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Abstract: The bipolar neutrosophic set is an important extension of the bipolar fuzzy set. The bipolar
neutrosophic set is a hybridization of the bipolar fuzzy set and neutrosophic set. Every element of
a bipolar neutrosophic set consists of three independent positive membership functions and three
independent negative membership functions. In this paper, we develop cross entropy measures of
bipolar neutrosophic sets and prove their basic properties. We also define cross entropy measures of
interval bipolar neutrosophic sets and prove their basic properties. Thereafter, we develop two novel
multi-attribute decision-making strategies based on the proposed cross entropy measures. In the
decision-making framework, we calculate the weighted cross entropy measures between each
alternative and the ideal alternative to rank the alternatives and choose the best one. We solve
two illustrative examples of multi-attribute decision-making problems and compare the obtained
result with the results of other existing strategies to show the applicability and effectiveness of the
developed strategies. At the end, the main conclusion and future scope of research are summarized.

Keywords: neutrosophic set; bipolar neutrosophic set; interval bipolar neutrosophic set; multi-attribute
decision-making; cross entropy measure

1. Introduction

Shannon and Weaver [1] and Shannon [2] proposed the entropy measure which dealt formally
with communication systems at its inception. According to Shannon and Weaver [1] and Shannon [2],
the entropy measure is an important decision-making apparatus for computing uncertain information.
Shannon [2] introduced the concept of the cross entropy strategy in information theory.

The measure of a quantity of fuzzy information obtained from a fuzzy set or fuzzy system is
termed fuzzy entropy. However, the meaning of fuzzy entropy is quite different from the classical
Shannon entropy because it is defined based on a nonprobabilistic concept [3-5], while Shannon
entropy is defined based on a randomness (probabilistic) concept. In 1968, Zadeh [6] extended
the Shannon entropy to fuzzy entropy on a fuzzy subset with respect to the concerned probability
distribution. In 1972, De Luca and Termini [7] proposed fuzzy entropy based on Shannon’s function
and introduced the axioms with which the fuzzy entropy should comply. Sander [8] presented Shannon
fuzzy entropy and proved that the properties sharpness, valuation, and general additivity have to
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be imposed on fuzzy entropy. Xie and Bedrosian [9] proposed another form of total fuzzy entropy.
To overcome the drawbacks of total entropy [8,9], Pal and Pal [10] introduced hybrid entropy that can
be used as an objective measure for a proper defuzzification of a certain fuzzy set. Hybrid entropy [10]
considers both probabilistic entropies in the absence of fuzziness. In the same study, Pal and Pal [10]
defined higher-order entropy. Kaufmann and Gupta [11] studied the degree of fuzziness of a fuzzy set
by a metric distance between its membership function and the membership function (characteristic
function) of its nearest crisp set. Yager [12,13] introduced a fuzzy entropy card as a fuzziness measure
by observing that the intersection of a fuzzy set and its complement is not the void set. Kosko [14,15]
studied the fuzzy entropy of a fuzzy set based on the fuzzy set geometry and distances between them.
Parkash et al. [16] proposed two new measures of weighted fuzzy entropy.

Burillo and Bustince [17] presented an axiomatic definition of an intuitionistic fuzzy entropy
measure. Szmidt and Kacprzyk [18] developed a new entropy measure based on a geometric
interpretation of the intuitionistic fuzzy set (IFS). Wei et al. [19] proposed an entropy measure for
interval-valued intuitionistic fuzzy sets (IVIFSs) and employed it in pattern recognition and multi
criteria decision-making (MCDM). Li [20] presented a new multi-attribute decision-making (MADM)
strategy combining entropy and technique for order of preference by similarity to ideal solution
(TOPSIS) in the IVIFS environment.

Shang and Jiang [21] developed cross entropy in the fuzzy environment. Vlachos and Sergiadis [22]
presented intuitionistic fuzzy cross entropy by extending fuzzy cross entropy [21]. Ye [23] proposed
a new cross entropy in the IVIFS environment and developed an optimal decision-making strategy.
Xia and Xu [24] defined a new entropy and a cross entropy and presented multi-attribute group
decision-making (MAGDM) strategy in the IFS environment. Tong and Yu [25] defined cross entropy
in the IVIFS environment and employed it to solve MADM problems.

Smarandache [26] introduced the neutrosophic set, which is a generalization of the fuzzy set [27] and
intuitionistic fuzzy set [28]. The single-valued neutrosophic set (SVNS) [29], an instance of the neutrosophic
set, has caught the attention of researchers due to its applicability in decision-making [30-61], conflict
resolution [62], educational problems [63,64], image processing [65-67], cluster analysis [68,69], social
problems [70,71], etc.

Majumdar and Samanta [72] proposed an entropy measure and presented an MCDM strategy
in the SVNS environment. Ye [73] defined cross entropy for SVNS and proposed an MCDM strategy
which bears undefined phenomena. To overcome the undefined phenomena, Ye [74] defined improved
cross entropy measures for SVNSs and interval neutrosophic sets (INSs) [75], which are straightforward
symmetric, and employed them to solve MADM problems. Since MADM strategies [73,74] are suitable for
single-decision-maker-oriented problems, Pramanik et al. [76] defined NS-cross entropy and developed
an MAGDM strategy which is straightforward symmetric and free from undefined phenomena and
suitable for group decision making problem. $ahin [77] proposed two techniques to convert the
interval neutrosophic information to single-valued neutrosophic information and fuzzy information.
In the same study, Sahin [77] defined an interval neutrosophic cross entropy measure by utilizing
two reduction methods and an MCDM strategy. Tian et al. [78] developed a transformation operator
to convert interval neutrosophic numbers to single-valued neutrosophic numbers and defined cross
entropy measures for two SVNSs. In the same study, Tian et al. [78] developed an MCDM strategy
based on cross entropy and TOPSIS [79] where the weight of the criterion is incomplete. Tian et al. [78]
defined a cross entropy for INSs and developed an MCDM strategy based on the cross entropy and
TOPSIS. The MCDM strategies proposed by Sahin [77] and Tian et al. [78] are applicable for a single
decision maker only. Therefore, multiple decision-makers cannot participate in the strategies in [77,78].
To tackle the problem, Dalapati et al. [80] proposed IN-cross entropy and weighted IN-cross entropy
and developed an MAGDM strategy.

Deli et al. [81] proposed bipolar neutrosophic set (BNS) by hybridizing the concept of bipolar fuzzy
sets [82,83] and neutrosophic sets [26]. A BNS has two fully independent parts, which are positive
membership degree T* — [0, 1], I* — [0, 1], F* — [0, 1], and negative membership degree T~ — [—1, 0],
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I - [-1, 0], F~ — [-1, 0], where the positive membership degrees T*, I*, F* represent truth
membership degree, indeterminacy membership degree, and false membership degree, respectively,
of an element and the negative membership degrees T, 1™, F~ represent truth membership degree,
indeterminacy membership degree, and false membership degree, respectively, of an element to some
implicit counter property corresponding to a BNS. Deli et al. [81] defined some operations, namely,
score, accuracy, and certainty functions, to compare BNSs and provided some operators in order to
aggregate BNSs. Deli and Subas [84] defined a correlation coefficient similarity measure for dealing
with MCDM problems in a single-valued bipolar neutrosophic setting. Sahin et al. [85] proposed
a Jaccard vector similarity measure for MCDM problems with single-valued neutrosophic information.
Ulugcay et al. [86] introduced a Dice similarity measure, weighted Dice similarity measure, hybrid vector
similarity measure, and weighted hybrid vector similarity measure for BNSs and established an MCDM
strategy. Dey et al. [87] investigated a TOPSIS strategy for solving multi-attribute decision-making
(MADM) problems with bipolar neutrosophic information where the weights of the attributes are
completely unknown to the decision-maker. Pramanik et al. [88] defined projection, bidirectional
projection, and hybrid projection measures for BNSs and proved their basic properties. In the same
study, Pramanik et al. [88] developed three new MADM strategies based on the proposed projection,
bidirectional projection, and hybrid projection measures with bipolar neutrosophic information.
Wang et al. [89] defined Frank operations of bipolar neutrosophic numbers (BNNs) and proposed
Frank bipolar neutrosophic Choquet Bonferroni mean operators by combining Choquet integral
operators and Bonferroni mean operators based on Frank operations of BNNs. In the same study;,
Wang et al. [89] established an MCDM strategy based on Frank Choquet Bonferroni operators of BNNs
in a bipolar neutrosophic environment. Pramanik et al. [90] developed a Tomada de decisao interativa
e multicritévio (TODIM) strategy for MAGDM in a bipolar neutrosophic environment. An MADM
strategy based on cross entropy for BNSs is yet to appear in the literature.

Mahmood et al. [91] and Deli et al. [92] introduced the hybridized structure called interval bipolar
neutrosophic sets (IBNSs) by combining BNSs and INSs and defined some operations and operators
for IBNSs. An MADM strategy based on cross entropy for IBNSs is yet to appear in the literature.

Research gap:

An MADM strategy based on cross entropy for BNSs and an MADM strategy based on cross
entropy for IBNSs.

This paper answers the following research questions:

i Is it possible to define a new cross entropy measure for BNSs?
ii. Is it possible to define a new weighted cross entropy measure for BNSs?
iii. Is it possible to develop a new MADM strategy based on the proposed cross entropy measure

in a BNS environment?
iv. Is it possible to develop a new MADM strategy based on the proposed weighted cross entropy
measure in a BNS environment?

V. Is it possible to define a new cross entropy measure for IBNSs?
vi. Is it possible to define a new weighted cross entropy measure for IBNSs?
vii.  Isit possible to develop a new MADM strategy based on the proposed cross entropy measure

in an IBNS environment?
viii.  Is it possible to develop a new MADM strategy based on the proposed weighted cross entropy
measure in an IBNS environment?

Motivation:

The above-mentioned analysis presents the motivation behind proposing a cross-entropy-based
strategy for tackling MADM in BNS and IBNS environments. This study develops two novel
cross-entropy-based MADM strategies.
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The objectives of the paper are:

1.  To define a new cross entropy measure and prove its basic properties.

2. To define a new weighted cross measure and prove its basic properties.

3. To develop a new MADM strategy based on the weighted cross entropy measure in a BNS
environment.

4. To develop a new MADM strategy based on the weighted cross entropy measure in an IBNS
environment.

To fill the research gap, we propose a cross-entropy-based MADM strategy in the BNS
environment and the IBNS environment.

The main contributions of this paper are summarized below:

1.  We propose a new cross entropy measure in the BNS environment and prove its basic properties.
We propose a new weighted cross entropy measure in the IBNS environment and prove its
basic properties.

3. We develop anew MADM strategy based on weighted cross entropy to solve MADM problems
in a BNS environment.

4. We develop a new MADM strategy based on weighted cross entropy to solve MADM problems
in an IBNS environment.

5. Two illustrative numerical examples are solved and a comparison analysis is provided.

The rest of the paper is organized as follows. In Section 2, we present some concepts regarding
SVNSs, INSs, BNSs, and IBNSs. Section 3 proposes cross entropy and weighted cross entropy measures
for BNSs and investigates their properties. In Section 4, we extend the cross entropy measures for BNSs
to cross entropy measures for IBNSs and discuss their basic properties. Two novel MADM strategies
based on the proposed cross entropy measures in bipolar and interval bipolar neutrosophic settings are
presented in Section 5. In Section 6, two numerical examples are solved and a comparison with other
existing methods is provided. In Section 7, conclusions and the scope of future work are provided.

2. Preliminary
In this section, we provide some basic definitions regarding SVNSs, INSs, BNSs, and IBNSs.

2.1. Single-Valued Neutrosophic Sets

An SVNS [29] S in U is characterized by a truth membership function Ts(x), an indeterminate
membership function Is(x), and a falsity membership function Fs(x). An SVNS S over U is defined by

S = 1{x, (Ts(x), Is(x), Fs(x))|lx e U}
where, Ts(x), Is(x), Fs(x): U—[0,1] and 0 < Ts(x) + Is(x) + Fs(x) < 3 for each point x € U.
2.2. Interval Neutrosophic Set
An interval neutrosophic set [75] P in U is expressed as given below:

P = {x, (Tp(x), Ip(x), Fp(x))|x € U}
= {x, [infT,(x), supTy(x)]; [infl,(x), supl,(x)]; [infF,(x) supF,(x)]|x € U}

where Tp(x), Ip(x), Fp(x) are the truth membership function, indeterminacy membership function, and
falsity membership function, respectively. For each point x in U, Tp(x), Ip(x), Fp(x) < [0, 1] satisfying
the condition 0 < sup Tp(x) + sup Ip(x) + sup Fp(x) < 3.



Axioms 2018, 7, 21 5of 25

2.3. Bipolar Neutrosophic Set
A BNS [81] E in U is presented as given below:

E= {x,{TF (x),If (x), Ff (x), Tg (x), If (x), Fz (x))|x e U}

where Tf (x), If (x), Ff (x): U — [0, 1] and Tf (x), I (x), Fg (x): U — [-1, 0. Here, T (x), If (x),
F# (x) denote the truth membership, indeterminate membership, and falsity membership functions
corresponding to BNS E on an element x € U, and T, (x), I (x), F; (x) denote the truth membership,
indeterminate membership, and falsity membership of an element x € U to some implicit counter
property corresponding to E.

Definition 1. Ref. [81]: Let, E; = {x, <TErl(x),IZf1 (x), Fgl (x), T, (x), Iy, (x), Fy, (x)> lx e U} and
E; ={x, <TE’2(x),IE“2(x), ng(x), Tg, (x), Ig, (x), FE_Z(x)> | x € X} be any two BNSs. Then
e E; C Eyif, and only if,

Tg (x) < T, (x), If (x) < I (%), Fg (%) = Fg(x); Tg, (x) = Tg, (x), I, (x) > Ig (%), Fg, (x) < Fg (%)
forall x e U.
e E;=E,if and only if,

T (x) = T (%), [ (%) = [ (%), B (x) = B, (3); T, (%) = Tg, (%), [z (%) = [5, (%), B, (x) = By, (%)
forallxe U.

o The complement of E is E° = {x, (Tc(x), If(x), Fge(x), Tge(x), Ige(x), Fge(x)) lxe Ul

where
Th(x) = Ff (x), Ifo(x) = 1 — I (x), Fl(x) = TF (x);

To(x) = Fy (1), In(x) = 1= I (x), Fe(v) = Tg ().
e The union E; U Ej is defined as follows:

Eqy v Ep = {Max (Tg, (x), Tg, (x)), Min (If (x), I, (x)), Min (Fg (x), Fg, (x)), Min (Tg, (x), Tg, (%)),
Max (Ig, (x), Ig (x)), Max (Fg (x), Fp (x))}, V x € U.

o The intersection E; n E, [88] is defined as follows:

E; n E; ={Min ( Tgl (x), TE’Z(x)), Max (I;f1 (x), Igrz(x)), Max (Fgrl(x), FE;(x)), Max (Tg, (x), TE_Z(x)),
Min (I (x), Ig, (x)), Min (Fg (x), Fg (x))}, ¥V x € UL

2.4. Interval Bipolar Neutrosophic Sets

An IBNS [91,92] R = {x, <[infTg (x), supTy (x)]; [infIg (x), supIy (x)]; [infFg (x), supFg (¥)];
[infTy (x), supTy (v)]; [infl; (x), suply (x)]; [infF; (x), supFg (x)]>1x € U} is characterized by
positive and negative truth membership functions Ty (x), T (x), respectively; positive and negative
indeterminacy membership functions I (x), I (x), respectively; and positive and negative falsity
membership functions FE“ (x), Fg (x), respectively. Here, for any x € U, TIJ{ (x), I f{ (x), FEF (x) < [0, 1]
and Ty (x), I (x), Fx (x) € [—1, 0] with the conditions 0 < supTg (x) + supIj (x) + supFg (x) < 3 and
—3 < supTy (x) + suply (x) + supFy (x) <O0.

Definition 2. Ref. [91,92]: Let R = {x, <[inf Tg (x), supTg (x)I; [inf I (x), supI (x)]; [inf F§ (x), supFg (x)];
[inf Tg (x), supTg (0)]; [infIg (x), suplg (x)I; [infFg (x), supFg (x)I>1x € U} and S = {x, <[infTJ (x),
supTSJr(x)]; [ian;(x), supI;(x)]; [ian;(x), supFSJ“(x)]; [infTg (x), supTg (X)I; [inflg (x), suplg (x)];
[infFg (x), supFg (x)I>|x € U} be two IBNSs in U. Then
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e R < Sif andonly if,
inf Ty (x) < inf T (x), supTg (x) < supTg (x),
inf I (x) = inf1J (x), supl (x) = supl (x),
inf Fg (x) > infFg (x), supFg (x) = supFd (x),
infTg (x) = infTg (x), supTg (x) = supTg (x),
inflg (x) <inf Ig (x), suply (x) < suplg (x),
infFy (x) <
forall x e U.

e R=Sif,andonly if,

infFg (x), supFy (x) < supFg (x),

inf Ty (x) = infTg (x), supTg (x) = supTg (x), inf I (x) = inf I3 (x), supI{ (x) = supIF (x),

inf Fg (x) = infFS (x), supFg (x) = supFd (x), inf Ty, (x) =
inflg (x) = inflg (x), suply (x) = suplg (x), infFy (x) =
forall x e U.

infFg (x), supFg (x) = supFg (x),

o The complement of R is defined as The complement of R is defined as R¢ =

{x, < [inf

infTy (x), supTg (x) = supTg (x),
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Tie(x),

supT;C(x)] [1an (%), supIIJ{C(x)]; [ianI;rC(x), supF;C(x)]; [infTR_C(x), supTI;C(x)]; [ianEC(x),

suplpc (x)]; [inf Fr. c(x), supF C(x)] > | xe U} where
inf T C(x) ianI'; (%), supT;C (x) = supFI;r (%)

inf I7-(x) =1 — suply (x), supl - (x) = 1 — infl (x)

infFoc(x) = infTy , supFpc(x) = supTy

infT C(x) infFy, supT ¢ (x) = supFp

infllzc(x) =—1 —supl; (x), supIEC(x) = —1 —infly (x)
infFpc(x) =infTy (x), supFpc(x) =supTy (x)

for all xe U.

3. Cross Entropy Measures of Bipolar Neutrosophic Sets

In this section we define a cross entropy measure between two BNSs and establish some of its

basic properties.

Definition 3. For any two BNSs M and N in U, the cross entropy measure can be defined as follows.

“N (%)

[t (e »))

B (x%(n)+\/1$(n)>+

)

CB(MlN) =

10

)

\/(1711\'*/}@'))2(1 1 (%) )_( 1 (1)) + \ (11 (%) ) W (1
\/m_<\< DA NN B GO ) ( ) N<)>>)+

2
¢ (130 () + (1413 () (\HIM (i) +y Iy <Xf>> \/ ~ (Pt )+ () (x(—FM (x,->>+\(—FN<x,->)>
p - p + -
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Theorem 1. If M = <Ty;(x;), Iy (x;), Fyp(xi), Tag(xi), Tp(xi), Fyi(xi)> and N <Ty (xi), I (xi), Fab (xi),
Ty (xi), Iy(x;), Fy(x;)> are two BNSs in U, then the cross entropy measure Cg(M, N) satisfies the

following properties:
(1) Cg(M,N)=0
(2) Cp(M, N) =0 if, and only if, Ty;(x;) = Ty (x;), Iy (x;) = I (x3), B3y (xi) = Ex (x1), Tap(xi) = Ty (%),
Ly (xi) = Iy (%), Fpg(xi) = Fy (%), Vx e U;
(3) CB(M, N) = CB(N, M);
(4) Cg(M, N)=Cg(MC, N©).
Proof
l 11
(1)  We have the inequality % a2 er b2 for all positive numbers a and b. From the inequality
we can easily obtain CB(M N) > 0
1 1
b2

)

z uZ-‘,—b?

The inequality (”+b ) > £ becomes the equality (”+b )
therefore Cg(M, N) =0 if, and only if, M=N,i.e,, TM( X;) = T;]’( i), I]T/I( l-) =
Ty (xi) = Ty (xi), Ing (i) = Iy (x3), Fyp(x3) = Fyg (%) Vx e UL

[ o+ ) _(v’rmx»w’TQf(x»)jL [ o+ 13t o) (uﬂwﬂr <v>)
2 2 2

1-5F () + (1= 13 (%) flflﬁ(xz) + -7 (x0)
M N \ y
7 - 7

if, and only if, a = b and
I (i), Fyy (xi) = Fy (xi),

EY Go+RF ) (wgu»w’w(x,)
2 2

n
(3) CB(M N)= Z —(Tﬁj(xiHT,\T(xi)) (\( T (x) +\ —Ty (%) ) [_ [ (r)+1 (;) ( —I («) ( N (m))
i=1 5 — +
(14157 )+ (141 () <\1+1M<A)+\1+1 ) ) [ (ks () +hy ) ( FMM V(= F,\v(m)>
2
[ \me,-)wg(x,-)(\/Tﬁwﬂ:\%(w) wjzmx,-);lmx,-p i) ]
n \ 2 - 7 +
= Z _— [ ra— = ; = CB(N/ M)
i=1 v\‘*(TN (xl');»TM (x,v)) _ (\/(TN (Xi)>:\/(TM()i)))+\<I )+I ( N (%) ;\ )+
[y )+ (g ) (Vb Gty 1 0 | (= (g arg () (3 (2 )y (P (a0)
\ 7 - 3 +\ 7 - 7
4) Cp(MS, N
[Rh) R o) (VR +VAT G | (=t )+ (= () [ /0= 60) 1= 1 (59)
\ 2 - 2 \ 2 - 2 +
o) - (mg @) (1= (=5 ) +y1= (-1 () Tt ) AT )+ )
n \ 7 - 7 +\ 7
_El [~ rrg ) (fCra) (o)) [~ )= (G e) (= (1l e)+y = (-1 )
\ 7 2 +\ 7 7 +
\E‘H»(*l—l,\; (x,-))zu(flq{, @) (\H(le (xi))ﬁz»\‘s“‘l+(—lfl;] (x[)))+\(TM (»',)2+TA7 ) (,\(TM )+ (1% (x,)))
- \TW,HT;(A (\ T3 (% >+\ ¥ >)+V;,A;<xi>;1§(xl) (Vm,):umn)} _
) V;(lflg(x )+ (i m)(\(lrmxi));\(lfmv,)))ﬂmnmjv <x,.>(\rm,):y”rgu»}
= [ ‘ f = CB(M, N).
z';l (G +7x @) (V) (T ED) ) [ () +ig e0) (4 (laa )+ (= ()
\ 2 - p +\ ) 7 +
[ )+ (g @) (i @) ) e eiy @) )+ (R @)
\ 2 - 7 +\ 7 - 7

The proof is completed. O
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Example 1. Suppose that M = <0.7, 0.3, 0.4, —0.3, —0.5, —0.1> and N = <0.5, 0.2, 0.5, —0.3, —0.3, —0.2> are
two BNSs; then the cross entropy between M and N is calculated as follows:

Wﬁ(m;m)+\/@7<m§m>+\/m,(m§m)+ D05 _

2 . —(=03—03 —(=03)++/—(-03) —(—05—03 —(=05)++/—(-03)
oy - | ()« (/Y )

(1-05)+(1-03) T—05+4+/[1-03] —(=0.1-0.2) —(—01)+4/—(=02)
() ()

= 0.01738474.

n
Definition 4. Suppose that w; is the weight of each element x;,i=1, 2, ..., n, where w; € [0, 1] and ), w; = 1;

i=1
then the weighted cross entropy measure between any two BNSs M and N in U can be defined as follows.

NG (\rAt(x,v)i\u’rN*(m)Jr\/z;<xi>;z,¢(x,) B (\zmx,o:vv;(xn)Jr

\

e e) | (YEme) e | e ) () n/ R e)
2 2 + 2 2 +

() (i () (1 G+ (0 | (g ooy () [ y(FFanGo) + (= @)
2 - 2 +V 2 - 2

[0 )+ (- @) (mme)+ =6 | | i ert e ([ VFRG0+/VE 6
‘ 2 - 2 Y 2 - 2 +

n
Cy(M,N)y = D w;
i=1

@

Theorem 2. If M = <Ty(x;), Iiy(x;), Fyj(xi), Top(xi), Ly (xi), Fag(x:)> and N <Ty: (x;), L (x;), By (x7),
Ty (xi), I (xi), Fy (x;)> are two BNSs in U, then the weighted cross entropy measure Cg(M, N),, satisfies the
following properties:

(1) CB(M/ Ny = 0;

(2) Cp(M, N)y = 0 if, and only if, Ty;(x;) = Tar (xi), Ly (x;) = I3 (x;), Fyp(xi) = Fy (xi), Tag(xi) = Ty (%),
Ly (xi) = Iy (x3), Fpp(xi) = Fy (x3), Vx e U;

(3) CB(M, N)y = CB(N/ M)w;

4) Cp(ME, N€)y = Cp(M, N)y.

Proof is given in Appendix A.

Example 2. Suppose that M = <0.7, 0.3, 0.4, —0.3, —0.5, —0.1> and N = <0.5, 0.2, 0.5, —0.3, —0.3, —0.2> are
two BNSs and w = 0.4; then the weighted cross entropy between M and N is calculated as given below.

JF (W;W) H,@_(m;m) +x§<1—ns>;(1—0-2) _ (ﬁgm)

Co(MN), = 04 x | 4,/08105 (W;W) °*(*0i370-3) _ (\/—(—0‘3)?/—(—03)) *\““‘37(70;70'3) _ (v—(—“)*z-v—(—m)) = 0.006953896.

5(1—054—2(1—0.3) _ (m-;m)_*_vf—(—o;—o.z) _(vf(—m);rv—(—o.z))

W
4. Cross Entropy Measure of IBNSs

This section extends the concepts of cross entropy and weighted cross entropy measures of BNSs
to IBNSs.

Definition 5. The cross entropy measure between amy two IBNSs R = <[infTg (x;), supTq (x;)],
[inflfzr (x;), suplf{(x,-)], [ianl‘{(xl-), supFg (x;)], [inf Tg (x;), supTx (x:)], [inf Ix (x;), suplg (x;)], [inf Fg (x;),
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supFy (x;)]>and S = <[infTS+(xi), supTSJ“(xi)], [ianer(xi), supISJr(xi)], [ian;(xi), supF;(xi)], [infTg (x;),
supTq (x;)], [inflg (x;), sup Ig (x;)], [infFg (x;), supFg (x;)]> in U can be defined as follows.

Cip(R,S) =

infTd (x;) +infTg (x;) (vinfTEr (*’i)Jr\‘s“‘infTs+ (xi))+\ supTg (x;) +supTg (x;) \supTid (ﬁ)*\s“‘SUPT; ("i))+
2 - 2 / 2 - 2

N inn;(xi)-;-inn;r () (V"‘“Er (Xl)';\sm“; (lx))+\/supl+ (xi )+supl+(r) _ (\'SL‘P'Er (xl):\;“ plg ( ,))+

(1 nfl (x )) (1=imiiF () (w infld (x )+\ (=it (x; )J) \(1fsup1;(xi))+(l—supz;(n))7
/ 2

V1=supld (x; )+\1 supld (x; ))+\ infE () +infF () (\,r’infpl:r (xi)+\§ian;r (Ai))+
7 2

sup}?+ (x; )+\upF+ (x;) \’HSUPF)-{ (xi)Jr\s‘;S“PF; (%) ““‘*(i“fTR_ (x‘)+infT5_ (-\’1‘))
- 2 +V 2 -

®)

| (SinfTg () + (infTg” («)))+ \/7(Sl.pr,;<x,,>2+suprg(xi>) (\(supTR(m);\(suprs<xf>))+

mﬂ (x)+mfl (x; ) \( mfl (x; )) *inﬂs_(’fi)) —(supII{_(xi)+suplS_ (Xx))
2 - +V 2

1+5up[ 1+sup[ (x; )) \J’]+sup11;(xi)+\‘§“‘l+suplsi(xi) (mf}? (X)+|an (31 ))
— 5 + \/ —

N
=
(\ —suply —suplg (%)) ) N \/(1+inHE (x,-))J2r<1+inn; () (\,”HinﬂR— (x[):\;“‘lmf]s— (xi))+

\ —infFp (x —infFg (x; ))>+ “s“—(supPR_ (x;) +supFg” (x‘-)> (\( supFp (x, ))+\< supFg (X;)))
v 7 -

Theorem 3. If R = <[infTg (x;), supTq (x;)], [inf, suply (x;)], [infFg (x;), supFg (x;)], [infTg (x;),
supTy (x;)], [inflg (x;), suplg (x;)], [infFg (x;), supFg (x;)]> and S = <[infT§“(x,'), supTSJr (x)],
[inf 1S (x;), supld (x;)], [inf F (x;), supFg (x;)], linf T (x;), supTq (x;)], [inf I3 (x;), suplg (x;)], [inf Fg (x;),
supFg (x;)]> are two IBNSs in U, then the cross entropy measure Cig(R, S) satisfies the following properties:

(1) C(R,S)=0;

(2) Cig(R, S)=0for R=Sie.,inf T§ (x;) = infTg (x;), supTq (x;) = supTg (x;), inf I (x;) = inf I (x;),
suplg (x;) = supld (x;), infFg (x;) = infFg (x;), supFg (x;) = supFg (x;), inf Ty (x;) = infTg (x;),
supTy (x;) = supTg (x;), inflg (x;) = inflg (x;), suply (x;) = suplg (x;), infFy (x;) = infFg (x;),
supFg (x;) = supFg (x;) Vxe U;

() Ci(R,S)=Cip(S,R);

(4) Cp(RS, S€) =Cp(R, S).

Proof

(1) From the inequality stated in Theorem 1, we can easily get Cjz(R, S) = 0

(2) SinceinfTy (x;) =infT¢ (x;), supTR (x;) = supTq (x;), infl (x;) =infI (x;), supIg (x;) = supld (x;),

infFg (x;) = mfF+ (x;), supFg (x;) = supF*(xz) infTy (x;) = infTg (x;), supTy (x;) = supTg (x;),
infly (x;) = inflg (x;), suply (x;) = suplg (x;), infFy ( i) = infFg ( i), supFy (x;) = supFg (x;) V
X € U, we have CIB(R, $)=0
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3) CmiR, S) = %

I
N|—
e

[Nag!

= Ci(S, R).

[infTF (0 4infTT (x) int int lsupTT (x;) +-supTT (x; jsu +x[ /su +x[
\1nfT (x, )+me (\ fT (x; )er\, fT (x; ))+\ pTg (,)er pTR(,)(\ pTg ( )Z\ pTR ( ))+

\

[intig (o) vinttf () ( Vit () () ) e ) e 1) ( ot G+l ) )+
2 - 2 / 2 - 2

10 of 25

\ me+( )+meJr (x) N”infT; ("1‘)*’\‘/“5“““5+ (%) ) + \“““supT; (Jc,<)+5|1pT5+ (x;) \/’supT; (Xi>+v5“PT; (%) )+
- > / 2 - 7

\;‘ i (o) +inf1g () ( Vit () +fnti (x) ) . \;‘ el (o) +oupld () ( Vsupi () +fsupid () )
/ 2 - 2 / 2 - 2

+

Vi—suprf () +\1 supl] (,)) \infplg'(xi)ﬁ-ian;(xi) (\/’i.ang(xi)JrVi.an;(xi))+
p - p

> —

supF (x, )+supF (x) \SUPF "z)+v““5“pF5+ (%) ;“‘—(i“fTRi (X1)+i“fT§ (’Q’))
z - 2 +\

[t () + (1-ins1d (= )) \,r’17inf1;(x,‘)+\flfinf1;r(xi) [ (1=suprd (x7)) + (1=supIg (x)))
2 b3 +Y 2 -

SR

\ —infTp ( infTg (x; ))J

> —

‘7(supTR_ (xi)+sust_ (xi)> B (\(supTR_ (x,-))#»,\“s“‘(fsupTS_
2 2

(x1)) )+

\ —suply (x;)) ( suplg (x7)) +\“‘“‘<1+ianR_(xi))+<1+infls_(xi)) V’1+inul;(xi)+\fl+inﬂ
\‘ 2 -

: 5 <x,->)+

2

1+>upl X.) (pr, (x; )> (\n’wsupz}{(xi)+\/1+sup15(xi))+\_(anpr(xi)+;an5(xi))
_ 5 |

\

V

[~ (st () intig (x))) x“(—mf’ (x ))+\( —infls (1)) | [ (suptg (i) +supig ()
\ +y z

\

\ —infFp ( infFg~ (x; )))

[(=intF (x))+(1=inei (x)) V“‘l—inf];' () +/1—infIF (x;) ‘g“‘(1—supls+(xi))+(1fsuplg>(x,‘))
7 - 7 +\ 7

+

imsetd )i ) o )i ) (\ian;ul)wian;(x,‘))+
2 - 2

Sup}i +sup,£ (x; )(\supF+( )+\/supF+( ))+\ (me (x )+me (x ))

\ —infTg (x; ( —infTy (xi)> ) N \““ <gupT (x; +supT (\ —supTg (x; < supTp” (X,')) )+
mfl (x )+mf1 (x )) (\ ( mf] (x) )+\ ( mfI )+ <sup1 (x) +supl ))
7 - \ B
—suply (x suply (x;) 1infI3 (x;) )+ (1+inflg (3 1inflg (x;) +4/1+inflg (x;)
V( /0 )J+\( DRI ))(\ il )+

=
=
=
=

2

1+sup1 (x ) (1+sup1 ( )) (\1+supls (x;) +4/ [ +suply (xi)])+\(inflfs (x;) +infFg (x,))
_ ; | _

[~ (suprg (i) +supPg () ( y (—suprg () + (—supy
2 2

(Xi)))

\ —infFg (x;) ( —infFp (x,-)) ) — (SupF; (x;) +supFg_ (x‘-)) _ (\<—SupF5 (x‘-))-#\s“s(—supFE (xz-)) J
2 2
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(4) Cpp(RE, SC) =

[/ Joirt () fme T (o / Jpit () e (o
Vuv'#(x)fuwr%(n) _ (» S ORLVEANO) +\/€*\wfx+(\)+~wﬁ+(u) 7(\ T () e ( )>Jr

{0““”f°““”‘(“_”“”3‘ﬂﬁwq+(°w“wfﬂ““”-(“Wwﬂ”f““mbw}
[T =F o) \~%—w*«»f\-<-”*«w)+wv<vwf«»fvc~w+«»

(\' (=it () + \‘ (=t ) +\‘§.(,,Tk+(\)tm+(\>7(v’mnf(‘)fv’mmﬂ\>>+\‘§M+<,)fw.m)7(\xlm(n)fv'ww*(n))
\ﬁ(\( <>>+\W) \ﬁ(\m \W)

N ) et ) i e e et ) W () ] )

(\ —imai () = (= () ) ) i et ®) (\‘*(""”~('>)+\‘*(‘“'“\<‘>) )+

e @) (e () (y* ) \‘ SN R GO

(\(’ ) (e <>) [~ ot \)(\(P* )+ (o <>))

[ NE T (\/inw; () +\ it (5)
2 - 2

N|—=
M=

=

[supTd (x) +supTg () \supT+(X)+\pr+(V) .
2

+y

“‘s“‘inﬂ; (x1)+inf1;' (x7) B (\,”’inﬂ[-{*— (Xi)‘*"\f“ir‘”g— (x‘))*»' supl; (x,-)Jrsupl;' (%) _ (\/’suPIg— (Xi)Jr\s“‘S“PI;' (x‘-))+
/ 2 2 2 2

\
\/( 1—infIf (x;

[

+(1—infiF () \1—infrg (xi)Jr\;‘slfinH; (x) \/(‘l—supl;(x”)-f—(‘l—supl;(x”)
_ 5 + i _

)
2
\x’l—supz,:ul);\sl—suw; (x,->)+ N (wnfﬁi <xi):\si-\fF; <x,->)+
)

I
NI
Il 2
[Nag!

infT (5 2\( infrg («)))ﬂ_(SHPTR@,.);SHPTS(X,.)) B (\(—suerm)):\(—suprsm))))r

\/SupF; (xi)+suplfs+ (x;) -~ (\,fsupl-'; ("'i)*’\(““‘ssup}‘; ("[))+ *(meE (x;) +infTg" ("‘i)) _
2 2 2
v

=
/= (mf] (x;) +inflg" (Y1)> (\(mflR (xi))*’\e‘;(*inﬂsi (’ﬂ))) “‘““*(SUPIE (xj) +suplg” ("'i))
2 - 2 +V 2 -

\ —suply () ( suplg (x;) ))+\/(1+1an (y))z(umn () _ (Vr’1+inf1R(Xf):\1+inflg(»’i))+

\ 1+5up1 (% ) (1+5up1 (x)) 3 (\/’l+sule(x‘-)-;—\l-#supls(xi))+\/ (mfF (x)+mfF (x; ))_

\ —infFg (x; ( infFg" ("1))) \/7(5UPFR7 (xi)+supF; (Xi)) (\(SUPFR (W))*"\K*SUPF; (Xx)))
+ 2 - 2
= Cia(R, 9).

Example 3. Suppose that R = <[0.5, 0.8], [0.4, 0.6], [0.2, 0.6], [-0.3, —0.1], [-0.5, —0.1], [-0.5, —0.2]>
and S = <[0.5,0.9],[0.4, 0.5],[0.1, 0.4], [-0.5, —0.3], [-0.7, —0.3], [-0.6, —0.3]> are two IBNSs; the cross
entropy between R and S is computed as follows:

- \/ 0.5450,5 _ (\/(ﬁ;r\/(ﬁ) + \//0,8450.9 _ (M;«/ﬂ?) +\//0.4§0.4 _ (m;m) +\/0.642ro.5 _ (\/(R+\/tﬁ)+

2
[[1—04]+[1-04] [ ~/T=04+,/[1—04] [[1=06]+[1—05] _ ( ~/T=06++/[1—-05] [02401 _ [ A/024+~01
Y 2 2 +y 2 2 t/ =2 2 +
Y 06404 _ (*/‘Rém) +y/ —(—0.23—0.5) B (\/—<—o.3)+z-\/—(—o.5) +y _(_0.21_0.3) B —(—0.1)42- —(_0.3))+
Cip(R,S) =3 = 0.02984616.

—(=05-07 —(=05)4++/—(=07 —(=01-03 —(=01)++/—(=03 /[1=05]+[1-07
V=Y >_(v< 14/ >)+\/ (C01-03) _ (/=TI 4/ ))+v[ T4 =07]

A/1=05++/1—0.7 1—0.1]+[1-03 A/T=0.1++/T1—03 / —=(=05-06 —(=05)++/—(=06
( M ])ﬂ/[ IEI ]_( M ])+V(z )_( 094 /=T >)+

[—(=02-03) _ (\/—(—0.2)4-\/—(—0‘3))
vV 2 2
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Definition 6. Let w; be the weight of each element x;,i=1, 2, ..., n, and w; € [0, 1] with Z w; = 1; then the
i=1
weighted cross entropy measure between any two IBNSs R = <[infT1'{|r (x;), supTq (x;)], [inf I (x;), supI$ (x;)],

[infFg (x;), supF+( D1, linf Tg (x;), supTg (x;)], [infIg (x;), suplg (x;)], [ian_( x;), supFg (x;)]> and
S = <[infTg (x;), supTq (x;)], [infI (x;), supld (x;)], [infFg (x;), supFg (x;)], [infTg (x;), supTg (x;)],
[inflg (x )supI (xi)], [inf Fg (x;), supFg (x;)]> in U can be defined as follows.

) infl; (xi)Jrian;' (x7) \"’inﬂg— (Xi>+'\§‘si“”;— (x) “ssuplg (x,)#»supl;' (x;) \,"SUPI[; (Xi>+\‘s““5“}’1§+ (x;)
\ 2 - 7 +\ 7 - 7 +
\s“s“(l—inﬂg (xi))-;-(1—infl§r(x,»)) B V1=infif (Xi)erW*i“”er (%) +\/(1 supl (x; )) (1—swpid (x))
1—supr (xz)Jr\‘e‘;(l*SuP‘; (=) infF (x;) +infEg (x;) \infr (’f,')'*'\;‘sir‘stJr (%)
2 + 7 - 2 +
[supEg (x;) +supFg” (x;) (v'SUPFEr (*‘iH\fﬁsupF;r <"r’))+ —(infTg (x) +infTg (%))
2 - 2 \ 3 -

(x( infT (37)) + \( infTg~ “)))H/—(supTR(x,-)ﬁupTg(xi)) B (\(_SuPTR(XI)):\<_SuPTS(Xi)>)+

—(infl (%) +inflg (7)) ( \;““(—mfl; (1) +\’s““<7inﬂs_ () ) —(suplg () +suplg (%))
2 - 2 + 2 -

[infTd (x; )+me+(¥) (\u’i"fTEr (Xi)-*-\f“inngJr (i) _'_\/supTJ:r (x)+supTg (x;) \,"SUPTE(«“,HﬁSUPT; (Xi))+
- 7 2 - 7

CiB(R,S)y =

1=
RS

4)

1
2
i

\“c““(fsupll{i (x,))Jr\“e““(—supI; (xi)) (1+1an (% )) (‘1+mf] (x; )) \r”1+infll; (x,‘)+\3“31+inf157 (x;)
3 +y 7 - 7 +

[(14suplg () + (1+suplg (7)) \,"1+sup1;(xi)+\§[1+sup1§(xi)] — (infFg. (x)+|.an (xi ))
\/ 7 - 2 +\

(\(i.anR ("i))*’\(s“s(*mf}‘si ("i)) ) \/7(supFR7 (x;) +supFg (xi)) ( V‘“(*SUPFR? (xi))‘*"\‘s“s(*suplzsi ("i)) )
2 + 2 - 2

Theorem 4. For uny two IBNSs R = <[infTg (x;), sup Tg (x;)], [infIg (x;), supld (x;)], [infFg (x;),
supFg (x;)], [inf T (x;), supTg (x;)], [inf I (x;), suplg (x;)], [inf Fg (x;), supFg (x;)]1> and S = <[inf T (x;),
supTy (xi)], linf I3 (xi), supld (e, [infEy (x), supEg (x))], [infTg (xi), supT (x))], linfIg (x;),
suplg (x;)], [infFg (x;), supFg (x;)I> in U, the weighted cross entropy measure Cip(R, S)y also satisfies
the following properties:

(1) CIB(R, Sy = 0;

2) CB(R, S)y = 01if, and only if, R = S i.e., inf Tg (x;) = inf Tg (x;), supTg (x;) = supT§ (x;), infI§ (x;)
= inf I (x;), suplg (x;) = supl{ (x;), infFR (x;) = infFg (x;), supFy (x;) = supFg (x;), infTg (x;)
= infTg (x;), supTy (x;) = supTg (x;), infIg (x;) = inflg (x;), suply (x;) = suplg (x;), infFg (x;) =
infFg (x;), supFg (x;) = supFg (x;) Vx e U;

() CB(R, S =Cip(S, R)y;

) CB(RS, S = Cip(R, S)y.

The proofs are presented in Appendix B.
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Example 4. Consider the two IBNSs R = <[0.5, 0.8], [0.4, 0.6], [0.2, 0.6], [-0.3, —0.1], [-0.5, —0.1],
[—05, —0.2]> and S = <[0.5, 0.9], [0.4, 0.5], [0.1, 0.4], [-0.5, —0.3], [-0.7, —0.3], [-0.6, —0.3]>, and let
w = 0.3; then the weighted cross entropy between R and S is calculated as follows:

[ \’J 0.5;0.5 _ (\/ﬁ;\/ﬁ) + Vﬁovstro,g _ <\/(BJZM/UTJ) " \,r 0.4;0.4 _ (x/(Her\/ﬂ) + \"’ Uvéeru,s _ (x/ﬂ+\/ﬁ)+

2

[1—0.4]4{[1—0,4] _ <\/1—0.4+2v[1—n.4] > 4 \ [1705]424170_5] _ (\/1—05+ZV/[1—05]) + \”‘ o,z_g.m _ (\/@+\/OT>+

\ 3
/04 . X 4 | —=(—03—05 /—(—03 /— (=05 | —(—01—03 /—(—01 /—(—03
. \’06}#047(«/06#2»\/04>+\£ ( k )7(& ( )t\ ( )>+V ( A )7(\ ( )tv ( >)+
CiB(R,S) =5 x 03 x R — A ; A _ = 0.00895385.
2 | =(=05=07) V= (=05 +4/=(=07) | —=(=01-03) V= (=00 +/—(=03) [ [1—05]+[1—07]
\ 2 - 3 +y 7 - 3 +y 7 -

<m+zv[1—n.7] > " \ [1—01]-;—[1—03] _ (erzV [1—03]) +\§“7(702570.6) B (V/_(—o.s)-;v—(—o.a) )+

—(—oéz—o.s) _ (\/7(—0.2)45\/—(—0.3))

LV

5. MADM Strategies Based on Cross Entropy Measures

In this section, we propose two new MADM strategies based on weighted cross entropy measures
in bipolar neutrosophic and interval bipolar neutrosophic environments. Let B = {B1, By, ..., By}
(m = 2) be a discrete set of m feasible alternatives which are to be evaluated based on 7 attributes
C={Cq1,Cy,...,Cy} (n=2)and let w; be the weight vector of the attributes such that 0 < w;i <1 and

n
Z ZU] =1.
j=1

5.1. MADM Strategy Based on Weighted Cross Entropy Measures of BNS

The procedure for solving MADM problems in a bipolar neutrosophic environment is presented
in the following steps:

Step 1. The rating of the performance value of alternative B; (i =1, 2, ... , m) with respect to the
predefined attribute Cj (j=1,2,...,n)can be expressed in terms of bipolar neutrosophic information
as follows:

B; = {C], < TE(CD, I;:(C]), F;(C]), TE](C]>, I];](C]), FBT(C]) > |C] eCi,j=1,2, ...,Vl},
where 0 < Ty (Cj) + I3 (C)) + F;(Cj) <3and -3< Ty
2,...,n.

Assume that cZNij = <Tl.;r, I i;.r, Fi;r, Ti]f, I 17 , Fl.; > is the bipolar neutrosophic decision matrix whose
entries are the rating values of the alternatives with respect to the attributes provided by the expert or

~

decision-maker. The bipolar neutrosophic decision matrix [d;;]

(Cj) + 15 (C)) + Fg (C)) <0,i=1,2,.. ,m;j =1,

, can be expressed as follows:

mX

C G ... Cy

N By diy dip ... diy
[ if]mxn =B dy1 dy ... doy

B dy1 dpo ... dygn
Step 2. The positive ideal solution (PIS) <p* = (df, d5, ..., d;;)> of the bipolar neutrosophic
information is obtained as follows:
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P (T B TR << (M
{Min (17)]j € Ha}; {Max (I;f)|j € Ha}], [{Min (F)|j € Fn}; {Max (F)|j € Ha}l,
[{Mm( ij )i € Hi}; {MM( Ti)lj € Ha}l, [{MM( i )li € Hif; {Mm( I;)1j € Ha}l,
[{Max( 7)|] € Hi}; {Mm( i]f)|jeH2}] >, ] = 1, 2, ...,1;

1

T)lj € Hu}; {Min (T;7)|j € Ha}],

where H; and H; represent benefit and cost type attributes, respectively.

Step 3. The weighted cross entropy between an alternative B;, i = 1, 2, ..., m, and the ideal

alternative p’ is determined by

I /T++T*+ (V/T:+v ) . 1++1*+ < /I++v/l*+> N [1711].+]+2[171,*+]_
( + [F +F*+ ( /F++V’/Ff*7+> N —(Tl/f;rTj**) B
[— Il_+I* 1,*7)

Step 4. A smaller value of Cg(B;, p

<\/’1+I *V +1%7] > —(rf +F* ( (-F*- ))
*)w,1=1,2, .., mrepresents that an alternative B;,i=1,2,... ,m
is closer to the PIS p*. Therefore, the alternative with the smallest weighted cross entropy measure is
the best alternative.

1
+V -1

©)

1=
&

I
—

Cp(Bi, p*), = [+ 140417
2

5.2. MADM Strategy Based on Weighted Cross Entropy Measures of IBNSs

The steps for solving MADM problems with interval bipolar neutrosophic information are
presented as follows.

Step 1. In an interval bipolar neutrosophic environment, the rating of the performance value
of alternative B; (i =1, 2, ..., m) with respect to the predefined attribute C; (j=1,2, ..., n) can be
represented as follows:

Bi= {Cj, < [infT+( i) supT+( Nk [1an+( i) supI+( Chl, [1an+( i) supF+( i),
[infTy (Cj), supTy. ( )], [infl ( ) suply. ( )], [infF i(C), supFp ( )] > [Cj e Cj,
j=1,2,...,n}

where 0 < supTJr( )+supl+( i) +supF+( j) <3and =3 <supTp (C;) +suply (C;) + supFg (Cj) <0;
j=1,2,...,n Letg;= <[LT; UTJ] [LI; UI;], [LF; UF;] [L Tl] UTU 1 [LIZ; Ull] 1 [LP; UPU. >
be the bipolar neutrosophic decision matrix whose entries are the rating values of the alternatives with
respect to the attributes provided by the expert or decision-maker. The interval bipolar neutrosophic

decision matrix [g;;] . can be presented as follows:

Ci G ... Cy

By 811 812 --- &n

i), = B2 821 822 --- &
B Im1 §m2 -+ 8mn
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Step 2. The PIS <¢* = (g7, &5, -, & )> of the interval bipolar neutrosophic information is obtained

as follows:

q]* =< [LT;F'+, UT;!<+] [LI*+ LII*+] [LF*Jr LIP*Jr] [LT;kjf’ LIT;kjf], [LI;kj*’ Ul;k]f], [LF;!;*, UP;kj*] >,
=< [{Max (LTJ)IJ € H1} {Mm (LTJ)IJ € Hz} {Max (UT77)|j € Ha}; {Min (UTj5)|j € Ha}l,
{Min (“15)]j € Hn}; {Max (M1)€ Ha}, {Min (157)]j € Hi}; {Max (T1;7)]j € Ha}],
|J € Hi}; {Max (LFWJ € H}, {Min (“F)|j € Hi}; {Max (TF)|j € Ha}],
;)IJ' € Ha}, {Min (T ;;)|j € Hi}; {Max (UT;;)lj € Ho},

)|j € Hap}, {Max (“1;)|j € Hi}; {Min (“1;)|j € Ha}],

~,. /™  ~
E
3
—~
h
\./\_/‘\_/
.
m m
EE
"V"‘\-v-‘
E,—M
TR
AA

X
i=1,2,...,n

where Hj and Hj stand for benefit and cost type attributes, respectively.
Step 3. The weighted cross entropy between an alternative B;, i = 1, 2, ..., m, and the ideal
alternative g* under an interval bipolar neutrosophic setting is computed as follows:

[ +JT‘>1<+ B \,",Tf /it [urf qurkt [\ forf g furt [ud okt V'.,_Jr+\’,’,,‘*+
z +V 7 7 +V >

V

\[\ 0 D +]_(y'l—'lf"-%—y'[l—‘r‘*+]>+\‘;“‘w,‘++w*+_(\,"“’T*'-%—\,"”h*'*') \[, wF ek t]

Vst eyim® ] +\s““"~+ bkt (\’,?ﬂ’,r,,‘*Jr )+V§L,hf+w’*+ N (Vu,,“{r +yfur® +\f¢‘—(n,f+»7y**) -

R \(“T)+;\<T*>)+\(’f"*> B (\/(’)i\(’*)}_ (6)
e“‘m_(xw’\+~r+y‘[|+‘—',**])H Lo +[b® ]

[ (E0NE),

({EEn=r), [T ) (\WWW) ) (yﬁnm)

Cis(Bigk), = % X Zw, (\<,T)+3\<T*>

Step 4. A smaller value of Cjg(B;, p*)w, i =1, 2, ..., m indicates that an alternative B;,i=1,2,... ,m
is closer to the PIS g*. Hence, the alternative with the smallest weighted cross entropy measure will be
identified as the best alternative.

A conceptual model of the proposed strategy is shown in Figure 1.

Decision- maker or Expert Step 1:

Step 3: Determine the weighted Step 2: Identify the

positive ideal

solution (PIS)

cross entropy measures

Step 5:
Step 4: Rank the €p

alternatives

Step 6: Stop

Figure 1. Conceptual model of the proposed strategy.
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6. Illustrative Example

In this section we solve two numerical MADM problems and a comparison with other existing
strategies is presented to verify the applicability and effectiveness of the proposed strategies in bipolar
neutrosophic and interval bipolar neutrosophic environments.

6.1. Car Selection Problem with Bipolar Neutrosophic Information

Consider the problem discussed in [81,86—88] where a buyer wants to purchase a car based on
some predefined attributes. Suppose that four types of cars (alternatives) B;, (i = 1, 2, 3, 4) are available
in the market. Four attributes are taken into consideration in the decision-making environment, namely,
Fuel economy (C;), Aerod (C;), Comfort (C3), Safety (Cy), to select the most desirable car. Assume that
the weight vector for the four attributes is known and given by w = (w1, wy, w3, wyg) = (0.5, 0.25, 0.125,
0.125). Therefore, the bipolar neutrosophic decision matrix <dl-]-> 14 CAN be obtained as given below.

The bipolar neutrosophic decision matrix [d;],, , =

G G, Cs Cy
By <05,07,02,-07, —0.3, —0.6> <04,04,05, —07, 0.8, —04> <0.7,0.7,0.5,—0.8, —0.7, —0.6> <0.1,0.5,0.7, —0.5, 0.2, —0.8>
By <09,07,05,—07, —0.7,—0.1> <07,60.6,0.8, —0.7, —0.5,—0.1> <0.9,0.4,0.6, —0.1, —0.7, —05> <0.5,0.2,0.7, —0.5, 0.1, —0.9>
By <03,04,02,-06,—0.3,—07> <02,02,02, —04, —0.7, —04> <0.9,0.5,0.5,—0.6, —0.5,—02> <0.7,0.5,0.3, —0.4, 0.2, —0.2>
By <09,07,02,—08, —0.6,—0.1> <03,05,02,—05,—05,—02> <0.5,04,05,—0.1, 0.7, —02> <0.2,0.4, 0.8, —0.5, —0.5, —0.6>

The positive ideal bipolar neutrosophic solutions are computed from [dNZJ] 1y as follows:

p*=[<09,04,0.2,-0.8,-0.3, -0.1>,<0.7,0.2,0.2, —0.7, —0.5, —0.1>,
<0.9,04,05, -0.8, —0.5, —0.2>,<0.7,0.2, 0.3, —0.5, —0.1, —0.2>].

Using Equation (5), the weighted cross entropy measure Cg(B;, p*), is obtained as follows:

Cg(B1, p*)w = 0.0734, Cp(Ba, p*)w = 0.0688, Cp(Bs, p*)w = 0.0642, Cp(By4, p*)w = 0.0516. (7)

According to the weighted cross entropy measure Cp(B;, p*)w, the order of the four alternatives is
By < B3 < By < By; therefore, By is the best car.

We compare our obtained result with the results of other existing strategies (see Table 1), where
the known weight of the attributes is given by w = (w1, w,, ws, wy) = (0.5, 0.25, 0.125, 0.125). It is to be
noted that the ranking results obtained from the other existing strategies are different from the result
of the proposed strategies in some cases. The reason is that the different authors adopted different
decision-making strategies and thereby obtained different ranking results. However, the proposed
strategies are simple and straightforward and can effectively solve decision-making problems with
bipolar neutrosophic information.

Table 1. The results of the car selection problem obtained from different methods.

Methods Ranking Results Best Option
The proposed weighted cross entropy measure By < B3 < By < By By
Dey et al.’s TOPSIS strategy [87] By <B3 < By <By By
Deli et al.’s strategy [81] By <By <By<Bj3 B3
Projection measure [88] B3 <B4y < By <By B,
Bidirectional projection measure [88] B, < By <B4 <Bs B3
Hybrid projection measure [88] with p = 0.25 B, < By < B3 < By By
Hybrid projection measure [88] with p = 0.50 B3 < By < By < By By
Hybrid projection measure [88] with p = 0.75 By <B3 < By < By By
Hybrid projection measure [88] with p = 0.90 B3z < By < By < By By
Hybrid similarity measure [88] with p = 0.25 By, <B4 < By < B3 B3
Hybrid similarity measure [88] with p = 0.30 By, <B4 < By <Bjg B3
Hybrid similarity measure [88] with p = 0.60 By, < By <By <Bs B3
Hybrid similarity measure [88] with p = 0.90 By <B4y < B3 < By By
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6.2. Interval Bipolar Neutrosophic MADM Investment Problem

Consider an interval bipolar neutrosophic MADM problem studied in [91] with four possible
alternatives with the aim to invest a sum of money in the best choice. The four alternatives are:

> a food company (B;),

> a car company (Bp),

> an arms company (B3), and
> a computer company (By).

The investment company selects the best option based on three predefined attributes, namely;,
growth analysis (Cy), risk analysis (C;), and environment analysis (C3). We consider C; and C; to be
benefit type attributes and C3 to be a cost type attribute based on Ye [93]. Assume that the weight
vector [91] of Cy, Cp, and Cj is given by w = (wq, wp, w3) = (0.35, 0.25, 0.4). The interval bipolar
neutrosophic decision matrix [gj;], , presented by the decision-maker or expert is as follows.

Interval bipolar neutrosophic decision matrix [g;;]

4x3

G
B; [[04,0.5], [0.2,0.3], [0.3, 0.4],[-0.3, —0.2], [-0.4, —0.3], [~0.5, — 0.4]]
B, [[0.6,0.7], [0.1,0.2], [0.2, 0.3],[~0.2, —0.1], [~0.3, —0.2], [-0.7, — 0.6]]
B; [[03,0.6], [02, 0.3], [0.3, 0.4],[-0.3, —0.2], [-0.4, —0.3], [0.6, — 0.3]]
By [[0.7, 0.8], [0.0, 0.1], [0.1, 0.2],[-0.1, —0.0], [~0.2, —0.1], [-0.8, — 0.7]]

G
B, [[0.4,0.6], [0.1,0.3], [0.2, 0.4],[-0.3, —0.1], [-0.4, —0.2], [-0.6, — 0.4]]
B, [[0.6,0.7], [0.1,0.2], [0.2, 0.3],[~0.2, —0.1], [~0.3, —0.2], [-0.7, — 0.6]]
Bs [[0.5, 0.6], [0.2, 0.3], [0.3, 0.4],[-0.3, —0.2], [-0.4, —0.3], [~0.6, — 0.5]]
By [[0.6,0.7], [0.1,0.2], [0.1, 0.3],[-0.2 — 0.1], [-0.3, —0.1], [-0.7, — 0.6]]

G
B, [[0.7,0.9], [0.2, 0.3], [0.4, 0.5],[-0.3, —0.2], [-0.5, —0.4], [-0.9, — 0.7]]
B, [[0.3,0.6], [0.3,0.5], [0.8, 0.9],[~0.5, —0.3], [~0.9, —0.8], [~0.6, — 0.3]]
Bs [[04, 0.5], [0.2, 0.4], [0.7, 0.9],[-0.4, —0.2], [-0.9, —0.7], [~0.5, — 0.4]]
By [[0.6,0.7], [0.3, 0.4], [0.8, 0.9],[-0.4, —0.3], [-0.9, —0.8], [-0.7, — 0.6]]

From the matrix [g;],, 5, we determine the positive ideal interval bipolar neutrosophic solution
(9%) by using Equation (6) as follows:

q* = <[0.7,0.8],[0.0,0.1], [0.1, 0.2], [-0.3, —0.2], [-0.2, —0.1], [-0.5, —0.3]>;
<[0.6,0.7], [0.1,0.2], [0.1, 0.3], [-0.3, —0.2], [-0.3, —0.1], [-0.6, —0.4]>;
<[0.3,0.5], [0.3, 0.5], [0.8, 0.9], [-0.3, —0.2], [~0.9, —0.8], [-0.9, —0.7]>.

The weighted cross entropy between an alternative B;, i =1, 2, ... , m, and the ideal alternative ¢*
can be obtained as given below:

C[B(Bl, q*)w = 0.0606, C[B(Bz, b]*)w = 0.0286, C]B(Bg,, q*)w = 0.0426, C[B(B4, q*)w =0.0423.

On the basis of the weighted cross entropy measure Cip(B;, §*)w, the order of the four alternatives
is By < By < B3 < By; therefore, B, is the best choice.

Next, the comparison of the results obtained from different methods is presented in Table 2 where
the weight vector of the attribute is given by w = (w1, wy, w3) = (0.35, 0.25, 0.4). We observe that B; is the
best option obtained using the proposed method and By is the best option obtained using the method
of Mahmood et al. [91]. The reason for this may be that we use the interval bipolar neutrosophic
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cross entropy method whereas Mahmood et al. [91] derived the most desirable alternative based on a
weighted arithmetic average operator in an interval bipolar neutrosophic setting.

Table 2. The results of the investment problem obtained from different methods.

Methods Ranking Results Best Option
The proposed weighted cross entropy measure By < By < B3 < By B,
Mahmood et al.’s strategy [91] B, < B3 < By < By By

7. Conclusions

In this paper we defined cross entropy and weighted cross entropy measures for bipolar
neutrosophic sets and proved their basic properties. We also extended the proposed concept to
the interval bipolar neutrosophic environment and proved its basic properties. The proposed cross
entropy measures were then employed to develop two new multi-attribute decision-making strategies.
Two illustrative numerical examples were solved and comparisons with existing strategies were
provided to demonstrate the feasibility, applicability, and efficiency of the proposed strategies. We hope
that the proposed cross entropy measures can be effective in dealing with group decision-making,
data analysis, medical diagnosis, selection of a suitable company to build power plants [94], teacher
selection [95], quality brick selection [96], weaver selection [97,98], etc. In future, the cross entropy
measures can be extended to other neutrosophic hybrid environments, such as bipolar neutrosophic
soft expert sets, bipolar neutrosophic refined sets, etc.
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Appendix A

Proof of Theorem 2

(1) From the inequality stated in Theorem 1, we can easily obtain Cg(M, N),, = 0
(2) Cp(M, N)p = 0if, and only if, M = N, i.e., Ty;(x;) = To (x;), Li;(xi) = L (x;), Fyy(xi) = E5 (%),
Top(xi) = Ty (xi), Ly (xi) = Iy (xi), Fpp(xi) = By (x;) Vx e UL
[ ) (\T& w):v’rﬁ (=) ]ﬂ ) o ) (xm;m @), ]
e o) (e TR eferrie (e e
n \ - +\ z - 2
3) Cg(M,N)y=> w; ‘ | / . -
G) Ca4N) El o R T >)(\(—TM<xz>)+(—TN<Xf>J [ty <>)(\(—'Mm)):\(—'mw))+
Ot e ) (\m iy ) 3 ) (\ ~Fua )+ (- m))
_\/ ”M(* (T* )+\ )+ N(x i () ( Vi () *\f+ ) 1
(=1 () <\1 I () +1-15 (» R ) ) )+
n 2
= w; I f — f — [ —
El ) e) (\(TN<X,>>+\<TM<Xf>>)+ N G - <\<IN ('*i)>+\<lm("f)>>+
2 2 2 2
\/ (113 () + (1413 (31)) (w"lﬂw <Xf)+\1+fm<xx>) — (kg i)+ (x)) (x(—%@»%ﬂ—m(a)))
7 - 7 + 7 - 7

= Cp(N, M)p.
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4)  Cp(ME, Ny =
G G (VA Vi G | (i o)+ (i ) [y (=t 0) #4115 G
\ 2 i \ 7 - 2 +
\;“‘1—(1—11&(xi))z—l—(l—llj]’(x,)) ~ \1—(1_1@( )+\§1—(1—IN( ))) \TM(XIHT ( )_(N (%) /T ( ))
" |
El [l eorrg @) () (Crr 60) ) | =g e) = (Cmig ) (= (1=t )+ = (=15 69)
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2 - 2 +Y\ 2 - 2
,\/TJ(«HR @ _ (Vo) [Eesfe Vi o/ (m)+ 7
) (=l @)+ (- @) (v'HJ )11 (a)) . ¢ afotaf e (xn’m* ) +/RF <x.>> .
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2 - 2 + 2 - 2
= CB(MCr Nc)w g
Appendix B

Proof of Theorem 4

(1) Obviously, we can easily get Cjg(R, S)p = 0

(2) If Cip(R, S)w = 0 then R = S, and if infT} (x;) = infTq (x;), supTq (x;) = supT;' (x;), infI (x;

infIJ (x;), supIf (x;) = suplg (x;), infFg (x;) =

infFg (x;), supFy (x;) = supFg (x;) V x € U, then we obtain Cj(R, S), =0

\,r'mir,j' (x)+ \,"me5+ (x)
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\ <17mfl,z+ (x )) + (1—|an5+ (i ))

7
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2 V 2
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NI—=

it

3)  CBR, S)w w;
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\ >
(\ —suply (% ) —suply (x )))+\(1+muk(r,))+
l

7
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This completes the proof. O
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