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Abstract: Q-rung orthopair fuzzy set (q-ROFS) is a powerful tool to describe uncertain information in
the process of subjective decision-making, but not express vast objective phenomenons that obey
normal distribution. For this situation, by combining the q-ROFS with the normal fuzzy number,
we proposed a new concept of g-rung orthopair normal fuzzy (q-RONF) set. Firstly, we defined the
conception, the operational laws, score function, and accuracy function of g-RONF set. Secondly,
we presented some new aggregation operators to aggregate the g-RONF information, including the
g-RONF weighted operators, the g-RONF ordered weighted operators, the -RONF hybrid operator,
and the generalized form of these operators. Furthermore, we discussed some desirable properties of
the above operators, such as monotonicity, commutativity, and idempotency. Meanwhile, we applied
the proposed operators to the multi-attribute decision-making (MADM) problem and established a
novel MADM method. Finally, the proposed MADM method was applied in a numerical example on
enterprise partner selection, the numerical result showed the proposed method can effectively handle
the objective phenomena with obeying normal distribution and complicated fuzzy information,
and has high practicality. The results of comparative and sensitive analysis indicated that our
proposed method based on q-RONF aggregation operators over existing methods have stronger
information aggregation ability, and are more suitable and flexible for MADM problems.

Keywords: normal fuzzy number; Q-rung orthopair normal fuzzy sets; q-RONF information
aggregation operators; multi-attribute decision-making

1. Introduction

On the basis of Zadeh’s fuzzy sets [1], Atanassov [2] proposed intuitionistic fuzzy sets (IFS) to
characterize the uncertainty according to membership degree (MED) and non-membership degree
(NOMED). IFS made up for the insufficiency that Zadeh’s fuzzy sets can only characterize fuzzy
information by MED. IFS have attracted extensive attention of many scholars who further expanded the
IFS, such as interval IFS [3,4], 2-tuple IFS [5], trapezoidal IFS [6,7], intuitionistic normal fuzzy sets [8],
intuitionistic uncertain linguistic [9], triangular IFS [10,11], etc. IFS requires that the sum of MED and
NOMED is not more than 1, and this restricts its application in practical decision-making problems.
For example, when decision makers (DMs) independently give the MED and NOMED of one attribute
of the alternative, the sum of the them may be greater than 1, and their quadratic sum will be less
than or equal to 1. At the same time, Yager pointed out a situation, with an example [12], when the
MED given by the DM is V3/2, and NOMED is 1/2, then V3/2+1/2 > 1,but (V3/2)2 4 (1/2)* <1
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(V3/2)% +(1/ 2)2 < 1. For this situation, Yager [12,13] proposed Pythagorean fuzzy sets (PFS),
whose characteristic is that the quadratic sum of MED and NOMED is not greater than 1. Compared with
IFS, the PFS characterizes fuzzy information more effectively. Since PFS was proposed, many scholars
have conducted in-depth studies [13-23].

Although IFS and PFS have been extensively studied, their expression for fuzzy information is still
limited, especially in the extremely complex and contradictory information environment. When the
quadratic sum of MED and NOMED given by DMs is still greater than 1, but the sum of three or higher
powers is less than 1, IFS and PFS can not deal with such type of information. In order to compensate for
the deficiencies of IFS and PFS, and enhance the ability of characterizing fuzzy information. Yager [24]
further proposed the concept of g-rung orthopair fuzzy set (q-ROFS) whose characteristics are that the
sum of q power of MED and NOMED is bound to 1, when q > 1, and that when q = 1 and 2, g-ROFS
becomes IFS and PFS, respectively. Many scholars have carried out extensive research and discussion
on the concept of g-ROFS as following three aspects: (1) In terms of basic theory, some studies
analyzed some properties of g-rung orthopair fuzzy (q-ROF) functions [25-28], established the distance
measure and similarity measure between q-ROFSs [29,30], and defined some new concepts based on
g-ROFS [31,32]. (2) In terms of information aggregation operators, some authors established various
types of information aggregation operators based on classic operators under q-ROF environment. Such
as the family the q-ROF power aggregation operators [33], a series of q-ROF linguistic aggregation
operators [34,35], the family of qg-ROF Muirhead mean operators [36,37] a sequence of g-ROF Hamy
mean operators [38]. In addition, the ROF information aggregation operators based on Archimedean
Muirhead mean operators [39], Bonferroni mean operator [40], Heronian mean operator [41-43],
and Choquet integral operator [44] were also developed. (3) In terms of the decision-making method,
the existing studies combined the q-ROFS with preference relation [45], distance measure [46], and the
TOPSIS method [47,48] to develop the corresponding multi-attribute decision-making method.

In real life, a large number of natural and social phenomenon obey normal distribution [8,49],
such as “product life span”, “stock price”, "commodity customer experience evaluation" and so on.
In view of these phenomenon, Yang and Ko [49] proposed normal fuzzy number (NFN) to characterize
them. Li and Liu [50] pointed out that compared with triangular and trapezoidal fuzzy numbers,
NEN has higher derivative continuity, which can characterize natural and social phenomenon more
extensively, and their membership functions are closer to human thinking. Li and Liu [50] used
examples to prove that the extension of intuitionistic fuzzy number (IFN) based on NFN is better than
IFN based on triangular, trapezoidal fuzzy numbers, etc. Therefore, Wang et al. [8] and Wang et al. [51]
defined intuitionistic normal fuzzy (INF) number and its operation rules and some information
aggregators. Based on these, the concept of interval-valued INF was defined [52], and the family of
INF-induced ordered operators [53], and a series of aggregation operators based on classic operators
under INF information environment were proposed [54-58].

In summary, PFS and IFS are special cases of g-rung orthopair fuzzy sets. The fuzzy information
characterized by q-ROFs is broader and more comprehensive. NIF is closer to human decision-making
thinking than triangular and trapezoidal fuzzy numbers. PFS and IFS based on triangular and
trapezoidal fuzzy numbers have been reported successively. However, g-rung orthopair fuzzy sets
based on INF have not been proposed yet.

In this paper, we defined g-rung orthopair normal fuzzy number, and its operational laws and
some aggregation operators, as well as a multi-attribute decision-making method based on g-ROFs
algorithm and information aggregator. The rest of this paper is arranged as follows: In Section 2,
the basic concepts of NFN and g-ROFs are reviewed. In Section 3, g-RONFN and some of its operational
rules are defined. In Section 4, some information aggregation operators in q-RONFs environment
are proposed. In Section 5, a multi-attribute decision-making method based on g-RONF Information
Aggregation operator is proposed. In Section 6, an example is given to prove the effectiveness of the
proposed method. Finally, in Section 7, a conclusion is drawn.



Mathematics 2019, 7, 1142 3 of 26

2. Preliminaries

2.1. The Normal Fuzzy Number

Definition 1. ([49]) Let R be a real number set, the membership function of

A(x) = 5 (0> 0) (1)
is called as a normal fuzzy number (NFN) A= (@, 0), the normal fuzzy number set (NFNS) is denoted by N.

Lemma 1. ([59]) Let Zf,ﬁ € N, denoted by A= (a,0), B= (B, ), then
(1) AA=Aa,0) = (Aa, Ad),A >0,
2) A+B=(a,0)+ (B1)=(a+po+1).

Definition 2. ([59]) Let Z,g € N, denoted by A= (a,0), B = (a,0), then the distance between A and B can
be defined as

d*(A,B) = (a-p)* + (o )2, )

2.2. The Q-rung Orthopair Fuzzy Number

Definition 3. ([24]) Let X be an ordinary fixed set, a g-rung orthopair fuzzy set (-ROFS) A in X defined by

= {(x, ug(x),va (x))(x € X}, where us(x) and va(x) represent the MED and NOMED, respectively, and
ua(x) €10,1],v4(x) € [0,1],and 0 < ua(x)7 +va(x)? <1 (g > 1). The degree of indeterminacy is given as
ma(x) = (ua(x)T + 04 (x)7 —uq(x)Tva (x)q)l/q. To simplify the expression, a g-rung orthopair fuzzy number
(g-ROFN) can be denoted as A = (up,v4).

Compared with the IFS and PFS, the q-ROFS depicts fuzzy information more broadly. For example,
let a fuzzy number be A = (0.7,0.8), the sum of MED and NOMED of A is 1.5, that exceeds 1,
the quadratic sum of them is 1.13, also more than 1, so the IFS and PFS cannot address A. However, the
sum of 3 power of MED and NOMED is less than 1, hence, we can use q-ROFS to calculate A with
making the parameter g = 3 in q-ROFS.

Definition 4. ([60]) Let a1 = (u1,v1) and a, = (up,v2) be two g-ROFNS, A be a non-negative real number, then

1/q
1) m®a = ((uz + u uzug) vwz)

1/q
2 mQa = (uluz, (vz + v v’ivg) ),
A4
@) Aa :((1—(1—#}) ) o),
PAA

@ af = (ui‘,(l - (1-20) ) :
Definition 5. ([60]) Let a = (u,,v,) be a ¢-ROFN, then the score function of a is defined as S(a) = ull — o,
the accuracy function of a is defined as H(a) = ul +vl. For any two g-ROFNs, a1 = (u1,v;) and
ay = (up,v3), then

(1) If S(aq) > S(ay), then ay > ay;
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(2) If S(a1) = S(ap), then
If H(a1) > H(ay), thenay > ay;
If H(a1) = H(ayp), then a; = aj.

3. The Q-rung Orthopair Normal Fuzzy Number and Its Operations

Based on the notions and operations of -ROFN and NFN, we presented the g-rung orthopair
normal fuzzy number (q-RONFN) and its operations.

Definition 6. Let X be an ordinary fixed non-empty set and (a,0) € N, A = ((a,0), (1g,v,)) is a g-rung
orthopair normal fuzzy set (3-RONFS), when its membership function is defined as

ug(x) = uAe_(%)z, xeX ©)]
and non- membership function is defined as
va(x) = 1—(1—0,4)6_(%“)2, x € X, 4)

where 0 < uy(x),v4(x) £1,0 < (ua(x))+ (va(x))7<1, (9 >1). Whenuy = land vy = 0, the ¢-RONFS
will be transformed into a normal fuzzy number. To simplify the expression, a g-rung orthopair normal fuzzy
number (3-RONFN) is denoted as A = {(a, 0), (ua,v4)).

Definition 7. Let a1 = ((a1,01), (11, v1)) and ay = {(ay,02), (uz,v2)) be any two g-RONFNs, and A be a
nonnegative real number, then

1/q
(1) sm®a= ((a1 +ap, 01+ 02), (“Z + u;’ - uzug) ,0102),

1/q
2 ma= ((alaz, 0102), U1tp, (U? + vg - U‘ivg) ),
A4
(B) Aay = (()\al,/\ol),(l —(1-uf) ) ,vf),

4) a{‘ = ((ozf, of), ui\,(l -(1 —vz)A)l/q).

Proposition 1. Let a1 = ((a1,01), (11,v1)), az = {(a2,02), (up,v2)) and a3 = {(a3,03), (u3,v3)) be any
three -RONFNs, and A, A1, A be nonnegative real numbers, we can obtain that

1) ag+a=a+a,

(2) (a1 +a2)+a3 =ay + (a2 +a3),

B) m xay=ayXxXay,

(4) (a1 xap) xa3 = ay X (a2 X a3),

(5)  Awar 4 Azay = (A + Ag)ay,

6) Aay +a2) = Aag + Aay,

7 () =

Proof. According to the Definition 7, we can easily infer that (1), (3), (5), (6) and (7) are obviously right,
(2) and (4) need be proved as follows:

For (2) (a1 + a2) +a3 = a1 + (a2 + a3).

Let the NFN of q-RONFN r be Ny, the MED of (a; +a2) + a3 and a1 + (a2 +a3) be 1y, 14, 105
and Uy, 4 (4,+45), and the NOMED of (a1 +a2) + a3 and a1 + (a2 + a3) be (4, 1 4)) 44, A0 Vg, 4 (,4a5)
respectively, and we can obtain that

N(V1+72)+i’3: N71+(i’2+73): (0(] + a + as, 01 + 02 + 03)’
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ey sany s = (1] 1) =)+ ] = (u] + i = il )u)
= (uz +ud 4 ud —ulud —ulud —udud + u?ugug)l/q
a0 a.d ., 4_ 4. 4_ 4449\
Ugy+(ay+az) = (“2 + g = Uyly + 1y — (U + 13 = ”2”3)”1)
= (uz +ud +ud —ulud —ulud —udud + u?ugug)l/q

U(ay+ar)+as = Yay+(ay+as)-

Similarly, we can get that v, 1 4,) 10y = Vs, 4 (2 +a3)-

Therefore, (a1 + ay) + a3 = a1 + (ay + az).

For (4) (a1 X ap) X az = a1 X (ay X a3).

Let the normal fuzzy number of -RONFNSs 7 be N,, the MED of (a1 Xap) Xaz and a1 X (ap X as)
be 14, xa,)xa; AN Uy, x(a,xay), and the NOMED of (a1 Xaz) X a3 and a1 X (a2 Xa3) be v(4xq,)xa; and
Ua, x(azxa3)- Tespectively, and we can obtain that

N(rlxrz)xrgz erx(rzxrg): (CK] Xap Xaz, 01 X0y X 03),,

_ (1 q_.49,4 q_ (.4 qa_ 49,9\,
O ay xan)xay = (Ul + vy — 0,0y + 0, (vl + 0, 0102)03)

(1 q q_.49.49_ 4.9 _ 4.4 q..4..49
_(vl+v2+v3 U0, =005 vzv3+vlvzv3)

(4 aad ., qd ., 44 4\4
Z’(alXﬂz)Xﬂs*(Z’ZJF% Z’2%"”’111 (Zézjvsq :’2;’3)01)
3_’02034—’00’0)

I ) q q_.49,49_ .4
—(vl+vz+v3 V.0, = 0V,0 10273

172
U(axaz)xaz = Vayx(apxaz)-

Similarly, we can get that 1, xa,)xa; = Uayx(ayxas)- O
Definition 8. Let a = ((a, 0), (1,v)) be a ¢-RONFN, its score function is defined as
51(a) = a(uZ - vg), Sy(a) = a(uz - UZ),
its accuracy function is defined as

Hi(a) = a(uZ + UZ), Hy(a) = a(uZ + ZJZ).

Definition 9. Let a1 = ((a1,01), (u1,v1)), a2 = {(az,02), (12, v2)) be any two qg-RONFENS, their score
functions are S1(a), Sy(a), their accuracy functions are Hy(a), Hy(a), respectively, then we can get

(1) If S1(a1) > S1(az), then ay > ay,

(2) If S1(a1) = S1(az) and Hy(aq) > Hy(az), then a; > ay,
() If S1(a1) = S1(az) and Hy(a1) = Hi(a2),
If Sp(a1) < Sp(ap), then ag > ap,

If So(m) =
If Sz(a1)

So(ap) and Hy(a1) < Hy(ap), then ay > ap,
So(ay) and Ha(ay) = Ha(ay), then ay = ay.

4. Q-Rung Orthopair Normal Fuzzy Aggregation Operators

Based on operational rules of ¢-RONFN, we will present some g-Rung orthopair normal fuzzy
(q-RONF) aggregation operators.

4.1. The -RONF Weighted Aggregation Operators

Based on the operational rules of g-RONFN and Xu’s IFWA [61], the g-RONF weighted averaging
and geometry aggregation operators are presented as follows:
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Definition 10. Let a; = {(aj,0;), (u;,v;)) (i = 1,2,---,n) be a collection of the g-RONFNs, and w =
(wq,wo, - - ,wn)T be the weight vector of a;, and 0 <w; <1 (i=1,2,--- ,n)T, Z?:l w; = 1, then

n
q—RONFWA ((ay,az,- -+ ,a,) = Z wia; (5)
i=1

is called an g-RONF weighted averaging (-RONFWA) operator.

Theorem 1. Let a; = {(a;, 07), (u;,v;)) (i =1,2,--- ,n) be a collection of the g-RONFNS, the value by using
Definition 10 is still a g-RONEFN, that is

n n n 179
q— RONFWA (ay,ap,- -+ ,a,) = <(Z wia;, Z w;o;), [[1 - H(l - u?)wi] , H UZU’J> (6)
i=1 i=1 j

i=1

Proof. The mathematical induction method is used to prove the Theorem 1 as follows:
(1) Whenn =2,
Since

wia = <(ZU]CY1,ZU101), ((1 _ (1 _ M;])wl)l/q, Z)Yiul )>,

and )
Woay = <(w2a2, wzoz), ((1 _ (1 _ ug)wz) qrvzzuz )>’

then

q— RONFWA (a1,a;) = w1 ® wpap
(Wi + woan, w01 + Wro2),

S N (TR IR |
o) oy |

(X wiai, ¥ wioi), >

| (0= -) 00~ () Y- (1= )

2 2 2 o\ 2 .
= <(<Z wii, Y wiai)r((l - ¥ (1 - u?) ') 1 vl?”f]>

=1 =1 i=1

(2) Supposing n = k, k > 2, that is

k k k RAAY:
q - RONFWA (ay,a3,- -+ ,a;) = <(Z wia, Z w;o;), [1 - H(l - u?)wi] , H v >
i—1 im1 =1 '

1



Mathematics 2019, 7, 1142 7 of 26

If n = k + 1, according to the operational laws of g-RONEFN, we can get

q—RONFWA(ay,az,- -+ ,ax,a511) = q— RONFWA(al,az, e, Ag) @ Wy 101

k
(Z Wit + Wi 1041, Z W;i0; + Wk4+10k+1 |,
1

= i=1

X " 1/q\1 .Y 1/q
:< [(1—i1_[1(1—u?) ) ]+((1—(1—uZ+1) ) q) o e >

1/q9\1 IR X5 |
k . 1/q\41 i=1
q\Wi q W41 q
A=) (-

k+1 k+1

(Z wia;, Y, wzoz)/

i=1 i=1

k w; Wiy 1 k Wi Wit v
:< (1_1‘[1(1_u?) ‘+1—(1—uz+1) i —(1—1_[(1—”?) Z)(l_(l_”ZH) +)) ’ >

i=1

k
Wi, Wk+1
11:[1 Ui Uk

k+1 k+1 k+1 AV ke
= <( Y wia;, Z w al), [(1 - 11 (1 - u?)wz) I U;Ui]>
i=1 i=1 i=1 i=1

(3) According to steps (1) and (2), we can get Theorem 1 holds for any k. O
There are some properties can be easily proven as follows:

Theorem 2. (Idempotency). Let a; = {(a;, 0;), (u;,v;)) (i =1,2,--- ,n) be a collection of the -RONFNs,
if a; = {(aj, 07), (uj,v;)) are equal witha; = a (i =1,2,--- ,n), then

q—RONFWA (ay,ap,--- ,a,) = a.

Proof. The process of proof is the same with Theorem 1. O
Theorem 3. (Boundedness). Let a; = ((a;, 0;), (u;,v;)) (i =1,2,--- ,n) be a collection of the -RONFNEs.

If

at = <(max{al} min {0;}), (max{ul} mm{vl})>
1<i<n 1<i<n 1<i<n 1<i<n

and

@ = ((min (o), max(oi),( min u), maxto ).

Then we have
a~ < q—ROFNWA(ay,ap,- -+ ,a,) <a™.

Proof. (1). The normal fuzzy number of ¢ — RONFWA((ay,az,--- ,a,), we get

Z w; min {a;} < Z Wi < Z w;max {a;}
=1 1<i<n 17 i=1 1<i<n
n
= mm {a} Z w; < Z wiajj < max{az}Z wj
1< = = <isn' =1

= min{a;} < Z wjajj < max{a}
1<i<n i=1 1<i<n
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and
n n n
Y wilmin{ffi} < Z w;ojj < Z wilmﬂﬂffi}
=1
= min{o;} Z w; < Z wio;j < max {o; Z w;
I<isnj=1 z— i=1
= min{o;} < 2 w;ojj < rnax{al}
1<i<n i=1
(2). For the MED of q — RONFWA (a3, ay,- -+ ,a,), we get
n A\ 1/ k+1 w; 1/q n w;\1/4
(1—H(1—mmuq) ) (1—H(1—u) ) S(l—H(l—maqu) )
i—1 1<i<n i=1 i—1 1<i<n !
Z?: w; 1/q n ) 1/q Z?: w; 1/q
= 1—(1—minu7) ' < 1—H(1—uq)w’ < 1—(1—maxu7) '
1<i<n ! i=1 ! 1<i<n !
n AL
= min{y;} < (1 - H(l - uq) ’) < max{u;)
1<i<n i=1 1<i<n
For the NOMED of q — RONFWA (a3, ay, - -+ ,a,), we get
n w;
Hmmv '<Hv ’<Hmaxv
i—11<i<n ! i—1 ! i—11<i<n !
: 1 Wi ! Wi Y wi
= mino’ < [Iv." < maxv;
1<i<n ! i—1 ! 1<i<n !
n
= min{v;} < [] ¥ < max{v;}
1<i<n i—1 ! 1<i<n
Then, we have
1l w; 1/q 1 w;
mm{al}(mm{u} max {v })Soz 1- H(l—u'?) -] v
1<i<n 1<i<n 1<i<n i=1 ! i—1 !
< max{a }(max{u,} mm{vl})
1<i<n 1<i<n 1<i<n
and

= S1(a”) < S1(a) < Sq(a™).
Based on steps (1)—(3) and Definition 7, we have a~ < ¢ — RONFWA (ay, a2, -+ ,a,) <at. O

Theorem 4. (Monotonicity). Let a; = {(a;, 07), (u;,v;)) and a; = {(a;, 67), (u;,v;)) (i =1,2,--- ,n) be any
two sets of the -RONFN, if o; > a;, 0; < 0;, u; > u;, v; < v; for all i, then

q—RONFWA (aq,ap,- -+ ,a,) > q— RONFWA (43,42, ,ay)

Proof. The process of proof is the same with Theorem 2. O

Definition 11. Let a; = {(;,0;), (u;,v;)) (i = 1,2,---,n) be a collection of the g-RONFN, and w =
(wq,wo, - - ,wn)T be the weight vector of a;, and 0 <w; <1 (i=1,2,--- ,n)T, Z?Zl w; = 1, then

q - RONFWG(ay, a3, -+ ,a,) = [ [ (@)™ @)

is called an g-RONF weighted geometry (3-RONFWG) operator.
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Theorem 5. Let a; = {(a;, 0;), (u;,v;)) (i =1,2,--- ,n) be a collection of the -RONFN, by using Definition
11, the value is still a -RONFN, that is

n n 1/q
avonmwcto, a0 < ([T ([ [T - Tlo-2") ) o

i=1 i=1

Proof. The mathematical induction method is used to prove Theorem 5, as follows:
(1) Whenn =2,
Since

azlul = <(0¢§Ul, 071”]) (u;u], (1 - (1 - v?)wl)l/q»

o= {(o o) (i (1= (- 2) "))

and

then

w w:
q—RONFWG(a1, ;) = o' ®a,*

(a'(lul a;’z[ a:iul ;72)

N < Uy (<1 -(1- UZ)M)W) t((l -(1- vg)wz)l/q):’ /4 >
172 _((1 3 (1 B vz)wl)l/q) ((1 B (1 B vg)wz)l/q)
o4}

s (- 0=+ (-0 -8%) -0~ -o0) Y- - ™)) >

) ) ) 5 2 \1/4
(erlio-ge-o))
-1 ' i i=1 i=1

(2) Supposing n = k, k > 2, that is

q- RONFWG(ar,az, - ,a <([H o, H w

If n = k+ 1, according to the operational laws of -RONFN, we can get

g

[frof-ge-or) )

=1 i=1

q- RONFWG(al,az, cee g, ak+1) q- RONFWG(al,az, s ,ak) ® Wi10k+1
k
Wi k1 Wi _Wk+1
(Z.Ul O H 0; 'Opiy )'
1/q

_< - ((1—ﬁ(l—v?)wi)l/q]qju((k(l—vZH)mH)l/q)q >

i=1
SR A9y )
| _[(1 - li(l _v?) 1) ] ((1 - (1 - UZ+1) k+1)1/q)q
kil okl
(Hl a1 o-;”z),
= 1= i= | 1/q >

=1 i=1

k1 kel \ (k1 k+1 w\ 1
<(m it .“l),[nu?’u(l—n(l—vq) )
=1 i

i i=1 i=1
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(3) Based on steps (1) and (2), we can get that Theorem 5 holds for any k. O

According to Theorems 2—4, we can similarly prove the properties of idempotency, monotonicity
and boundedness for -RONFNWG operator.

4.2. The Q-RONF Ordered Weighted Aggregation Operators

Considering the ordered position weight of each g-RONEN, according to the ordered
weight averaging (OWA) operator [61] and the ordered weighted geometric (OWG) operator [62],
some g-RONFNs ordered weighted aggregation operators are presented as follows:

Definition 12. Let a; = ((a;,0;), (u;,v;)) (i = 1,2,---,n) be a collection of the ¢-RONFN, and w; =
(wq,wo, - - ,wn)T be the weight vector of aggregation-associated, and 0 < w; <1(i=1,2,--- ,n)T, Z;’Zl w; =
1, ag() = <(a9(i),09(i)),(ue(i),ve(i)» (i=1,2,---,n) be the ith largest of them, then

(1) A g-RONF ordered weighted averaging (-RONFOWA) operator is a mapping G-RONFOWA: a" — a,
where

n
q—RONFOWA (ay,az,--- ,an) = Y. wiag(
i=1

n n n w\49 W 9
= <(Z wikg(i), Z wiUQ(i))/ ((1 - H(l - u‘;(l)) ) ,il;ll UQEi)]>

=1 i=1 i=1

(2) A g-RONF ordered weighted geometric (-RONFOWG) operator is a mapping g-RONFOWG: a"* — a,
where

n n n n N
q - RONFOWG(ay, az, -+ ,an) = <[H agéi)’ H Ozeuéi)]' [H ”Zéi)' {1 - H(l - Zﬂ@(z’))w’) }> (10)

i=1 i=1 i=1 i=1

According to Theorems 2 and 3. We can similarly prove the properties of idempotency and
boundedness for G-RONFOWA and q-RONFOWG operators. What is more, the ¢-RONFOWA and
q-RONFOWG operators also have the property of commutativity, the proving process for the property
of commutativity of ¢-RONFOWA is showed, as follows:

Theorem 6. (commutativity). Let a; = ((j, 0;), (1;,v;)) (i =1,2,--- ,n) be a collection of the -RONFN,
if (41,02, ,ay) is any permutation of (ay,az,--- ,a), then

q—RONFOWA (ay,ap,- -+ ,a,) = q— RONFOWA (a1, az,- -+ ,a,).
Proof. Since (ay,a2, -+, an) is any permutation of (a1, a2, ,an), letag;y = ag(;) (i =1,2,-- ,n) be the
ith largest of them, based on the definition 7, we can get

q—RONFOWG(ay,az,- -+ ,a,) = q— RONFOWG(ay, ay, - -+ ,an).

4.3. The Generalized g-RONF Weighted Aggregation Operators

As generalizations of the G-RONFWA and g-RONFWG operators, some generalized g-rung
normal fuzzy weighted aggregation operators are introduced in the following.
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Definition 13. Let a; = {(a;, 0;), (u;,v;)) (i = 1,2,---,n) be a collection of the -RONFN, and w; =
(wq,wo, - - ,wn)T be the weight vector of a;, and 0 < w; <1 (i=1,2,--- ,n)T, Z?:l w; = 1, A be a parameter
and A € (—o0,0) U (0, +00) then

Gq—RONFWA(ay,ay,--- ,a,) =

" 1/A
Z w,«a?] (11)

is called a generalized q-RONF weighted averaging (Gg-RONFWA) operator.

Theorem 7. Let a; = {(j,0y), (u;,v;)) (i = 1,2,---,n) be a collection of the -RONFN, based on the
operations of ;-RONFN, the Gg-RONFWA operator is still a -RONFN, that is

. VA, 1/A
[( ) wia{\) ,(): wiﬁ?) ],
i=1 i=1

gA

n w;\ 1
Gq—RONFWA(al,az,m,an):< ((1—1—[(1—141,)) ] , > (12)

=1
1/q

(1 - (1 - (zﬁl ((1 —(1- U?)A)l/q)w,-)q]l / A]

Proof. The mathematical induction method is used to prove the follow formula firstly:

i=1

e e L

(1) Whenn =2,

Since ) R N An@1\1/4 n\L/a\“
w1ay =<(w10€1,w101)/((1_<1_u1q) ) '((1_(1_01) ) ) )>,

wpa) = <(wza§, w20%), ((1 - (1 - ugq)%)l/q’ ((1 -(1- vZ)A)l/q)wz»,

and
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then

2

Y, wia} = wial ® woal

; i 1 2
i=1

A

1/q\1 1/q\1 1/q
((1—(1_@‘7)“’1) ) +((1—(1—u§q)w2) ) _
< (wla{‘ + wzaz,wla? + wyo?

: (1—1—u¥fmfmyal‘@‘“fyﬂuqq |

NV +1—(1—u§q)wz) JW >

< (wm? + wzag,wlof + wyo

o e
(0= (o0 )
- <(1§1 wiaj. iil wia?)’ ((1 B 112[1(1 - ”?A)Wi)l/q'zﬁl((l -(1- v?)A)l/q)wiD

(2) Supposing n =k, k > 2, that is

k k
k (Z wia}, Y, wio?),
A A A A i=1 i=1
Zwitzi = wia; Swoa; & - Swia, =
(1 -
1

i=1 ﬁ (1 - u?A)wi)l/q, ﬁ ((1 - (1 -~ v?)/\)l/q)w] >

=1 i=1
If n = k+ 1, according to the operational laws of G-RONFN, we can get
k+1

A A — A A A A
) wia; +wia; = wiay Swyay &--- ® wiay, EBwarlak+1

1=

(Eki wia? + wk+1a£+l, ig wia;\ + wk+1o£+l),
k wj 1) w1 \1/7\7
| (=) ) (1=
k w; /)7 W1 1/q\1 ’ >
{o-fo-a) 7 (o-0-a2 )
k n1/q wi A\1/q\Wk+1
(=)' ) (- 0= )

_ k+1 N k+1 ' A) ( _k+1 o wi)l/q k+1( o 1/q)wi>
<(i§1 wlai'igl i ( ! 1131(1 ut) Iil;ll (1 (1-2) )
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then

. (B0et) (£ met))
Y wal| = ) IRVINT: ) gAY )
i i) oG- )

1

Of particular note, if A = 1, the Gg-RONFWA operator is reduced to the ¢-RONFWA operator.
The Gg-RONFWA operator has the properties such as boundedness, and idempotency and monotonicity,
which can be exemplified similar to Theorems 2—4.

Definition 14. Let a; = {(a;, 0;), (u;,v;)) (i = 1,2,---,n) be a collection of the -RONFN, and w; =
(wq,wo, - - ,wn)T be the weight vector of a;, and 0 <w; <1 (i=1,2,--- ,n)T, Z;’:l w; =1, A be a parameter
and A € (—o0,0) U (0, +00) then

(/\ai)w’ (13)
i=1

> =

Gq - RONFWG(ay,ap,- -+ ,an) =

is called a generalized g-RONFWG (Gq-RONFWG) operator.

Theorem 8. Let a; = {(j,0;), (u;,v;)) (i = 1,2,---,n) be a collection of the g-RONFN, based on the
operations of -RONFN, the Gg-RONFWG operator is still a g-RONFN, that is

n n
(1 (o™, 1 20
i=1 i=1

Gq-RONFWG(ay,a, -+ , ) = < [1 — (1 — (In‘[ ((1 - (1 - u?)/\)l/q)wi)q]l/)\]l/ql > (14)

i=1

((1—.ﬁ(1—v?>”f)w)m

Proof. The mathematical induction method is used to prove the following formula firstly:

ﬁ(/\ai)wi = <[ﬁ(/\ai)wz" ﬁ()\Oi)z"i}[ﬁ((l - (1 _ u?))\)l/q)wil [1 ~ ﬁ(l B U?A)wi)l/q]>.
=1 i1 i 1 [l
(1) Whenn =2,

Since

wq

(Aay)™ = <(()\a1)w1, (o)), (((1 ~(1- u;])/\)l/q) (-0~ vﬁq)“’l)“ q)>

(1-(1- v;“?)wz)l/q».

and
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Then

2
1:[ (/\Eli)wi = (/\Ill)wl ® (/\Ell)wl

((/\oq)wl (Aaz)™, (Aoy)™ (Aoz)”’Z), ((1 ~ (1 _ u;,);\)l/q)wl((l _ (11: ug)ﬂ)l/q)w ,
- [w—@—ﬁwﬂwf+@—0-fﬁﬂ”751q |
((1 -(1- vﬁq)‘”)l/q)q(((l (1-057)" )“‘f)q) .
()™ (Aeez) ™, (1) (A2)™), ((1 ~(1-d) )Uq)zm ((1 -(1- ug))\)l/q) ,
(et |
(1= (=) )1 - (1-037)")
_ <(lﬁ ()™ 13[ (/\Gi)wf-)/ ( (1 -(1- u?)A)l/q)l‘”,(l - i]_z[l(l - U?A)wi)l/q]>

i=1 i=1 i

|

S}

2=

1

(2) Supposing n = k, k > 2, that is

k
[T(Aa)" = (Aay)"' ® (Aag)"" @ -+ - ® (Aay)™*

- (1000, [1000)”
oY o))

If n = k + 1, according to the operational laws of -RONFN, we can get

k+1

[1 (Aa;

i=1

Y= (Aa1)" @ (Aa1)" @ @ (Aa) ™ ® (Aag 1)

)"
k k
(H (Aar)™ (A", H (Aaz’)wi(AGkJrl)WkH),

i=1
k 1/q \1/9\ Pkt
1(1-(-at)) )«“0—%J) )
- w; 1/ayf w Lyt o >
U ({b-sier) o) -
w, ay? Wit Vay!
(==} ] (- fre-e) )
(ﬁ (Aai)* (g ), T1 (161) (A0 1)
k 1/q 1/q\Wk+1
(== ) -6y
< k qA k gA \Wk+1 a >
1_11;[1(1_0 ) +1- 11:11(1 Uk+1) -
(1= =) f1(-of) ™)

- o))



Mathematics 2019, 7, 1142 15 of 26

then

If A =1, the Gg-RONFWG operator is reduced to the G-RONFWG operator. The Gg-RONFWG
operator has the properties of boundedness and idempotency, these properties can be exemplified
similar to Theorems 2—4.

4.4. Generalized q-RONF Ordered Weighted Aggregation Operators

As generalizations of the -RONFOWA and q-RONFOWG operators, some generalized q-RONF
ordered weighted aggregation operators are introduced in the following.

Definition 15. Let a; = ((a;,0;), (u;,v;)) (i = 1,2,---,n) be a collection of the ¢-RONFN, and w; =
(wq,wo, - - ,wn)T be the weight vector of aggregation-associated, and 0 <w; <1 (i=1,2,--- ,n)T, Z?:l w; =
1, a9¢) = <(0z9(i),09(i)), (ug(i),vg(i)» (i=1,2,--- ,n) be the ith largest of them, then

(1) A generalized g-RONFN ordered weighted aggregation (Gg-RONFOWA) operator is a mapping
Gg-RONFOWA: a" — a, where

. 1/A
Gq—RONFOWA (ay,a2,--+ ,an) = | & wiaé(f))
j=1

1=

" A, 1/1
A A
[(El wl“é’(i)) ’(El w’%@) ) (15)

s -y 7)Y

(2) A generalized -RONFOWG (Gg-RONFOWG) operator is a mapping Gg-RONFOWG: a" — a, where

n w;
Gq - RONFOWG (ar, a2, -+ ax) = } 1 (Aag(y)
i=

In the Equations (15) and (16), if A = 1, the Gg-RONFOWA and Gq-RONFOWG operators are
reduced to the G-RONFOWA operator ¢-RONFOWG. According to Theorems 2—4. We can similarly
prove the properties of idempotency and boundedness and commutativity of g-RONFOWA operator
q-RONFOWG operators.

4.5. -RONF Hybrid Aggregation Operators

g-RONFWA, q-RONFWG, Gq-RONFWA and Gq-RONFWG operators only consider the
importance of ¢-RONFN argument themselves, but they neglect the influence of the ordered position
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of the argument on the decision result. By contrast, -RONFOWA, -RONFOWG, GRONFOWA, and
Gg-RONFOWG operators only pay attention to the ordered position of every g-RONFEN argument,
but they have no regard for the importance of the argument themselves. To solve the problems of
operators above, we need to develop some hybrid aggregation operators to aggregate the G-RONFN
information, which simultaneously consider both the arguments and ordered positions.

Definition 16. Let a; = {(aj,05), (u;,v;)) (i = 1,2,---,n) be a collection of the g-RONFN, n is the
balancing coefficient, and w; = (wy, wp, -+ n)T be the weight vector of aggregation-associated, and 0 <
w;<1(i=1,2,-- ,n)T, i wi =1 0= (a)l,a)Z,m ,a)n)T be the location weight vector, with 0 < w; <
1(i=12- 1) L w=1

(1) A g-RONF hybrid averaging (-RONFHA) operator is a mapping G-RONFHA: a* — a, where

n
q-RONFHA((ay,a, -+ ,an) = -21 willg i)
1=

n wo\V1 w (17)
<(Z CUO(@ Z 0)0'9 l)) (( H(l_ug()) ) IZH @gzl))>

i=1 i=1 i=1

(2) A g-RONF hybrid geometric (3-RONFHG) operator is a mapping g-RONFHG: a" — a, where

n AW;
q~RONFHG (a1, a3, ,au) = T1 g

{17 4% 17 a@ LA 1 ; 13" wi\ /1 (18)
= 1-1;[1 ag(i)/il;ll U@(i) ’ il;[l u@(i)/ _il;ll( _UG(i))
where Ag(i) is the ith largest of g-RONF &;, and 4; = nwja; (i =1,2,--- ,n), 15 0(i) is the ith largest of -RONF

ﬁi,andﬁi—ai i=1,2,---,n).

Definition 17. Let a; = {(aj, 0;), (u;,v;)) (i = 1,2,--- ,n) be a collection of the g-RONFN, n is the balance
coefficient, A be a parameter and A > 0, w; = (w1, wa, -, wy)" be the weight vector of aggregation-associated,
and 0 < w; <1 (=12, ,n)T, Yihiwi =1, wj = (w1, wn, - ,a)n)T be the location weight vector,
with0 <w;<1(i=1,2,---,n), L1 w;=1.

(1) A generalizations g-RONF hybrid averaging (Gg-RONFHA) operator is a mapping Gq-RONFHA:
a — a, where

. 1/A
Gq - RONFHA (ay,a2, -+ ,a,) = (Z wif
i=1

< ((i"ﬁdéw)w'(l )]
((1—i1311(1_ﬁ2?i))“’i) q] ,1—[1—(1,1311((1—(1‘772(1-))A) q] ]]

H M:

(19)
1/\179 >



Mathematics 2019, 7, 1142 17 of 26

(2) A generalizations g-RONF hybrid geometric (Gg-RONFHG) operator is a mapping Gq-RONFHG:
a — a, where

where dg; is the ith lagest of ¢-RONF ;, and 4; = nwja; (i =1,2,--- ,n), ’59(1‘) is the i-th largest of g-RONF

N A nw; .
a;, and d; = a (i=1,2,---,n).

5. A Multi-Criteria Decision-Making Method Based on Q-rung Orthopair Normal Fuzzy
Information

For a multi-attribute decision making (MADM) problem under q-RONF environment, let A =
{A1,Az, -+, An} denote n alternative schemes, C = {C1,Cy, - -+ ,Cy} denote m attribute sets for every
alternative, and the corresponding weight is w = {w,wy, - -+, wy;}. The ¢-RONEN of scheme A; under
attribute C; is a;; = <((xl~]~, oij), (uij, v,']')> (i=12,---,nm j=1,2,---,m). Where, u;j;j is the degree to
which scheme A; belongs to normal fuzzy numbers (ai]-, aij) under attribute C;; v;; is the degree to
which scheme A; does not belong to normal fuzzy numbers (al-]-, ol-]-) under attribute Cj, 0 < u;j,v;; < 1,
0 < (u)"+ (v;j)? <1, (g 2 1), A n*m decision matrix D = (aij)nxm is composed by the set of n
alternatives and the set of m attributes, and the following are the steps of MADM under g-RONF
information environment:

Step 1. Normalizing the decision matrix.

Considering the differences among of the attributes’ dimensions, in order to eliminate the influence
of different dimensions on decision results, it is necessary to normalize the decision matrix D = (al- ]-)
toD = (Eij)nxm’ in which Ei]' = <(ai/‘,(—7i]‘), (ﬂi]', 51']‘)>.

For benefit-oriented attributes [51]:

nxm

_ aij 0ij Oij _ —
Qjj = ———, 0jj = ———— " —, Ujj = Ujj, Vjj = Vjj.
] mlax(aij) J mlgix(ol-]-) ajj J I J

For cost-oriented attributes [51]:

min(a;j) o oy _ ~
Qjj = —————, 0jj = ————— * —, Ujj = Ujj, Vjj = Vjj.
j i I max(oy) ey 0T T

1

Step 2. Aggregating scheme attribute values
The information sets 4;; = <(Eij,6i]'), (uij, 5,-]-)> of attribute C; in scheme A; are aggregated into
a; = ((a;,0;), (4;,v;)) by using ¢-RONFWA operator; the following results can be obtained

a;=q- RONPWA(EH,EQ, e /ﬁim)

Step 3. Calculating score value S(a;) and accuracy value H(g;) of a; by using score function and
accuracy function
Step 4. Sorting the alternatives based on the g-RONFN sorting rules and choosing the best one.
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6. Numerical Example

6.1. Ranking All Alternatives to Get Decision Results

As economic globalization makes enterprises face more complex internal and external environment,
finding an appropriate partner is an important way to maintain their competitiveness, which is affected
by many factors. In order to select a suitable global partner, an enterprise has selected five candidate
enterprises in the global scope. The set of alternative enterprises is A = {A1, A2, A3, As, As}, and four
attributes are considered, namely, R& D capability (C;), business operation level (C), international
cooperation level (C3) and credit level (Cy4). The set of attributes C = {Cy, C2, C3, C4} is formed, and they
are all benefit-oriented indicators. The corresponding weight is w = {0.3,0.2,0.2, O.3}T, and the
decision information matrix as shown in Table 1 is constructed according to the decision information.
In addition, considering the problem of q-RONF information aggregation based on OWA operator,
the corresponding position weight vector is given as @ = {0.2,0.3,0.3,0.2}T.

Table 1. Initial decision matrix.

G G (6] Cy
A; <(8,07),(0.6,07)> <(4,05),(02 04> <@, 05),(0.1,07)> <4 0.3),(0.6,0.2)>
Ay <(6,0.4),(0.7,09)> <(5,0.6), (04, 03)> <4 04),(07,02)> <(8,0.5),(0.6,0.4)>
A3 <(9,08),(0.5,04)> <(7,08),(0.7,02)> <(4,03),(0.8 08> <(6,0.6), (0.3, 0.5)>
Ay <(7,06),(0.7,08)> <(8,07), (08 0.6)> <(5 0.4),(0.6 09> <(6, 04),(0.7,0.3)>
As  <(5,03),(0.8,04)> <(7,05),(0.5 05> <(503),(0.6,0.6)> <(8,0.6),(0.8,0.7)>

Step 1 The initial decision matrix D = (ai j) is normalized and the normalized matrix D = (Ei j)

5x4 5x4

is obtained. The results are shown in Table 2.

Table 2. Normalized decision matrix.

Cy G G Cy
A; <(0.889,0.077), (0.6,0.7)>  <(0.5,0.078), (0.2,0.4)> <(1,063),(0.1,0.7)> <(0.5,0.038),(0.6, 0.2)>
Ay <(0.667,0.033), (0.7,0.9)>  <(0.625,0.09),(0.4,0.3)> <(0.5,0.08), (0.7, 0.2)> <(1, 0.052),(0.6,0.4)>
Aj <(1,0.089),(0.5,0.4)> <(0.875,0.114),(0.7,0.2>  <(0.5,0.045),(0.8, 0.8)> <(0.75,0.1),(0.3, 0.5)>

As  <(0.778,0.064), (0.7,0.8)>

), <(1,0.077),(0.8,0.6)>
As  <(0.556,0.023), (0.8,0.4)>

<(0.875,0.045),(0.5,0.5>

<(0.625,0.064),(0.6,0.9)>
<(0.625,0.036),(0.6,0.6)>

<(0.75,0.044), (0.7, 0.3)>
<(1,0.075),(0.8, 0.7)>

Step 2 g-RONFWA operator is used to aggregate the information in Table 2 to get the comprehensive
g-RONFs of each scheme.

a1 =<(0.717,0.062), (0.516, 0.43)>; a, =<(0.725, 0.06), (0.635, 0.419)>;

a3z =<(0.8, 0.089), (0.622, 0.428)>;a4, =<(0.783, 0.061), (0.71, 0.576)>;

a5 =<(0.767, 0.045), (0.735, 0.537)>

Step 3 The sorting result of score values based on g-RONFWA operator is calculated, as shown in
the following:

S(A1) =0.042; S(Az) = 0.132; S(A3) = 0.13; S(A4) = 0.131; S(As) = 0.186

Step 4 According to the score value of each scheme, 5 schemes can be ranked as As > Ay > Ay >
Az > Aj, so the best one is As.

6.2. Comparative Analysis

In order to analyze the validity and rationality of the proposed method in this paper, the sorting
results based on different operators were analyzed, and compared with some existing methods.

Based on the steps in Section 5, the other 11 q-RONF aggregation operators proposed in this paper
are used to calculate the sorting results. The results are shown in Table 3, which shows that the optimal
scheme is A5 based on ¢-RONFWA and q-RONFWG operators, which only consider the importance of
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attribute information themselves. However, the sorting result is A5 by ¢-RONFOWA and -RONFOWG
operators, which attach the importance of weighted priority by using ¢-RONFOWA and q-RONFOWG
operators. That indicates that weighted priority affects the sorting result of alternatives. Further, the
sorting result based on generalized operators was analyzed, and let A =2. Table 3 shows that the optimal
decision results based on Gg-RONFWA, Gg-RONFWG and Gq-RONFOWG operators are As, and the
optimal scheme based on Gq-RONFOWA operator is Az. In the generalization operators, the optimal
schemes based on -RONFHA, q-RONFHG, Gq-RONFHA operators are As, which indicates that the
parameter A and priority position weight also affect the sorting result. In practical decision-making
problems, the most appropriate information aggregation operator can be chosen according to the actual
requirement to obtain the corresponding decision-making results.

Table 3. Schemes sorting results based on different aggregation operators.

Aggregation The Score Value of Alternative Alternative
Operator A A As A, As Ranking
q-RONFWA 0.042 0.132 0.13 0.131 0.186 As > Ay > Ay >
Az > Aq
q-RONFWG -0.112 -0.09 —-0.045 —-0.058 0.094 As > Az > Ay >
Ay > Aq
q-RONFOWA 0.0141 0.1291 0.1605 0.1381 0.151 Az > A5 > Ay >
Az > Al
q-RONFOWG -0.127 —-0.052 —0.046 —-0.06 0.0662 Az > Ay > Ay >
As > Aq
Gg-RONFWA 0.0702 0.1557 0.1805 0.1568 0.2134 As > Az > Ay >
Ay > Aq
Gq-RONFWG —-0.144 -0.171 -0.104 -0.107 0.0646 As > Az > Ay >
A] > Az
Ggq-RONFOWA  0.047 0.151 0.2066 0.1669 0.1766 Az > A5 > Ay >
A2 > Al
Gq-RONFOWG  -1.58 —1.443 -1.094 -1.109 0.4111 As > Az > Ay >
Ay > Aq
q-RONFHA 0.106 0.218 0.259 0.291 0.359 As > Ay > Az >
Ay > A1
q-RONFHG —0.1483 —0.1483 -0.1172 —-0.164 —-0.0012 As > Az > Ay >
Al > A4
Gq-RONFHA 0.163 0.266 0.3224 0.3223 0.42 As > Az > Ay >
Ay > Aq
Gg-RONFHG -1.182 -2.413 —-1.665 —-2.073 —-0.263 As > Az > A1 >
A4 > Ay

Compared with the results calculated by the existing information aggregation operators based on
intuitionistic normal fuzzy numbers, the normal intuitionistic fuzzy weighted Bonferroni mean operator
(the parameters p = g = 2) proposed by Liu and Liu [54] was applied to the -RONF environment.
The optimal result is the same as those based on g-RONFWA and q-RONFWG in this paper as As.
The normal intuitionistic fuzzy Heronian mean averaging and arithmetic operators (the parameters
p = q = 2) proposed by Zhang et al. [58] were applied to -RONF environment, and the optimal result
is also As. The comparative analysis shows that the proposed method is validity.

6.3. Sensitivity Analysis of Parameters q and A

In this Section, the influence of parameters g and A on sorting result was analyzed. Firstly, the
influences of the change of parameter g in -RONFWA and q-RONFOWA on the sorting result are
discussed. As shown in Figures 1 and 2, the sorting result based on g-RONFWA operator shows that
when g changes from 2 to 12, the final sorting result is always maintained at A5 > Ay > Ay > A3 > A4,
and the optimal selection is always As. The sorting result based on -RONFWA operator shows that
when g > 3, the sorting result is always maintained at A5 > Az > A4 > Ap > A1, and only when g =3,
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the sorting result is Az > A5 > A4 > Ay > A, indicating that the change of g has little influence on the
sorting result, which shows that the proposed method has strong stability.

Figure 1. The influence of g-value change based on G-RONFWA operator on the sorting result.

Figure 2. The influence of g-value change based on g-RONFOWA operator on the sorting result.
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The influences of parameter A on the sorting result in generalized information aggregation
operators are analyzed. As shown in Figures 3 and 4, based on the influence of parameter A in
q-RONFWA operator on the sorting result, when 2 < A <5, the sorting resultis A5 > A3 > Ay > Ay > Ay,
Ajs is the best choice. When A > 6, the sorting result is A3 > A5 > Ay > Ay > Ay, and the optimal
scheme is A3. Based on the influence of parameter A in G-RONFOWA operator on the sorting result,
when 2 < A <4, the sorting result is A3 > A5 > Ag > Ay > A1, and the optimal scheme is A3. When
A >5,A3 > Ay > As > Ay > Ay, although the optimal scheme remains unchanged, its ranking result
changes. Thus, it is clear that the change of parameter A has a certain impact on the sorting result.
Decision makers can adjust parameter A according to their subjective preferences and actual needs to

obtain the desired results.
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Figure 3. The influence of the change of A value based on Gq-RONFWA operator on the sorting result.

0.40 - A
- Ay
] [-e-n ot
0.35 - A
—A- A3 A -
4 A -
-v- Mg A ¥
0.30 o -
- - As A - e
| i ¥ P
P k- -
0.25 o RiEt.g
R F
J K4 - _.o—9®
[ e » o — "
2 0204 K g7 -
g N o
] :/'/.r.—‘
0154 o
—-A
4 . - -
0.10 - S
] _.-
/’r‘
0.05 n’
T T T T T T
2 4 6 8 10 12

Figure 4. The influence of the change of A value based on Gq-RONFOWA operator on the sorting result.

The influence of the simultaneous changes of parameters g and A on the ranking results was
further analyzed, as shown in Figures 5 and 6. The influence of the change of g and A in Gg-RONFHA
operator on the sorting result shows that the total sorting is changed with the change of g and A. For
example, when g = 3 and A =2, the sorting is A5 > A3 > A4 > Az > A;. If both g and A increase at the
same time, the sorting will change slightly, for example, when g = 13 and A = 12, the sorting will be
As > Az > Ay > Ay > Ay. According to the change of q and A in Gg-RONFHG operator, when g = 3
and A =2, then A5 > A3 > Ay > Ag > Ajp; if both q and A increase, for example when g > 4 and A > 3,
then A5 > A > Az > A4 > Ay. It indicates that the simultaneous changes of parameters q and A have
some influence on the ranking results. However, within a certain range where the two parameters
change together, the optimal results remain unchanged, which shows that the method presented in

this paper has certain stability.
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Figure 5. The influence of the simultaneous change of g value and A in Gg-RONFHA operator on the
sorting result.
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Figure 6. The influence of the simultaneous change of g value and A in Gq-RONFHG operator on the
sorting result.

6.4. Discussion

According to the above numerical example, we can easily find the proposed methods can depict
the social and natural phenomena that obey normal distribution, and take into account that the sum
of MED and NOMED is greater than 1, but the fuzzy information whose q power is less than 1.
As such, our methods can analyze more complicated fuzzy information and objective phenomena; its
decision process is closer to the way of human thinking. Based on the new concept of g-RONF set,
we presented 12 aggregation operators under q-RONF environment; the research results showed that
these operators have stronger information aggregation ability than existing operators. The proposed
g-RONF set and the aggregation operators can set different g values according to actual requirements
to get more appropriate decision results. As a result, our method is more flexible and more suitable for
decision-making in a more complex and changeable decision-making environment.

To sum up, the proposed method has stronger applicability and flexibility in solving MADM
problems under uncertain environments, especially in solving decision-making problems that are
difficult to deal with normal fuzzy information environment or g-RON information environment.
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7. Conclusions

The g-rung orthopair fuzzy set (q-ROFS) can characterize fuzzy information more effectively and
extensively, and it has more flexibility than IFS and PFS, but it is difficult for q-ROFS to characterize
normal distribution in human society and nature. To solve this problem, in this paper, and considering
the characterization ability of normal fuzzy numbers and the description breadth of q-ROFS for fuzzy
information. The paper proposes a new concept of g-rung orthopair normal fuzzy (q-RONF) set by
combining normal fuzzy numbers and q-ROFS. In addition, some basic properties of g-RONF set are
examined, some information aggregation operators were proposed and applied as well. The main
contributions of this paper are as follows:

(1) The concept and the operation rules of -RONF set were defined, their related properties of
the operation rules were proved. Meanwhile, the score function and the accuracy function under the
g-RONF information environment were defined.

(2) Some information aggregation operators in q-RONF environment was proposed,
including q-RONF weighted averaging and geometric operators, ¢-RONF order weighted averaging
and geometric operators, generalized g-RONF weighted averaging and geometric operators, generalized
order weighted averaging, and geometric operators, g-RONF hybrid averaging and geometric operators,
generalized g-RONF hybrid averaging and geometric operators. Further, some properties of the above
aggregation operators are analyzed, such as commutativity, idempotency, and boundedness.

(3) A multi-attribute decision-making method based on g-RONF information aggregation operators
was proposed.

In future work, the g-RONFS can be extended to interval g-RONFS, the Choquet and power
integral operators can be applied into g-RONFS to develop new aggregation operators. Moreover, the
g-RONFS can be widely used in practical decision making, such as the supply of chain management
and system control.
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