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Abstract: Competition among different universities depends largely on the competition for talent.
Talent evaluation and selection is one of the main activities in human resource management (HRM)
which is critical for university development. Firstly, linguistic neutrosophic sets (LNSs) are introduced
to better express multiple uncertain information during the evaluation procedure. We further merge
the power averaging operator with LNSs for information aggregation and propose a LN-power
weighted averaging (LNPWA) operator and a LN-power weighted geometric (LNPWG) operator.
Then, an extended technique for order preference by similarity to ideal solution (TOPSIS) method
is developed to solve a case of university HRM evaluation problem. The main contribution and
novelty of the proposed method rely on that it allows the information provided by different decision
makers (DMs) to support and reinforce each other which is more consistent with the actual situation
of university HRM evaluation. In addition, its effectiveness and advantages over existing methods
are verified through sensitivity and comparative analysis. The results show that the proposal is
capable in the domain of university HRM evaluation and may contribute to the talent introduction
in universities.

Keywords: linguistic neutrosophic sets; multi-criteria group decision-making; power aggregation
operator; extended TOPSIS method

1. Introduction

Human resource management (HRM) refers to a process of hiring and developing employees to
enhance the core competitiveness of an organization [1]. Acting as the root of national competitiveness,
a success in HRM may bring benefit to both the organization and employee well-being; thus, effective
HRM has received a higher demand and recognition during the 21st century. Over the past three
decades, theory and research on HRM has made considerable progress in various fields, such as
tourism industries, health services and universities [2-5]. For example, Zhang et al. [5] investigated a
case of HRM for teaching quality assessment using a multi-criteria group decision-making (MAGDM)
framework. This framework aimed to improve the teaching quality of college teachers and further
enhance the competitiveness of colleges and universities. Apart from the classroom teaching quality
evaluation problems in universities, talent introduction also plays a significant role in universities’
HRM. Particularly, selecting or evaluating these applicants by inappropriate methods may lead
to a failure in HRM and even influence the overall efficiency of the university. Since various
applicants and influential criteria are usually involved in the evaluation procedures of HRM by several
decision makers (DMs), the evaluation should be recognized as a multi-criteria group decision-making
(MCGDM) problem.
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The theory of fuzzy set (FS) can handle uncertainty and fuzziness. The neutrosophic set (NS) [6]
was initially proposed to express membership, nonmembership and indeterminacy, which is a
generalization of FS [7]. Later, many extensions emerged to tackle real engineering and scientific
problems [8], among which the popularly used forms are the simplified neutrosophic set (SNS) [9]
and the single-valued trapezoidal neutrosophic set (SVINS) [10-12]. These extensions have been
successfully applied in various domains, including green product development [13], outsourcing
provider selection [14], clustering analysis [15,16].

However, on some real occasions, people may tend to provide their evaluation information using
natural languages rather than the above extensions which are too complex to obtain. For example,
people can give some linguistic terms like “excellent”, “medium” or “poor” to evaluate the performance
of a company staff based on various criteria. Moreover, it may be also difficult for a single person
to evaluate all alternatives under each influential aspect due to the high complexity of decision
environments. Therefore, the linguistic MCGDM under fuzzy environments has received extensive
research attention and gained many excellent results [17]. Up to now, various extensions have been
studied in depth to describe linguistic information, such as hesitant fuzzy linguistic term set and
some of its extended forms [18-22], linguistic intuitionistic fuzzy set (LIFS) [23,24], Z-number [25],
and probabilistic linguistic term set [26,27] etc. However, the drawback of these extensions for
linguistic MCGDM is that they cannot cover the inconsistent linguistic decision information which
will appear with increasing complexity of the internal and external decision-making environments.
Another example is that when one DM was asked to give some evaluations on a teacher from overseas
under the aspect teaching skill, the DM may describe his or her bad judgments on the teaching
attitude but the good or neutral aspects of the teacher’s teaching capacity and teaching method as well.
An example of that can be seen from the evaluation: “The teacher is rather average in writing and oral
language, and he is able to tailor his teaching method to different students. But my only complaint
is that the teacher is a little strict in teaching attitude”. It can be noted that the above evaluation
includes positive, neutral and negative information all at once. Therefore, this poses a great challenge
for linguistic MCGDM methods on how to capture such inconsistent information.

To tackle the above problem, Fang and Ye [28] proposed the linguistic neutrosophic set (LNS),
which was generalized from the concept of LIFS [23,24]. By contrast, one LNS is represented by three
independent functions of truth-membership, indeterminacy-membership, and falsity-membership in
the form of linguistic terms. Thus, the LNS has its prominent advantages in depicting inconsistent
and indeterminate linguistic information, and several scholars have extended the LNS in several
aspects, such as aggregation operators and similarity (or distance) measures. Li et al. [29] introduced a
linguistic neutrosophic geometric Heronian mean (LNGHM) operator and a linguistic neutrosophic
prioritized geometric Horonian mean (LNGHM) operator. Fan et al. [30] merged the LNSs with
Bonferroni mean operator and proposed a linguistic neutrosophic number normalized weighted
Bonferroni mean (LNNNWBM) operator and a linguistic neutrosophic number normalized weighted
geometric Bonferroni mean (LNNNWGBM) operator. Shi and Ye [31] introduced two cosine similarity
measures of LNSs to tackle MCGDM problems. Liang et al. [32] defined several distance measures of
LNS and presented an extended TOPSIS method under the LNS environment.

To facilitate the mathematical operation, several quantification tools of natural language have
been introduced, such as 2-type [33], triangular (or trapezoidal) fuzzy number [34,35], cloud model [36]
and symbol model [37,38]. These models have greatly contributed to the ease of computation for
linguistic information; however, they cannot cover all types of problems and have some limitations to
be addressed. To tackle the limitations of prior research, Wang et al. [39] introduced a series of linguistic
scale functions (LSFs) for converting linguistic information into real numbers. Through this model,
flexibility of modeling information has been greatly enhanced by considering different semantic
situations and loss and distortion of information has been mitigated to a great extent. Thus, we apply
the LSFs to tackle linguistic neutrosophic information in this paper.
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The power averaging (PA) operator, proposed by Yager [40], has been used as one effective
information aggregation tool in solving MCDM [41-43] problems since its appearance. Unlike other
common aggregation tools, such as weighted averaging [44] and ordered weighted averaging [45,46],
which implicate the independent hypothesis among inputs. The PA operator allows the information
between inputs to support and reinforce each other. In the HRM evaluation problems, it is very suitable
for PA operator to integrate evaluation information of different teams of DMs, as these DMs are not
completely independent and the PA operator can measure their support degree among one another.

TOPSIS method was first presented by Huang and Yoon [47]. It considered that the better scheme
would be closer to ideal solution [48]. Due to the inevitable vagueness inherent in decision information,
fuzzy TOPSIS and its extensions have been deployed [49-51] in real world applications. Considering
the advantages of this method, an extended TOPSIS technique is introduced to evaluate alternatives.

As discussed above, our study developed an integrated method by combining PA operator
with LNSs and constructing an extended TOPSIS technique to tackle the university HRM evaluation
problem. The novelties and contributions of the proposal are listed as following. (1) New algorithms
for LNNs based on LSFs is defined, which can reflect differences between various semantics.
(2) Based on LSFs and the new operations, a generalized distance measure for LNNs is introduced,
which can be reduced to Hamming distance and Euclidean distance of LNNs. The proposed distance
measure is more flexible than prior studies because of the application of LSFs and novel operations.
(3) Considering the fact that DMs in case of university HRM evaluation may support each other,
this paper merges the PA operator with LNSs to tackle information fusion. The proposed method can
improve the adaptability of LNNs in real decision.

The context in the rest of this paper is as follows: Section 2 defines some operations and distance
measurements of LNSs. Section 3 proposes two aggregation operators for LNSs and investigates their
properties. Next, the detailed procedures for a linguistic MCGDM problem are given in Section 4.
Then, a case of university HRM evaluation problem verifies the feasibility and validity of our method
in Section 5. Finally, Section 6 presents the conclusion and future work.

2. New Operations and Distance Measure for LNNs

After introducing the concepts of linguistic term set (LTS) and LNS, this section defines some
new operations and a distance measure for LNNs based on the Archimedean ¢-norm and t-conorm.
For better representation, some preliminaries about LSFs and the Archimedean f-norm and f-conorm
are provided in Appendix A and Appendix B, respectively.

2.1. Linguistic Neutrosophic Set

H = {ht=0,1,---,2t,t € N*}isadiscrete term set, which is finite and totally ordered. Herein,
N* presents a positive integers’ set, /i, is the value of a linguistic variable. Thus, the linguistic variable
h¢ in H meets the following two properties [34]: (1) The LTS is ordered: h; < hy if and only if T < v,
where (7, hy € H); and (2) With existing of a negation operator neg(hr) = hy_r) (t,v =0,1,---,2t).

In order to preserve as much of the given information and avoid information loss, Xu [52]
extended H = {h|t =0,1,---,2t} into a continuous LTS H = {h;|1 < T < L}, which satisfies the
properties of discrete term set H. When h; € H, hy is called the original linguistic term; otherwise,
h¢ is called the virtual linguistic term.

Definition 1 ([28,29]). Let X be a universe of discourse and H = {hy|hg < hy < hoy,a € [0,2¢] }, and the
LNSs can be defined as follows:

a = {(x,hr.(x),hi.(x), hg,(x))|x € X}, 1)

where 0 < T; + I; + F; < 6t and the values hr (x),hy(x),h. (x) € H represent the degrees of
truth-membership, indeterminacy-membership, and falsity-membership, respectively.
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Noteworthy, if there contains only one element in X, 4 is called a LNN, for notational simplicity,
it can be denoted by @ = (hr., Iy, hr.).
2.2. New Operations for LNNs

According to the LSFs in Appendix A and the Archimedean t-norm and t-conorm presented in
Appendix B, some novel operations for LNNs are defined as follows.

Definition 2. Let @ = (hr, hy hg,) and b= <th, ]’l[g,hpg> be two arbitrary LNNs, and { > 0; then the
operations for LNNSs are defined as follows:

Fiob=( 1! S ()1 (1) 1 £ () +£ () w1 £ (e )£ () i

) 7eb= <f <1+f*(hTE)f* (hTB>)’f <1+(1f* (m,)) (1=£+(n1;)) ) f (1= £ () (1= () ) ) /]
i [ £ ()£ (i) ) o < £ () + £ () ) o ( £ (e )+ (.

(2 awb <f (1+( ) f v ()7 (

1 () (£ (ks
. Z .
@) i= <f*,1((1+f (h1,))" —(1=f (hTE;

N (20 () a2 ()Y
(e f () (1 f (i >")’f (<zf*(hzﬁ>>€+<f*z<hfﬁ>f>’f (<2f*<m>>f+< )
- _ i 2Ar () ot (e () (1 ()
@) (v (<sz*<hm>~‘+(f*<hrﬁ>>§>’f (<1+f*<hza>>4+<1ff*<hzﬁ>>g>’

(PO O ()
/ <<1+f*(hpa>>*‘+<1ff*<h%>><)>' 4

(5) neg(@) = (hg, 1~y h,).

Example 1. Let H = {ho, h1,h2, h3, ha, hs, he} ={very poor, poor, slightly poor, fair, slightly good,
good, very good}, @ = (h3, hp,hp), b = (hp,h3,h3), and { = 2, if a = 14, and fi(hy) = 0y =
5 (x = 0,1,---,2t). The calculated results are as follows:

(1) @b = (hy2,h375h375);
(2) a®b = (h375,h429,h409);
() 2a = (has, hoae, hoae); and

4) % = (h12,h3g h36).
Theorem 1. Let g, E, and ¢ be three LNNs, and { > 0; then the following equations are true:

1) aeb=baog

2) @@E)@E:ﬁ@(?@ﬂ;
@ ieb=low

4) @@@@E:%@@@@;
G) Golh= g('z?eaa),-and

~ AN 5
©) (a®b) =& .
Theorem 1 holds according to Definition 2, so the proof is omitted here.
2.3. Distance between Two LNNs

Definition 3. Let @ = (hr,, hy, hg,) and b= <hT',;'hIg'th> be two arbitrary LNNs, f* is a LSF. Then,

the generalized distance measure between @ and b is defined as follows:

d(ﬁ,’z;) - ;(

A

£ () — £ (n, )| +

f* (hfa) - f* (hlg)
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When A = 1, the above distance measure can be reduced to the Hamming distance; when A = 2, it can be
reduced to the Euclidean distance. We can see that Equation (2) is a generalized form of distance measure.

Theorem 2. Let @ = (hr, hi, h.), b= <th, hlg, hpg> and ¢ = (hr., hy, hg.) be three arbitrary LNNS, then,
the following properties are required for the generalized distance measure in Definition 3.

(1) d(ab)>0;

2 d(aa)=0;

() d(a,b) = d(b,a); and

4) d(a,c) <d(ab)+d(b,7)

Theorem 2 is proved in the Appendix C for better representation.

3. Linguistic Neutrosophic Aggregation Operators

Yager [40] introduced the PA operator to allow input arguments to support each other. Thus,
the traditional PA operator are first reviewed; then, the LNPWA and LNPWG operators are proposed
in an environment featuring LNNs.

Definition 4 ([40]). Let a;j(j = 1,2,---,n) be a collection of positive values and Q) be the set of all given
values; then the PA operator is the mapping PA : QO — Q, which can be defined as follows:

PA(“l/QZr" ,a iw
=ty (1—|—G(aj))

ﬂ]‘, (3)

.
—_

where

Glay) = Y Suplaja), @

Sup(a;, a;) represents the support for a; from a;, and meets the following properties:

D P(’lzra]) €1[0,1];
) Sup(a,,a]) Sup(a;,a;); and
()  Sup(aj,a;) > Sup(ay, ar), when d(a;, a;) < d(ay, ar), and d(a;, a;) is the distance between a; and a;.

3.1. Linguistic Neutrosophic Power Weighted Averaging Operator
This subsection extends the traditional PA operator to LNN. Then, a LNPWA operator is proposed

and discussed.

Definition 5. Let @; = (hr,j, hij, hej) (j =1,2,...,n) be a set of LNNs. Then, the LNPWA operator can be
defined as

w; (14 G(aj))a;
LNPWA(&y,d, - ,dn) = & n]( (@))3; , (5)
o N
j jglw]-(lJrG(a]-))
n
where w = (w1, wy, ..., w,)" is the weight vector of aj, w;y € [0,1], and Y w; = 1, G(a;) =
i=1

Lis1,izjwiSup(aj, a;), Sup(aj, a;) is the support for a; from a;, which also satisfies the similar properties
in Definition 4.
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Theorem 3. Let d; = (ht,j, h[E',hFE]'> (j=1,2,...,n) beaset of LNNs, and w = (wq,w,, .. .,wn)T is the

n
weight vector of a;, w; € [0,1], and 121 w; = 1. Then, the aggregated result using Equation (5) is also a LNN.
i=

For notational simplicity, we assume that {; = w;(1+ G(a;))/ i w;i(1+G(a))).

=1
LNPWA(ay,d,- -+ ,0y) =
<f*_1 ]:1(1+f* <hTa>) ]7]£11(1 F (hT')>gj f*—l 2]I§1(f* (hla)> :
B () 1o ()7 )7\ Gr ()10 () ) g
x—1 2]]il[1(f*<hF5))€j
T RE O A0 ) >

“Appendix D” details the proof of Theorem 3.

The traditional PA operator has the properties of idempotency, monotonicity, and boundedness.
It can be proved that the LNPWA operator also satisfies these properties.
Theorem 4. Let a; = (hr,j, hy, ,hp Y (j=1,2,...,n) beaset of LNNs, and w = (wy,wy, ..., wy)" is the
weight vector of a;, w; € [0,1], and Z w; =1.If Sup(HJ,N) = 0or Sup(a;,a;) = k (k € [0,1]) for all a; and
a;. Hence, the LNPWA operator reduces to the linguistic neutrosophic weighted averaging (LNWA) operator.

2

LNWA(@, @, -+ , i

I
T
RS

]
)
B0 )0 )"
< AL () 1 (1 () ) > )
) -1 zjil <f* (hlh“))w/ -1 ,i[ <f* (hFE>) K
(27 () )7 T (7 () 11 (2 (k) 1 (7 (k)

The proof for Theorem 4 is similar to the proof for Theorem 3; thus, it is omitted here.

3.2. Linguistic Neutrosophic Power Weighted Geometric Operator

Definition 6. Let @; = (hrj, hij, hej) (j =1,2,...,n) bea set of LNNs. Then, the LNPWG operator can be
defined as
. wi(l+G(a))
: (a]> ]( ] ) , (8)
Z w; (1 +G(a ))

i=1

LNPWG(dy,d, - -+ ,p) =

Q=

]

n
where w = (w1, wy, ..., w,)" is the weight vector of aj, w;y € [0,1], and Y w; = 1, G(a;) =
i=1

Li1,izj wiSup(aj, a;), Sup(aj, a;) is the support for a; from a; and also satisfies the properties in Definition 4.

Theorem 5. Let a; = (hrj, hyj,hrj) (j =1,2,...,n) be a set of LNNs, and w = (wl,wZ,...,wn)T is the
n
weight vector of a;, w; € [0,1], and Y w; = 1. Then, the aggregated result using Equation (8) is still a LNN,
i=1

For notational simplicity, we assume that {; = w;(1+ G(a;))/ i w;(1+G(a))).
=1
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LNPWG(dy, @, -+ ,iy) =
<f*1 211 (1 (1)) g [ B0 () f1 01 ())°
Tt (e (o)) f1 (0 ()7 )\ B () A0 ()T )
[ JGer ()T 1 (1 (o)) >
( ( |

)
(o (o)) 1 ()

j=1 j=1

The proof of Theorem 5 is also omitted duo to the same way as Theorem 3.

4. MCGDM Method Based on the LNPWA and LNPWG Operators

In this part, a MCGDM method based on the LNPWA and LNPWG operators is developed to
solve university HRM evaluation problems.

For a MCGDM problem with a finite set of m alternatives, let D = {D1, D», ..., D;} be the set of
DMs, A = {A1, Ay, ..., A} be the set of alternatives, and C = {Cy,Cy, ..., Cy} be the set of criteria.
Assume that the weight vector of the criteria is @ = ((Dl,(oz, .. ,wn)T, such that cD]- € [0,1] and

n
) @; = 1. Analogously, the weight vector of the DMs is specified as w = (wy,wo, ..., ws)T, where
j=1

S
wr > 0,and ), wy = 1. The evaluation values provided by the DMs are transformed into LNNSs,

k=1
and ﬁ;‘j = <h’}~l] hl;~z] F~1]> (k=1,2,...,5j=1,2,...,mi=1,2,...,m) represents the evaluation
value of DM Dy(k =1,2,...,s) for alternative ;(i = 1,2,...,m) on criteria C;(j = 1,2,...,n).

The detailed procedures of the MCGDM method involve the following steps:
Step 1: Normalize the decision matrices.

In general, criteria can be divided into two categories: benefit type and cost type. Using
operation (5) in Definition 2, the cost criteria can be transformed into benefit ones as follows:

ko pk 1k e
o hT~z]/ hH], hP‘1]> for benifit criterion c; W
g k ko opk . ,
hF z; hH] hT 1]> otherwise

Step 2: Obtain the weighted decision matrices.

Using operations in Definition 2, the weighted decision matrices can be constructed by multiplying
the given criteria weight vector into the decision matrices.

Step 3: Calculate the supports.

Utilizing the distance measure defined in Definition 3, the support degrees can be obtained by
Equation (11):

Sup(ri, 1) =1—d(ri}, i) (i = 1,2, ,m;j=1,2, - ,miky,ky = 1,2, ) (11)

Step 4: Calculate the weights associated with rf].l (k1=1,2,---,s).

q
1 = we, (14 G (7)) / Y wy, (14 G, ) 12)
k=1

where G(ry,) = Y1k Ly Wy, Sup(ry,, 7k, ), and wy, is interpreted as the weight of DM Dy, .
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Step 5: Obtain the comprehensive evaluation information.

Using Equation (5) or Equation (9), the normalized evaluation information provided by DMs can

be aggregated, and the integrated decision matrix R = [r;] s, €an be obtained.

Step 6: Determine the ideal decision vectors of all alternative decisions.

After aggregating the DMs’ evaluation information into the decision matrix R = [rlﬂ sy Whichis
as follow:

C, C - Gy

Aq Mmor2 ot T

A a1 T2 o T | (13)
R = [1ij] e = : : : :

Am "mi Tm2 ~° Twmn

We can determine the ideal alternative vector A* among all the alternatives below:

G C, . C,

. . (14)
AT = (<hT2t.'h10'hF0>’ <hT2tfh10tho>' s <hT2t'h10'hF0>)

Similarly, the negative ideal alternative vector A} can be obtained by the negation of A*, which has
the maximum separation from A*, as follows:

G C . Cy (15)
Ac = (<hTo~fh12t’hP2t>' <hT0'h12t'hF2t>’ e <hT0’h12r’hF2t>)
In addition, we can obtain the left maximum separation from A* denoted as A*~:
C C, - Cn a8
AT = (<hTA**1’h1A**1’hFA**1>’ <hTA**2’h1A**z’hFA**i2>’ T <hTA*’n'hIA*’n'hFA*’n>) I
where hTA*, = mm{hTA*f } hIA*, = max{hIA*f } and hpA* = max{hpA*f }

In the same way, we can also obtain the right maximum separation from A* denoted as A**:

C G, . Cu

ATt = (<hTA*+1’hIA*+1’hFA*+1>’ <hTA*+2’hIA*+2’hFA*+2>’ s <hTA*+n’hIA*+n’hFA*+n>) ' (17)

where hTA*+]' = miax{hTAH], }, hIA*+j = mim{hIA*ﬂ }, and hFA*+j = mim{hpA*ﬂ }
Step 7: Calculate the separations of each alternative decision vector from the ideal decision vector.

Utilizing the distance measure in Definition 3, we can calculate the separations between each
alternative vector and the ideal decision vectors of all alternative decisions, they are respectively
represented as follows:

AN\ A
) a9

1

A) f )

1

£ (hpﬂj) £ (hFA*, )’Ay’ (20)

-

() o)

oty = 5 1 () [ (i) 1 )

wlf () = £ )|+ [ () — £ 0

) = ()
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1

P)-r )@

f (h’ﬂz) -r (h’A*v‘) )A *

a(A, AF) = Y. % ( 7 () =7 (i) ’A *

j=1

Step 8: Calculate the relative closeness of each alternative decision.

The relative closeness of each alternative decision can be obtained using the following formula:

d(Aj, AX ) +d(A;, A*) +d(A;, A*)
d(A;, A*) +d(A;, Ax) +d(A;, A*) +d(A;, A*)

J; = (22)

Step 9: Rank all the alternatives.

According to the relative closeness of each alternative decision I;, we can rank all the alternatives.
The larger the value of I;, the better the alternative A; is.

5. A Case of Human Resource Management Problem

5.1. Problem Definition

The present study focuses on a case of HRM problem in a Chinese university to test the proposed
MCGDM method. Specifically, the school of management in the university plans to introduce talents
from home and abroad to strengthen discipline construction and try to realize the goal of building
a high-level innovative university. Three teams of DMs are assembled as a committee and will
take the whole responsibility for this recruitment process, these teams are university presidents D,
deans of management school D,, and human resource officers Ds, respectively. After strict first
interview, six candidates A;(i = 1,2,...,6) remain for the second review. Before the evaluation
procedures, an appropriate evaluation index system should be constructed through literature review
and expert consultation. In the literature research, Abdullah et al. [1] and Chou et al. [53] identified
three dimensions and eight criteria for the HRM evaluation problem; the three dimensions used in
their work were infrastructures, input and output. Zhang et al. [5] constructed an evaluation index
system of classroom teaching quality; dimensions included in their work were usage of teaching
attitude, teaching capacity, teaching content, teaching method and teaching effect. We can see that
different evaluation index systems serve for different purposes of HRM evaluation in various industries.
This study mainly tackles the HRM evaluation for talent introduction in universities which exists in
real-life decision environments. According to Ref. [54], experts agree on the four criteria included in
the evaluation index system for the evaluation of HRM, they are teaching skill (C;), morality (Cy),
education background (C3) and research capability (Cy4), respectively. A brief description of each
criterion is shown as follows.

Teaching skill is an overall reflect of one teacher’s classroom teaching quality which includes
several sub-attributes, such as teaching attitude, teaching capacity, teaching content, teaching method
and teaching effect.

Morality refers to the teachers” morality in this study. It is a kind of professional morality of
teachers which takes up the first place of education and can greatly affects the education’s level and
quality as a whole. More specifically, the teachers’ morality includes the moral consciousness, moral
relations and moral activity of the teachers in universities.

Education background is an overview of a person’s learning environment and learning ability.
It includes the person’s educational level, graduate school, major courses, academic achievements,
and some other highlights.

Research capability denotes the scientific research ability that is required for scientific research
or the research competence someone shows during the process of scientific research. The former is
closer to the potential, including someone’s abilities in logical thinking, writing and oral language, etc.,
whereas the latter emphasizes someone’s practical scientific research capacity.
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With the reform of education and fierce competition among universities, the current form
of university education needs more and more modern teachers with the above four abilities.
Therefore, this study applies the above four criteria for the case of HRM evaluation, and the
six candidates A;(i = 1,2,...,6) are evaluated by the three teams of DMs under each criterion.
The weight vector of criteria was assigned by DMs as @ = (0.3,0.12,0.31,0.27)T, and the weight

vector of DMs was w = (%, %, %)T In addition, the LTS was denoted as H = {hg,hy, - ,h¢}=
{extremely poor, very poor, poor, medium, good, very good, extremely good}. By interviewing the DMs
one by one anonymously, all of their linguistic assessments for each alternative under each criterion are
collected together. During this process, DMs in each group are isolated and don’t negotiate with each
other at all. Consequently, the decision information is provided independently in the form of linguistic
terms. Take the evaluation value ﬁ%l = (hs, h3,hy) as an example, which represents the evaluation
value of DM D; for alternative A; under criterion C;. Since the criterion C; (teaching skill) includes
various aspects, such as teaching attitude, teaching capacity, teaching content, teaching method and
teaching effect, the group of DMs D; may hold inconsistent linguistic judgments for alternative A
with respect to C;. After collecting all the linguistic assessments for alternative A, the linguistic
neutrosophic information a}; = (hs, hs, h,) is obtained by calculating the weighted mean values of
all the labels of linguistic terms with respect to active, neutral and passive information, respectively.
Similarly, the overall evaluation information provided by the teams of DMs can be represented in the

form of LNNs in Tables 1-3.

Table 1. Evaluation information of D;.

Dy G (@] G Cy

Ay (hs, h3, hy) (hs, h3, ho) (hs, h3, ho) (hs, h3, ho)
A (hs, h3, hq) (hs, h3, hg) (hs, b3, ho) (ho, h3, ho)
Az (hs,h3,ha)  (hs,h3,ho)  (hs,h3,ho)  (hs, h3, ho)
Ay (hs,h3,ha)  (hs,h3,ho)  (hs,h3,ha)  (hs,h3, ho)
A5 <h5/ h3/ h2> <h5/ h3/ h2> <h5/ h3/ h2> <h0/ h3/ h2>
Ag (he, h3, hy) (hs, h3, o) (hs, h3, ho) (ho, h3, ho)

Table 2. Evaluation information of D5.

D, G G G Cy

Al <h6/ h3/ hO) <h5/ h3/ h2> <h5/ h3/ h2> <h5/ h3/ h0>
Ay (hs,h3,ho)  (hs,h3,ho) (ks h3,hg)  (hs,h3, ho)
Az (hs,h3,ho)  (hs,h3,ho)  (hs,h3,ho)  (hs,ho, ho)
Ay (he, h3, hy) (he, 3, ha) (hs, h3, hy) (hs, h3, hy)
As (hs, s, ho) (hs, h3, hg) (he, h3, ho) (ho, b3, ha)
Ag (hs, h3, hy) (hs, h3, hg) (he, h3, hy) (hs, h3, 1)

Table 3. Evaluation information of Dj.

Ds c C Cs Cs

Ay (he h3,ho)  (hs,h3,ho) (e, B3, ) (hs,h3, o)
Az <h5/ h3/ h2> <h51 h3r h0> <h5/ h3/ h2> <h5/ h3r h2>
Az (hs, h3, hy) (hs, h3, ho) (he, h3, ho) (hs, h3, ho)
Ay (hs, h3, hy) (hs, h3, hg) (he, h3, hy) (ho, 3, ha)
As (hs, h3, hy) (hs, h3, hg) (he, h3, hy) (hs, h3, ho)
Ag (hs, h3, ho) (ho, h3, ho) (hs, k3, ho) (hs, h3, ho)

5.2. Evaluation Steps of the Proposed Method

The following steps describe the procedures of evaluation for all candidates, and the ranking
order of the six alternatives can be obtained. For simplicity of calculation, we chose the LSF f".
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Step 1: Normalize the decision matrices.

11 0f 22

It is obvious that all the four criteria are of the benefit type; then, there is no need for normalization.

Step 2: Obtain the weighted decision matrices.

Using operation in Definition 2, the weighted decision matrices can be constructed in Tables 4—6:

Table 4. Weighted evaluation information of D;.

D, C C Cs Cs

A1 (h2.069 1150001, ha579)  (ho.ss73, Bis5.6051, ho) (h2.1327, Ma.9881, ho) (h1.8772, 151166, 1a.7165)

Ay (h2.0696, 1150001, h3.9304)  (M0.8573, 15,6051, ho) (h.1307, ha.9881, o) (ho, 151166, 0)

Az (h2.0696, 1150201, ha579)  (Mo.ss73, 15,6051, Mo) (h.1307, ha.9881, o) (ho, 151166/ 10)

Ay (hooe96, 50201, Has79)  (Mogsza, Bseos1,h0)  (M21327, haosst, hasass) (ho, 151166/ 10)

As  (h2.0696, 1150201, Pa579)  (ho.8573, M5.6051, M5.4204)  (M2.1307, Paogst, haszss) (o, hs.a166, Ma7165)

Ag (he, h5.0201, Ma579) (ho.8573, 156051, o) (h2.1327, Ma.9881, ho) (ho, h5.1166, Ma.7165)
Table 5. Weighted evaluation information of D,.

Dy G (@] G Cy

Aq (he, h5.0201, ho) (ho.8s573, h5.6051, M5.4204) (21327, Maoss1 Hassas)  (Mgr7e, 51166, Ho)

Ay (h2.0696, h15.0201, o) (ho.8573, 156051, ho) (h2.1327, ha.9881, o) (h1.8772, 15,1166, ho)

As (h2.0696, 15,0201, ho) (hoss73, 56051, o) (21327, ha.osst, has335) (h1.8772, o, ho)

Ay (he, h5.0201, Ma579) (he, h5.6051, M5.4204) (21327, haoss1, has3ss)  (H1.8772, B5.1166, Ma7165)

As (h2.0696, 156974, 1o (ho.8573, 15,6051, T10) (N6, ha9s81, Mo) (ho, 151166, 14.7165)

Ag  (h2.069. 1150001, ha579)  (ho.ss73, 1156051, ho) (he, ha9881, M4 5335) (h1.8772, 151166, 114.1228)
Table 6. Weighted evaluation information of Ds.

D3 G (@] G Cy

Aq (he, h5.0001, ho) (ho.8573, 15 6051, ho) (he, ha0881, 14.5335) (h1.8772, 151166, 10)

Ay (h20696, 15,0001, a579)  (hogs73,hse0s1,h0)  (h2.1327, haossl, hasass)  (M1.8772, 1151166, Ha7165)

Az (h2.069. 1150001, ha579)  (ho.ss73, Mi5.6051, ho) (he, 149881, ho) (h1.8772, 15,1166, ho)

Ay (h2.0696, 1150001, ha579)  (ho.ss73, 15,6051, ho) (e, ha.9881, M4.5335) (ho, 15,1166, 14.7165)

As  (h2.0696, 1150001, ha579)  (Mo.ss73, 15,6051, ho) (he,haosg1 has3ss)  (M1.8772,M5.1166, Ha7165)

Ag  (h2.0696, 1150201, ha579) (Mo, h5.6051, M5.4204) (h2.1307, ha.9881, ho) (h1.8772, 15,1166, 10)

Step 3: Calculate the supports.

Utilizing the distance measure defined in Definition 3 and Equation (11), the supports can be

obtained. Here, we assume that A = 2 in the distance measure.

[ 0.6647 0.6988 07481 0.738
07816 1 1 08957
07456 1 07481 0.7157
s“p<’}f’rlzf> :sup(rfj,r}].): 07816 05848 1 0738 |’
0.7428 0.6988 0.6689 1
| 07816 1 0.6689 0.8906 |
06647 1 0.6689 0.738
0964 1 07481 0718
) R Y
1 06988 07852 0.8957
| 07816 0.695 1 0718 |
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sup (riz]., r?]) = sup (r?j, rlzj)

1 0.6988
0.7456 1
0.7456 1
0.7816 0.5848
0.7428 1

1 0.695

07852 1
07481 0.738
0.6689 0.7157
0.7852 0.8957
0.7481 0.8957
0.6689 0771 |

Step 4: Calculate the weights associated with rf].l (k1 =1,2,---,5).

The weights can be calculated by Equation (12) as follows:

12 of 22

[ 0317 0.3406 0.3295 0.3208 [ 0.3415 0.3188 0.3382 0.3396
0.3394 0.3333 0.3393 0.3367 0.3238 0.3333 0.3393 0.3381
1 0.3394 0.3333 0.3382 0.3402 > | 03212 0.3333 0.3295 0.3197 d
ij 03385 03437 03384 03252 |11~ | 0323 03126 03384 03381 |”*"
0.3395 0.3188 0.3323 0.3357 0.3211 0.3406 0.3295 0.3357
| 0.323 0.3407 0.3414 0.3349 | | 0.3385 0.3407 0.3172 0.3388 |
[ 0.3415 0.3406 0.3323 0.3396 |
0.3368 0.3333 0.3213 0.3252
3 0.3394 0.3333 0.3323 0.3402
Tij 0.3385 0.3437 0.3232 0.3367
0.3395 0.3406 0.3382 0.3286
| 0.3385 0.3186 0.3414 0.3263 |
Step 5: Obtain the comprehensive evaluation information.
Using Equation (5) or Equation (9), the integrated decision matrix R = [rij]mxn are
calculated below:
(i) When using Equation (5), the results are listed in Table 7.
Table 7. Comprehensive evaluation information by LNPWA operator.
D, G C, G, Cs
Aq (he, hs.0201, o) (ho.8573, 15,6051, o) (he, haoss, ho) (h1.8772, h5.1166, 10)
Ay (h2.0696, 115.0201, 10 (ho.8573, h5.6051, o) (h2.1327, ha.9881, o) (h1.2689, 151166, 110)
Az (h2.0696, 115.0201, o) (ho.8573, h5.6051, o) (he, ha9ss1, ho) (h1.8772, o, ho)
Ay (he, hs.0001, Ma.579) (he, hs.6051, o) (he, ha.oss1, ha5335) (h1.2689, 151166, 110)
As (h2.0696, 15,2356, 110) (ho.s573, 15,6051, o) (he, ha.9ss1, ho) (ho.6358, 15,1166, 14.7165)
As  (h2.0696, 150201, ha579)  (hossea, h5.6051, ho) (he, ha.9ss1, ho) (h1.2721, h5.1166, 0)

(ii) When using Equation (9), the results are listed in Table 8.

Table 8. Comprehensive evaluation information by LNPWG operator.

Dy G G G Cy

Ar (lasssz hsooo1, Misazt)  (Mossys hseost hoeser)  (haazaz, haossi, Baazs)  (Migrro, Bs1166, M1.9671)
Az (120696, 115.0201, 13.2402) (ho.8573, 15,6051, o) (h2.1327, ha.9881, 11.8396) (ho, 151166, h1.9918)
Az (120696, 15.0201, 13.5544) (ho.8573, 156051, ho) (h3.1737, 49881, 11.8834) (h1.8772, ha182, ho)
Ay (h30839, h5.0001, ta579)  (M17569, B5.6051, M26119)  (M3.1414, Ha.9881, M4.5335) (ho, 15,1166, 13.6868)
As  (h20696, 153207, 135549)  (ho.8573, M15.6051, h2.6553)  (ha5051, haosst, h3.4741) (ho, h5.1166, ha.7165)
As  (h3.0839, 1150201, Ma.579) (ho, 15,6051, h2.6553) (h3.1201, 49881, 11.8174) (ho, 151166, 13.3929)
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Step 6: Determine the ideal decision vectors of all alternative decisions.

(i) When using Equation (5), we can determine the ideal alternative vectors among all the
alternatives respectively as follows:

A* = ((he, ho, ho), (he, ho, ho), (he, ho, ho), (he, ho, o)),

Af = ((ho, he, he), (ho, he, he), (ho, e, he), (ho, he, he)),

A" = ((h2.0696, 152356, 14.579), (Mo 5864, 15,6051, 10) , (h2.1327, ha.9881, h4.5335), (Mo.6358, 51166, M4.7165) ), and

AT = ({he, h5.0001, o), (6, 15,6051, o), (he, havss1, ho), (18772, ho, ho)).-

(if) When using Equation (9), the results are:

A* = ((he, ho, ho), (he, ho, ho), (e, ho, ho), (he, ho, o)),

A% = ((ho,he, he), (ho, e, he), (ho, e, he), (ho, e, he) ),

A"~ = ((h2.0696, 15.3227, ha.579), (ho, h5.6051, 2.6119), (h2.1327, Ma.9ss1, Ma5335), (ho, 51166, Ma7165) ), and
A*F = ((has387, 15,0201, M1.8417), (M1.7569, 15,6051, 10), (Ma.4051, Pa.0881, 11 .8174) , (M1.8772, harg2, ho)).-

Step 7: Calculate the separations of each alternative decision vector from the ideal decision vector.

The separations between each alternative and the ideal decision vector by the LNPWA and
LNPGA operators are shown in Tables 9 and 10, respectively.

Table 9. Separations by the LNPWA operator.

Distance d(A;, A*) d(A;, AY) d(A;, A" ) d(A;, A*T) I
Aq 2.1903 2.1162 1.6257 1.7055 0.7132
Ay 2.3229 2.0653 1.5863 1.7175 0.698
Aj 1.3743 2.8968 2.3562 0 0.7926
Ay 2.3229 2.0653 1.5863 1.7175 0.698
As 2.9288 0.561 0 2.3562 0.499
Ag 2.3222 2.0656 1.5864 1.7174 0.6981

Table 10. Separations by the LNPWG operator.

Distance d(Al',A* ) d(Ai,Ai ) d(Al',A*7 ) d(Ai,A*Jr ) Ii
Aq 2.2863 1.5118 1.1097 0.7259 0.5942
Ay 2.711 1.3681 0.9082 0.9641 0.5445
Az 1.9575 2.1815 1.7206 0 0.6659
Ay 2.9016 0.8254 0.3432 1.4138 0.4709
As 3.0628 0.5194 0 1.7205 0.4224
Ag 2.8615 0.9176 0.4412 1.3295 0.4844

Step 8: Calculate the relative closeness of each alternative decision.

The results of relative closeness of each alternative decision are shown in the last column of
Tables 9 and 10.

Step 9: Rank all the alternatives.

According to the relative closeness of each alternative decision I;, we can rank all the alternatives.
When using LNPWA operator, the ranking resultis A3 > A; > A¢ > Ap = Ay > As, whereas when
using LNPWG operator, the result turns out A3 >~ Ay = Ay = Ag = As = As. There is a subtle
distinction between the results obtained by the LNPWA and LNPWG operators, but the alternative Aj
remains the most performant and competitive candidate.
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5.3. Sensitivity Analysis and Discussion

The aim of sensitivity analysis is to investigate the effects of different semantics and the distance
parameter A on the final ranking results of alternatives. To do so, the calculated results are shown in
Tables 11 and 12 and Figures 1 and 2, respectively.

1
0.4 3
0.2
0
Al A2 A3 A4 A5 Ab

Figure 1. Ranking results by the LNPWA operator.

0.8
06 mfl
mf2
0.4
mf3
0.2
0
Al A2 A3 A4 A5 A6
Figure 2. Ranking results by the LNPWG operator.
Table 11. Results of different LSFs f* (A = 2).
Alternatives
Ranking Results

Ay A, A; Ay As Ag

fo LNPWA 0713 0698 0793 0698 0499 0695 Ay A= Agr Ay = Ay - As
1 LNPWG 0594 0544 0666 0471 0422 0484  As = Ay = Ay = Ag = Ay = As

g LNPWA 07 069 0773 069 048 069 A= Ay = Ag = Ay = Ay = As
2 LNPWG 0578 0549 064 0447 0401 0462  As>= A; = Ay = Ag = Ay = As

fr LNPWA 0721 0704 0806 0704 0514 0704 Ay Ay Ag- Ay = Ay - As
3 LNPWG 0.608 054 0684 0486 0439 0496 A3 = Ay = Ay = Ag = Ay = As
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It can be seen from Table 11 and Figures 1 and 2 that the alternative A3 remained to be the best
one, and As was consistently identified as the worst choice no matter how the aggregation operator
or semantics change. When using the LNPWA operator, the ranking result remains Az >~ A; >
Ag > Ap = Ay > As. The difference in semantics slightly influenced the values of I;, but did not
result in different ranking orders. Similarly, when using the LNPWG operator, the ranking result
always is Az = A; > Az = A¢ = Ay > As. Itis clear that the ranking results varied when using
different aggregation operators. This may be caused by the distinct inherent characteristic of these
two operators, since the LNPWA operator is based on the arithmetic averaging, whereas the LNPWG
operator is based on the geometric averaging. This demonstrates that the ranking results have stability
by our proposed method in some degree.

The following Table 12 the influence of the distance parameter A on the final ranking results of
alternatives when the semantics were fixed as f* = f;'. It can be seen that the ranking results kept the
same as A3 > Ay > Ay > Ag = Ay > As when using the LNPWG operator. However, results by the
LNPWA operator change among Az >~ A; = Ay = Ag = Ay = As, Az = A1 = Ag = Ay = As = As
and Ay = Ae¢ = Ay = Ay > Az = As. Thus, we can conclude that the differences in the aggregation
operators and the parameter A could influence the evaluation results, DMs should choose appropriate
parameter A and aggregation operators according to their own inherent characteristics.

Table 12. Results of different parameter A(f* = f').

A fr=hH

Ranking by LNPWA operator Ranking by LNPWG operator
1 Az = A1 > Ag = Ay = Ay > As Az = A1 > Ay = Ag = Ay > As
2 Az = A1 > Ay = Ag = Ay > As Az = A1 > Ay = Ag = Ay > As
3 Az = A1 = Ay = Ag = Ay > As Az = A1 = Ay = Ag = Ay > As
4 Az = A1 > Ag > Ay = Ay > As Az = A1 > Ay = Ag = Ay > As
5 Az = A1 > Ay =Ag = Ay > As Az = A1 = Ay = Ag = Ay > As
6 Az = A1 > Ag = Ay = Ay > As Az = A1 = Ay = Ag = Ay >~ As
7 Ay = Az = Ag = Ay = Ay > As Az = A1 > Ay = Ag > Ay > As
8 Al > Ag > Ap = Ay > Az > As Az = A1 > Ay > Ag = Ay >~ As
9 A - Ag = Ay = Ay = A3z > As Az = A1 > Ay = Ag = Ay > As

—_
o

A - Ag = Ay = Ay = Az > As Az = A1 = Ay = Ag = Ay > As

5.4. Comparison Analysis and Discussion

This subsection conducts a comparative study to validate the practicality and advantages of the
proposed method in the LNS contexts, and the results are shown in Table 13. Brief descriptions about
the comparative methods are as follows.

(1) Weighted arithmetic and geometric averaging operators of LNNs [28]: the concept of LNNs
was first proposed by Fang and Ye [28]. In their study, two aggregation operators including the
LNN-weighted arithmetic averaging (LNNWAA) operator and LNN-weighted geometric averaging
(LNNWGA) operator are utilized to derive collective evaluations. Then, based on their proposed score
function and accuracy function of LNNSs, the ranking order of alternatives is obtained.

(2) Bonferroni mean operators of LNNs [30]: the LNNNWBM operator and LNNNWGBM
operator are proposed to aggregate evaluations to obtain the collective LNN for each alternative.
Subsequently, the results are derived by expected value.

(3) An extended TOPSIS method [32]: a weighted model based on maximizing deviation is used
to determine criteria weights. Subsequently, an extended TOPSIS method with LNNs is proposed to
rank alternatives.
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Table 13. Comparison results with the existing methods.

MCGDM Ranking Results
Proposed method by LNPWA operator Az = A1 > Ag - Ap = Ay >+ As
Proposed method by LNPWG operator Az = A1 > Ay = Ag > Ay - As
LNNWAA operator [28] Az = A1 > Ay = Ag > As = Ay
LNNWGA operator [28] Az = A1 = Ay = Ag = Ay > As
LNNNWBM operator [30] (p =g = 1) Al > Az = Ag > Ay = As > Ay
LNNNWGBM operator [30] (p =g =1) Ay = Az = Ag = Ay = Ay = As

An extended TOPSIS method [32] (A = 2) Az = A1 = Ag = Ay = Ay >~ As

As shown in Table 13, different methods resulted in different ranking results, but the optimal
candidate remained to be A3, despite the results obtained by the Bonferroni mean operators of
LNNs [30]. The main reasons for these differences may be as follows: (1) The operations for LNNs
between this study and the comparative methods are remarkably different. The operations in the
existing methods [28,30,32] just considered the linguistic variables” labels which may cause information
loss and distortion. (2) Different aggregation operators and ranking rules might also cause different
ranking results. Specifically, the LNNWAA and LNNWGA operators defined in [28] were respectively
based on the arithmetic mean and geometric mean operators, whereas the Bonferroni mean operators
of LNNs [30] implicated the interactive hypothesis among inputs. Unlike the existing aggregation tools,
the proposed PA operator for LNNs allows the information provided by different DMs to support and
reinforce each other, and it is a nonlinear weighted average operator.

From above discussions, the unique features of the proposal and its main advantages over others
can be simply summarized below.

(1) The comparative methods [28,30,32] dealt with the LNNs only considering the labels of
linguistic variables while ignoring the differences in various semantics. It has been contended that the
same linguistic variable possesses different meanings for different people and has diverse meanings for
the same person under various situations [55]. Therefore, directly using the labels of linguistic variables
may lead to information loss during information aggregation. To cover this challenge, this study
redefines the operations for LNNs based on the LSFs and Archimedean t-norm and f-conorm, which
increases the flexibility and accuracy of linguistic information transformation.

(2) The extended TOPSIS method [32] only considered two relatively positive and negative ideal
solutions to determine the values of correlation coefficient for each alternative. By contrast, this study
takes both the relatively and absolutely positive and negative ideal solutions into account. Therefore,
the ranking result by this proposed method may be somewhat more comprehensive than the existing
method [32].

(3) For information fusion, all the existing methods [28,30,32] failed to consider the support
degree among different DMs during the aggregation processes. Although it is true that different
aggregation operators cater to different practical decision situations, the proposed PA operators within
LNN contexts are more feasible in dealing with the university HRM evaluation problem in this study.

6. Conclusions and Future Work

Talent introduction plays an important role in the long-term development of a university. This is
closely related to the university’s discipline development and comprehensive strength. Therefore,
there is a need for proper HRM evaluation that uses group decision-making methods efficiently
in order to utilize human resources. This study recognized the HRM evaluation procedures as a
complex MCGDM problems within the LNNs’ circumstances. Through merging the PA operator
with LNSs, we developed two aggregation operators (LNPWA and LNPWG) for information fusion.
Then, we made some modifications in the classical TOPSIS method to determine the ranking order of
alternatives. The strengths of the proposed method have been discussed via comparative analysis.
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Nevertheless, this study also holds several limitations which can suggest several avenues for
future research. First, the information fusion process adds to the computational complexity of the
obtained results because the proposed LNPWA and LNPWG operators are both nonlinear weighted
average operators, where the weights associated with each DM should be calculated by their input
arguments. Fortunately, the pressure from complex computation can be remarkably eased with the
assistance of programming software. Second, with the rapid development of information technology,
it is also possible to extend the current results for other management systems under the network-based
environments [56,57].

By analyzing the achieved results, the practical implications of our research may be summarized
in two aspects. On the one hand, this study proposes a novel linguistic neutrosophic MCGDM method
which contributes to expanding the theoretical depth of university HRM. It may offer comprehensive
supports for decision-making of modern universities” talent introduction. In addition, the developed
method can also be further expanded to solving group decision-making problems in other fields,
such as tourism. On the other hand, this study further explores the application of linguistic MCGDM
methods in HRM. The obtained knowledge can be very helpful to improve the performance of the
human resource of universities accordingly.
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Appendix A. Linguistic Scale Function
By means of literature review, we can gather the following choices acting as LSFs.

(1) The LSF f; is based on the subscript function sub(h.) = T:
fi(hy) =0y = = (x=0,1,---,2t), 6, € [0,1]. (A1)

The above function is divided on average. It is commonly used for its simple form and easy
calculation, but it lacks a reasonable theoretical basis [58].

(2) The LSF f; is based on the exponential scale:

af —pt=v- ( =01,--- t)
h :9 _ 2a’7g y 7 7 7 A2
f2(hy) Yy { %(y:t+1,t+2,m,2t) (A2

Here, the absolute deviation between any two adjacent linguistic labels decreases with the increase
of y in the interval [0, ¢], and increases with the increase of y in the interval [t + 1, 2t].
(3) The LSF f3 is based on prospect theory:
th—(t—z)F

z=0,1,---,t
fal) =0 =32 RS )
—og— (z=t+1,t+2,---,2t)

(A3)

Here, B,y € [0,1], and when B = ¢ = 1, the LSF f; is reduced to f;. Moreover, the absolute
deviation between any two adjacent linguistic labels increases with the increase of y in the interval
[0, t], and decreases with the increase of y in the interval [t + 1, 2¢].
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Each of the above LSFs f, f», and f3 can be expanded to a strictly monotonically increasing and
continuous function: f*:S — R™ (RT = {r|r > 0,r € R}), which satisfies f*(s;) = 0. Therefore,
the inverse function of f*, denoted as f*~!, exists due to its monotonicity.

Appendix B. The Archimedean T-norm and T-conorm

According to Reference [59], a t-norm T(x,y) is called Archimedean t-norm if it is continuous
and T(x,x) < x, for all x € (0,1). An Archimedean t-norm is called a strict Archimedean f-norm
if it is strictly increasing in every variable for x,y € (0,1). In addition, a t-conorm S(x,y) is called
Archimedean t-conorm if it is continuous and S(x, x) > x, for all x € (0,1). An Archimedean t-conorm
is called a strict Archimedean f-conorm if it is strictly increasing in every variable for x,y € (0,1).

In this study, we apply one well-known Archimedean t-norm and t-conorm [60], as S(x,y) =
(x+y)/(1+xy)and T(x,y) = xy/[1 + (1 — x)(1 — y)], respectively.

Appendix C. The Proof of Theorem 2

Proof. It is clear that properties (1)—(3) in Theorem 2 hold. The proof of property (4) in Theorem 2 is
shown below.
First, the distances d(&,¢), d(d,b) and d(b, ) can be easily determined respectively as follows:

4.0 = §(1 () = £ () -+ 17 50) = )+ 17 0s) = £ )] )
d(ab) = é(f*(hTﬁ) —f*(th)‘A+ £ () — f* (hlg)\u £+ (he) _f*(hpg)]A) " and
a(5:8) = § (| (i) =5 )|+ |7 () = 22 ) [+ |7 () = 7)) g
Since | +b| < |a| +[b], then |f* (h,) — f* (hz.)| = |f*(hry) = f* (hz,) + £+ (z, ) = £ (hr) |,
£ () = (i) () = )| < [ o) = £ (i )|+ | () = £ 00|

+ | () = £ () |

(hr;) = £ (hr,)| < |f* (hr,) = f* ()

Similarly, we can obtain | f* (i) — f*(hi.)| < |f*(hi) = £+ () | + | £ () = £ ()|

£ (he) = £ (he) | <|f7 (e) = £ (e, ) |+ | £ (e = £ (he) .
Then

Y(IF () = £ (o) |
(1 m) = () +

A A
(o) O+ () 00
Thus, property (4) in Theorem 2 holds. U

+

and

(hr,
<

Thus,

and

1

(hiy) = £ () [+ | () = £ () M)
7)1 ()[4 ) =1 o)) '+
(’%) £ (he.) )

>\H |/\

_|_

Appendix D. The Proof of Theorem 3

For ease of computation, we assume that {; = w;(1+ G(a;)) / Z w;(1+ G(@;)) . In the following
]7
steps, Equation (5) will be proven using mathematical induction on 7.
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(1) Utilizing the operations for LNNs defined in Definition 2, when n = 2, we have

LNPWA(ﬁl,ﬁz) = (141 D gzﬁz =

hzm»@l(f*(maz)f* :) (M)
I

{1 (145 (o)) 1 (15 (1)) ) (A5

Thus, when n = 2, Equation (5) is true.

(2) Suppose that when n = k, Equation (5) is true. That is,

<f*1 (}?M ('”5)) ATy
1+ (hTa>)gj+}f£(1*f*(hTa))éj (A6)
f*l( 217 (i) )( 2117 (1)) )>
o)) ) s ()i ()

Then, when n = k + 1, the following result can be obtained:

LNPWA(ay, dy, - - ﬂk+1) NPWA(ﬂl Gy, -+, k) © Cpp18ky1

=L
rkI(1+f*(h )i+ Iﬁ( £ ()Y ’

j=1

211(f (1)) 201 (f (i)
T (2= (1) 4 T (1)) T (27 (1)) 1+ 1 (7 (1))

j=1 j=1

f**l (1+f*(hTﬁk+1))ék+lf(17f* (hTEkH))éHl ) f*71 < (f (h’ k+1))£k+l )
C )) ' (fo* (hlakﬂ))CkHJ“(f (hlﬁk+1))§k+l , > (A7)
1

(£ () + (1= (1
= ( 2(F () )
(2= F (g )+ (f () P

B <f*1 ]1(1+f (mi- TL0-£ ()"
<1+f< i

T1(r (1)) 211 (" (1)) >
f*71 k+1 ’f*71 k+1 ! k+1
/g(sz*<mﬁ>>~f+g<f*<mﬁ>>4f T2 () T+ T (1))
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Then, when n = k + 1, Equation (5) is true. Therefore, Equation (5) is true for all #.
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