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Abstract: As a natural extension of the fuzzy variable, a bifuzzy variable is defined as a mapping
from a credibility space to the collection of fuzzy variables, which is an appropriate tool to model the
two-fold fuzzy phenomena. In order to enrich its theoretical foundation, this paper explores some
important measures for regular bifuzzy variables, the most commonly used type of bifuzzy variables.
Firstly, we introduce the regular bifuzzy variables’ mean chance measure and some properties,
including self-duality and its calculation formulas. Furthermore, we also investigate the mean chance
distribution for strictly monotone functions of regular bifuzzy variables based on the proposed
operational law. Finally, we present the expected value operator as well as equivalent analytical
formulas of the expected value of regular bifuzzy variables and their strictly monotone functions.

Keywords: bifuzzy variable; mean chance; expected value; operational law; monotone function

1. Introduction

Since the fuzzy set theory was proposed by Zadeh [1], it has been widely adopted in
a variety of academic research and real-world applications to deal with the imprecision
implied in judgments, expertise, and linguistic descriptions. As this kind of research
was explored in depth, scholars realized that the information of the fuzzy set cannot be
accurately obtained in many cases. As a result, they paid close attention to the extensions
on the fuzzy set. On the one hand, the incomplete information on the degree of membership
attracted attention from scholars, and some well-accepted tools were developed to handle
this type of fuzziness, such as the type 2 fuzzy set by Zadeh [2] in 1975, the twofold fuzzy
set by Dubois and Prade [3] in 1983, and the intuitionistic fuzzy set by Atanassov [4]
in 1986. On the other hand, the scenario with imprecise information on objects of the
universal has also received attention. In 2002, Liu [5] initially put forward a new concept,
the bifuzzy variable, as a function from a possibility space to the fuzzy variables set;
moreover, some important attributes were also defined. As a continuation of [5], Zhou and
Liu [6,7] investigated some mathematical properties of this kind of variable, such as chance
distribution and expected value operator. Afterwards, Qin and Li [8] gave and proved a
sufficient and necessary condition for the chance distribution of the bifuzzy variable.

In addition to theoretical studies, scholars have also considered their research under
the bifuzzy environment because such complex uncertainty has extensively existed in
practical problems. Xu and Yan [9] developed a multi-objective integer model under the
bifuzzy environment to handle a vendor selection problem for material supply in large-scale
water conservancy and hydro-power construction projects. Both Chakraborty et al. [10]
and Bera et al. [11] investigated the multi-product production-inventory models with
bifuzzy parameters. Deng and Qiu [12,13] proposed the bifuzzy discrete event systems
and established the supervisory control theories on this type of system under different
observation levels successively. Taib et al. [14] formulated a group decision-making model
on the basis of conflicting bifuzzy sets and applied it in flood control projects. Shi et al. [15]
introduced a novel bifuzzy scheduling model, in order to deal with two-fold uncertainties
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existed in re-manufacturing. These studies illustrate the wide presence of the bifuzzy
phenomenon in real-world applications.

However, due to the insufficient mathematical properties of the bifuzzy variable, its
development and popularization have been constrained. Hence, in this research, we pay
particular attention to the regular bifuzzy variables and investigate their mean chance and
expected value. The main contributions are as follows. On the one hand, we not only study
the mean chance measure of regular bifuzzy variables but also propose the operational
law for formulating the mean chance distribution of strictly monotone functions of regular
bifuzzy variables. On the other hand, we give theorems and equivalent analytical formulas
to explicitly and directly compute the expected value of regular bifuzzy variables and their
strictly monotone functions.

The rest of this paper is organized as follows. Section 2 recalls some fundamental
concepts of fuzzy and bifuzzy variables and defines the concept of regular bifuzzy variables.
Section 3 presents the mean chance measure and discusses its self-duality. In this section,
we also propose the operational law for the strictly monotone function of regular bifuzzy
variables. In Section 4, the calculations of the expected value of regular bifuzzy variables
and their strictly monotone functions are given. The main findings are summarized in
Section 5.

2. Fundamental Concepts

In order to measure the regular bifuzzy events, we state some important preliminaries
and definitions about fuzzy and bifuzzy variables in the following.

2.1. Fuzzy Variables

To begin with, based upon the possibility theory, the credibility space introduced by
Liu [16] is reviewed here.

Definition 1. (Liu [16]) Suppose that © symbolizes a nonempty set, P(®) stands for the power
set of ©, and Cr represents the credibility measure, such that Cr{@} = 0, and Cr{©®} = 1. Then,
the triplet (®, P(©), Cr) is called a credibility space.

Definition 2. (Liu [16]) Suppose that the triplet (®,P(©),Cr) represents a credibility space.
Then, a fuzzy variable T can be regarded as a function from this space to the set of real numbers.

Definition 3. (Zadeh [1,17] and Liu and Liu [18]) Suppose that T is a fuzzy variable. If the
membership function of T is given as piz, then, to mathematically describe the fuzzy event {T € B},
where B is referred to any Borel set of R, the possibility, necessity, and credibility measures can be
written, respectively, as

Pos{T € B} = sup,ppz(x),
Nec{? € B} =1 —sup,ppiz(x), 1
Cr{7 € B} = (Pos{T € B} +1 — Nec{T € B})/2.

Definition 4. (Liu [19]) Suppose that T is a fuzzy variable. Then, the credibility distribution of T
is defined as
Ye(y) =Cr{ c@®|T(0) <y}, VyeR )

Meanwhile, since the LR-type fuzzy number was initially proposed by Dubios and
Prade [20], it has been adopted to various practical programmings. Subsequently, based on
this special fuzzy number, the following definitions are presented.

Definition 5. (Dubios and Prade [20,21]) Suppose that two shape functions are described as L(-)
and R(-). If L(-) (and R(+)) is a function that satisfies

(i) L(0)=1;
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(i) L(x) <1, Vx>0
(iii) L(x) >0, Vx <1;
(iiii) L(1) = 0or [L(x) > 0,Vx and L(4o0) = 0];
(iiiii) L(x) is nonincreasing on [0, +00)
and the fuzzy number T has the following membership function
L<b7x>, ifx <b
®)

_b>, if x > b,

where b is called the peak of T with yz(b) = 1, and 1 and v are called the left and right spreads with
t > 0and v > 0, respectively, then T is said to be an LR-type fuzzy number. Symbolically, T is
written as (b, 1, V)R-

Example 1. If a triangular fuzzy number T is described as T (a1, a, az) with real numbers a; <
ay < az, and the shape functions satisfy that L(x) = R(x) = max{0, 1 — x}, then the membership
function of T is presented as

X—a .
1 , fap<x<ap
az —ag
_ ) az—x .
pe(x) =0 B0 i < x<ag 4)
asz — ap
0, otherwise.

Example 2. If an exponential fuzzy number T is described as € (m, p, p) with real number p > 0,
and the shape functions satisfy L(x) = R(x) = e*, then the membership function of T is
presented as

m—-x

e 7, ifx<m
pe(x) = ®)

e 1, ifx>m.

Theorem 1. (Zhou et al. [22]) Suppose that T is an LR-type fuzzy variable. If the credibility
distribution of T is not only strictly increasing but continuous on its support, then T is called a
reqular LR fuzzy variable.

In the rest of this paper, for convenience, the triplet (b,1,v)Lr, whose elements are
defined in Definition 5, refers to a regular LR fuzzy variable T. Generally, if T has the same
shape functions (i.e., L(-) = R(-)) and same left and right spreads (i.e., t = v), we may call
it symmetric, which is a well-used type applied in mathematical formulations of fuzzy
programmings.

Remark 1. Clearly, for Example 1, the credibility distribution of T can be deduced via its member-
ship function according to Zhou et al. [22]. Thus, following from Definition 4 and the decreasing
shape functions L(-) and R(-), the corresponding continuous and strictly increasing credibility
distribution is obtained. Analogously, the same conclusions can be drawn for Example 2. Thus,
these two LR-type fuzzy variables are obviously reqular.

The credibility distributions and their inverse functions, named inverse credibility
distributions, of the triangular fuzzy number and the exponential fuzzy variable are
developed in Examples 3 and 4.
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Example 3. If a triangular fuzzy number T is described by T (ay,ay,a3), then its credibility
distribution Y £ and inverse credibility distribution Y%l are given as

0, ify <m
0.5%, ifa; <y <ap
Yz(y) = 2 ®)
1—0.537y, ifay <y <aj3
az — dap
1, ify > as,

and
a1+ 2B(ay — a1), if0< <05
Yz'(B) = )
(2—2B)ay + (2 —1)az, f05<B <1

Example 4. If an exponential fuzzy number T is described by £(m, p,p), then its credibility
distribution Y £ and inverse credibility distribution Y%l are given as

m—

05¢ 7, ify <m
Yz(y) = ®8)

y—m

1-05e 7, ify>m,

and
m+ pln(2p), if0<p <05
YZH(B) = ©)

m—pln(2—-2p), if05<p<1.

Apparently, note that for the triangular fuzzy number defined in Example 3, when
ap = 0.5(a; + az), it is said to be symmetric. Meanwhile, by virtue of the parametric form
of an exponential fuzzy number, the variable defined in Example 4 is also absolutely a
symmetric regular LR fuzzy variable.

2.2. Bifuzzy Variables

In addition, several definitions of extension of the fuzzy variable have been proposed
aiming at describing the two-fold uncertain phenomena, such as the bifuzzy variable, type-
2 fuzzy variable, intuitionistic fuzzy variable, etc. In this paper, the concept of the bifuzzy
variable introduced by Liu [6] is adopted for further study, which is shown as follows.

Definition 6. (Liu [19]) Suppose that the triplet (®, P(©), Cr) represents a credibility space. Then,
a bifuzzy variable & can be regarded as a function from this space to the collection of fuzzy variables.

Remark 2. Generally speaking, we may view K as a fuzzy variable & defined on the universal
collection of fuzzy variables. For the sake of convenience, & is called a primary fuzzy number, and
for each 6 € ©, k(0) is called a secondary fuzzy number. Therefore, the set of all secondary fuzzy
numbers is exactly the above universal collection.
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Example 5. If %; is a fuzzy variable and v; is a real-valued number in [0,1],i =1,2,--- ,m and
v V1 V-V vy =1, then the function

T1, with possibility v;

Ty, with possibility v,

A
I

(10)

Tm, with possibility vy,
is obviously a bifuzzy variable according to Definition 6.

Example 6. If a variable & is given as T (& — 1, &, & + v), where & represents a triangular fuzzy
number, denoted as T (a1, az, a3), then K is also a bifuzzy variable. For example, if we take 1 = v = 1
(e, ®=T([&—1,%&+1))anda; = 1,a, = 2,a3 = 3 (i.e., & = T(1,2,3)), then the interval
[0,4] is absolutely the domain of k. Furthermore, the sketch map of the bifuzzy variable X is
depicted in Figure 1, where the membership function of the primary fuzzy number is described
by the blue line, and the membership functions of secondary fuzzy numbers are shown on the
three-dimensional graph.

0.9
0.8
0.7 —
0.6 —
i 05—

04 -

:M embership function i

i 03—

.

0.2 —

0.1 —

Figure 1. The function curve of the bifuzzy variable in Example 6.

Definition 7. (Liu [6]) Suppose that & is a bifuzzy variable. Then, for any x € R, the primitive
chance of the bifuzzy event that K takes a value not larger than x, i.e., {k < x}, is a function from
(0,1] to [0, 1], defined as

Ch{& < x}(a) =sup{p | Cr{6 € © | Cr{R(F) < x} > B} > a}. (11)

Definition 8. (Liu [19]) Suppose that & is a bifuzzy variable. Then, the expected value of & is
defined as

+o0 0
E[f] = /0 Cr{0 € ® | E[f(6)] > x}dx — /700 Cr{6 € © | E[R(0)] < x}dx,  (12)

provided that at least one of the two integrals is finite.

2.3. Regular Bifuzzy Variables

On the foundation of the above definitions, we restrict our attention to the special
type of bifuzzy variable, named the regular bifuzzy variable, and its definition and some
elementary properties are discussed here as follows.
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Definition 9. A regular bifuzzy variable, &, is a regular LR fuzzy variable & defined on the special
set of regular LR fuzzy variables satisfying the following conditions:

(i) the left(and right) shape functions are the same;
(i) the left and right spreads are all denoted by two positive numbers;
(iii) for @ € ©, the peak of () is determined by & ().

Obviously, the bifuzzy variable defined in Example 6 is called regular, and yet, in
Example 5, it is not this type due to the discontinuity of the membership function of its
primary fuzzy number. For simplicity, the general form of a regular bifuzzy variable is
given in the following.

Remark 3. Suppose that & is a regular bifuzzy variable. If 1; > 0 and vy > 0, the general form
of k can be written as K = (&, 11, v1)1,R,, Where & = (b, 15, 02) 1, R, With real numbers 1, > 0 and
vy > 0. That is, the membership function of the primary fuzzy number & is

Lz(b:x>, ifx <b
2

pr(x) = - (13)
R2<x b), if x > b,
V2
and for any 6 € ©, the membership function of the secondary fuzzy number & (6) is
L ('C(G)_x> if x < %(6)
y (14)

M) (X) = Rl(?f—fw)), if x > (6).

Remark 4. Suppose that & is a reqular bifuzzy variable If one of the following two conditions holds:

(i)  foreach 6 € ©, k(0) is a real number instead of a regular LR fuzzy variable;
(ii)  the nonempty set © contains only one singleton;

then a reqular LR fuzzy variable can be taken as a special type of k.

Example 7. In particular, a regqular bifuzzy variable & is said to be triangular if its primary fuzzy
number and secondary fuzzy numbers are both triangular. Roughly speaking, & is a triangular fuzzy
number taking triangular fuzzy values. Therefore, it is not hard to see that the variable defined in
Example 6 is clearly a triangular reqular bifuzzy variable. Analogously, a reqular bifuzzy variable
is said to be exponential if it is an exponential fuzzy number taking exponential fuzzy values.

For the purpose of deriving the arithmetic operations for independent regular bifuzzy
variables, we recall the definition of the monotonicity of functions in the following.

Definition 10. Suppose that a real-valued function is n-ary, described as g(s1,s2,- - - ,5n). If the
function is strictly increasing with reference to sq,y, - - - , st and strictly decreasing with reference
t0 S¢11,S142, - -+, Sn, then it is called strictly monotone. That is, the following conditions should be
satisfied simultaneously:

(i) Foralld; >0,i=1,2,--- ,n, we have

g(s1,52, -+ ,sn) < g(s1+ 01, , 8+ 08141 — 41, ,Sn — On);
(ii)) Foralld; >0,i=1,2,--- ,n, we have

Q(s1,82, -+ ,5n) < g(s1+61,-+,5t 4+, St41 — O¢1, -+ ,Sn — On)-

Example 8. Some strictly monotone functions are given as examples:
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(i) g(s1,52,---,sn) =s1+S2+ -+ — 541 —Spp2— - —Sp;
81 X Sp X =+ X St

(i)  g(s1,52,- - ,5n) = .
Stp1 X Spqpp X+ -+ X Sy

Remark 5. Suppose that &; is a regqular bifuzzy variable, fori =1,2,- - ,n. If K1,%o, - - -, &n are
independent and the function g(s1,52, - - -, Sn) is strictly monotone with reference to s1,3,- - - , Sn,
then g(Ry, o, - -+ ,Kn) is clearly a regular bifuzzy variable.

3. Mean Chance Measure

In this section, the concept of mean chance measure of regular bifuzzy variables is
presented, and some elementary properties are proved. In addition, the analysis formulas
are discussed below. After that, the operational law for the measurability of the strictly
monotone function of the regular bifuzzy variables is discussed, which will have extensive
applications in solving the uncertain programmings, such as dependent-chance program-
ming and chance-constrained programming, without simulation. In other words, using
the operational law, the bifuzzy optimization problems, which consist of strictly monotone
functions and regular bifuzzy variables, can be converted to their corresponding crisp
equivalent programmings and then solved with well-developed software.

3.1. Mean Chance Distribution

In order to construct the chance of the occurrence of bifuzzy events, various definitions
of the primitive chance have been suggested in Liu [19], including Pos-Pos, Nec-Nec, and
Cr-Cr, etc. However, by referring to Liu and Liu [23], none of them are scalar values, not to
mention self-dual, and so they are not suitable measures in terms of some mathematical
properties, which may lead to counter-intuitive results in practice. Therefore, in light of the
concept of the mean chance in [23], for a regular bifuzzy variable, we initialize its mean
chance distribution through the Riemann integral as follows.

Definition 11. Suppose that & is a reqular bifuzzy variable. Then, it has the mean chance distribution
1
ChM{F < x} = / Cr{0 € @ | Cr{f(6) < x} = p}dp, Vx €R. (15)
0

For simplicity, we could denote it as ¥z : R — [0, 1].

According to Equation (15) and the characteristics of credibility measure, we could
easily obtain the conclusion that the mean chance distribution is non-decreasing with
respect to x. Specifically, ¥z (—oc0) = 0 and ¥z (+o0) = 1. Following this, in order to prove
the properties of the mean chance measure of bifuzzy variables, its self-duality should be
firstly established.

Theorem 2. (Self-duality) Suppose that X is a reqular bifuzzy variable. Then, for any x € R,
we have
ChM{% < x} =1 - ChM{% > x}. (16)

That is, the mean chance measure is self-dual.

Proof of Theorem 2. It is noteworthy that the self-duality of the credibility measure has
been proven by Liu and Liu [18], i.e.,, Cr{T > x} = 1 — Cr{T < x}, where 7 is a fuzzy
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variable and x is a real number. Based on this, it follows from the definition of the mean
chance measure that

ChM{R > x} = /01 Cr{6 € © | Cr{&(0) > x} > r}dr
- /01 Cr{6 € ® | Cr{R(6) < x} <1—r}dr
_ /01 [1 —Cr{f €@ | Cr{R(0) <x} >1 —r}}dr
=1 ['cr{o c@ | CrE(0) < x) > p)a(1—p)
=1- /01 Cr{6 € © | Cr{x(0) < x} > p}dp
=1—-ChM{R < x}.
Thus, this theorem is naturally verified. [J

Theorem 3. Suppose that & is a regular bifuzzy variable. If the credibility distribution of the
primary fuzzy number & of X is described as Y, then the mean chance of {k < x} is calculated by

ChM{F < x) = [ Ce[E < xhavz(y), (17)

where ¢ is a secondary fuzzy number of K, expressed as (y,1,v) g, with respect to y.

Proof of Theorem 3. Following from Definition 9, it is obvious that ¥(6) is a regular LR
fuzzy number for a determined 6. Consequently, if x is a real number, then Cr{#(-) < x}
is a measurable function of 6. In fact, through Equation (15), the mean chance of the
occurrence of the bifuzzy event {f < x} could be regarded as the expectation of the fuzzy
variable Cr{%(-) < x}. In other words, Ch™{% < x} = E[Cr{&(-) < x}]. Then, we have
1
ChM{Z < x} = /0 Cr{6 € © | Cr{7(8) < x} > p}dp

= E[Cr{&() < x}]
_ /@ Cr{7(6) < x}Cr(d6)
_ /f: Cr{ < x}dYz(y),

where ¢ is called the secondary fuzzy number for any real number y. This is simply
Equation (17). O

Theorem 4. Suppose that & is a reqular bifuzzy variable. If the inverse credibility distribution
of the primary fuzzy number & of k is described as Y%l, then the equivalent representation of

ChM{% < x}is
1
ChM{F < x} = /0 Cr{Z < x}dB, (18)

where { is a secondary fuzzy number of K, expressed as (Y;%1 (B), 1, v) LR, with respect to .

Proof of Theorem 4. Following from Theorem 3, substitute Y (y) with 8, and soy = Y;%l (B).
Taking into account Equation (17), this theorem is naturally verified. [

In the subsequent content, by taking advantage of the simple form of the credibility
distribution of the symmetric regular LR fuzzy variable, the following two kinds of regular
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bifuzzy variables are adopted as examples to illustrate how to calculate their correspond-
ing mean chance distributions. For simplicity, we only show the detailed processes of
Theorem 4, and similar results can be obtained by Theorem 3.

Example 9. Assume that & is a triangular reqular bifuzzy variable, given as T (& — 1,%,& + 1)
with & = T (1,2,3). Then, the inverse credibility distribution of & can be derived as Y}%l (B) =26+
1 according to Equation (7). Subsequently, for any p € (0,1), the triplet T (28,2 +1,2p +2)
represents a secondary fuzzy number of X, and so using Equation (6), the measurable function

Cr{l < x}is

0, ifx <28
P ) x—=2B .
Cr{f <x} = 5, if2p<x<2p+2 (19)
1, if x > 26 +2.

Based on that, by Theorem 4, the triangular regular bifuzzy variable & has the mean chance distribution

1
/Odﬁ, ifx <0
0
Px—2
/szﬁd/s, if0<x<2
S e 1 x2p
e x—2 .
/O g [, F5dp, if2<a<s
1
/1d/3, ifx >4
0 (20)
0, ifx <0
%x% ifo0<x<2
_ L
x—l—gx, if2<x<4
1, if x >4,

which is depicted in Figure 2a.
Example 10. Assume that X is an exponential reqular bifuzzy variable, given as £(&,1,1), where

& = £(0,1,1). According to Equation (9), the inverse credibility distribution of & is

{m(zﬁ), if0< B <05 o

—In(2—2B), if05<p<1.
Subsequently, for B € (0,0.5), by using Equation (8), the measurable function Cr{{ < x} is

%e’“ln(zﬁ), if x <1n(2B)
Cr{{<x}= (22)
1- %eln(zﬁ)_)‘, if x > In(2p),
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ChM{R < x}

and for B € (0.5,1),

L getin2—2p), if x < —In(2 —2B)
Cr{l <x} = (23)
1— %e—ln(z—zﬁ)—", if x > —In(2 —2B).

Then, the computing result of the mean chance distribution of the exponential reqular bifuzzy

variable & is

1,x
Le 05 | 1
Ad +/ ZerIn2h)g +/ BdB,
./0 P Jex 2° P 0.5 p

ifx <0

0.5 1—fe™* (22

/ Adﬁ+/ (1--e 244 [ Bdp,

0 0. 1-Le (24)
ifx >0

X X

% _ %, ifx <0

—x —x
1—“”7—9‘64 ifx >0,

where A and B represent the functions 1 — %eln (28)=x and %e"*ln (2-2P), respectively. Afterwards,
this distribution is shown in Figure 2b.

(a)Triangular regular bifuzzy variable

09
0.8 -
0.7
0.6
9205’
0.4 -
03
0.2

0.1

(b)Exponential regular bifuzzy variable

Figure 2. The mean chance distributions of £in Examples 9 and 10.

3.2. Operational Law

In particular, to provide arithmetic operations for analytically and explicitly calcu-

lating the mean chance distribution of the strictly monotone and continuous function of
independent regular bifuzzy variables, we first review the operational law for regular LR
fuzzy numbers introduced by Zhou et al. [22], which is documented as follows.

Theorem 5. (Zhou et al. [22]) Suppose that T; is a regular LR fuzzy variable with the inverse
credibility distribution Y,gl,fori =1,2,--- ,nIft1, T, - -, Ty are independent, and the function

1
Q(s1,82, -+ ,sn) is strictly increasing with reference to s1, sz, - - - , st and strictly decreasing with
reference to Syi1,Si4+2,- -+ ,Sn, then denote T = g(T1,Ta,- -+ ,Tn), and the inverse credibility
distribution of T is

LYZBLYE (1= B) - Y (- ), (25)
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Next, based on the special type function with the characteristics of strictly monotone
and continuous, the useful arithmetic operations for regular bifuzzy variables on the basis
of Theorem 5 will be presented in the following.

Theorem 6. (Operational law) Suppose that X; is a reqular bifuzzy variable and the primary fuzzy
number &; of k; has the inverse credibility distribution Y}%l,fori =1,2,--- ,n Ifky, %o, - ,Knare
independent, and the function ¢(s1,52,- - -, Sn) is strictly increasing with reference to s1,5p, -+ - , St
and strictly decreasing with reference to syy1,8142,"++ ,Sn, then g(R1, %2, - -+ ,&y), denoted as &,
has the mean chance distribution

1 . s -
ChM{g(f1 R R) <3} = [ Crlg(@ oo o) Sx}dp, VxER, (6)
where {; is a secondary fuzzy number of K;, expressed as

3 (Y1 (B), i, vi) LiR,s P12t

Gi= :1 , (27)
Yz (1 =B),ti,vi)r,y i=t+1,t+2,--,n,

with respect to p.

Proof of Theorem 6. At first, it is obvious that the primary fuzzy number of & can be
written as & = g(&q,%,--- ,&y), and on account of Theorem 5, its inverse credibility
distribution could be formulated by

Y (B) =Yz (B, Y& (B, Yz! (1=P), - Y (1—p)).

" TR
Subsequently, following from Theorems 4, this theorem is naturally verified. O

Theoretically, it is not easy to obtain the measurable function, i.e.,, Cr{g(Z;, %y, -+ ,Z,) < x},
directly in Equation (26). Thus, considering the relationship between the credibility dis-
tribution and the inverse credibility distribution of a regular LR fuzzy number, we can
further derive the equivalent form of the above theorem via an inverse operation.

Theorem 7. Suppose that &; is a regular bifuzzy variable and the primary fuzzy number &; of X;

has the inverse credibility distribution Y%'l, fori=1,2,-- ,n.If&ky,Ka, -+ , K are independent,
1

and the function g(s1,Sp, - - - ,sn) is strictly increasing with reference to s1,sy, - - - , st and strictly

decreasing with reference to s;1 1,542, -+ ,5n, then for any x € R, we have

1 s s -

ChM{g(Fr,Ra, - ) < xh = [ F(3(C oo Ga))B )

where F(g (5 1s 52, cee, én)) is the solution « of the equation that the inverse credibility distribution
ofg(01,Cp, -+ ,C,) is equal to x, i.e.,

-1 ...oyzl -1 —a) o Yzi(1 = —
0 gy (ma) X ma) = )

and (; is a secondary fuzzy number of k;, expressed as

(Y%il (:B)/ Lis Ui)LiRir i=12---,t
G = (30)

(Y,%,l(l —B) L, V)R, P=t+1,t+2,---,n,

with respect to P.

Proof of Theorem 7. It follows from Theorem 6 that this case is valid if and only if for
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any real number B, the equation F(g({1,ls, - ,,)) = Cr{g(1, &5, -+, {,) < x} holds.
In fact, since~ the fuzzy variables zj 1 zj 2 zj , are regular LR, on account of Theorem 5,
if we write { = ¢({y,,,- -+ ,{,), then { is a regular LR fuzzy variable with the inverse

credibility distribution

1 —«),--, Yz (1 —a)).
gt( )Y t+1(1 ), ,an(l ))

Meanwhile, we know that the credibility distribution of { can be described as Y z(x) =

Cr{g(l1,C5 -+ ,C,) < x}, and so the root value a obtained in Equation (29) is exactly
equal to Yz(x) for any real number x. That is, this theorem is naturally verified. [

Remark 6. Note that for any B € (0, 1), the inverse credibility distributions of the regular LR fuzzy
variables {y,(,, - - ,, are determined, respectively. Thus, the function g(Y z Yw), C Lw),
1 t

YU (1—a), -, Y; (1 — «)) is strictly monotone and continuous with regard to &, and so we

could simulate the vale of the root in Equation (29) through the golden section or bisection method.

Example 11. Assume that &1 and &, are two triangular reqular bifuzzy variables, e.g., &1 =
TRy —1,%,% + 1) with®y = T(1,2,3)and k3 = T (R — 1, %2, &2 + 1) with & = T (3,4,5).
The inverse credibility distributions of the primary fuzzy numbers of k1 and K, are described as
2B+ 1and 2B + 3, respectively. If the function g1 (s1,s2) = s1 — sp, then we denote & = g1 (%1, %2).
Forany B € (0,1), we have {; = T (28,2 + 1,28 +2) and {, = T (4 —2B,5—2B,6 — 2p).
Consequently, the triplet T (4B — 6,48 — 4,4 — 2) represents a secondary fuzzy number of & with
respect to B. Then,

0, if x <4B—6
Cr{g1(¢1,0) < x} = 6+x4 W ifap—6<x<4p—2 (31)
1, if x > 48 — 2,

and so by means of Theorem 6, it can be concluded that

1
/Odﬁ, ifx < —6
x+6
/ 6” 6 x—4p 4 if —6<x< -2
ChM{g (R, %) < x} = OH 6 A
/41dﬁ+/ ” 0+ =445 if—n<x<2
0 +2
/1dﬁ, ifx>2
0 (32)
0, ifx < —6
(x+6) _
_ < _
_ o if —6<x< -2
x (x=2)(x+6) 1
T T <
1 o —1—2, if —2<x<2
1, if x > 2,

which is depicted in Figure 3a.
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Example 12. Assume that &1 and &y are two triangular reqular bifuzzy variables, e.g., K1 =
T(k] —1,%,%1 + 1) with &) = 7(1,2,3) and &y = T(kz —1,%, %y + 1) with &y = T(3,4,5).
Set the function ¢»(s1,82) = s1/sp and denote & = go(R1,%2). Obuviously, since &y is non-
negative and Ky is positive, it follows from Theorem 7 that for any B € (0,1), the inverse credibility

distribution of g»(C,(,) can be deduced as 63@;3’2 . and according to Equation (29), the root value
« is equal to 3x;_ﬁi—ﬁ . Thus, we have
. 2B
<
0, ifx < 6= 25
I Bx—xp—p .. 2B 26+2
<x}= f <
Cr{g2(€1/€2) _X} 14 x s 1 6_2‘8 <xs 4_2ﬁ (33)
. 28+2
1 f
, x> 1_ 2,8'
and so the mean chance distribution of & is formulated as
1
/ 0d, ifx <0
0
3x
/1” Wdﬁ, if0 < x <05
ChM{g(fr, %o) <x} =47, | v xpop
1 X —Xp—
/O 10+ [, S b 05 <x <2
1
/ 14, if x> 2
Jo (34)
0, ifx <0
9x2
— if <0.
_ 2(x+1)2' if0<x <05
12x +3 3 .
- =, if0. <2
21 x4l T H0S=ES
1, ifx>2,
which is depicted in Figure 3D.
(a)ﬁl — 7%2 (b)ﬁl/ﬁz

Figure 3. The mean chance distributions of & in Examples 11 and 12.

Thus far, we have illustrated how to obtain the mean chance distribution via the
credibility distributions and inverse credibility distributions of the primary and secondary
fuzzy numbers. Apparently, this important aspect can be utilized to assist decision makers
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to adopt effective decisions in practical problems, e.g., the confidence level that the total
cost is less than the budget.

4. Expected Value Operator

Usually, as one of the fundamental measures for uncertain events, the expected value
has been given great attention by researchers, such as Dubois and Prade [24], Heilpern [25],
Liu and Liu [18], etc. It should be mentioned that the first two are both defined on the
basis of possibility measure, which has been proven not to satisfy the self-duality. Thus,
in light of the work by Liu and Liu [18] and the self-duality of the mean chance measure
demonstrated above, the expected value operator of a regular bifuzzy variable &, defined
by Choquet integrals, is given in this paper.

Theorem 8. Suppose that  is a reqular bifuzzy variable, and Ch™ is the mean chance measure.
Then, the expected value of the variable &, E[K], can be stated as

- Foo - 0 -
E[f] = / ChM{# > x}dx —/ ChM{7 < x}dx, (35)
0 —0o0
where integrals are defined in case either of the two takes a finite value.

Proof of Theorem 8. Following from Definition 8 and Theorem 3, we have
Lt . 0 .
E[k]:/ cr{6 € © | E[7(6) zx}dx—/ Cr{6 € © | E[7(9)] < x}dx

0

— / )|Cr(d6)

0

- / / Cr{#(6) > x}dx — / Cr{#(6) < x}dx] Cr(d6)
o0 0

- / / Cr{#(6) > x}Cr(d)dx — / / Cr{7(6) < x}Cr(dg)dx
0 (€] —o00 JO

+o00 0
- / ChM{% > x}dx —/ ChM{% < x}dx.
0 —00

That is, this theorem is naturally verified. O

Theorem 9. Suppose that & is a regular bifuzzy variable. Then, it has the expected value

E[f] = /+°° xd¥ & (), (36)

J —00

where ¥ & represents the mean chance distribution of K.

Proof of Theorem 9. According to Equation (15), it is known that the mean chance distri-

bution ¥ (x) is strictly increasing and continuous, and so denote ¥ = = [ d¥=(y)

and1—Yz ( ) In Ay ~(y), respectively. Following from Theorem 8 1f we set ChM {K >
x} =1—¥=(x), thenan equlvalent formula of Equation (35) is developed as
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which is the commonly used form to calculate the expected value in uncertainty theory.
Thus, Equation (36) is naturally obtained. [

Theorem 10. Suppose that & is a regular bifuzzy variable. If the mean chance distribution of & is
described as ¥z, and its inverse function is denoted as ‘Y}%l, then & has the expected value

E[f] = /O1 v (p)dp. (37)

Proof of Theorem 10. Following from Theorem 9, through the change of variables of the
integral, set = ¥=(x), and so x = ‘I’}%l (B). Then, we have

Thus, Equation (37) is naturally obtained. [

Thus far, two methodologies have been introduced to mathematically formulate
the expected value of the regular bifuzzy variable on the foundation of its mean chance
distribution. However, it seems somewhat complicated to calculate the expectation using
the above methods. Alternatively, in this regard, the following equivalent analytical
formulas are proposed to obtain the expected value in a straightforward manner on the
basis of works by Li [26] and Zhou et al. [22].

Theorem 11. Suppose that & is a reqular bifuzzy variable and the primary fuzzy number & of
has the credibility distribution Y. Then, the expected value of k can be calculated by

B = [ [ s mavg(), (39)

where & is a secondary fuzzy number of &, expressed as (y,1,0)Lr, with respect to y, and Y z

¢
represents the credibility distribution of &.

Proof of Theorem 11. According to Theorems 2 and 3, for all x € R, we have ChM{ >
x} =1— [T2Cr{& < x}dYz(y). Then, following from Theorem 8, we have
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E[F] = _/O+°° ChM{7 > x}dx — /0 ChM{7 < x}dx
:/+w[1—/+ Cr{& < x}dYz( }dx—/ / Cr{& < x}dYz(y)dx

0

= [ v - [T [ erfg < xpsava(y
- [ +: /io Cr{& < x}dxdYz(y)
- /;w [/0+°°(1 —Cr{¢ < x})dx — /_0oo Cr{é < x}dx} dY(y)
. /+oo [/0+°° Cr{f > x}dx — /io Cr{f < x}dx] dY(y)
= [ E@avi()
_ /+°° /+°° xdY £ (x)dY(v).
Thus, Equation (38) is naturally obtained. [

Theorem 12. Suppose that & is a reqular bifuzzy variable and the primary fuzzy number & of k
has the inverse credibility distribution Y}%l. Then,

E[f] = / / Y3 (a)dadp, (39)

where { is a secondary fuzzy number of &, expressed as (Y}%l(ﬁ), 1, V)R, with respect to B, and

Ygil represents the inverse credibility distribution of {.

Proof of Theorem 12. Analogously, if we denote ChM{% > x} =1 — fol Cr{{ < x}dB,
then we have

E[f] = /()+°°ChM{;%z x}dx—/_OwChM{;%gx}dx
- /()+00 [1—/01Cr{§~<x}dﬁ}dx—/_ow./OlCr{f<x}dﬁdx
= /1 {/OHOCr{C > x}dx — /_0 Cr{{ < x}dx} dB
- [ e
—/ / Y (a)dadp.

Thus, Equation (39) is naturally obtained. O

By using Theorem 12, for triangular and exponential regular bifuzzy variables, we may
obtain the following conclusions for their expected values. Particularly, for Theorems 9-11,
the same results will be developed.
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Example 13. If % is a triangular reqular bifuzzy variable, ie., & = T (% — 11, &, & + v1) with
& =T (m — 1p,m, m+ vy), then the expectation of X, E[K|, can be deduced as

//Y «)dadp

05 05
:/0 /0 (m+12p—1)+1n(2a—1))dadp

Rn

+/00.5/(:5(m+12(2ﬁ—1)—01(1—2oc))do<dﬁ
+/015/0.5(m—vz(1—2/3)+11(21x—1))d¢xd[3 (40)
/05/ m —vp(1—2p) —v1(1 —2a))dadp

2m—11 —1lp 2m4vi—1ip  2m—i1+ vy 2m4vi+ 0y
8 8 8 8
4m—l1+U1—lz+Uz
4 7

and for Example 9, E[k] = 2.

Example 14. If k is an exponential reqular bifuzzy variable, i.e., & = E(R, p1, p1) with & =
E(m, pa, p2), then its expected value is

E[f] = //Y «)dadp

05 05
= /0 /0 (m + p2In(2B) + p1In(2a))dadp

05 1
+ /0 /O.S(m + poIn(2B) — v1 In(2 — 2a) )dadB
1 0.5 (41)
+ /05/0 (m —vpIn(2 — 2B) + p1 In(2a))dadp
1,1
* /0,5 /0,5(7” —p2In(2—-2B) — p1In(2 — 2a))dadp

_Mm—-pr—pp mtpi—pp M_—pitp MmEpitp
B 4 * 4 * 4 * 4

= m/
and for Example 10, E[k] = 0.

Not surprisingly, the expected value of a strictly monotone function with regular
bifuzzy variables can be deduced via its mean chance distribution. Furthermore, based
on the operational law for regular LR fuzzy variables, a novel formula is constructed for
computing the expected value. Consequently, we could explicitly obtain the expectation
without having to calculate the mean chance distribution.

Theorem 13. Suppose that X; is a regular bifuzzy variable and the przmary fuzzy number &; of K;

has the inverse credibility distribution Y Jfori=1,2,--- ,n. Ifky, Ko, - - -, Ky are independent,
and the function g(s1,8p,- -+ ,Sn) is strzetly increasing with reference to 51,52, -+, s and strictly
decreasing with reference t0 Sy41,S¢12,- -+ ,Sn, then denote ® = g(Ry,®o, - -+, Rn) and the expected

value of & is written as

E[f] = // b XA @Y (1m0 Y (L w))dadp, @2)
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where {; is a secondary fuzzy number of k;, expressed as

(Y%Il(ﬁ)/ li, Ui)LiRi/ i= 1/2/ e /t
= (43)
(Y:l(l—‘B),li,Ui)LiRi, i=t+1,t+2,---,n,

with respect to B.

Proof of Theorem 13. According to Equations (16) and (26), we set chM {g(Ky, o, -+, Kn) >
x}=1-— fol Cr{g(Zy,C5 -+ ,C,) < x}dB. Then, following from Theorem 8, a similar pro-
cess adopted in Theorems 11 and 12 may prove this case.

E[k] = /()+oochM{g(;%1,;z2,... J7) > xbdx — /iOChM{g(’%l'ka“' F) < x)dy

+oo 1 o .

:/0 [1_/0 Cr{g(C1, G-+, Cu) < x}dﬁ} dx

0 o i
—Lm/() Cr{g(C1, 8o+, Cp) < x}dpdx

1 +o00 o . 0 o i

= /0 {/{) Cr{g(§1,§2/. .. /€n> > x}dx— /700 Cr{g(gl,gzl. .. 'én) < x}dx dp
1 > & ~

— | Elg@dn-- E1ap

—/1/1f(y-1(a) Y3 ( ), Y5 (1—a),---, Y3 (1 - a))dadp
N 0 Jo 51 ’ ’ §t+1 ’ ’ gn ‘

Thus, Equation (42) is naturally obtained. [

Remark 7. Suppose that k1,%o, - - - , Ky are independent regular bifuzzy variables. Then,

(i) according to the strictly monotone definition of the function, if g(s1,82,- -+ ,sn) is strictly
increasing with reference to s1,sz, - - -, 54, we have

Elg(Ru e ) = [ [ AV @, Y7 @), Y (@) dadp, (a9

where {; is a secondary fuzzy number of ;, expressed as (\(;%i1 (B), ti, vi) 1R, With respect to

B fori=1,2,---,n

(ii) ifg(s1,52, -+ ,Sn) is strictly decreasing with reference to s1,sp, - - - , Sy, we have

E[g(R1,fo, - 7 / / FOGH -0, Y7 (=), Y3 (1 w)dudp, (45)
2 n
where C; is a secondary fuzzy number of k;, expressed as (Y%_1 (1= B), i, v;i) 1R, with respect
toB,fori=1,2,---,n

Example 15. Assume that &1 and Ky are two independent regular bifuzzy variables, and the inverse
credibility distributions of their primary fuzzy numbers are described as Y * and Y, respectively.
<) it

If we denote the function g1(x1,x2) = x1 — X, following from Theorem 13, the expected value of
81(K1,%2) is

(R, ) / / (1—zx))d¢xdﬁ (46)

For Example 11, we have {; = T (25,28 + 1, 2/3 + 2) and {, = T (4—2B,5—2B,6 —2p)
with respect to B. Therefore, the equations Y z Z Ya) = 2B+ 20 and Ygl(l —a) =6—-2B—2a

can be derived via Equation (7), respectively. Then, the expected value of g1(%q, k) is formulated as
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Elg1(%1, %)) / / (2B +24) — (6 — 28 — 2a))dadp = 2. 47)

Example 16. Assume that k1 and &y are two independent regular bifuzzy variables, and the inverse
credibility distributions of their primary fuzzy numbers are described as Y71 and Y1, respectively.
<) it

Denote the function g»(x1,x) = x1/xp. For x1 > 0and x3 > 0, g2(x1, x2) is strictly increasing
with regard to x and strictly decreasing with regard to x,. Therefore, if X1 is non-negative and &,
is positive, then g5 (K1, K2) has the expected value

Elga (%1, #2) / / T dads (48)

Accordingly, for Example 12, it is obvious that

.. 2B+ 2u -
Elgs(R1, o //6 33 dadh =9In3 ~12In2 1. (49)

Furthermore, the linearity of the expected value operator of independent bifuzzy
variables defined in Liu [6] can be mathematically proved.

Theorem 14. Suppose that k1 and &, are two independent regular bifuzzy variables. If E[&;] and
E[&y], the expected values of &y and %o, are finite, then for any two real numbers m and n, we have

E[m;%l + 1’11:'(‘2} = mE[i%ﬂ + nE[I%z]. (50)

Proof of Theorem 14. We only prove the case m > 0and n < 0. According to Definition 10,
the function m«y + nk; is clearly strictly increasing with regard to £; and strictly decreasing
with regard to 2. Following from Theorem 13, we have

E[mRy + niy] = /01 /01 [ngil(oc) + anl(l - oc)} dadp

= m/ol /01 Yg(zx)docdﬁ + n/ol /01 Yg(l —a)dadp.

Using the substitutions in multiple integrals, the equation

//Y (1—a)dadp = //Y «)dadp,

where {, = (Yg(l —B),12,02)r and {p = (Y;%Z1 (B), 12, v2) LR, holds. Seeing Theorem 12,

that is exactly the expected value of %,. Therefore, we have
E[m;%l + 1’11:'(‘2} = mE[i%ﬂ + HE[I%z],

and similar proof procedures can be utilized to verify the other situations, i.e., m > 0 and
n>0,m<0andn > 0,and m < 0and n < 0. Then, this theorem is naturally verified. [

5. Conclusions

In this paper, we restricted our attention on the special case of bifuzzy variables,
namely regular bifuzzy variables, especially the most frequently used types, e.g., triangular
and exponential regular bifuzzy variables. Two kinds of important measures were investi-
gated in-depth, mean chance and expected value. The major contributions of this research
include the following aspects: (1) the notion of mean chance measure of regular bifuzzy
variables was presented, and some properties were provided; (2) the operational law for
regular bifuzzy variables was proposed, and on this foundation, the mean chance distribu-
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tion of strictly monotone functions of this type of variable was developed; (3) an equivalent
form of the expected value operator was constructed, and some theorems for computing
the expected value of regular bifuzzy variables, as well as their strictly monotone functions,
were also deduced.

Moreover, we believe that the proposed arithmetic operations and operational law are
of great importance for optimization and decision making in the bifuzzy environment. In
uncertain fields, dependent-chance programming, chance-constrained programming, and
the expected value model are three frequently utilized approaches in handling practical
problems, such as the vehicle routing problem, joint replenishment problem, and hub
location problem, etc. Our proposed arithmetic operations enable the implementation of
these programmings with strictly monotone functions and regular bifuzzy variables and
provide a sound theoretical foundation for modeling bifuzzy phenomena, which is also
one of the critical future directions of this research.
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