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Abstract: As an extension of the intuitionistic fuzzy set (IFS), the recently proposed picture
fuzzy set (PFS) is more suitable to describe decision-makers’ evaluation information in
decision-making problems. Picture fuzzy aggregation operators are of high importance in
multi-attribute decision-making (MADM) within a picture fuzzy decision-making environment.
Hence, in this paper our main work is to introduce novel picture fuzzy aggregation operators.
Firstly, we propose new picture fuzzy operational rules based on Dombi t-conorm and t-norm (DTT).
Secondly, considering the existence of a broad and widespread correlation between attributes, we use
Heronian mean (HM) information aggregation technology to fuse picture fuzzy numbers (PFNs) and
propose new picture fuzzy aggregation operators. The proposed operators not only fuse individual
attribute values, but also have a good ability to model the widespread correlation among attributes,
making them more suitable for effectively solving increasingly complicated MADM problems. Hence,
we introduce a new algorithm to handle MADM based on the proposed operators. Finally, we apply
the newly developed method and algorithm in a supplier selection issue. The main novelties of this
work are three-fold. Firstly, new operational laws for PESs are proposed. Secondly, novel picture
fuzzy aggregation operators are developed. Thirdly, a new approach for picture fuzzy MADM
is proposed.

Keywords: picture fuzzy set; Dombi t-conorm and t-norm; Heronian mean; picture fuzzy Dombi
Heronian mean; multi-attribute decision-making

1. Introduction

Decision-making science is an ancient and dynamic discipline. In daily life and the management
of companies, we often encounter decision-making problems. For example, an enterprise has to select
a most suitable supplier to gain a stable supply channel. Investment companies need to choose a
suitable investment project to achieve stable returns. An airline company needs to evaluate existing
routes to get the best one and calls others to learn about the route. In the past decades, research on
decision-making methods has attracted scholars’ interest in both theoretical and practical aspects [1-6].
Moreover, due to the complexity of decision-making problems, in most real-life decision-making issues
alternatives have to be evaluated from multiple perspectives instead of only one before determining the
most suitable alternative. Thus, multi-attribute decision-making (MADM) models have attracted the
attention of many scholars [7-15]. Nevertheless, expressing decision-makers’ decision information and
representing attribute values in MADM are always a huge challenge due to some reasons. The high
complexity of practical decision-making problems lead to the difficulties of representing attribute
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values properly. Secondly, influenced by subjective factors such as decision-makers’ own experience,
cognitive ability and intuition, it is often difficult for decision-makers to access all decision information.
Thus, representing attribute values appropriately and correctly is urgently required. Recently,
many scholars have been dedicated to investigating tools and methods that can describe uncertain
information and quite a few influential theories have been proposed. Zadeh [16] originally provided
an effective tool, called fuzzy set (FS), to deal with fuzziness and ambiguity. Since its introduction,
FS has received widespread attention in academia. Afterwards, Atanassov [17] pointed out the defects
of FSs and proposed an extension, called intuitionistic fuzzy set (IFS), which describes uncertain
phenomena and information from both membership and non-membership degrees. As IFSs have
obvious advantages in describing uncertain information and data, they have drawn much attention
among scholars. Xu [18] and Xu and Yager [19] introduced intuitionistic fuzzy simple weighted
average operators. Based on the Einstein t-conorm and t-norm, Wang and Liu [20] and Zhang [21]
proposed a series of intuitionistic fuzzy Einstein aggregation operators. To capture the interrelationship
between intuitionistic fuzzy numbers (IFNs), Xu and Yager [22] and Xia [23] proposed intuitionistic
fuzzy Bonferroni mean operators and their generalized forms, respectively. Qin and Li [24] proposed
intuitionistic fuzzy Maclaurin symmetric mean operators in order to reflect interrelationships among
multiple attributes. More work about IFSs in decision-making can be found in the literature [25-34].
IFSs have good ability to describe and express decision-makers’ fuzzy decision information in
MADM problems. Nevertheless, IFS still have drawbacks and there exist quite a few circumstances in
which it is improper to use IFS to express decision-makers’ preference information. The main reason is
that the indeterminacy degree is a default in IFSs, for example when a decision-maker uses an IFN
(0.3, 0.4) to denote his/her evaluation on a certain attribute. Then, the indeterminacy degree of the
decision-maker is 1 — 0.3 — 0.4 = 0.3. In other words, once the membership and non-membership
degrees are determined, the degree of indeterminacy is determined automatically. However, this is
quite different from actual MADM problems. In practical MADM, the indeterminacy degrees should
not be determined automatically and should be provided by decision-makers. For instance, if a
decision-maker thinks the membership degree is 0.2, the membership degree is 0.3, and the degree
that he/she is not sure about the result is 0.1, then the decision-maker’s evaluation value can be
denoted as (0.2, 0.1, 0.3), which cannot be represented by IFSs. In order to deal with this case,
Cuong [35] proposed the concept of picture fuzzy set (PFS), characterized by a positive membership
degree, a neutral membership degree, and a negative membership degree. Owing to their great
power to heal the inherent fuzziness of information, Le et al. [36] incorporated IFSs into fuzzy
inference systems to enhance their performance. Le [37] proposed generalized picture distance
measure and integrate it to a novel hierarchical picture fuzzy clustering method, called hierarchical
picture clustering. Owing to PFSs” high capacity to model fuzziness, they also have been widely
applied in MADM [38-44]. Generally speaking, there are two types of MADM method. The first type
is based on traditional decision-making methods. In other words, the traditional methods are extended
to accommodate MADM with picture fuzzy information. Another type is from the aggregation
operators’ point of view. Aggregation operators can integrate attribute values into a collective values
and select the optimal alternative accordingly. To effectively aggregate picture fuzzy information,
a mass of picture fuzzy aggregation operators have been put forward for aggregating PFNs [45-48].
Although these operators have been successfully applied in picture fuzzy MADM, there are still
some limits. First of all, all the aforementioned picture fuzzy operators are based on algebraic
operational laws for PFNs. Thus, Wei [49] proposed some picture fuzzy Hamacher aggregation
operators based on Hamacher t-norm and t-conorm. The recently proposed Dombi t-conorm and
t-norm (DTT) [50] are powerful in information aggregation and, recently, have been applied to
the aggregation process of intuitionistic fuzzy information [51], hesitant fuzzy information [52],
and single-valued neutrosophic information [53]. However, Dombi t-conorm and t-norms have
not been applied to the aggregation of PFNs. Therefore, it is necessary to extend Dombi t-conorm
and t-norms to PFNs and propose new operational laws of PFNs. Secondly, all the picture fuzzy
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aggregation operators do not consider the interrelationship among PFNs. However, attributes in most
real MADM problems are correlated, meaning the interrelationship between attribute values should
be considered when aggregating them. Recently, a number of information aggregation tools that can
consider such interrelationships among aggregated variables have been raised to a model, such as
the Bonferroni mean (BM) [54] and Heronian mean (HM) [55]. In existing literature [56], scholars
have analyzed how HM has some meliority over BM. Hence, this paper uses HM as the essential
information aggregation method to fuse PFNs on the basis of DTT. Furthermore, we propose a new
method for MADM within the scope of PFSs.

The motivations and contributions of this paper are (1) to propose some new operations for PFNs
based on DTT; (2) to propose some picture fuzzy Dombi Heronian mean operators to aggregate PFNs;
and (3) to propose a novel approach to MADM. In order to do this, the remainder of this paper is
organized as follows. Section 2 briefly recalls some basic concepts of PFSs, DTT, and HM. Section 3
proposes a family of picture fuzzy Dombi Heronian mean operators. Section 4 proposes a novel
approach to MADM with picture fuzzy information. Section 5 provides an instance to verify the
proposed method and the last section summarizes the paper.

2. Preliminaries

2.1. Picture Fuzzy Sets

Definition 1 [35]. LetX be an ordinary fixed set, then a picture fuzzy set (PFS) A on the X is defined as:

A= {(x,1a(x),14(x), va () Ix € X} M

where pa(x) € [0,1] is the degree of positive membership of A, na(x) € [0,1] is the degree of
neutral membership of A and va(x) € [0,1] is the degree of negative membership of A, and pa(x),
na(x), va(x) satisfy the following condition: 0 < pa(x)+na(x) +va(x) < 1, Vx € X. Then for

x € X, ma(x) =1—(pa(x) +1a(x)+va(x)) could be called the degree of refusal membership of x in A.
For convenience, & = (g, u, Va) is called a PEN by Wei [45], which meets the condition y, € [0,1], 54 € [0,1],
Vg € 10,1 and 0 < py + 10 + v < 1.

In addition, Wei [45] provided some operations for PFNs.

Definition 2 [45]. Let & = (jta,1a, va), B = (g, 1, vp) be any two PFNs and A > 0, then the following
operational laws are defined:

1 a®B = (pa+Hp— Halp Nallp, VaVB),
2 a®pB= (Makp a +1p — Nallp, Ve + Vg — VaVp),
3 Aa= (1 - (1- ya))‘,q,x)‘,v,/‘),
4 ot = (}iaA,l—(1—71,;¢)A,1—(1—1/,X)/\).
To compare any two PFNs, Wei [45] firstly introduced the concept score function and accuracy
function of PFNs.

Definition 3 [45]. Let & = (pa, a, Va) be a PEN, then a score function S of « can be defined as:

S(a) = po — Va 2)

Definition 4 [45]. Let &« = (pa, §a, Va) be a PEN, then an accuracy function Hof « can be defined as:
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H(DC) = HD&+’70¢+V0( (3)
Based on the score function and accuracy function of PFNs, a comparison method of PFNs was

proposed by Wei [45].

Definition 5 [45]. Let & = (jta, 1ju, Va) and B = (g, 11g,vg) be any PFNs, S(a) and S(B) be the scores of «
and B, respectively, H(a) and H(B) be the accuracy of a and B, respectively. If S(a) > S(B), then a is larger
than B, denoted by « > B; if S(a) = S(B), then if H(x) = H(pB), then « and B represent the same information,
denoted by o = B; if H(a) > H(P), then w is higher than B, denoted by a > B.

In the following, we introduce a new operational rule of PFNs on the basis of DTT Dombi [50] to
put forward a generator to produce Dombi t-norm and t-conorm, which are shown as follows:

Definition 6 [50]. LetA be a positive real number and x,y € [0,1], the DTT are defined as follows:

Tpa(x,y) = 4)

() (500

Ta/\(x,y) =1-

T ®
1+ (50" + ()
Based on the Dombi t-norm and t-conorm, we provide some new operations for PFNs.

Definition 7. Let & = (Yo, a, Vo) and p = (yﬁ, 1 vﬁ) be any two PFNs, and A, 6 be two positive real
numbers, then:

(1) 14 @D ﬁ - 1 - 1 7 1 7 1 ;
() o (2)) (e (e)) e
(2) DC®D,B = L 1/)\/1 ! 1//\'1 : V2
() () () (e ())
3) da=|[1- 1 , 1 , ! ;
: 1+<5(1K§‘;W)A>W 1+<5(1;;7a)A>W 1+(6(%)A>m
(4) Déé — 1 1— 1 1— 1

2.2. Heronian Mean
Definition 8 [55]. Letx;(i = 1,2, ...,n) be a series of crisp numbers. If,

2 & i
HMp/q(xlle,...,xn) - mzlepx]q (6)
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where p,q > 0, then HMP1 is called Heronian mean (HM) operator.
In addition, Yu [56] gave a definition of geometric Heronian mean (GHM):

Definition 9 [56]. Let x;(i = 1,2,...,n) be a series of crisp numbers and p,q > 0. If

2
n(n+1)

H H px; + qx;) @)

GHMPA(xq,x,...,x
p+ql 1j=i

then GHMPH is called the geometric Heronian mean (GHM) operator.

3. The Picture Fuzzy Dombi Heronian Mean Operators

In this section, we extend HM to the picture fuzzy environment and propose some novel picture
fuzzy aggregation operators.

3.1. The Picture Fuzzy Dombi Heronian Mean (PFDHM) Operator

Definition 10. Let p,q > 0 and a; = (p;, 4;,v;) (i = 1,2,...,n) be a collection of PENs, and A be a positive
real number. Then the picture fuzzy Dombi Heronian mean (PFDHM) operator is defined as follows:

1

n o n jaxi
PFDHMPA (aq, 0, ..., 0y) = (n+1 Zz(xf ®Do< (8)
i=1j=i

Theorem 1. Let p,q > 0and a; = (p;, y;,v;i)(i = 1,2,...,n) be a collection of PENs, and A be a positive
real number. The aggregated value by PEDHM is still a PEN and,

>|=

n(n+1) L 1
PFDHMPA(ay,az,...,0,) = |1/ 1+ x1/( X . : ,

S

- f1/1s |20 gy
=1

J'gi <p(1f",7i)Aiq<lffvj>A> ’ 9

>l

1—-|1/|1+ (HH)Xl/ ZZ ! )/\>

v: \ A Vi
B () (s

Proof. According to Definition 7, we have:

= 1 A%'l_ l A%'l_ : wt |’
w()) )t e ())
(10)
ol = 1 11— 1 11— 1 :
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1

—Hi _ -p _ M _ T _ Vi

Let f = Ay, 5 = Aj, iy = B 2 = By, 14 = Ciy 1= = G then,

”‘zp_< 11— ),

1+ A; 1+q 2 B; 1+ G

”‘? = 11 = 1; 1= 11

Thereafter,
1 1 1
af@sz?: T, 1— l,l— T |
+(pAt +qAM) " 1+ (pB +4Bt) ! + (pC +4C)

1/A
wop q_ L 1
jgiai ®p#; = (1_ 1/ (1+ (jgiWerlﬂ)> ) 1/
. 1/A
1
1/ (1 + (]Zz (pCiAJquj/\)) ))

Then,
2 UL p q 1 1/11 2 U 1 v
n(nJrl)l;lj;llX Rp «: = — + n( +1)1§1j§1 (pA,A—&-qA]/\) ’
2 L 1 v
1/ 1 + n(n+l)i§1 ]gl (PB/\‘HIB/)‘) s
1/A
2 L& 1
1/ (1 + (n(nﬂ)ig].g (pCi/\+quA)> ))
Furthermore,

non ﬁ - 1/A
p q _ n(n+1)
(}’l(?’l+1 121 ]21 ‘Xl ®D lx]) - (1/ (1 + <Z(P+‘7) x 1/ <121 ]ZZ ( A /\+17A A)) ) ) ’
n on /A
_ n(n+1) 1
1-v (1 + <2(P+q) x1/ (izl]zl (pCiA+aC; A)>> ))

= Bj, =

111;7 1/1 l’ll/

g _op 12W oA
We put —= = A;, i = Aj, 1, = Bi

6 of 27

(11)

(12)

(13)

(14)

(15)

(16)

= Cj into (26), then we have:
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1
A
PEDHMPA /14 |2 g/ vy 1
v = |V | B E e || )
-7 i) T\
1
A
n(n+1) L 1 (17
1—|1/]1+ 2(p+q)><1/ rxr - — , )
S5 (o(at) (%))

e [ £ 8

Thereby completing the proof. [

Example 1. Suppose a1 = (0.5,0.1,0.3), ay = (0.5,0.2,0.2), a3 = (0.2,0.5,0.2) are three PFNs, p = 1
q =2and A = 2, then we use the PEDHM to aggregate the three IFNs. The steps are as follows

Since,

Al () AR (e
T ) ) <1x<;,;1y;xmz>' 08)
NSy M EE e M e e

Then, we have,

It

i

1
Py
Z("H) x 1/ f i 1 1
(p+4) i=1j=i (P(l Mi>A+q(];;‘j> >
1 (19)
2
S E = R 1

— = 1.3599.
i=1j=i (1x(1lﬂ‘) +2><< ;]“J> >

Furthermore, we can have

1
A
1|1+ [ 5l <1/ L ¢

A
—1i=i A A
S5 (o) e () )

1 (20)
2
3 3
=1/|1+ [ EE <1/ L E !

5 : 5 = 0.4237.
i=1j= 1( (%) +2X<;jl/)>
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Similarly, we have,

>

+1 n n 1
1-|1/]1+ ZEZH; %1/ 212< ( - )A (*7/' )A — 01811 (21
==t {p 171}71. +4 177,]/ )
And,
%
e 2Dy ey ! — 02229, (22)

2(p+9q) i=1j=i <p(1ziw))\+q<lzjyj>)\>

Finally, we get PFDHMP(aq, a2, a3) = (0.4237,0.1811,0.2229).
Moreover, PFDHM has the following properties:

Theorem 2. (Idempotency) Let a; = (u;, 1;,v;)(i = 1,2,...,n) be a collection of PFNs, if a;(i = 1,2,...,n)
are equal, that is, o; = o = (p, 4, v), then,

PFDHMPA (0,02, ...,0,) = & (23)

Proof. Let PFDHMPA(aq, a2, ..., 04) = (Ha, Yo, Vo), we Will prove that PEDHMP(aq, a3, ..., 0,) =

(w1, v)-
Since &; = & = (p,17,v) and &; = & = (p,17,v), we have:

A
e =1/11+4 ZEZi;;Xl/(ii Al -\
S () )
_ n(n+1) -y 1
=1/11+ (2(p+q) x1/ (EUE <p(1,/‘)A+q(1,¢")A>))
1
r
V2 E EICES RV N S S SR
Ak (2(p+q) <V (El];i <(T)A(p+q))))
1 1 n(n+1) 1 __nmtl)
/1 1+ <z(p+q) 8 /<2<<1;”)A(p+q))))
_ 1/<1+ <(1;})A)A) = u

Similarly, we can prove that 17, = #, Vu = v, so we can have (j,%,v) = (Ma, Yo, Vo). Thus,
Theorem 2 is proved. [

(24)

S

—

Theorem 3. (Monotonicity) Let a; = (pi, 03, vi)(i =1,2,...,n) and o'; = (W', n';,V'i)(i =1,2,...,n) be
two collections of PFNs, if a; < o;, for all i, then,

PFDHMP(a1,0,...,00) < PEDHMPA(a'1,a'5,...,0y) (25)
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Proof. Let PEDHMPA (a1, az,...,0n) = (Ha, o, Vo) and PEDHMPA(a'1, 0/, ...

Since y; < y'; and pj < p';, then we have:

/!
R e et v B )

[ N Wi
Thereafter,
%
n(n+1) %1/ i i 1
2(p+ e - TuNA
(p+q) =12 (p(%)A+q(ly;]> >
> n(n+1) %1/ LR 1
= | 2(p+9q) igl]gi 1 A+ 17}4/]4 A
P s q V/]_
and,
n n
14 | 2ol gy 1
o Y\ BE ()]
i 4
n(n+1) v 1
=1 | 2y <V Eljgi <F’<l’wi>/\+'1(l_’”f>A>
Wi ﬂ’/
Thus,
n(n+1) non 1
o[ ey
Hi P]'
n(n+1) non 1
<y B e
V/i },/]_

9 of 27

o) = (W' v).

(26)

(27)

N

(28)

e

>|=

(29)

which means p < y/, similarly, we can also prove that 7 < 5’ and v < v/. Therefore, the proof of

Theorem 3 is completed. [

Theorem 4. (Boundedness) Let w; (ni,mi,vi)(i=1,2,...,n) be a coll

(g i) i) ) and = = (i), ), mas(v) ) e,
1 1 1 1 1 1

&~ < PEDHMP (a1, 00, ..., a,) < at

Proof. From Theorem 2 we can have:
PFDHMPA(a~,a",...,a" ) = a  ,PFDHMPI(a™,a™,...
Thereafter,

PFDHMPA(a~,a~,...,a”) < PFDHMP(ay,ay,...,0,) < PFDHM?

ection of PFNs, if a™ =

(30)
,at) =at, (31)
Aat,at, . ah) (32)



Symmetry 2018, 10, 593 10 of 27
Therefore, we can get a =~ < PFDHMPA (aq,a,...,0) < aT. O

3.2. The Picture Fuzzy Dombi Weighted Heronian Mean (PFDWHM) Operator

Definition 13. Let p,q > 0 and a; = (u;, 1;,v;)(i = 1,2,...,n) be a collection of PFNs. If,
1

2 n n ptq
PFDWHMP (a1, ay,. .. ,0,) = <n(n+1)22 P®p w]«x])q> (33)
i=1ij=

where w = (wy,wy, ..., wy)" is the weight vector of a;(i = 1,2,...,n), satisfying w; € [0,1], TLwi=1,
then PFDWHMPA is called the picture fuzzy Dombi weighted Heronian mean (PFDWHM) opemtor.

Theorem 5. Let p,q > 0, A > 0and a; = (y;,1;,v;)(i = 1,2,...,n) be a collection of PFNs. The aggregated
value by PFDWHM is still a PFN and,

PEDWHMPA(ay,an, . ) = | 1/ 1+ [ 3050 x1/ Lyl (’;, i + (Z, )A ,
i=1j=i w; 17'],1. wi{ =4
. j
A
n n
1-1/[1+ | 50 %1/ | L LV | —Ea+ —L , (34)
P EET T ()
1 7]'
x
n n
1—1/ |14 | 2 s/l ¢ 21/ P+ —1
2(p+q) s e wi(l;ui ) A wj(1—uj>)\
1 V]'
Proof. According to Definition 7, we have,
1 1
winj = [ 1— /X7 N x|
1-; 1y
1+( ¢ ,1)) 1+(w,.( = )) 1+(w,( . )) |
(35
1 1
wjk; 1 VLY Y RN
() ) e (a(5)) e (e(F))
Hj 1-7; 1-n _ 1-v; 1-v
Let 7 7 Ai, = - = Aj, W B“Tj B;, v =C;, v =C;j, then,
(wia;)P = ( L 7x 1 — 1 vl 1 3 1//\>r
(p/wA > (p/cuZ ) 1+<p/wiCi) (36)
q_ 1 1 1
(wjn;j)? = 1 1
] ]) /A7 1/A7 /A
(st ™)
Thereafter,
(wiw;)? ®p (“"‘X')q = 1 r 1l — ! /X7
I 1+ (p/wiA] +4/wiA] ) 1+ (p/w;Bl +a/w;B; )

(37)
1- A ! AN 1/A
1+(p/a;iCi +q/ijj )
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£ 5 (@) @ (@) = (1-1/ 1+ £ L ! :
w) ®p (wja))? = (1-1/[1+ :
1/ 1 i i X 1/A (38)
+ A S 7
i=1j=i (p/wB +q/w;B >
e Z i : 1/A
+
i=1j=i (p/wlC +q/w] )
and,
) n o n p non 1 v
e - ) 1/A %
+ (Vl-‘rl lgl]gi (p/wiB;\+q/ij;\> ’ ( )
1/A
1/(1+ Yy 5
n(n+1 i=1 /=i (p/wC +q/w;C )
Furthermore,
2 n n q Pt
n(n+1)i§1j£( a;)! @p (wja;)
s n(n+ 1/ n on ) 1/A
= X 7
2(p+ q 121] z(P/“’iA;\+‘7/wJA?)
40
1-1/ 1+ [ 2ot xl/in , - "
2(p+q i=1 = 1(p/wlB +q/w; ]) ’
1/A
1-1/{1+ (220 w5 v ! /
We put 1 A Mo p oo ﬂ:B» 1-v _ 1—_C into (45), then we have:
T v T=pj T 1j v Yoy ’
, o . [&R]
n(n+1)i§1j§l( a;)" @p (wja;)
1
x
= (17|14 [ 5 <y SRRV, L+ —1 ,
pa i=1j=i | wi() wj<l"€4>
i #j
i (41)
n n
1—1/] 14 [ Mot gy 1/ P4 1 ,
2(p+q) 1‘§1 ]‘Ei wi<1;i’7i ) ' wj (f/"ﬁ)A
: 1
y
n(n+1) U p q
1-— ]./ 1 + 2(p+q X ]-/ Zl Zl/ (lfv->/\ + (1,1/].))\
t=1j=1 wi vl-l wj | =
j

Thus, the proof of Theorem 5 is completed. [
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Example 2. Suppose a; = (0.5,0.1,0.3), ax = (0.5,0.2,0.2), a3 = (0.2,0.5,0.2) are three PFNs and
w = (0.2,0.3, 0.5)T is the weight vector of them. Suppose p = 1, q = 1 and A = 2, then we use the PFEDWHM
to aggregate the three IFNs. The steps are as follows.

Since,

+1/ s+ —L
w3<1*i3 w3<1fi3>
= 0.4410,
(42)
Then, we have:
%
n n
e x1/ [ L R/ | e+
Sz ()" o ()
3 (43)
3 3
x| L L | g
S el dR) o)
= 2.6082
Furthermore, we can get:
%
n n
1/1+ ;E;’i‘;;xl/ 1/ s+ —1
S\l ()
3 (44)
B 3% (341) 3 3 1 1
=1/ 1+ [ Zig <1/ | L 2V ot
i=1j=i wi<1—lﬂi) “’j(k%)
= 0.2771.
Similarly, we have,
i
n(n+1) noz p q _
1= 1/ 1+ | 5 x 1/ Eljgl/ (1—;7,-)A+ Y = 0.3063 (45)
S\ a5
and,
l\
n n
1—1/1+ |2 s/l v v 1/ T — 0.3352. (46)

2(p+4) =1 /=i oy (5 )A
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Finally we get PEDWHMPA (a1, a0, 03) = (0.2771,0.3063,0.3352).
Moreover, PFEDWHM has the following properties:

Theorem 6. (Monotonicity) Let a; = (y;, n;,vi) (i =1,2,...,n)and o'; = (W', 0", v'i) (i =1,2,...,n) be
two collections of PFNs, if a; < o;, for all i, then,

PFDWHMPA(aq, a2, ...,0,) < PEDWHMPA(a'1,0/5,...,a'y). 47)

Theorem 7. (Boundedness) Let a; = (y;,1;,vi)(i=1,2,...,n) be a collection of PFNs, if at =

(Hharo s Vb ) and &= = (U Tmaxs Vmax ), A > 0 where,
A i
1—max(p;) non
+ n(n+1) i P q
Pmax = 1/ (1 + <Z(P+q) % ( max(p;) ) x1/ (izljzil/(w,- + wj)) ) !

min(r;)
+ 1 n(n+1) i
Mmin = 1= 1/ | 1+ (2(p+q) x (lrinin(m)

A
nin min(v;) n o n
Vinin = 1= 1/ 1+ (2Epi;)) X <1£nin(vi)> x1/1 ¥ 2.”(%4'(%)
A

i=1j=i
(48)
1—min(y;) non
- n(n+1 p q
Fmin = 1/ (1+ (2( +q) x ( ml_in(Hi) > x 1/<z§1j§11/(w‘ w/>>
(1) *
B B n(nt1 max(77; non P q
Mmax =11/ 1+ (z( ) % (1—max<m>> X1/<1§1j§1/(w1 +w;) '
1
max(v;) A n on r
- _q1_ n(n+1) i ! P q
Umax =11/ 1+ (2(P+q) x <1Il_na><(1/i)> x1/ (Eljgl/(wf + “’]‘) )
Then,
a~ < PEFDWHMPA(aq, a0, ..., 0,) < . (49)

In what follows, we will propose some geometric aggregation operators based on Dombi
operations for PFNs.

3.3. The Picture Fuzzy Dombi Geometric Heronian Mean (PFDGHM) Operator

Definition 14. Let p,q > 0 and a; = (y;, 15, v;)(i = 1,2,...,n) be a collection of PFNs, and A be a positive

real number. If,
2

n(n+1)

(pa; ®p qua;) (50)

=
=

PFDGHMPA(aq,09,...,0,) = ——

pra;

1j=i

then PFDGHMP1 is called the picture fuzzy Dombi geometric Heronian mean (PFDGHM) operator.

Based on the operational laws of the PFNs described in Definition 7, we can obtain the aggregation
result shown as Theorem 8.
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Theorem 8. Let p,q > 0 and a; = (y;,1;,v;)(i = 1,2,...,n) be a collection of PFNs, and A be a positive real
number. The aggregated value by PFDGHM is still a PFN and,

PEDGHMP (e, yn) = | 1 |17] 1+ | s8] £ £ TETE) |
=lj=i {p 1,’;]_ +q = )

A

1|14 | )| 8 ! 1)
2pta) i=1 /=i <p(1 v,-)"+q( **’f)A>
i Ul

1

171+ n(n+1)><1/ ii 1

The proof is similar to that of Theorem 1.
It is easy to prove that PFDGHM also has the following properties:

Theorem 9. (Idempotency) Let a; = (u;, 1;,v;)(i = 1,2,...,n) be a collection of PFNs, if a;(i =1,2,...,n)
are equal, that is, «a; = o = (u,n,v), then,

PFDGHMPA(aq,0,...,0,) = &. (52)

Theorem 10. (Monotonicity) Let a; = (p;, 1;,vi) (i = 1,2,...,n)and o'; = ('}, 5';,v')) (i =1,2,...,n) be
two collections of PFNs, if a; < o;, for all i, then,

PFDGHMPA (ay, a3, ...,0,) < PFDGHMPA(a/1,0/5,...,a'y) (53)

Theorem 11. (Boundedness) Let a; = (p;,1;,v;)(i =1,2,...,n) be a collection of PFNs, if at =
(maX(#i),m.in(m),min(w)> and o~ = (min — (#i)rmAX(m),maX(w)>r then,
1 1 1 1 1 1

a~ < PFDGHMPA(aq,a2,...,0y) < a™ (54)

3.4. The Picture Fuzzy Dombi Weighted Geometric Heronian Mean (PFDWGHM) Operator

Definition 15. Let p,q > 0 and a; = (u;, 1;,v;) (i = 1,2,...,n) be a collection of PFNs. If,

2
non N\ n(n+1)

PFDWGHMPA (a1, 3, ..., &) = =TT T1 ((pxi)wi ®p (qxj)‘”f) (55)

where w = (w1, wy, ..., wy)" is the weight vector of a;(i = 1,2,...,n), satisfying w; € [0,1], ¥, w; = 1,
then PEDWGHMPA is called the picture fuzzy Dombi weighted Heronian mean (PFEDWGHM) operator.

Based on the operational laws of the PFNs described in Definition 7, we can obtain the aggregation
result shown as Theorem 12:
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Theorem 12. Let p,q > 0, A > 0and a; = (p;,1;,v;)(i = 1,2,...,n) bea collection of PFNs. The aggregated

value by PFDWGHM is still a PEN and,
1
A
PEDWGHMPA(ay, ay, ..., 0) = | 1—1/| 1+ (2&;;)) x1/ (fl f‘l/( (l’jﬂ_)A + (1"“]_ A) )) ,
=1j=t Wi ;41»1 wj IF
1 i
A
IV B i S VA [ ol of Vi I S ,
(2<P+‘7> == w"(li]lm')A wf(lE/;Y
%
1/]1+ n(11+1)><1/ nnl/ p + q
(2(P+ﬂ) El Ei “’i(liiyi)A w,'(lifv‘))L
]
(56)

Moreover, similar to PFDWHM, the PFDWGHM has the same properties.

Theorem 13. (Monotonicity) Let a; = (y;, 1;,v;)(i =1,2,...,n) and &«'; = (p;,n;,vi)(i=1,2,...,n) be

two collections of PFNs, if a; < o;, for all i, then,
'n) (57)

PFDWGHMPA(ay,az,...,0,) < PEDWGHMPA(a'y, a5, ..., 0/,

Theorem 14. (Boundedness) Let a; = (p;,1;,v;)(i=1,2,...,n) be a collection of PFNs, if at =
t)and o = (U Mmoo Vimax) A > 0 where,

(Vr—;axf Wr—gin’ 1/mirl
4 n(n+1) max(pi) * L P, g
Pmax = 1= 1/ 14 | o) (1ma><(ﬂi)> P> 2'1/(@_ + 5;‘)

. A
n(n 1—min(r;) non
Moin = 1/ | 1+ (2&;;; % ( w7 > % 1/<.Z Zl/(wﬂf+wij)

+ n(n+1) i
Vmin = 1/ 1+ (2(P+‘7) % ( min(v;) =1j=i
1 (58)
- _1_1//[1 n(n+1) min(p;) A Y n (2 . X
Hmin =+ — T\ 27 < T=min(x;) x Eljg (E+Uj> ’
A X
1—max(7;) n on
_ 1 i
w11 (g5 () v (B et 8)) )
A x
1—max(v;) non
_ n(n+1 i
Vimax = 1/ [ 1+ (2gp+q; x ( max(v;) ) X 1/<i§1j§i1/(£z‘+£i)> )
(59)

Then,
a~ < PFDWGHMPA (a1, az,...,a,) < a™
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4. A Novel Approach to Multi-Attribute Decision-Making (MADM) Based on the Proposed
Operators

4.1. Description of Atypical MADM Problem with Picture Fuzzy Information

A typical MADM problem with the picture fuzzy information can be described as follows. Let X =
{X1,Xa,...,Xm} be aset of alternatives and C = {C1,Cy, ..., Cy} be a set of attributes with the weight
vector being w = (wq,wy, ... ,wn)T be the weight vector of a;(i = 1,2,...,n), satisfying w; € [0,1],
Y. 1 w; = 1. Several decision-makers are organized to decide over alternatives. For the attribute C of
alternative X, the decision-makers are required to use PFNs to express their preference information,
which can be denoted to express as w;; = (;41-]-, Wi, vij) (i=1,2,...,m;j=1,2,...,n). Therefore,
A= (’Xif)mxn is the decision matrix. In the following, we present a new algorithm to solve such
an MADM problem.

4.2. An Algorithm for the Picture Fuzzy MADM Problem

Step 1. Normalize the decision-making matrix. It is necessary to normalize the decision-making
matrix A = (ocij) nxn [0 Temove the impact of different attribute types. Therefore, the decision should
be normalized by:

(vij, mijs i), Cj € I
where [; represents the benefit attribute and I, represents the cost attribute.
Step 2. Utilize the PFDWHM operator:

[xi]. — { (P‘ijzﬂijzvij), C] c Il (60)

o, = PFDWHM(DCil,ﬂciz,...,ﬂéin) (61)
or the PFEDWGHM operator:
n; = PFDWGHM(D(il,OCQ,...,DCm) (62)

to aggregate all the attribute values. Then the overall values «;(i = 1,2,...,m) of alternatives can
be obtained.
Step 3. Rank the overall values according to Definition 5.
Step 4. Rank the alternatives based on the rank of overall values «;(i = 1,2,..,m) and select the
best one.
To better illustrate the above algorithm, we provided a flowchart, which is shown as Figure 1.
In order to express the logic of the algorithm more clearly, we use the form of pseudo code to
demonstrate the algorithm, which is convenient for the implementation of different programming
languages. Here is the pseudo code.
Begin
Normalize the decision-making matrix A
Select an operator Op from PFDWHM and PFDWGHM
For each alternative N in set X
Utilize Op to agqregate the attribute values of N
Add the overall value P to overall value series V
End
For each P in overall value series V
Calculate the score S of P
End
Rank V based on S
Rank X based on the rank of V
End
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J//
\ Start ‘

, /

Normalize the decision making matrix.

\ 4

Aggregate all the attribute values utilizing the
PFDWHM or PFDWGHM operator.

A 4

Rank the overall values by calculating the score

function.
\ 4
Rank the alternatives based on the rank of overall
values.
Yy
4 N
\ End |
-/

Figure 1. The algorithm flow of picture MADM problems.

5. Application Instance

In this section, we provide a numerical example adopted from [45] to demonstrate the validity of
the proposed method. A company wants to implement an enterprise resource planning (ERP) system.
A set of decision-makers are organized to be the decision-making committee and after primary
evaluation, five ERP vendors and systems (4;(i = 1,2,3,4,5)) remain on the candidate list. In order to
select the best vendor and system, all the candidates are assessed under four attributes and they are
(1) function and technology Gy; (2) strategic fitness Gy; (3) vendors ability Gs; (4) vendors reputation Gy.
The weight of attribute is w = (0.2,0.1,0.3, 0.4)". The decision-making committee is required to utilize
PFNs to express its assessment and so that the original decision matrix R = (txij)SX 4 is shown in
Table 1.

Table 1. The picture fuzzy decision matrix.

Gy G G3 Gy
Ay (0.53,0.33,0.09) (0.89,0.08,0.03) (0.42,0.35,0.18) (0.08,0.89,0.02)
Ay (0.73,012,008)  (0.13,0.64021)  (0.03,0.82,0.13)  (0.73,0.15,0.08)
A; (091,0.03,0.02)  (0.07,0.09,0.05)  (0.04,0.85,0.10)  (0.68,0.26,0.06)
A, (0.850.09,0.05)  (0.740.16,0.10)  (0.02,0.89,0.05)  (0.08,0.84,0.06)
As (0.90,0.05,0.02) (0.68,0.08,0.21) (0.05,0.87,0.06) (0.13,0.75,0.09)

5.1. The Decision-Making Process

(1) Rank the alternatives based on the PFDWHM operator

Step 1. As all the attributes are benefit, the original decision matrix does not need to be normalized.

Step 2. Utilize the PFEDWHM to compute the comprehensive attribute value «;(i = 1,2,3,4,5) of
each alternative (suppose A =2, p = q = 1). Hence, we can obtain:
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a1 = (0.5498,0.3550,0.0853) ay = (0.4040,0.3798,0.2121) a3 = (0.6080,0.1575,0.0904)
ay = (0.5128,0.3447,0.1244) a5 = (0.5835,0.2090,0.1032)

Step 3. Compute the score function s(«;) of a;(i = 1,2,3,4,5), so that we can obtain:
S(a1) = 0.4645 S(ap) = 0.1918 S(a3) = 0.5176 S(ay) = 0.3885 S(as5) = 0.4803

Step 4. Rank the alternatives according to the scores, and we can get A3 > A5 > Ay > A1 > A».
Thus, Aj is the best ERP system.

(2) Rank the alternatives based on the PFDWGHM operator

Step 1. The original decision matrix does not need to be normalized.

Step 2. Calculate the comprehensive attribute value «;(i = 1,2, 3,4, 5) of each alternative by using
the PFDWGHM operator. Thus, we can obtain:

aq = (0.3471,0.5648,0.0432) a; = (0.1556,0.4627,0.0660) a3 = (0.1650,0.4742,0.0291)
ay = (0.1070,0.6450,0.0330) a5 = (0.2228,0.5674,0.0515)

Step 3. Compute the score function S(«;) of «;(i = 1,2,3,4,5), and we can obtain:
S(aq) = 0.3040

Step 4. Rank the alternatives according to their score functions and we can obtain A; > As >
Az > Ay > Ay Thus, A; is the best ERP system.

5.2. Sensitivity Analysis

The flexibilities of the proposed method are reflected in two aspects. Firstly, it is based on DTT so
that the information aggregation process is also flexible. Secondly, it is based on HM which has two
important parameters, playing crucial role in the decision results. Hence, different scores of alternatives
and ranking orders may be obtained with respect to the parameters p and g. In the following, we shall
investigate the influence of the parameters on the results. Firstly, we assign different values to p and g
and scores of alternatives are presented as Figures 2-6. In addition, we let p (or q) be a fixed set, and we
investigate the influence of g (or p) on the scores’ functions and ranking results. Details can be found
in Figures 7 and 8.

0.49
0.485
0.48 |

o 0.475 4
0.47

0.465 <

0.46

Figure 2. Score of A; when p, q € [1,10] based on the picture fuzzy Dombi weighted Heronian mean
(PFDWHM) operator (A = 2).
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Figure 3. Score of Ay when p, g € [1,10] based on the PFEDWHM operator (A = 2).

Figure 4. Score of A3 when p, q € [1,10] based on the PFEDWHM operator (A = 2).
1

09

0.42 0.8

0.41 4 07

06

» 04
05
0.39 | 04

0.3

0.38
0z

0.1

Figure 5. Score of A4 when p, g € [1,10] based on the PFEDWHM operator (A = 2).
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0.55 T T T T T T T T
o5 :
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w 04 1
@ A5
=3
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o 0.35 A3
5 ——A2
————— Al
[5] 03} i
025} 1
0.2} T
0»15 1 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10

Figure 7. Scores of alternative A; (i=1, 2, 3,4, 5) when p =1 and g € [1,10] based on the PFEDWHM
operator (A =2).

Form Figures 2-6, we can find out that different scores of alternatives can be derived with
respect to different parameters p and g. This characteristic illustrates the flexibility of the proposed
method and operators. In real MADM problems, the values of p and g can be determined by
decision-makers according to actual needs. In Figures 7 and 8, we investigate the individual effect
of the parameters p and q on the score function and ranking results, i.e., we let p or g be a fixed
value and investigate the influence of another parameter on the ranking results. As we can see
from the Figures 7 and 8, different scores and ranking results can be obtained with the change
of p or gq. This characteristics also reflects the flexibility of the proposed PFDWHM operator as
well as the corresponding MADM method. Additionally, it can be noticed that no matter what the
values of p and g are, the best alternatives are always A3, and the worst alternatives are always Aj.
This feature demonstrates the robustness of the proposed method. It is worth pointing out that
in the above discussion, we used the proposed PFDWHM operator to aggregate decision-makers’
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preference information. In the following, we investigate the influence of parameters p and g on the
scores and ranking orders in the PFEDWGHM operators. Analogously, we assign the different values to
the parameters p and g and the corresponding scores of alternatives and ranking orders are derived.
Details can be found in Figures 9-15.

0.6 : ; ; : : ; ; :
0.55 1 ———TT
05 Ff [ -
oas b T T .
(7]
o A5
3 0.4 Adl T
: -
5 035 .
[&]
e | 1 1 1 |1 | | |- Al
03f .
025 .
02t
045 . . . . . . . .
1 2 3 4 5 6 7 8 9 10

Figure 8. Scores of alternative A; (i=1, 2, 3,4, 5) wheng =1 and p € [1,10] based on the PFDWHM
operator (A = 2).

0.305

¢y 0.205 |

0.285

Figure 9. Score of A; when p,q € [1,10] based on the picture fuzzy Dombi weighted geometric
Heronian mean (PFDWGHM) operator (A = 2).
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Figure 10. Score of Ay when p, g € [1,10] based on the PFDWGHM operator (A = 2).
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Figure 11. Score of A3 when p, g € [1,10] based on the PFDWGHM operator (A = 2).
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Figure 12. Score of A4 when p, g € [1,10] based on the PFDWGHM operator (A = 2).
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Figure 14. Scores of alternative A; (i=1,2,3,4,5) whenp =1 and g € [1,10] based on the PFEDWGHM

operator (A = 2).
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Figure 15. Scores of alternative A; (i=1,2, 3, 4,5) wheng=1and p € [1,10] based on the PFEDWGHM

operator (A =2).
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In this section, we investigate the influence of the parameters on the scores and ranking orders.
Results illustrate the flexibility and powerfulness of the proposed method. Moreover, the proposed
method exhibit high robustness in the process of information aggregation and MADM.
Thus, the proposed method is sufficient to deal with practical MADM problems.

5.3. Comparative Analysis

The main contribution of this paper is that we proposed a powerful MADM method with picture
fuzzy information. In Section 5.1, we illustrated the performance of the proposed method by solving a
real decision-making problem. In the following, we compare the newly proposed method with exiting
picture fuzzy MADM methods. We utilize the method introduced by Wei [45] based on the picture
fuzzy weighted average (PFWA) operator, the method put forward by Wei [49] based on the picture
fuzzy Hamacher weighted average operator (PFHWA), and our method based on PFDWHM operator
to solve the above example, and present the score function and ranking orders in Table 2.

Table 2. Score function and ranking results by different results.

Method Score Function of S(«;)(i=1,2,3,4,5) Ranking Results
Wei'’s [45] method based on S(a1) = 0.3792 S(ap) = 0.4526
picture fuzzy weighted average S(az) = 0.5608 Az > Ay > As > A1 > Ay
(PFWA) operator S(ay) = 0.3674 S(a5) = 0.4114
ctare fassy Homachor weghed  5(41) = 03473 Slaz) 01
p y & 5(063) = 0.5205 Az > Ap > As > A1 > Ay

averaggsrzfgjtg SE?WA) S(ay) = 0.3088 S(a5) = 0.3528

The proposed method based on S(a1) = 0.4645 S(ap) = 0.1918
PFDWHM operator S(az) = 0.5176 Az > A5 > Ay > A1 > Ay

(A=2,pq=1) S(ag) = 0.3885 S(w5) = 0.4803

From Table 2, it is easy to find out that the ranking result derived by Wei’s [45] method is different
from that obtained by the proposed method. The reasons are two-fold. Firstly, Wei’s [49] method
is based on simple algebraic operations, whereas the operational laws of our method are based on
the DTT. Obviously, operations of PFNs based on DTT are more flexible than algebraic operations.
Thus, our method makes the information aggregation process more flexible. Additionally, our method
is based on the HM operator so that the interrelationship between attributes can be reflected. Wei'’s [45]
method is based on the simple weighted average operator and the interrelationship between attributes
is ignored. Thus, our method is more powerful, flexible and suitable than that proposed by Wei [45]
for dealing with MADM problems.

The method based on the PFHWA operator proposed by Wei [49] is based on Hamacher t-norm
and t-conorm. Thus, it is more flexible than Wei's [45] method based on the PFWA operator. However,
Wei’s [49] method is based on the simple weighted average operator which is the same as that proposed
by Wei [45]. Thus, Wei’s [49] method based on the PFHWA do not consider the interrelationships
among attribute values either. Our method based on the PFDWHM has the capability of capturing the
interrelationship between attributes. Thus, our method is more powerful than Wei’s [49] method.

To sum up, the novelties and powerfulness of the proposed method are two-fold. Firstly,
our method is based on the DTT, which makes the information aggregation flexible as there is
a parameter A. Secondly, the proposed method is based on the PFDWHM operator so that the
interrelationship between attributes is captured. This characteristic makes it more suitable for dealing
with practical MADM problems. Thus, our method is more powerful and flexible than existing picture
fuzzy MADM methods.
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6. Conclusions

Recently, PFS has become more powerful than IFS as it takes decision-makers’ neutrality
degree into consideration. This paper proposed some novel picture fuzzy aggregation operators
based on DTT. Firstly, we introduced novel operational rules of PFNs on the basis of DTT. Then,
we extended HM to PFSs based on the newly proposed picture fuzzy operations and proposed the
PFDHM, PFDWHM, PFDGHM, and PFDWGHM operators. The proposed picture fuzzy aggregation
operators not only capture the interrelationship among PFNs, but also make the information
aggregation process more flexible. We further introduced a novel approach for MADM with picture
fuzzy information. An ERP provider selection illustrated the validity of the proposed method. We also
investigated influence of the parameters on the decision results in the newly developed picture
fuzzy aggregation operators. We also compared the proposed method with others to demonstrate
its superiorities and advantages In future work, we shall continue to investigate picture fuzzy
aggregation operators, such as picture fuzzy Hamy mean operators and generalized picture fuzzy
Hamy mean operators.
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