T-SFRIPWHM operator considers more uncertainty and interaction than the
existing methods described above.

Table 8. Results of comparison of methods with interrelationships.

AOs

Score Values Ranking Order

T-SFWGMSM ! [30]
WT-SFPMM [35]

sc([V1]) = 0.52187, sc([V2]) = 0.53792, sc([V3]) = 0.58761, sc([V4]) = 0.60224 Y- Y- - ¥
se([V71]) = 0.17070, sc([V,]) = 0.18064, sc([V5]) = 0.24271, sc([V4]) = 0.25866 Y- ¥ ¥ - ¥
[V2] [Vy4]

WT-SFPDMM [35] sc([V1]) = 0.41734, sc([V5]) = 0.47026, sc([V3]) = 0.51831, sc([V4]) = 0.52105 Yy =Y =9 >~ Y
T-SFRIPWHM sc([V1]) = 0.51595, sc([V5]) = 0.51374, sc([V3]) = 0.55719, sc([V4]) = 0.56013 Yy =¥ >Y% >~ Y
! T-spherical fuzzy weighted generalized Maclarurin symmetric mean.
Furthermore, characteristics are compared in terms of IOLs, individual and group uncertainty,
the overall balance of T-SFNs, and the interrelationships between the attribute variables. The
differences among the AOs are listed in Table 9.
Table 9. Comparison of the characteristics of the AOs.
Individual . Consider IOLs Consider the Consider Flexibility of
AOs and/or Grou Operation among Equilibrium of Interrelationship the Information
P .
Uncertainty Rules Membe.rshlp Input betyveen Process
Functions Arguments Attributes
T-SFWA [21] Individual Algebraic NO NO NO NO
T-SFWG [21,22] Individual Algebraic NO NO NO NO
T-SFEWA [36] Individual Einstein NO NO NO NO
T-SFEWG [36] Individual Einstein NO NO NO NO
T-SFHWA [31] Individual Hamacher NO NO NO Weak
T-SFHWG [31] Individual Hamacher NO NO NO Weak
T-SFDPWA [41] Individual Dombi NO NO NO Weak
T-SFDPWG [41] Individual Dombi NO NO NO Weak
T-SFWIA [33] Individual IOLs-ZG YES NO NO NO
T-SFWGIA [34] Individual I0Ls-ZG YES NO NO NO
T-SFWALI [37] Individual IOLs-] YES NO NO NO
T-SFWGI [37] Individual I0Ls-] YES NO NO NO
T-SFPWA [38] Individual Algebraic NO YES NO NO
T-SFPWG [38] Individual Algebraic NO YES NO NO
T-SFWGMSM [30] Individual Algebraic NO NO YES Strong
WT-SFPMM [35] Individual Algebraic NO YES YES Strong
WT-SFPDMM [35] Individual Algebraic NO YES YES Strong
T-SFRIPWHM Both IOLs-] YES YES YES Strong

In summary, the superiorities of the T-SFRIPWHM operator are as follows:

The concept of T-SFRN can handle both individual uncertainty and group uncertainty in T-
spherical fuzzy MAGDM problems, which ensures the integrity of evaluation information
and makes the decision results more reasonable. Other existing methods only consider the
individual uncertainty of the individual decision maker, so that reasonable decision results
cannot be obtained in some group decision situations.

The IOLs of T-SFTIN is extended based on IOLs-J; that is, the interaction among the MD, AD
and NMD in the T-SFRLL and T-SFRUL is considered respectively, so as to avoid the irrational
decision results when the MD, AD or NMD is 0 in the aggregated values of the T-SFRIPHM AOs.
The PA operator is included in the T-SFRIPHM AOQOs, which can effectively reduce the influence
of the abnormal preference evaluation value given by the decision-maker due to personal emo-
tion or insufficient understanding of the decision objects. Thus, it can improve the controllability
and fairness of the decision-making process.

The HM operator can reflect the interrelationships between the attribute variables in the pro-
posed T-SFRIPHM OAs. Compared with the existing methods without considering the relation-
ship between the variables, the T-SFRIPHM AOs can consider more evaluation information in
the actual decision process.

The proposed T-SFRIPHM AOs integrate the advantages of RNs, IOLs, PA and HM. In
the real-life decision-making process, the proposed method can comprehensively consider
the uncertainty of individuals and groups, the interaction between membership functions,
the overall balance of input T-SFNs, and the interrelationships between input arguments.
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Therefore, it is more suitable for dealing with complex MAGDM problems in the T-spherical
fuzzy environment.

7. Conclusions

In this study, a new MAGDM model based on the T-SFRIPWHM operator was developed and
applied to solve group decision-making problems with T-spherical fuzzy information. The main
conclusions are as follows:

e  To deal with the uncertainty of expert individuals and expert groups in group decision-making,
a new concept T-SFRN was constructed. At the same time, the distance measure and ordering
rules of The -SFRNs and the IOLs of T-SFRNs were extended to eliminate the counterintuitive
phenomenon.

° To guarantee the integrity and rationality of evaluation information, and to effectively extract the
interrelationship between T-spherical fuzzy variables and the overall information about decision
objects, T-SFRIPHM and T-SFRIPWHM operators were proposed from a multi-dimensional
perspective, which integrates the advantages of RNs, IOLs, PA and HM. These operators cannot
only deal with the uncertainty of individual and group decision makers at the same time, but
also consider the interaction between membership functions in T-SFNs, and can reflect the
interrelationship between aggregation variables and the overall equilibrium of aggregation
T-SENS, so as reduce the interference of “singularity” as much as possible and make the decision-
making process more objective and fair.

e  Anew approach for dealing with T-spherical fuzzy MAGDM problems based on the T-SFRIPWHM
operator was developed. Through the application and analysis of example, the effectiveness
and feasibility of the proposed approach were shown.

However, the proposed method also features three weaknesses: (1) although the amount of
computation of the T-SFRIPWHM operator is higher than that of existing AOs, it can accurately
obtain the calculation results and meets the complexity of the actual decision-making problems.
(2) The AOs proposed cannot satisfy Monotonicity and other properties. We will try to consider
operation laws containing parameters, such as Frank operations, so that these AOs can satisfy relevant
properties with respect to this parameter. (3) The attributes weight vector is assumed rather than
obtained through a particular approach. In the follow-up study, we will adopt subjective, objective
or combined weighting methods to obtain attribute weights according to the actual conditions and
requirements of T-spherical fuzzy decision-making problems.

In the future, our proposed AOs can be further extended to different decision-making environ-
ments, such as simplified Neutrosophic sets [68], hesitant fuzzy sets [69], and uncertain linguistic
sets [70]. We will focus on the integration of the proposed AOs with other sorting methods (e.g.,
TOPSIS, VIKOR, WASPAS, MARCOS, etc.) and apply them to different real-life decision problems.
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