symmetry MBPY

Article

Three-Way Decisions with Interval-Valued
Intuitionistic Fuzzy Decision-Theoretic Rough Sets in
Group Decision-Making

Dajun Ye 12, Decui Liang >*‘* and Pei Hu !

1 School of Management and Economics, Southwest Jiaotong University, Chengdu 610031, China;

yedajun2008@163.com (D.Y.); Huhupei@126.com (P.H.)

Department of Management and Economics, Sichuan College of Architectural Technology,
Deyang 618000, China

School of Management and Economics, University of Electronic Science and Technology of China,
Chengdu 610054, China

*  Correspondence: decuiliang@126.com

check for
Received: 12 June 2018; Accepted: 9 July 2018; Published: 12 July 2018 updates

Abstract: In this article, we demonstrate how interval-valued intuitionistic fuzzy sets (IVIFSs)
can function as extended intuitionistic fuzzy sets (IFSs) using the interval-valued intuitionistic
fuzzy numbers (IVIFNs) instead of precision numbers to describe the degree of membership and
non-membership, which are more flexible and practical in dealing with ambiguity and uncertainty.
By introducing IVIFSs into three-way decisions, we provide a new description of the loss function.
Thus, we firstly propose a model of interval-valued intuitionistic fuzzy decision-theoretic rough
sets (IVIFDTRSs). According to the basic framework of IVIFDTRSs, we design a strategy to
address the IVIFNs and deduce three-way decisions. Then, we successfully extend the results
of IVIFDTRSs from single-person decision-making to group decision-making. In this situation,
we adopt a grey correlation accurate weighted determining method (GCAWD) to compute the
weights of decision-makers, which integrates the advantages of the accurate weighted determining
method and grey correlation analysis method. Moreover, we utilize the interval-valued intuitionistic
fuzzy weighted averaging (IIFWA) operation to count the aggregated scores and the accuracies of the
expected losses. By comparing these scores and accuracies, we design a simple and straightforward
algorithm to deduce three-way decisions for group decision-making. Finally, we use an illustrative
example to verify our results.

Keywords: three-way decisions; decision-theoretic rough sets; interval-valued intuitionistic fuzzy
sets; group decision-making

1. Introduction

Three-way decision-making, which is a decision-making model based on human cognition,
has a very unique function in dealing with uncertainty. It can offer three strategies (acceptance,
non-commitment, and rejection) in dealing with uncertainty problems. It has a very wide
application background, such as investment, risk decision, government decision, information filtering,
text classification, cluster analysis, etc. [1]. Three-way decisions theory is first proposed in the
framework of rough sets [2,3]. Yao [1,4-7] developed rules for three-way decisions, which include
positive, boundary, and negative rules. Yao also proposed decision-theoretic rough sets (DTRSs),
which greatly enriched and developed three-way decisions [5,6,8-11].

In the present study, how to confirm the loss functions of DTRSs is always the heart of the
matter. Under the influence of a realistic decision-making environment, some factors, such as limited
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knowledge, finite intelligence, and the different risk preference of decision-makers, limited time,
and limited budgets often make decision-makers fail to make precise decisions [12]. Therefore,
many researchers construct different kinds of loss functions based on the simulation and evaluation
of a decision-making environment, characterized by uncertainty, to adapt to a realistic decision
environment, which greatly enriches the determination of the loss function. Zadeh [13] found that fuzzy
sets are effective methods to deal with vague, imprecise, and uncertainty problems. Mishra et al. [14]
showed that the fuzzy information boundaries tend to be better at accurate information, which makes
decision-makers perform better in realistic decision-making environments. Liang et al. [15-19]
successfully used triangular fuzzy numbers, hesitant fuzzy sets, interval numbers, intuitionistic
fuzzy sets, and typical stochastic functions to determine the loss function.

The IVIFSs also play an important role in describing uncertainty [20]. Atanassov and Gargov [20]
extended the intuitionistic fuzzy sets (IFSs) to the interval-valued intuitionistic fuzzy sets (IVIFSs),
which use interval-valued intuitionistic fuzzy numbers (IVIFNs), instead of precise numbers,
to describe the membership and non-membership function. Then, the IVIFSs began to get a lot
of attention of researchers [21-29]. Atanassov [21] has studied basic properties and put forward some
relationships and the operational rules of the IVIFSs. Xu [26] designed a method based on a distance
measure for IVIFSs under a group decision-making environment. Xu [27] gave some aggregation
operators and defined the score and accuracy function of IVIFSs for ordering the IVIFSs. Liu et al. [28]
extended the entropy and subsethood from IFSs to general IVIFSs. Xu et al. [29] introduced the
clustering technique of IVIFSs. The IVIFSs, which use the interval-valued intuitionistic fuzzy numbers
instead of precision numbers to describe the membership and non-membership function, are more
flexible and practical in dealing with ambiguity and uncertainty.

Unlike the existing works, presented in [15-18], this article uses IVIFNs, instead of precise
numbers, to describe the loss functions of the DTRSs and construct a new framework of interval-valued
intuitionistic fuzzy decision-theoretic rough sets (IVIFDTRSs). We also design a strategy and
infer rules for three-way decisions for IVIFDTRSs in a single-person decision-making environment.
In dealing with complex problems, group decision-making tends to be more scientific and rational
than individual decision-making because it can focus on the wisdom of decision-makers in different
fields, take advantage of more information to form more feasible methods, and it is usually easy
for it to gain universal recognition. In order to avoid the incomprehensiveness of individual
decisions, we extend IVIFDTRSs from single-person decision-making to group decision-making.
It is common knowledge that the determination of the weight of decision-makers is crucial in group
decision-making. Hence, there are a lot of researchers introduced the correlation and aggregation
method of interval-valued intuitionistic fuzzy sets [30-37]. Thus, we provided the grey correlation
accurate weighted determining method (GCAWD) to confirm the weight of decision-makers, which
integrated the advantages of the accurate weighted determining method [30] and grey correlation
analysis method [31]. Then, we adopted the interval-valued intuitionistic fuzzy weighted averaging
(IIFWA) operation to aggregate the group opinions and compute the scores and accuracies of the
expected losses. By comparing these scores and accuracies, we develop a simple and straightforward
algorithm to deduce three-way decisions.

This paper extends IFDTRSs to IVIFDTRSs, and extends IVIFDTRSs from single-person
decision-making to group decision-making, which provides a more scientific and rational way to deal
with the uncertainty of decision-making. This paper also provides a new method, named GCAWD,
to confirm the weights of experts. This method first gives the expert a greater initial weight if the expert
has larger IVIFNSs in relation to the membership degree of attributes, because such an expert knows
more about the attribute, and then determines the final weight of decision-makers by considering two
aspects of group ideas and information distribution. Finally, it establishes a planning model according
to the principle of entropy.

The remainder of the article contains the following: Section 2 introduces some basic concepts
of Bayesian decision procedures and IVIFNs. Section 3 designs the basic model of IVIFDTRSs.
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Section 4 designs a strategy and infers the rules of three-way decisions for IVIFDTRSs in single-person
decision-making. Section 5 provides the GCAWD to calculate the weights of decision-makers and
studies the decision analysis of IVIFDTRSs in relation to group decision-making. Section 6 gives
an illustrative example. Section 7 concludes the paper and introduces future research prospects.

2. Preliminaries

The model of DTRSs based on Bayesian decision procedure, the basic concepts, relations, and
operations of IVIFSs and IVIFNSs are briefly introduced as follows [5,7,10,11].

2.1. Decision-Theoretic Rough Sets Model

Let the set of states ) = {wy,wy,- -+ ,ws} denote a finite set of s states, and the set of states
A ={ay,ay,- - ,an} be a finite set of n possible actions. Pr(w; |x) is the conditional probability of an
object x being in state w;, given that the object x is described by x. Here, x is the equivalence class of x.
A(a; |w]~) is the loss or cost for taking action 4; in the state w;. For object x, suppose to take the action
a;. According to the method of minimum-risk Bayesian decision [11,38], the expected loss associated
with action 4; is given below:

R(a;|x) = Z)\(allw] (wj|x) (1)

Generally, x is a description of the object x, T(x) is a decision rule function that represents which
action to take, and R is the overall risk, which can be calculated as follows [16]:

R= ZR x) [x )Pr(x) @)

Let O = {X, "X} denote the set of states indicating that an object is in X and notin X. Let A =
{ap,ap,an} be the set of actions, where ap, ap, and ay represent the three actions in classifying
an object, deciding POS(X), NEG(X), and BND(X), respectively. App, Agp, and Ayp represent the
cost of taking actions ap, ag, and ay when the object x is in X, respectively. Similarly, Apy, Apn, and
ANN represent the cost of taking actions ap, ag, and ay when the object x is not in X. For an object with
the description [x], suppose an action 4;(i = P, B, N) is taken, then we can calculate the expected loss
R(a;|[x])(i = P, B, N) associated with taking the individual actions as follows:

R(ap|[x]) = AppPr(X|[x]) + ApnPr("X|[x]) (3)
R(ap|[x]) = AppPr(X][x]) + ApnPr("X][x]) 4)
R(an|[x]) = AnpPr(X]|[x]) + ANnPr(TX|[x]) )

Here, Pr(X|[x]) and Pr("X|[x]) are the probabilities that an object in the equivalence class [x]
belongs to X and X, respectively.

According to the minimume-risk decision of Bayesian decision procedure, the decision rules can
be expressed as follows:

(P)ifR(ap|[x]) < R(ap|[x]) and R(ap|[x]) < R(ap|[x]),decidex € POS(C)
(B)if R(ap|[x]) < R(ap|[x]) andR(ag|[x]) < R(an|[x]),decidex € BND(C)
(N)ifR(an|[x]) < R(ap|[x]) andR(an|[x]) < R(ap|[x]),decidex € NEG(C)

2.2. Interval-Valued Intuitionistic Fuzzy Sets (IVIFSs)

The concept of IVIFSs was first introduced by Atanassov and Gargov [12,20]. It is composed
of an interval-valued membership degree and an interval-valued non-membership degree. In this
subsection, we review some basic concepts and operations of IVIFSs [27].
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Definition 1. Let a non-null set X = {x1, %2, - - , X, } be fixed, then an IVIFS E over X is an object having
the form [3]:
E = {<xpig(xi), 0g(x;) > |x; € X} Q]

Here, fiz(x;) C [0,1] and Uz(x;) C [0,1] are the membership and non-membership degrees of x to E,
respectively. Additionally, both jiz(x;) and V(x;) are intervals, and for all x; € X:

suppig(x;) + suptg(x;) <1 )
Especially, if infpiz(x) = supjiz(x) and infuz(x) = supvp(x) then the IVIFS E reduces to

an intuitionistic fuzzy set (IFS).

2.3. Interval-Valued Intuitionistic Fuzzy Numbers (IVIFNs)

For an IVIFS E [20,27], the pair (j #(xi),Vz(x;)) is called an interval-valued intuitionistic fuzzy
number (IVIFN). We denote an IVIFN by & = ([, b], [c, d]) for convenience, where:

[a,b] € [0,1], [c,d] C [0,1], b+d <1

Meanwhile, S(«) and H(a) are the score and accuracy functions of &, respectively. They can be
computed as follows:

S(a) = %(a—c+b—d),5(oc) € -1,1] ®)
H(x) = %(a+b+c+d),H(zx) € [0,1] ©)

In particular, if 4 = b and ¢ = d then the IVIFN & reduces to an intuitionistic fuzzy number (IFN).

Definition 2. Let &1 = ([a1,b1], [c1,d1]) and @y = ([ag, ba], [c2, d2]) be any two IVIENs, we define their
relations and operations as follows [9,10]:

(O1) a1 +0r = ([a1 +apy —ayap, by + by — blbz], [C1C2, d1d2])
(02) 01 - ap = ([lllaz, blbz], [C] 4+ —c1ep,d1 +dy — d1d2]>
(03) A&y = ([1 = (1 —a)", 1= (1= b)"], [, di*])
04) @ = ([, 0], [1— (1 =)’ 1= (1 —d)M)

Additionally, the S(«) and H(«) of & and & can be computed as: (05) S(a1) = 5(a1 —c1 + by — d)

(06) S(az) = 3(ap — c2 + by — dy)
(0O7) H(&l) %(ﬂl-f—bl—f—cl +d1)
(08) H(l’(z) = %(ﬂz + by + o +d2)
(09) d(&y, &) = 1(|a1 — az| + by — ba| +[e1 — 2| +|d1 — da)

Then, we can use the S(a) and H(a) to contrast 1 and &, as follows:

(R1) if S(aq) < S(ap), then &y < ;.
(R2) if S(le) (0(2) then 0q > ay.
(R3)if S(a1) = S(ap) and H(aq) < H(ap), then @y < ®p.
(R4) if S(a1) = S(ap) and H(ay) > H(ayp), then oy > ®p.
(R5) if S(a1) = S(ap) and H(ay) = H(ay), then oy = ®.
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3. Interval-Valued Intuitionistic Fuzzy Decision-Theoretic Rough Sets Model

In this section, we introduce the IVIENSs, instead of precise numbers, to describe the loss functions
of DTRSs and construct a new model of interval-valued intuitionistic fuzzy decision-theoretic rough
sets (IVIFDTRSs) according to the Bayesian decision procedure [11,15-18,38].

Following the results in Ref. [17], the IVIFDTRS model is composed of two states and three
actions. Let Q = {C, "C} denote the set of states indicating that an object is in C and not in C.
Let = {ap,ap,an} be the set of actions, ap, ap and ay are three actions which represent deciding to
classify object x € POS(C), x € BND(C) and x € NEG(C), respectively. The loss function matrix
represented by IVIFNSs is supplied in Table 1.

Table 1. The loss function matrix represented by interval-valued intuitionistic fuzzy sets (IVIFNs).

Action C(P) "C(N)
ap E(/\PP) = ([app, bpp, [cpp,dpp]) E(APN) = ([apn, bpN], [cpn, dpN])
B _E(Agp) = ([asp, bep], [cap, dpp]) E(Apn) = (lasn, ban], [N, dan])
aN E(Anp) = (lanp, bnpl, [enp, dNp)) E(AnN) = ([ann, bnn], [enn, dnn])

In Table 1, E is an interval-valued intuitionistic fuzzy concept of loss, and the loss functions E(Aes )
(e = P,B,N) are IVIFNs. E(App), E(Agp) and E(Anp) represent the cost degrees of taking actions ap,
ap and ay when the object x is in C, respectively. Additionally, E(Apn), E(Agn) and E(Any) represent
the cost of taking actions ap, ag and a when the alternation x belongs to "C. There are some deserved
relationships, which are as follows:

app < agp < anp,bpp < bpp < bnp,cpp > cgp > cnp,dpp > dpp > dnp,

apN > agn > ann,bpn > bpn > by, cpn < gy < enn,dpn < dpn < dANN-

For Table 1, we denote that ﬁE(/\..)(o = P,B,N) and vg(Aes)(® = P, B, N) are the membership
and non-membership degree of x to E, respectively. They are described as follows:

te(App) = [app, bpp), vE(App) = [cpp,dpp), i (Apn) = [apn, ben], O£ (Apn) = [cpn, dpn],

1:(Agp) = [app, bpp), vE(ApN) = [cap, dBp], He(ABN) = (28N, bpn], 0E(ABN) = [cBNn, dBN],

1:(Anp) = [anp, bap), vE(ANp) = [cnp, dnp), e (ANN) = [ann, Bun], 9E(AnN) = [enn, dnn]-

Proposition 1. Based on above operations, the following relationships are implied:

app < app < ANp

= u-(App) < tp(Apgp) < 1r(A
bop < bap < bap ue(App) < pp(App) < pp(Anp)

o > e > = E(App) < E(App) < E(Anp),

PP BP NP ~ ~ ~

= VE )\NP < VE ABP < VE )tpp
(10)

apN > ApN > ANN

= ur(ANN) < Hp(Apy) < Hp(A
bon > b > b He(ANN) < pg(ApN) < pp(Apn)

cpNy < ¢C <c 7 E()\NN) < E(/\BN) < E()\PN)
N BN NN ~ ~ ~

= VE )\p A A
dPN<dBN<dNN v ( N) <UE( BN><VE( NN)

(11)
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For Proposition 1, (10) and (11) illustrate that the loss from taking the action ap is less than that
from taking the action ap, and the combined loss from taking the action ap and ap is less than the
loss from taking the action ay when the classifying object x belongs to C. Meanwhile, the reverse
orders of these losses are set up when the classifying object x is in "C. It must be emphasized that
],LN. = [des,bee](® = P,B,N) and Ve = [Ceo,dee](® = P,B,N) are the prerequisites of IVIFDTRSs.
Pr(C|[x]) and Pr("C|[x]) are the probabilities that an object x in the equivalence class [x]| belongs to C
and "C, i.e., Pr(C|[x]) +Pr("C|[x]) = 1. For an object x, the expected losses R(a4|[x])(® = P,B,N)
are described as follows:

R(ap|[x]) = E(App)Pr(C|[x]) @ E(Apn)Pr("C|[x]), (12)
R(ap|[x]) = E(Asp)Pr(C|[x]) & E(Apn)Pr("C|[]), (13)
R(a |[x]) = E(Anp)Pr(C|[x]) & E(Axn)Pr("C|[x]). (14)

Here, R(a.|[x])(® = P,B,N) are also IVIFNs. According to the operation rule (O3) of IVIFNs
proposed in Definition 2, the R(a.|[x])(® = P, B, N) are calculated as:

R(ap|[x]) = ([1 = (1= app)™™ D, 1 — (1 — bpp) (D], [eppPrCllD), dppPricllD]) 5)
o(1—(1— ,IPN)Pr( Cl[x]),l —(1- pr)Pr( CI[X])], [cpnPrOCIED gppPrCClin])

Rag|[x]) = (1—-(1- ﬂBP)Pr(CHf]),l — (1 — bgp) ™I, [eppPr(Cllx]), g pPr(CIRDY) (16)
a(1-(1— ﬂBN)Pr( C|[x]),1 —-(1- bBN)Pr( C|[x])]’ [c BNPr(ﬂC|[x]),dBNPr(ﬂCHx])D ’

Rlan|[x]) =  ([1— (1 —anp)™™ D 1 — (1 = byp)PrCIED], [orpPr(C x] dNPPr(Cl[x])]) (17)

(1= (1= an) AR, 1 — (1= bpyp) CARD], [eppyPeC I, g PrCClD]) -

Proposition 2.  According to the operation rule (O1) of IVIFNs, proposed in Definition 2,
the R(ae|[x])(® = P,B,N) can be calculated as:

R(ap|x]) = ([ = (1= app) "™ (1 )™ CID, 1 (1) 1 gD,
[eppPr(CIIE) . pp PrCCI), g PrCI) . g PRCCIXD])
R(a|[x]) = (1 = (1 = app) "I (1 = apy) OO, 1 — (1= gp) ™D (1 — b)),

Pr(Cx) . ¢ PrOCIRD), g PrCI) . g PrCCID)) 19

[cBp ' CBN

Ra|x)) = (11— (1= anp)™ D (1 = ) CAD, 1= (1= ) PEID - (1 ) PHCEIED),
[enpPrCI) . e PrCCIED, gy pPrCIR) . gy PrCCIED])

(20)

According to the minimum-risk decision of the Bayesian decision procedure, the decision rules can be
expressed as follows:

(P)if R(ap|[x]) < R(ap|[x]) andR(ap|[x]) < R(ap|[x]),decidex € POS(C)
(B) ifR(ag|[x]) < R(ap|[x]) andR(ap|[x]) < R(ay|[x]),decidex € BND(C)
(N)ifR(an|[x]) < R(ap|[x]) andR(ayn|[x]) < R(ag|[x]),decidex € NEG(C)
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4. Decision Analysis of IVIFDTRSs for Single-Person Decision-Making

From Section 3, we use IVIFNs to describe the loss functions and propose a strategy
to deduce the rules of three-way decisions (P)-(N). Additionally, we know that the
expected losses R(ae|[x]) = ([Ae, Be],[Ce, Ds|(® = P,B,N) are IVIFNs too. Under single-person
decision-making, we can directly use the score and accuracy functions of IVIFNs to
compare the expected losses R(ap|[x]) = ([Ap,Bp|, [Cp,Dp], R(ag|[x]) = ([Ap, Bg],[Cp, Dp] and
R(an|[x]) = ([An, Bn], [Cn, Dn].

In light of (8) and (9), the score functions of R(ae|[x]) = ([As, Be], [Ce, Ds](® = P, B, N) can be
expressed as follows:

S(R(apl[x) = (2= (1= app) "D (1= apn)™ 1 = (1= bpp) "D (1= p) O

—cppPr(ClRD) o PrCCID) — g pPr(ClIx]) . gy PrCCIIxD)Y /2 21)
S(R(ag|[x])) = (2~ (1 —app)™ D (1 —apy)" WD (1 oo > D@ b))
—cppPT (€l . cpPrOCIAD) — g Pr(ClIx) . g PrCClix))Y /2
SRlanllx) = (2= (1 —anp)™ D (1 )™ D — (1 = byp) D (1 = ) O
—enpPr(ClED) - o PrOCID) gy pPrCIE) L gy PrOCIRD Y /2
At the same time, the accuracy functions are deduced as follows:
H(R(ap|[x]) = (2= (1= app) " (1 —apy) "™ — (1 = bpp) D - (1 — ) D
eppPr(Cll]) . cppPrOCIRD) 4 g, Pr(CIRD) . g PrOCIRD)Y /2
H(RG@s|[x)) = (2= (1= app)™ - (1 = agn) "D = (1 ) D (1= ) AR
4eppPr(ClD) L e PrOCIR) 4 g pPrCIRD) . g PrOCIRD) ) /2
H(R(ay|[d) = (2 (1 —ayp)™ - (1 —ayy) PR — (1 m““”"“ L

+enpPr(CID L e PrOCIED o gy pPrCIED) . gy PRCCIDY /2

For the rule (P) of Section 3, the conditions based on the IVIFN contrast rules (R1)—(R4) imply the
following prerequisites:

(Cp1)S(R(apl[x])) < S(R(ap]|[x]))
(Cp2)S(R(apl[x])) = S(R(ap|[x])) N H(R(ap|[x])) < H(R(ag|[x]))
(Cp3)S(R(apl[x])) < S(R(an][x]))
(Cpa)S(R(ap|[x])) = S(R(an|[x])) N H(R(ap|[x])) < H(R(an|[x]))

Similarly, for the rule (B), the conditions based on the IVIFN contrast rules (R1)—(R4) imply the
following prerequisites:

(Cp1)S(R(ap|[x])) < S(R(ap|[x]))
(Cr2)S(R(ap|[x])) = S(R(ap|[x])) N H(R(ap|[x])) < H(R(ap[x]))
(Cr3)S(R(agl[x])) < S(R(an][x]))
(Cpa)S(R(ag|[x])) = S(R(an]|[x])) N H(R(az|[x])) < H(R(an][x]))

Additionally, for the rule (N), the conditions based on the IVIEN contrast rules (R1)-(R4) imply
the following prerequisites:

(Cn1)S(R(an|[x])) < S(R(ap|[x]))
(Cn2)S(R(an][x])) = S(R(ap|[x])) M H(R(an][x])) < H(R(ap|[x]))
(Cn)S(R(an|[x])) < S(R(az|[x]))
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(Cna)S(R(an][x])) = S(R(ap|[x])) N H(R(an][x])) < H(R(ap|[x]))

On the basis of (Cpy1)—(Cps), (Cp1)—(Cps) and (Cn1)—(Cny), the decision rules (P)-(N) can be
re-described as follows:

(P)if ((Cp1) U (Cp2)) N ((Cp3) U (Cpy)), decidex € POS(C)
(B)if ((Cp1) U (Cp2)) N ((Cp3) U (Cpa)), decidex € BND(C)
(N)if((Cn1) U(Cn2)) N ((Cnz) U (Cna)), decidex € NEG(C)

5. Decision Analysis of IVIFDTRSs for Group Decision-Making

In Section 4, we deduce the decision rules of IVIFDTRSs for single-person decision-making,
where all the relevant evaluation information is supplied by only one person. However, due to the
limitations of personal knowledge and ability, as well as the complexity of the decision environment,
the original decision information, provided by only one person, is not enough. We need more persons
to provide the evaluation information. In order to adapt to this scenario, we develop the IVIFDTRSs
for group decision-making.

5.1. Basic Notations

Suppose there are m decision-makers D = {dq,dp,--- ,dy,--- ,dm}, whose weight vector is
m
w = (wy,wy, W, ,wy), wr > 0and Y wy = 1. For the decision-maker di(k = 1,2,--- ,m),

k=1
the interval-valued intuitionistic fuzzy loss functions are given in Table 2.

Table 2. The loss function matrix represented by IVIFNs with the decision-maker dj.

dy c(P) “C(N)

”P B vpp) = (ol b3 [, ) B o) = (lai b [ )
8 EN( >()‘BP) ([ﬂj(gkg Bp] [Bp BP]) N( )(/\BN) ([‘131\/ BN] [53121 )(312/})
N E(k)()\NP) = ([‘1;\]]?9/ Np [ Np/ Np]) <)(/\NN) ([HNN’ NN} [ 5\}]{ ( ])

In Table 2, [a&k.),bsk)] co,1], [cs.),d.li)} C [0,1](e = P,B,N) and b +dl) < 1. There are also
some reasonable relationships with respect to loss functions for the decision-maker dy, which are
as follows:

k
pp < algp < axp, by < by < b, Cpp > €iip > pdpp > dip > dp,
k k k k k k k k k k
A% > > i Dok > bk > bk el < ey < e < d < d

5.2. The Determination of Decision-Maker Weights

In group decision-making, the determination of the weight of decision-makers is the heart of the
matter. Zhou et al. [30] obtained the weight of decision-makers by the accurate weighted determining
method, and Li et al. [31] determined the weight of decision-makers by the grey related analytical
method. We provided the grey correlation accurate weighted determining method (GCAWD) to
confirm the weight of decision-makers, which integrated the advantages of the accurate weighted
determining method and grey correlation analysis method. The grey correlation accurate weighted
determining method (GCAWD) first confirmed the different classification decisions of attribute weights
by the accurate weighted determining method. This gave greater weight to the attributes that have
larger intuitionistic fuzzy numbers and maintained the original internal relationship between different
classification decision attribute values. Then, the grey correlation accurate weighted determining
method (GCAWD) determined the weight of decision-makers by the grey related analytical method,
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which established the model to find the weight of each decision-maker based on the grey relation degree
between the individual expert and the expert group, as well as the principle of entropy maximization.

5.2.1. The Determination of the Different Classification Decision Attribute Weights

To facilitate the calculation of the decision attribute weights, we construct a new score function
s(a) = 1[2+4 (a—c+b—d)] which has a consistent relationship with the original score function

S(a) = $(a—c+0b—d). Itis obvious that the new score function s(a) € [0,1]
1 2
It is common knowledge that EEA) ) = (EEA)pp)’EEA)pp)’” ’Eg)‘)PP)" : ~EET£P)) are group
interval-valued intuitionistic fuzzy numbers. Let Egk)/ ) = ( é/l\)P/P), E Ei)Plp),- y E])(\)P/P) E&”) )) be

K ) @ (k) (m) : isfies KD~ plm)y
a substitute for E 'y e (E(/\pp)’E(/\pp)" : "E(App)" : 'E(/\PP))/ which satisfies E(?\pp) > E(?xpp)'

According to the accurate weighted determining method, we can calculate the accurate weight

vectors w = (wEa), W) Wy, W p(m) 1) of the attribute Egk) ») a8 follows:
App App App App App
m
wr = Towr /Y TE (27)
App )‘PP k /\PP)
where: (k) gk (k) (k)
_ k) Koy Kroy - k)
Tpar = S(Equ)  1EGL,)) - LEG,,)) - RER,) @8)
where:

(=1 ()
() ( (i\)’ ) S(EE%PP) ) _S(ls((aplp)) 0
7 /! li
r(E()‘PP)) B o) (E(i\PP)) B S(E({\PP) )=0
1, else
Wr N —gptmr y L gWr y —p(m)r Wr N _ (m)r \ _ (m=1)r
Here, I(Ey,.)) = HE(y) = T(Eq) = r(Egpy) =1 L(Eg,,)) = 1 REG,) = REG,)T),
j=23--,m—1
Then, we can easily obtain the accurate weight vectors Wy = (wE(l) JWL) W)
App App App App

W ) ) ) of the decision attribute E g ) App)’

App
By parity of reasoning, we can calculate the accurate weight vectors w_w , w _#) , W @ , W k)
Eion' Eagp Bapy Fagp

(k) (k) (k) (k) (k)
and wEE‘?,N of the decision attributes E(/\ o) E(/\Bp)’ E(/\BN)’ E(/\NP) and E(ANN)'
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5.2.2. The Determination of Decision-Maker Weights

According to the principle of decision-maker consensus, and the accurate weights of the decision
attributes, which are calculated in Section 5.2.1, we can concentrate each decision solution to get
a comprehensive evaluation value for each decision solution in the determination of expert weights.
We can calculate the grey correlation degree by putting the comprehensive evaluation value of group
decision as the reference sequence and letting the appraisal value, which every expert gave to each
decision solution, be the compared sequence.

(1) The comprehensive index value of each decision solution for decision-maker dy can be
calculated as follows:

Zoy =w. 0y -Ew +w.w -Ep
E(App) E()‘Pp) E(/\pN) E</\PNL)‘) w
w (%) E(k) w (k) E(k) 29
=(1-(1- a}!}l) Elep) . (1 — aé’?ﬂ Cpn) 1 — (1— bg}l) Fipp) . (1 — bé?v) G, (29)
S w B w D w YR
[cpp  OrP)-cpy OeN) dpp ep) e OeN )
Z(k) =w -E +w E
ap E(k) E(k) E<k) E(k)
(Agp) (Agp) (ApN) (/\BNL)U w
w_(k) E k) W (k) E<k> 30
=(1-(1- ag}g) Fmp) . (1 — ag‘lzl) Cen) 1 — (1— bg}l) Figp) . (1 — bék&) Gen)], (30)
WS w B D e
[CBP BP) - Cpy; BN 'dBP BP ‘dBN BN ])
~ k ~ ~
2 wewy B tww Epw
(Anp) (ANp) (ANN) (ANNO)J w
w (k) E(k) w (k) E(k> 31
— (- (1)) - (1 —all) w1 (1= b)) w1 ) T, OD

() ey R e
[CNP (AnP) "CNN ( NN)’dNP (ANp) 'dNN ( NN)D

(2) The comprehensive evaluation average value of the decision-makers group with respect to
each decision solution can be counted as follows:

~ mo k
lepO = % Z Zlgp>
= (k) w
m
= ([%kgl (1 — (1 — agjk)) (App) . (1 al(jk) ) (Apny )’ %kgl (1 _ (1 b(k)) Epp) (1 bl(?klgl) (g )],
[L » (cg‘gwEéﬁ)pm ol ﬂ%m),% 5 (d(k>w5<\pp> 4tk wﬁg?pm)])
k=1 k=1
32
7 1 & (k) .
Zago = m r Zag
k=1 . ., (
m E m (k) E
=(H L -0~ Wy Pl . (1 —all)y ey, L L (-1 bk e . (1 — &)y e,
(4 5 () o o o), 1 3 () o 4R, )
k=1 =
(33)
~ mo
Zayo =% L 7l
k=1 w w
(k) m
= (£ a-a—alp) o a—ay )L E a-a-plh) e a-ly S
[y (Cg\’;}w . o) §§>NN>), Ly (@l “H d%‘%,wEfi)Nm)])
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(3) The grey correlation coefficient between the opinion of the individual decision-maker and
the opinions of the group decision-makers with respect to each decision solution can be calculated
as follows:

o minmind(zapo, ZS?) + pminmind(zupo, Z,Sf,))
g(zupor Zlglfa)) = kT £ (35)

A Zagor Z48)) + pmaxmaxd(Zo,, 215
P

apo’s

. . = =(k . . = =>(k
mmrrallland(ZuBo, ZLSB)) + pn%nnl}lland(ZaBo, ZéB)>

g(ZﬂBO/ Zt(zlé)) = £ (36)
e Z00) + ompmxd oy, 23
minmind(Z, ,, Z4)) + pminmind(Z, ,, Z\}))
w2 - o .
A(Zaor Z43)) + proaxmmad (Zy, o, )
Here,
2w Z) = 4 %ké (== ag’kg)w’sg)m (- “g)];\)f)wE((:)”m )—(1-(1- aﬁfﬁ)wEf% S(1- ué"&)wE&)pm )

Hrga-oa- ) e 18y ) — 1 1 ) i) )
+ %k: (C;klgwEf,k\Lw .Cgfglwﬁf,k\)m)) _ C;)kgwEEﬁL[,) e B

LB ) g ) — ) ) 4 o)

k=1
2= [ ey o1y o) 11y o1y o)
Hika-a- b)) o (1= bgg,fkfi)w )= (- (1— b)) w1 bé?,)wEg)Bm )
+ %k: (cggk;wE&)Bp) B wEf,kx)BN)) _ Cgkgwéﬁ;p) L D
+[1 m (dg‘;wEéysm .dgkafigN)) _dgk;wﬁg/k\)m .dg?]“'gggm )
k=1
W78 = 43 0--al) oo B By 1= 1= a8 anr 18y o >‘
P B @) e @) ey 1= o) e 1 b8 o )‘
k=1
el 8 e o oy o
3 E iy e -al, ) —ay B a, o)
k=1

(4) The grey correlation degree between the opinion of the individual decision-maker and the
opinions of the group decision-makers can be reckoned as follows:

1 ~ ~ ~ ~ ~
Yok = g(g(zupor Zﬁglé)) + g(zllsol Zﬂ(l’;)) + E(ZHNO’Z(I;I))) (38)
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(5) In order to ensure the consistency of the expert opinion, we set up the decision-maker weight
solution model according to the maximum relevance principle of the comprehensive index value of
expert weight and the group comprehensive evaluation value.

n 2
maxk; (WK Yok)
=
SEY wp =1 (39)
k=1

Wi 2 ﬂrk: 1/2/' ce,m

According to the maximal entropy principle, we set up the decision-maker weight solution model

as follows: .
maxH(w) = — ¥ wiInwy
k=1
m
st Y wpy=1 (40)
k=1

wy>n,k=12,---,m

Overall considering the consistency of the opinions of each decision-makers with the maximizing
principle of entropy, the solving model of decision-maker weights can be built as follows:

m 2 m
max[llkgl (wWkYor)” — (1 — V)k; wi Inwy]

m

s.t. Z Wy = 1 (41)
k=1

Wi 2 U!k = 1/2/' ce,m

Here, y and 1 — u are the weight distribution between maximum correlation and maximum
entropy, 0 < u < 1, generally, u = 0.5. wy, are the weights of decision-makers, wy > 7 to ensure that
all decision-makers are involved in decision-making, and # is critical value. Generally, # > 0, and
the value is suggested to be 77 = .

2m

5.3. The Aggregation of Group Decision-Making Loss Functions

Xu and Chen [25] provided an interval-valued intuitionistic fuzzy weighted averaging (IIFWA)
operation, which can be used to aggregate the interval-valued intuitionistic fuzzy loss functions and
obtain the aggregation loss functions in group decision-making. The aggregation loss functions are:

HFWAG(ED (Aee), E? (Aae), -+, E™ (Aee)) = w1EM (Mee) B WrEP (Aae) @ - ® wmE™ (Aee)  (42)

where (e = P, B, N), according to the calculation rules of IVIFNs, and the aggregation loss functions
are computed as follows:

HFWAG(ED (Aaa), ED (Aaa), -+, EM (Aea)) = (1 — ﬁ (1— a1 - H (1 - b, [ﬁ ci’?“’kﬁ afes)  (43)
k=1 k=1 k=1 k=1

So, the aggregation of the loss functions E(App), E(Apn), E(Agp), E(Apn), E(Anp) and E(Any)
are calculated as:

m

HTFWAL(ED (App), E@ (App), -+, E™ (App)) = (1 = [T (1 —a)™ 1 =TT (1 = 65D ], ([T elbdeor TTdlbdx))  (44)
k=1 k=1 k=1 k=1

m

([L-TT a1 (1—bﬁ;&)%[Hcﬁf&“'k,kljld%z%) (45)

k=1 k=1 k=1

HFWA(ED (Apn), E® (Apn), -+, E™ (Apy))

. . - m w) m w, m m
ITFWA(EM (Agp), E® (Agp), -+, E (Agp)) = (1 - [T (1 —ag) 1 =TT (1 =0l ™ ([T eias, T T dia<x))  (46)
k=1 k=1 k=1 k=1
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HIFWA(E® (Agn), E? (Agy), -+ E™ (Agy)) = (1 - T (1 —ali) ™1 -
=1
ITFWA(E® (Anp), E? (Anp), -+, E™ (Anp)) = (1= [T (1 = alh) ™1 -
k=1
ITEWA(ED (Ann), E@ (Ann), -+ E™ (An)) = (1 =TT (1 —a®l) ™1
k=1

5.4. The Decision Rules and Method for Group Decision-Making

13 of 23

[T =680 LT Tefec T TdemeD)  (47)
=1 = =
[Ta-bn” [H o [ 1duper)  (48)
k=1 k=1
~TIa- ‘”"L[kr[c%wnpdﬁs;ww) (49)
— =1 =1

In light of the results (18)—(20) and (44)—(49), we can calculate the R(a.|[x])(e = P,B,N) as follows:

RGaplix]) = (11— 1T 1 —al) ™™™ 1 fa;%“’k-r’f““x” 1= 1T - o™ gy ),
k=1 = = k=1
[ﬁ CE)kIZwk«Pr(C\[x]) H (k) wk Pr(7C|[x]) H d(k wy-Pr(C|[x] H d(k) wy-Pr(7C|[x ])])
k=1 k=1 =
50
k) wy-Pr(Cl[x]) m ( )\ ©k Pr(7C|[x]) m ®) wiPr(C|[x]) m *) wiPr(7C|[x]) ( )
Riagllx)) = (11~ I (1) (- a) A= 114 Ha-ug) !
[H C wk Pr(C|[x]) . ﬁ C,(gklz,“k Pr(C[x H al k)wk Pr(C|[x H d wk-Pr( Cli))
k=1 k=1
(51)
R(an|x]) = (1- ﬁ (1- (k) )‘*’k‘Pr(CHx]) ) 1’1’[ 1- (k )“’k Pr("Cl[x] 1_[ 1- k) wiPr(C|[x]) lL"I (1— h;\};g\l)wk‘f’r( C\[x])}’
k=1 k=1 k=1
[H C(k wiPr(C|[x]) . ﬁ C(k wiPr(7C|[x]) H d(k wiPr(C|[x]) . H d k) wk Pr(7C|[x]) ])
= k=1
(52)
According to the results (50)—(52), the scores of R(a.|[x])(e = P,B,N) are calculated as follows:
S(R@ap|[])) = (2— ﬁ (1— g)klz wiePr(C|[x H (1- wk-Pr(ﬁCHX]) ﬁ (1— bl(akﬁ wie-Pr(C|[x]) ) f"I (1— bl(%)wk'l’r(ﬁc\[x])
k=1 ) k=1 k=1 53
H C(k>“’k Pr(C|[x]) . 1—1[ cp (k) wk Pr(7Cl[x]) _ H d(k wy-Pr(C|[x]) . I1 d;)k) Wk'Pr(jq[Y]))/ ( )
k=1 k=1 k=1
S(RGall) = 2= 1T @=afh™ ™ f =)™ < )T o)™
k=1 = k=1 k=1 54
11 BarPr(Cl[) . 1 o) wepr(-cli) b ) cPr(Cll) . N ) el /2 (54)
k=1 k=1 k=1 k=1
SRyl = - H( o)) Pr(C|x]) ﬁ (1 -at wk~Pr<ﬁcux]>7 B (1 - o) Pr(C][x]) ﬁ( o), wPr("C[x])
k=1 k=1 =1
H ( )wk Pr(C|[x]) . ﬁ e (k) u)k Pr(jC\ H d(k wi-Pr(C|[x]) . ﬁ d(k) u}k-Pr(jC\[x]))/
k=1 =1 k=1
(55)
Also, the accuracies of R(a.|[x])(e = P,B,N) are calculated as:
H(R(ap|[]) = (2— 1’1’I (1— agjkg) Pr(Cl[x H (1— ug]z])wk'l’r(ﬁc\[x]) ﬁ (1- hl(jklz)wk'l’f(c\[x]) ) IV_V’I (a bg;zl)wk'f’f(ﬁc\[x])
k=1 k=1 k=1
+ ﬁ C})kllwk»Pr(C\[x]) . 1’11[ Cg(]z]wk I’r( + H d(k)wk Pr(C|[x]) . ﬁ (k) ey -Pri ﬁC|[x]))/2
= k=1 k=1
(56)
m ®) wi-Pr(Cl[x]) m (k) wi-Pr("Cl[x]) m (k)@ -Pr(C|[x] m ) wiPr(7C|[x])
HRG@sl) = @~ [ 0 -a) oo - Ha-o) " a6
+ 1T cWerPrClid) . T () wrr( cux>+H B pr(Cll) . T gk eePeCCll)) 7
k=1 k=1 k=1
Pr(C|[ Pr(~C|[x]) Pr(C|[ Pﬁc[](57)
H(R(ay|[x])) = (2_1:[(1_“%() wy-Pr(C|[x]) l:[( ))wk r(7C| 1:[( k) wy-Pr(C|[x]) ]:[( h;\,](;\])wk (" C|[x])
+I'1‘I C;\’;l))wk-Pr(CHx]) . nt (k) ) crrrCClld +H d(k wePr(Cl[A]) . H k) ) el /2
k=1 k=1 =1
(58)

Finally, we designed a simple and straightforward algorithm for IVIFDTRSs in group

decision-making, which is as follows:
Step 1: Choose m decision-makers D = {dy,dy, - - ,d

[0 N

dm} (k=

2,0 ,m).
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Step 2: Let X = {x,x,---,x,} be a finite set of objects. Confirm the Pr(C|x) and Pr("C|x),
which are the conditional probabilities of an object x being in state C and ~C, respectively,
where Pr(C|x) +Pr("C|x) = 1.

Step 3: The decision-makers provided their interval-valued intuitionistic fuzzy loss functions
for each object, and we collect the original information of the loss functions provided by all
decision-makers, the loss functions are provided in Table 2.

Step 4: Calculate the weight vector w = (wy,ws, -+ ,wy, - -+, wn) by the grey correlation accurate

weighted determining method (GCAWD) for each decision-maker, where w; > 0 and % wy = 1.
k=1
Step 5: According to the operation of IIFWA, we calculate the scores S(R(ap|[x])), S(R(ag|[x])),

S(R(an|[x])) and the accuracies H(R(ap|[x])), H(R(ag|[x])), H(R(an|[x])) of the expected losses based
on (53)—(58).

Step 6: Rank all the scores S(R(ap|[x])), S(R(ap|[x])) and S(R(ay|[x])). Obviously, we select the
minimum score of the excepted loss. If there is only one minimum score, we take the action which has
the minimum score and go to Step 9. If not, we go to Step 7.

Step 7: Since there are two or more minimum scores, we continue to rank the accuracies H(R(ap|[x])),
H(R(ap|[x])), H(R(an|[x])). If there is only one minimum accuracy, we take the action that has the
minimum accuracy and go to Step 9. If not, we go to Step 8.

Step 8: If there are two or more actions that have the same minimum score and accuracy, we select
the action supported by more experts according to the minority is subject to majority rule and then go
to Step 9.

Step 9: End.

6. An Illustrative Example

In this section, we use the decision-making process of IVIFDTRSs to deal with the E-commerce
development decisions of the regional economy of Sichuan Province of China and exhibit the decision
process of individual three-way decisions. According to the 11th five-year plan of the Sichuan national
economic and social development, the regional economy of the Sichuan Province is constituted
by five regions: (1) x;: Chengdu economic region; (2) x,: Northeast of Sichuan economic region;
(3) x3: Panxi economic region; (4) x,: Southern Sichuan economic region; (5) xs: Northwest of Sichuan
economic region. Because of resource constraints, we choose the region appropriate to the development
of E-commerce or step-up development efforts. At the same time, we also consider that different
choices will result in different degrees of loss. Therefore, the E-commerce development decisions of
the regional economy of the Sichuan Province are consistent with three-way decisions.

6.1. The Decision Analysis of IVIFDTRSs for Group Decision-Making

For the E-commerce development decisions of the regional economy of the Sichuan Province,
there are two states O = {C,"C}, C represents that one region is prosperous and ~C represents that
one region is behindhand. The set of actions for each region x;(i = 1,2,...,5) is given by = {ap,ap,an}.
Here, ap represents to take the action of developing E-commerce, a5 represents to take the action
of creating conditions to develop E-commerce, ay represents to take the action of refuse to develop
E-commerce, respectively. We also set up a group, which consists of five experts ¢;(i = 1,2,...,5),
to evaluate the five regions. Hence, we use the algorithm of IVIFDTRSs for group decision-making.

Step 1: We suppose that the conditional probabilities of the regions to C are shown in Table 3.

Table 3. The conditional probabilities of regions belong to C.

Region X1 X2 X3 X4 X5

Pr(C|[x]) 1 038 03 0.6 0.1
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Step 2: The values of the losses corresponding to every expert are listed in Tables 4-8,
which consists of IVIFNS.

Table 4. The loss function matrix represented by IVIFNs with the expert e;.

e c(P) “C(N)

a0 EW(App) = (o), b)) = (1001,001],099,099])  ED(dpn) = ([a, bR, e d5]) = (099,099, 0.01,0.01)

B EM(Agp) = (laf, bip], [ch dd]) = (102,04, 05,06)) EW(Apn) = (e b, 5% di]) = ([06,0.7),0.2,03))

N ED () = ([agh b [elh dNb) = (08,09,[001,01)  ED () = (lalid, B, €0k dEAD) = ([001,0.05), 09,0.95))
Table 5. The loss function matrix represented by IVIFNs with the expert e,.

e C(P) “C(N)

» Tf)(App) = ([al, b)), [eo, ) = ((0.05,0.1], (0.8,09]) E® (Aen) = (a5, biul [ef dim]) = (10.85,095], 001, 0.05])

W E@(Agp) = (lafy, b, el ) = (105,0.6],0:2,04)) E@(Apn) = (laf, bR, e dGa)) = ([02,0.3],[06,0.7))

an E@(Anp) = (a3, 6], (€8, d3L) = ([0.9,095),[0.01,0.05)) E® () = ([0, 084, €30, d3L]) = ([0.01,0.1],[0.8,0.9))
Table 6. The loss function matrix represented by IVIFNs with the expert e3.

€3 c(P) “C(N)

ap EN (/\pp> = ([a),58)), [c§,3g d<3>]) = ([0.01,0.05], [0.9,0.95]) E(N”N(APN) = (a2, 6801, 1), a1y = ((0.82,095), [0.01,0.05))

as ®)(Agp) = (lagp, bpl, [chp, d5p)) = ([0:2,04],0.3,06]) EO () = ([, D), e dGa)) = ([04,05],[03,0.4])

ay ()(ANP) (@), 680, €2, a8))) = ([0.7,09], [0.05,0.1]) E® (Awn) = ([0, 6801, 1630, 454 1) = (10.05,0.1], [0.7,0.8])
Table 7. The loss function matrix represented by IVIFNs with the expert e4.

e c(p) "C(N)

a0 E®(App) = (a2 B [0, dS5)) = (01,02, 07,08) E@(Apy) = (ol b, (€0, df8]) = ([0:85,09), 0.01,0.1]

ap i)( BP) ([ag,), B,,] [cB,,, 5,4,3]):([0.4,0.5],[0.45,0.5]) ~< (AgN) = [uBN, BN} [BN, BN]) ([0.45,0.55], [0.4,0.45])

N EW(Axp) = (ladh, b [eih ANb) = ([07,08), [0.1,0.2]) EW (Ann) = ([ah, RN [Nk 48A)) = (101,015, [08,0.85])
Table 8. The loss function matrix represented by IVIFNs with the expert es.

es C(P) "C(N)

ap E)(/\PP = ([ﬂpp PP] [ PP’ PP]) ([0 1,0-3],[0.6,0-7]) E (ApN) = ([”PNr PN] [PN’ PN] ([O 7’0'8]’ [0'1/0'2])

B EO(Age) = (laf), b)), [cgz,d<5>]> ([03,05], [0.4,0.5)) E®) (Apn) = (g, b, [e SN, di)) = ((0:6,0.7],[02,03))

N EO(wp) = (lalgh bER [€5p dGh]) = (10.75,09, [0.01,0.1]) E® (Ann) = ([algh, BUND [k 4NA]) = ([0:1,02], [0.6,0.8])

Step 3: According to (27)—(28), we can compute the accurate weight vectors of the decision

attributes. The results are shown in the following matrices:

0.0154,0.2170 0.1731,0.2049 0.0808, 0.2033
wp = | 0.1571,0.2511 |,w2 = | 0.2618,0.1067 |,ws = | 0.1780,0.1973
0.2043,0.0758 0.2157,0.1480 0.1964,0.2347
0.3077,0.1995 0.4231,0.1753
wyg = | 0.2042,0.1928 |, ws = 0.1990,0.2516

0.1821,0.2166

0.2015,0.3249
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Based on (29)—(31), we can calculate the comprehensive index value of each decision solution for
each expert. The results are shown in the following matrices:

[0.6319,0.6319], [0.3681,0.3681] [0.3281,0.4686], [0.3744,0.5314]

di = | [0.2329,0.3179],[0.5987,0.6821] |,d2 = | [0.1857,0.2429),[0.6211,0.7571] |,
[0.2808,0.3777], [0.3872,0.6223) [0.3924, 0.4841], [0.3583,0.5159)
[0.2949, 0.4584], [0.3888, 0.5416) 0.3369, 0.4102], [0.3576, 0.5898]

ds = | [0.1311,0.2036], [0.6364,0.7621] |,ds = | [0.1971,0.2558],[0.7120,0.7442] |,
[0.2200,0.3793], [0.5107, 0.6038] [0.2150,0.2799], [0.6264,0.7201]
[0.2256,0.3515], [0.5380, 0.6485)

ds = | [0.2600,0.3561], [0.5563,0.6439]

[0.2691,0.4152], [0.3349, 0.5848]

Based on (32)—(34), we can calculate the average value of the comprehensive evaluation of group
decision-makers with respect to each decision solution. The results are shown in the following matrix:

[0.3035,0.4641], [0.4054, 0.5359)]
de = | [0.2014,0.2753],[0.6249,0.7179]
[0.2755,0.3872], [0.4435, 0.6094]

Based on (35)—(37), we can calculate the grey correlation coefficient between the opinion of the
individual decision-maker and the opinions of the group decision-makers for each decision solution.
The results are shown in the following matrices:

0.4709 0.9062 0.8696 0.7715 0.5373
k=1 06103 |[,ki=| 07141 |,ki=| 05094 [, k1= 06083 |,k1=| 04151
0.8605 0.5106 0.7713 0.4680 0.7260

Based on (38), we can calculate the grey correlation degree between the opinion of the individual
decision-maker and the opinions of the group decision-makers. The results are shown in the following
matrix:

Yok = (Yoky» Yokys Yokss Yokys Yoks) = (0.6472,0.7103,0.7168, 0.6159, 0.5595)

Based on (41), we can calculate the decision-maker weights. The results are shown in the following
matrix:
w = (w1, wa, w3, wy, ws) = (0.1987,0.2158,0.2176,0.1907,0.1771)

Step 4: Based on (53)—(58), we can calculate the scores and accuracies of R(a.|[x])(e = P,B,N) for
each region with the group experts. The results are exhibited in Tables 9 and 10 and Figure 1.

Table 9. The computation results list of the scores with the group experts.

Region X1 X2 X3 X4 X5
(R(a plx1) —0.7383 0.0204 0.7524 0.4401 0.8544
(ap|[x ])) ~0.0212 0.0152 0.1004 0.0503 0.1323
R(an|[x])) 0.7850 0.6829 0.1147 0.5269 —0.3728

Table 10. The computation results list of the accuracies with the group experts.

Region X1 X2 X3 Xg X5
H(R(ap|[x])) 0.9229 0.8755 0.9245 0.8862 0.9649
H(R(ag|[x ])) 0.8388 0.8474 0.8672 0.8555 0.8746

H(R(an|[x])) 0.9053 0.8792 0.8274 0.8515 0.8496
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Figure 1. The computation results graph of the scores and accuracies with the group experts.

Here, we take x, as an example to illustrate the calculation procedure. According to Table 3,
the conditional probability Pr(C|[x,]) is 0.8. Hence, Pr("C|[x,]) = 0.2. For the region x,, the scores of
R(a.|[x])(e = P,B,N) are calculated based on (53)—(55):

5 08w, 5 0.2cp 5 08w, 5 0.2coy
S(RGaplf])) = (2= IT(1=aph) - T =apl) ™" = TT (= bd) - T (- 03)
-1 C(")O«ka I Cg‘]z[O.Zwk_ 11 dgaklgo.&uk de) 08wk)/2 = 0.0204
k=1 k=1 k=1 k=1
5 0.8w, 5 0.2w, 5 0.8w 5 0.2w,
S(R(agllxa))) = (2= TT(L=ag)) " T —ad) -fa- byp) =B
5 5 5
—TII CgfleAka -TI Cg‘]z]O.Zwki H 53120 8wy . H d(k 08wk)/2 = 0.0152
k=1 k=1 k=1
5 k) 08wy 5 K 02w 5 08wy 5 k) 02wy
S(RGanlle)) = - I10-al) -kljl (=af) " = LA —b0) - T -6
5 5 5
11 C(Afjl)jo,&uk 11 C( 0.2w 1—[ d 08wk TI d(hl,(%,o's“’k)/z — 0.6829
k=1 k=1 k=1
The accuracies of R(a.|[x])(e = P,B,N) are calculated based on (56)—(58)
5 (k) 08wk 5 (k) | 0-2wk 5 (k) 08k 5 (k) 02wk
H(R(ap|[x2])) = (z_kl:ll (1 —app) .kljl (1 —apy) H] (1—"bpp) .kljl (1=bpy)
5 5 5
+11 Cg‘gOBwk I ngkIz,O.Zwk+ I dgjkllO.ka H gvk Oka)/2 0.8755
k=1 k=1 k=1 k=1
5 £ 08wy 5 ) 02w ). 08wy 0.2wy
H(RGas|[vz] ) = 2= TT (1 =apy) - IO =)~ = I (1= by) k“ (1-bjR)
+I§I Cg(;OAka I§I C< )02wk+H d Oka H d(k 08wk)/2 0.8388
k=1 k=1
5 08wy, 5 0.2 08w; 5 0.2
H(RGan|)) = (2= TT(=alp) - IT (1=} U (=bp) " I =00

5 5
+ 1—[ (k) Oka H C 02wk+ I1 dﬁ\]l(l);O.ka . l—[ dNNO.ka)/Z 0.8792
k=1 k=1

Step 4: In light of the results calculated in Figure 1, we find that S(R(ap|[x;])), S(R(as|[x,])),
S(R(ap|[x 5])), S(R(ag|[x 4])) and S(R(an|[x 5])) are the only minimum scores in the regions x4, x,, x3, x; and
xs, respectively. Hence, we classify the regions x;, x,, x3, x4 and xs into POS(C), BND(C), BND(C), BND(C)
and NEG(C), respectively. Thus, we decide to vigorously develop E-commerce in region x;, named ap,
take the non-commitment decision in the region x,, x; and x;, named a3, and reduce investment to
develop E-commerce in region x5, named ay. Finally, the decision results of each are shown in Table 11.
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Table 11. The final decision to select the regions in which to develop E-commerce in the Sichuan

Province with the group of experts.

Region The Minimum Score The Selected Action The Development Decision
X1 S(R(ap[x1])) ap POS(C)
X2 S(R(agl[x,])) ap BND(C)
3 S(R(ap|[x3])) ap BND(C)
Xy S(R(ap|[x 4])) ag BND(C)
X5 S(R(an|[x5])) an NEG(C)

6.2. The Contrastive Analysis of IVIFDTRSs between Group Decision-Making and Single-Expert
Decision-Making

For the sake of contrasting the effectiveness of IVIFDTRSs for group decision-making and
single-expert decision-making, we count the scores of R(a.|[x])(e = P,B,N) for each region with the
expert es based on (21)—(23). The results are shown in Table 12 and Figure 2.

Table 12. The computation results list of the scores with the expert es.

Region X1 X2 X3 X4 X5
S(R(apl[x])) —0.4500 —0.1157 0.4146 0.1394 0.5461

S(R(ag|[x]))  —0.0500 0.0615 0.2906 0.1610 0.3656
S(R(ay|[x]))  0.7700 0.6756 0.1770 0.5359 —0.2449

0.8 T

0.6

04r

0.2r

The Score

0.2+

041

-0.6
The agroecological regions of Sichuan Province

Figure 2. The computation results graph of the scores with the expert es.

The decision results for expert ¢; are show in Table 13.

Table 13. The final decision to select the regions in which to develop E-commerce in the Sichuan

Province with the expert es.

Region The Minimum Score The Selected Action The Development Decision
X1 S(R(ap|[x1])) ap POS(C)
X S(R(ap|[x,))) ap POS(C)
X3 S(R(a|[x3])) an NEG(C)
X4 S(R(ap|[x 4])) ap POS(C)
X5 S(R(ap|[xs])) an NEG(C)
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Comparing Tables 11 and 13, the group of experts and the expert es make different decisions in
regions x,, x; and x,: the experts group tend to take the non-commitment decision in regions x,, x;
and x4, but the expert es decides to develop E-commerce in regions x,, x4 and to reduce investment
in, or abstain from, developing E-commerce in region x;. From the different decisions, the results
in Table 11 are more authoritative and reasonable, because they are more cautious and synthetically

utilize all the decision information of the five experts.

6.3. The Contrastive Analysis between IVIFDTRSs and IFDTRSs

In order to illustrate that the IVIFDTRSs more effectively characterize the risk attitude of
decision-makers than IFDTRSs, we also asked the group of five experts to give the values of the
loss functions with intuitionistic fuzzy numbers. The values with intuitionistic fuzzy numbers (IFNs)

of the losses with the group experts are listed in Tables 14-18.

Table 14. The loss function matrix represented by IFNs with the expert ¢;.

e c(p) “C(N)

ap ED(App) = (b, ) = (0.01,0.99) ED (Apy) = (153, i) = (0.99,001)

8 EM (Agp) = (g, viy) = (04,06) EW(Apn) = (ufi vigy) = (07,0.3)

an EM (Anp) = (uUh,vi(h) = (09,0.1) EM (Ann) = (u0h, vi%) = (0.05,0.95)
Table 15. The loss function matrix represented by IFNs with the expert e;.

e c(p) “C(N)

ap E®) (App) = (g, vip) = (01,09) N)( pN) = (o, v5) = (0.95,0.05)

ag E@(Agp) = (u,vi3) = (06,04) E@ (Agn) = (i, vin) = (0:3,07)

N EPwe) = (uiipuip) = (095,005)  E®) () = (g vigh) = (01,09)
Table 16. The loss function matrix represented by IFNs with the expert e3.

e3 c(p) “C(N)

"B (App) = (), v)) = (005,095) E® (Apw) = (W vp) = (0.95,0.05)

g E®) (Agp) = (g, visp) = (04,06) E®) (Agn) = (i, vi) = (05,04)

N E®(we) = (k) = (09,0) EO () = (i i) = (01,08)
Table 17. The loss function matrix represented by IFNs with the expert 4.

ey c(p) “C(N)

a» ED (App) = (s vis) = (02,08) E@ (Apn) = (s vi) = (0.9,0.1)

8 EW (Agp) = (g, viys) = (05,05) EW (Agn) = (H vi) = (0.55,045)

an

EW (Anp) = (uih vip) = (08,0.2) E@ (Ann) = (13k vAk) = (0:1,0.85)
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Table 18. The loss function matrix represented by IFNs with the expert es.

o E®) (App) = (4 vfp) = (03,07) EO (Apy) = (1 v = (08,02)
" ENS) (Asr) = (kp, vep) = (05,05) EN(S)(/\BN) = (i vsa) = (0.7,03)
N EG) (Anp) = (15}, v5)) = (0.9,0.1) E® (Ann) = (154, v0)) = (0.2,08)

Based on the operational rules (46)-(48) of IFDTRSs, and Liang and Liu [1], we count the scores of
the R(a.|[x])(e = P, B,N) for each region. The results are exhibited in Table 19 and Figure 3.

Table 19. The computation results list of the scores with the group experts.

Region X1 X2 X3 Xq X5
S(R(apl[x])) —0.3680 0.0038 0.3774 0.2163 0.4299
S(R(agl|[x])) —0.0141 0.0052 0.0503 0.0238 0.0672
S(R(an|[x])) 0.4017 0.3478 0.0459 0.2643 —0.2031

The Score

S(R\ap\(xl})
02 S(Riaglix])
S(Riayl[xI)

X X X X

The agroecological regions of Sichuan Province

Figure 3. The computation results graph of the scores with the group experts.

The decision results for IFNSs are shown in Table 20.

Table 20. The final decision to select the regions in which to develop E-commerce in the Sichuan

Province with the group of experts for IFNSs.

Region The Minimum Score The Selected Action The Development Decision
X1 S(R(ap|[x1])) ap POS(C)
X S(R(apl[x,])) ap POS(C)
3 S(R(an|[x3])) ay NEG(C)
Xy S(R(ap|[x 4])) ag BND(C)
X5 S(R(an|[x5])) an NEG(C)

Comparing Tables 11 and 20, the decisions of IVIFNSs and IFNSs are different in region x, and xs:
the decision process of IVIFNSs tend toward the non-commitment decision in region x, and x;, but the
decision process of IFNSs tend toward the decision to develop E-commerce in region x, and reduce
investment in, or abstain from, developing E-commerce in region x;. As we know, the loss of delayed
decision is usually less than the loss of putting an object into POS(C) when the object does not belong to
C. Additionally, the loss of delayed decision is usually less than the loss of putting an object into NEG(C)
when the object does not belong to “C. From the difference in the decisions between Tables 11 and 20,
it can be deduced that the decision process of IVIFNSs can more effectively reduce the loss caused by
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wrong decision-making than can the decision process of IFNSs, and it can help individuals make more
scientific and reasonable decisions in fuzzy environments.

7. Conclusions

In this paper, we construct a new IVIFDTRSs model by introducing IVIFNs into DTRSs,
which can extend the DTRSs and IFDTRSs. Based on the IVIFDTRSs model, we also expand
three-way decisions from single-person decision-making to group decision-making. Under the
single-person decision-making, we design a strategy to deduce the decision rules. With respect
to group decision-making, we adopt GCAWD to confirm the weight of each expert and use an
IIFWA-integrated operator to aggregate the losses of every expert as well as deduce the rules of
three-way decisions with respect to IVIFDTRSs.

This research discusses the IVIFDTRSs model by considering IVIFSs and deduces its decision
rules, which is a very important form of uncertainty, and expands the classical model of DTRSs.
This research also adopts GCAWD method to confirm the weight of each expert, which offers a more
scientific way to determine the weight of experts in group decision-making. We will continue to
research the generalization IVIFDTRSs model, expand the IVIFDTRSs model to Multi-classification
problem, and use in practical applications based on the IVIFDTRSs model.
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