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Abstract: To model fuzzy numbers with the confidence degree and better account for information un-
certainty, Zadeh came up with the notion of Z-numbers, which can effectively combine the objective
information of things with subjective human interpretation of perceptive information, thereby improv-
ing the human comprehension of natural language. Although many numbers are in fact Z-numbers,
their higher computational complexity often prevents their recognition as such. In order to reduce
computational complexity, this paper reviews the development and research direction of Z-numbers
and deduces the operational rules for symmetric triangular Z-numbers. We first transform them
into classical fuzzy numbers. Using linear programming, the extension principle of Zadeh, the
convolution formula, and fuzzy number algorithms, we determine the operational rules for the
basic operations of symmetric triangular Z-numbers, which are number-multiplication, addition,
subtraction, multiplication, power, and division. Our operational rules reduce the complexity of
calculation, improve computational efficiency, and effectively reduce the information difference
while being applicable to other complex operations. This paper innovatively combines Z-numbers
with classical fuzzy numbers in Z-number operations, and as such represents a continuation and
innovation of the research on the operational laws of Z-numbers.

Keywords: Z-numbers; symmetric triangular fuzzy numbers; operational laws

MSC: 03E72

1. Introduction

In 1965, Zadeh [1] introduced the theory of fuzzy sets to effectively cope with uncertain
information. The theory highlights the fuzziness and uncertainty of human thinking,
reasoning, and perception of peripheral matters. It extended the characteristic function
from the binary ‘0" or ‘1’ relationship to the interval ‘0" to ‘1" by introducing the concept of
membership degree, thereby quantitatively processing fuzzy information.

Nevertheless, relying solely on membership degree makes it difficult to accurately
describe the uncertainty in practical situations. Therefore, to resolve the uncertainty of
non-membership degree, researchers have made various extensions and derived batches of
theories such as intuitionistic fuzzy sets [2], hesitant fuzzy sets [3], type-2 fuzzy sets [4],
and interval-type intuitionistic fuzzy sets [5]. Moreover, in 2013 Masamichi and Hiroaki [6]
defined the boundaries of a sequence of fuzzy sets in view of the level set of fuzzy sets and
provided the boundaries, derivatives, and properties of the fuzzy set-valued mapping.

The aforementioned theories are only capable of addressing the issue of information
uncertainty, and lack the ability to handle incomplete and unreliable information, which is
typically only accessible in real-world situations. To this end, in 2011 Zadeh [7] introduced
the notion of Z-numbers to consider the dependability of information. Compared to the
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traditional fuzzy sets, Z-numbers add a reliability measure to further enhance the flexibility
and validity in the decision direction. Therefore, Z-numbers with fuzzy constraints are
more flexible and closer to human thinking; this theory has great potential for application
to the information described by probabilistic and fuzzy natural language.

From the current research outcomes on Z-numbers, we have observed four primary
issues of interest. The first involves extensions and special cases of Z-number theory.
Zadeh [7] initially introduced the notions of Z-information and Z*-numbers as definitions
derived from Z-numbers. Pal et al. [8] proposed Z-number-based computing with word
algorithms and simulated experimental figures for evaluating demand satisfaction. Banerjee
and Pal [9] introduced decision information into the structure of Z-numbers and presented
the notion of Z*-numbers. Pirmuhammadi et al. [10], Peng, Wang [11], and Mondal et al. [12]
proposed the concept of normal Z-numbers, hesitant uncertain linguistic Z-numbers, and
linguistic hesitant Z-numbers, respectively. Tian et al. [13] introduced fuzzy ZE-numbers,
while Haseli et al. [14-16] proposed a decision support model using the BCM and MARCOS
methods based on fuzzy ZE-numbers. Aliev et al. [17] initiated a general method for
constructing specific functions based on extension of the Z-number principle. Moreover,
Massanet et al. [18] raised a new method for creating hybrid discrete Z-numbers based on
discrete Z-numbers.

The second issue involves the study of various methods for sorting Z-numbers. Bakar
and Gegov [19] developed a multi-layer approach to classifying Z-numbers. Aliev et al. [20]
presented a method to ascertain the sorting of continuous and discrete numbers in Z-
numbers. A novel Z-number ranking method which takes the weights and fuzziness
degree of the prime points and the scalability of fuzzy numbers into account was extended
by Jiang et al. [21]. Ezadi et al. [22] introduced sigmoidal functions and symbolic means for
sorting Z-numbers.

The third issue involves studying various methods for computing Z-numbers.
Aliev et al. [23] developed an approach for the direct computation of Z-numbers by combin-
ing possibility constraints with probability constraints and defined arithmetic operations
for discrete Z-Numbers. Subsequently, the operations of continuous Z-numbers were
further provided by Aliev et al. [24] through discretization. Aiming to reduce computa-
tional complexity and improve computational efficiency, Aliev et al. [25] presented a basic
approach for developing the concept of Z-Numbers and provided examples to demonstrate
the validity of their method using the Hukuhara distance. Qiu et al. [26] presented the
process of computing the generalized difference for discrete and continuous Z-numbers.
Shen and Wang [27] defined multidimensional Z-numbers and proved their basic oper-
ations. Kang et al. [28] presented a methodology of fuzzy set uncertainty using entropy
and considering the effect of fuzzy set measure and range of fuzzy sets. Peng et al. [29]
defined a series of Z-number operational laws on the basis of Archimedean t-norms and t-
conorms. To balance reduced arithmetic complexity with retention of the inherent meaning
of Z-numbers, Zhu et al. [30] put forward a method for approximate Z-number computa-
tion (Z-ACM) in view of kernel density estimation. Based on the idea of transformation,
Kang et al. [31] proposed an improved method for converting Z-numbers into classical
fuzzy numbers, greatly simplified the operations of Z-numbers with the loss of a certain
amount of information, and promoted the application of Z-numbers to a degree.

The fourth issue involves research on the actual applications of Z-numbers.
Zhang et al. [32] combined Z-numbers with the best-worst method and TODIM (an
acronym in Portuguese referring to interactive and multi-criteria decision-making) to
conduct performance evaluation for the technological service platforms. Ashraf et al. [33]
and Nazari-Shirkouhi et al. [34] applied Z-numbers to supplier selection. Combining Z-
numbers with DEMATEL method, Zhu et al. [35], Wang et al. [36], and Akhavein et al. [37]
presented evaluation methods for the co-creative sustainable value propositions of smart
product service systems, human error probability, and sustainable projects ranking. In-
tegrating linguistic Z-numbers and the projection method, Huang et al. [38] built a new
model for failure mode and effect analysis. Moreover, numerous experts have expanded
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the notion of Z-numbers based on hesitant fuzzy sets and used optimization models to
build frameworks for solving multi-criteria decision-making, group decision-making, and
three-way decision-making problems [11,39-44].

Previous research on the operational rules of Z-numbers has mainly focused on
proposing a general method of computation using constraints, then used discretization
to obtain the operational rules of continuous Z-numbers. This category of methods is
extremely complicated, inefficient, and error-prone; for this reason, many researchers have
chosen to combine Z-numbers with other methods in order to derive the operation formulas.
Hence, to improve the efficiency of operation and make it easier to understand, we take
symmetric triangular Z-numbers as our research object and study their operational rules,
including number-multiplication, addition, subtraction, multiplication, power squares,
and division.

The main contribution of our approach is as follows. First, we convert Z-numbers
directly into classical fuzzy numbers using Zadeh'’s extension principle and the operational
rules of classical fuzzy numbers for operations of Z-numbers, which does not appear in
any previous related papers. Second, we use many linear correlation methods to calculate
the symmetric triangular Z-numbers, which is simple in both calculation principle and
process and as such can reduce the complexity of the operations. Third, we derive the
formulas of the basic operations for Z-numbers, which can be directly used to simplify the
complex operations involved in many realistic problems and expand the application areas
of Z-numbers. Our calculation method can reduce uncertainty and prevent information
loss while processing information, which can minimize information differences.

We structure the remainder of this paper as follows: Section 2 briefly introduces the
related definitions and notation; Section 3 deduces the operational rules for symmetric
triangular Z-numbers; finally, Section 4 draws the conclusions.

2. Preliminaries

To begin, a number of fundamental concepts are first concisely introduced.
Definition 1 (Zadeh [1]). In a given domain U, the fuzzy number A can be defined as

A= {{tua(t))[t € U},

where py : U — [0,1] is the membership function of A’, while u,(t) depicts the degree of
belongingness of t € U in A.

Definition 2 (Van Laarhoven and Pedrycz [45]). A is a triangular fuzzy number which can be
defined as (ap, ag, ar); its membership function can be determined as

0, t € (—oo,ap)
t—a
P ote (ap,aq)
_ ) ag—ap
pa(t) =
a, —t
7 t 7
ar — ag € (ag,ar)
0/ t G (ai’/ +OO>,

where a, and a, are respectively the upper and lower bounds of A. When a, — ag = a5 —ap, Aisa
symmetric triangular fuzzy number.

Definition 3 (Zadeh [7]). A Z-number Z is an ordered fuzzy number pair, denoted as Z = (A, B),
where A,B could be either natural languages or numbers. Z is associated with T, which is a real-



Mathematics 2024, 12, 1443

40f18

valued uncertain variable. Fuzzy number A represents the fuzzy constraint R(T) on the values
which T can take, defined as T is A, represented as

R(T):Tis A — Poss(T =t) = ua(t),

where y 4 is the membership function of A and t is a generic value of T. When T is a random
variable, the probability distribution of T represents a probabilistic restriction on T, which can be
expressed as

R(T):Tisp,

where p is the probability density function of T. Under this circumstance,
R(T):Tisp, p — Prob(t < T < t+dt) = p(t)dt.

If T is a random variable, then T is A represents a fuzzy event in R, the probability of which
can be defined as

p= [ mapria,

where pr is the underlying probability density of T. Fuzzy number B is the fuzzy restriction on the
reliability measure of A, expressed as

B= [ mapr(tat 0
where pr is not known, whereas the constraint on pr is known, which can be presented in Figure 1.

Membership function of A and probability density function of T.

2 jo
Ha
}l.
18 Py
16

Figure 1. The membership function of A and probability density function of T.
In effect, Z = (A, B) can be regarded as a restriction on T, defined as
Prob(Tis A)is B.

Definition 4 (Aliev et al. [23]). In a Z-number represented by Z = (A, B), if the fuzzy restriction
A of the real-valued indefinite variable T on the domain U is a discrete fuzzy set

Ha - {tl,tz,--- ,tn} — [O,l],and{t1,t2,~ . ,tn} € R
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and B is the reliability measure for A, which is also a discrete fuzzy set
UB : {bl/ b2/ e /bn} — [0/ 1],ﬂnd{b],b2, T rbi’l} S [O/ 1]/
then Z = (A, B) is a discrete Z-number.

Definition 5 (Aliev et al. [24]). In a Z-number represented by Z = (A, B), if the fuzzy restriction
A of the real-valued indefinite variable T on the domain U is a continuous fuzzy set

pa:U —10,1]

and B is the reliability measure for A, which is also a continuous fuzzy set, then Z = (A, B) isa
continuous Z-number.

Definition 6 (Zadeh [7]). Let { and T be fuzzy sets with membership functions y and v, and let
f: R2 — R be a function; then, f(T, ) is also a fuzzy set with membership function

ri(h) = sup{p(s) No(t)|h = f(s, )}, 2

where s and t are the values within the range of { and T.

Definition 7 (Wang [46]). Let ¢ be a fuzzy number; its a-level sets (or a-cuts) G, can be ex-
pressed as

o = {t € Rlug(t) > a}
= [min{t € R|ps(t) > a}, max{t € Rlugs(t) > a}] = [eL, &k,

where g (t) is the membership function of ¢ and R is the universe of discourse. The functions &k
and &R have the following attributes:

(a) &L is a monotonously growing left continuous function,

(b) &R is a monotonously lessening left continuous function,

(c) <R aelo1]

Example 1 (Aliev et al. [24]). Given that A = (aj, ay,ay) is a symmetric triangular fuzzy
number, an a-cut Ay = {t € R|ua(t) > a} is a closed interval:

Ay = [A/JLUAE] = [{11 +1X(am _al)/au "‘D‘(au _am)]
=lam— (1 —a)(am —a;),am+ (1 —a)(a, —am)].

Definition 8 (Kang et al. [31]). The basic idea of translating Z-numbers into classical fuzzy
numbers is as follows. First, the reliability part B is transformed into a crisp value by defuzzification,
then the weight of the crisp value is multiplied by the restriction part A, and finally, using the
approximate invariance property of the fuzzy expectation, the product is converted into a commonly
used classical fuzzy number.

Step 1: Assuming that A = (ay, aj, am, an) is a trapezoid fuzzy number and B = (by, by, by,)
is a triangular fuzzy number, B can be transformed into a crisp number by the center of gravity

method with
bu t — bn by —t
- /tl/‘B(t)dt - /hl tbm_bldt—i-/m tbn—bmdt

= 1
/.uB(t)dt 5 (bn =)
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Thus, the gravity center of B = (b;, by, by ) is computed as

by — b,
—. ®)

Step 2: Taking the gravity center value y of the reliability part B as the weight of the restriction
part A, the weighted Z-value can be written as

Z7 = {(t,par)par (t) = yua(t), t € [0,1]}. (4)

Step 3: Because A = (ay, aj, am, ay) is a trapezoidal fuzzy number, Z7 can be calculated by

ZV =y X A= (V7 X g, /T X 81,7 X @, /Y X an). (5)
Remark 1. If A = (ay, a;, an) is a triangular fuzzy number, Equation (5) becomes
ZV = /Y x A= (7 X a7 X a5, /7 X an). (6)

Definition 9 (Kwiesielewicz [47]). Let A = (ap,aq,ar), B = (bp, by, by) be two triangular
fuzzy numbers, where a, > ag > ap > 0and by > by > by, > 0. Then, their addition, difference,
number-multiplication, and division can be shown as follows:

A —B=[ay—by, a5 —bg,ar — by, (8)
and
A4 _ [“l fq ﬂ]
B br’bq'bp

Definition 10 (Aliev et al. [24]). The multiplication and division of fuzzy numbers
A = (ap,aq,a,) and B = (bp, by, by) are both fuzzy sets. The multiplication can be expressed as

AxB= U «a(AxB)~,
ae(0,1]

where the a-cut is expressed as
(A x B)* = [min(aq - by, a - by, a3 - by, a3 - U3), max(ay - Uy, ay - b, a3 - by, a3 - b3)],  (9)

where a} = ap +a(ag —ap), a5 = a, +«(a, —ag), bY = by +a(by —by), b5 = by +a(by — by).
The division can be denoted as
A A"
== U | =],
B ac(o) (B>
where the a-cut is expressed as
AN“ _ (a} af a5 a5 aj af ai a§
Z) = L 122 22 A -l 2 2 1
(B> [mm(b{"bg"b‘{"bg‘)’max(b{"bg"b{"bgﬂ (10)

Definition 11 (Kallenberg [48]). Suppose that (S, T) are two-dimensional continuous random
variables which have probability density f(s,t). Then, R = S + T is still a continuous random
variable with probability density

Forr(r) :/Rf(r—t,t)dt:/Rf(s,r—s)ds. (11)
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Let the marginal probability density of (S, T) with respect to S,T be fs(s) and fr(t). If S and
T are independent of each other, Equation (11) will be reduced to the convolution formula

fsofr= [ fs(r=tfrtat= [ fs(s)fr(r—s)ds. (12)

IfR = g, then

fsofr= [ Islfs(s)fr(sr)ds. (13)
If R = ST, then

fsofr = [ mifs@fr(Dis 19

Definition 12 (Aliev et al. [24]). In order to discretize fuzzy numbers, a method is presented.
The idea is to split the assistance of a fuzzy number B, Supp(B), into several subintervals by,
k=1,---,n. In particular, the subintervals are of the same size, i.e., the spacing is constantly
Ab = by — by

Example 2. Consider B = (0.4,0.5,0.6); its support Supp(B) will be discretized into
n =11 points in the way shown below: by = 0.4, b, = 0425, ---, bj;; = 0.6. Then, the
discretized fuzzy number can be attained as

p_0 .02 04 06 08 1 08 06 04 02 0
04 042 044 046 048 05 052 054 056 058 06
In the succeeding sections, we will use the above definitions and methods to derive
the operational rules of the symmetric triangular Z-numbers.

3. Operational Rules

This section introduces the operational rules for Z-numbers. The first step in the
operations is all about converting Z-numbers into ordinary fuzzy numbers, as defined
in Definition 8. Because the operations studied here are based on symmetric triangular
Z-numbers, A = (ap,aq,a,), B = (bp, by, by), the value of the weight «y of the reliability
part B is always as shown in Equation (3). Considering that calculating the second com-
ponent of the derived Z-number requires a relatively long computation time, whereas
the calculation processes are similar to each other, we only provided examples for the
number-multiplication and addition operations in this section.

3.1. Number-Multiplication Formula

Theorem 1. Let A be a real number and let Z = (A, B) = ((ap, aq,a;), (bp, by, by)) be a symmetric
triangular Z-number. The formula for the number-multiplication of the continuous symmetric
triangular Z-number is

AZ = A(A,B) = (AA,B).

Proof. First, multiplying a real number A € R by the base of Equation (6), we can obtain
AZT = (A X ap, Ay X ag, AN/ X ap).

br_bp

From Equation (3), v = . Let ZY = AZ". Because the weights remain un-

changed after the number-multiplication, the formula becomes

77 = (A7 X Ap, ANy X ag, ANy X ay).
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Therefore, the final likelihood measure B is unchanged, and we obtain
AZ = A(A,B) = (AA,B).
O

Example 3. Assume that Z = (A, B) = ((1,2,3),(0.7,0.8,0.9)), and calculate 3Z.

09-07
2

701 = 3701 = (3v/10 x 1,3v/10 x 2,3v/10 x 3) = (3v/10,6v/10,9/10).

Finally, we obtain

According to Equation (3), we have y = = 0.1. Accordingly, we can determine that

3Z = (A, Bp) = ((3\@,6\@,9\@), (0.7,0.8, 0.9)).

3.2. Addition Formula

Theorem 2. Let Z; = (A1,B1) = ((ﬂlp, alqralr)/ (blpr blql blr)) and let Z, = (Az, Bz) =
((a2p, azg, azy), (b2p, bag, bay)) be continuous symmetric triangular Z-numbers. Then, their sum
Z1o can be deduced as

Z1o =271+ Zy = (A1, B12),

where A1y = (a],a),a}) = (V71a1p + /1282p, \/ V101 + /12829, /Y101 + /T1282:),

by, —b by — b
By = [gHappidt, 1 = %, Yo = %, KAy, is the membership function of

A1y, and p1y is the probability density of A1y.

Proof. Based on Equation (6), the fuzzy transformations of Z; and Z; are

z] = yriAn = (Vmmp, Vi, ymar),
7y = /1242 = (\/7282p, /12029, \/ V20821 ).-

According to Equation (7), the sum of the two can be derived as

Zh = Z1 + Z] = (Vmia1p + Vr202p, /11015 + /12829, /Y1005 + /282¢).

. s blr - blp b2r - pr
From Equation (3), it is known that y; = s = where by, and by,
denote the third and first possibility of Z;, respectively, while by, and by, denote the third
and first possibility of Z, respectively. Therefore, substitution yields

[ b1, —b1 by —by b, —by by —by bir—by by —by
ZYzz( r2 pﬂ1p+\/ r2 pﬂzzﬂf r2 pﬂlq‘*‘ r2 paqu 72 ay+ 72 pﬂ2r)~

At this point, Z-numbers A and B have been transformed into simple fuzzy numbers
7] and Z), and are transformed into Z], by symbolic operations; the subsequent step is to
convert the simple fuzzy number Z7, into a Z-number again.

According to Equation (4), the membership functions of Z; and Z, can be transformed
into the membership functions of their corresponding fuzzy numbers as follows:

by, — by
Ha = =gy = PosAl,

byy — by
Hh, = %P‘Az = PosAJ.

Then, according to Equation (2), we can find that
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u}u@)=sZﬂﬂL00AﬂXJv—u»-

Let a?, ag, and ag be the three coordinate values on the horizontal axis. At this point,
the range of the membership function after transformation and summation is (0, f) instead
of (0,1), where B denotes the maximum of the triangular fuzzy number, i.e., the vertex

by, — blp byr — pr }
27 2 ’
which, as it is contrary to the initial required range of (0, 1), should be normalized to

of the vertical axis coordinate corresponding to aJ. Then, B is min

t—al
1 Yo
—, t€(a,a,)
Y v’ 1772
a, —aj
Hap =14 83—t 7 (15)
a'y_a'yr te(a2’a3)
3 2
0, otherwise.

Then, Ay, = (a],a],a)) = (\/T1a1p + /7202p, /T101g + / V2029, /7181 + /T28021)-

Accordingly, we can use p4,, to calculate By in view of Equation (1) by

By :/RVAuplzdf~ (16)

From Equation (12), we can obtain Pj = Py o P, = [ p1(u)p2(v — u)du, and according
to Equation (1)

Bi= [ wa(Opa(0dt, B = [ pay(Dpa(t)at,

the values of p1 (1) and p,(v — u) in calculating Pj, can be determined.
Nevertheless, if the calculation is carried out directly, many solutions will be obtained,
and they should be subject to

Apmw:1

(17)

Under such conditions, p1, can be derived, then Bj, can be obtained by substituting
p12 and p 4,, into Equation (16). Accordingly, we can obtain

Zip = Z1 + Zp = (A12, Bra).
O

Example 4. Assume that Z, = (Al, B]) = ((1, 2,3), (0.7, 0.8, 0.9)), Zy = (Az, Bz) =
((7,8,9),(0.4,0.5,0.6)) and calculate Z1, = Z1 + Z».
First, according to Equation (3), the values of 1 and <y, can be derived as
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As a result, the value of Ay is calculated as follows:

A = (af,a3,a]) = (v Y181p + /V282p, /Y1819 + V2829, /1101 + /2821
= (v01x14+v01x7,v0.1x2++v0.1x8,v0.1x3++v0.1x9)

8 12
= (7™ )
According Equation (15), the following membership function is obtained after normalization:
Bt ()
Hay, = 12—\/@, [ e <m12>
2 V10
0, otherwise.

The next step is to calculate Py,. Considering the greater difficulty of calculating the probability
density of continuous fuzzy numbers, we discretize and convert them to discrete fuzzy numbers
according to Definition 12.

First, we divide B equally into (I — 1) points and define each part as b;.
For example, By = (0.7,0.8,0.9) can be divided into 10 points:

B = — _— R B —_— —_— _— _— _—
707 072 + 0.74 + 0.76 + 0.78 + 0.8 + 0.82 + 0.84 + 0.86 + 0.88 + 0.9

0 0.2 0.4 0.6 0.8 1 08 06 04 0.2 0

According to the discretization, it is known that
n
by =Y mai(ti)Pi(tii), j=1,2

i=1

where j corresponds to Zy or Zy. When j = 12, it corresponds to Z15.

Thus, we obtain a linear programming model where b;  is a target value and the model satisfies
the following constraints:

naj(tin) Pia(tin) + maj(t2) Pii(ta) + o + paj(tn) Py (tn) — b

P, =1

s.t.

Thus, we can obtain all P]-,l values for the Ith b value; this is then continuousized and the
probability density functions Py ; and P, are obtained by fitting. Finally, we obtain P, | using the
convolution formula P1p = Py o P,, then all Py, values are obtained by iteration.

Taking the fourth point as an example, the probability density functions after fitting are
N(2,0.36) and N(8,0.76), respectively; thus, the convolution formula can be used to find the
probability density of the point Py, which is equal to N(10,0.83).
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Substituting each copy of Piy into Biy; = /]iAuPu,ldt yields a series of values for Byy.
Again taking the fourth point as an example, we have

Bip4 = / Hay, Proadt

(t—10)? 12 (t—10)?
V10 /10t -8 1 "2 082 V10 12— /10t 1 "2 082
=/ 8 - e dt + - e dt.
— 2 0.83v27 V10 2 0.83v27

V10

The two endpoints and vertices are chosen to form By; = (0.62,0.72,0.79).
Finally, we obtain

Zip = (Aga, Bra) = ((\/%\/ﬁ \}%) (0.62,0.72,0.79)).

3.3. Subtraction Formula

The addition and subtraction operations for Z-numbers are extremely similar in
thought and procedure to the addition and subtraction of ordinary numbers. To derive
the subtraction expression, we transform the Z-numbers into classical fuzzy numbers first,
then use the operational rules of classical fuzzy numbers to determine the expression
of Aj. Finally, we apply the convolution formula to obtain the expression of By. The
difference in the derivation process mainly lies in the fuzzy number operator formula and
the convolution formula used to calculate P».

Theorem 3. Let Z; = (A1,By) = ((a1p,a14,017), (b1p, b1g, b1y)) and Zp = (Az,Ba) =
((azp, a2q,a2;), (bap, bag, bay)) be continuous symmetric triangular Z-numbers and let the dif-
ference between these two be Zy; then, we have

where Ay = (HY, ﬂ;, ﬂg) = (v%alp = VY202 7/ Y181 = /2829, A/ Y101 — \/’Yzﬂz;:),
blr - blp b2r -
Bk = fR ]’lAkPkdt/ r)/l = 2 ’ r)/Z =

and py is the probability density of Ay.

> 2, A, is the membership function of Ay,

Proof. In views of Equation (6), the fuzzy transformations of Z;, Z, are
z] = yriAn = (Vmmp, Vi, ymiar),
Z3 = Vmha = (V7282p, /1202, v/ 7200,

Then, according to Equation (8), we have
Z) = 7] — Z] = (Vma1p — V72020, /11015 — /Y2829, /Y101 — /V202p)-
Similar to the addition process, it can be determined from Definition 6 that
W (0) = sup(uy, (v -+ u) Ay ().
u

After normalization, p 4, is expressed as Equation (15). Therefore,

Ax = (Vma1p — V72820, V711815 — V12829, /7181 — /7202p)-
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Similar to Equation (17), P; and P, are under the three range condition restrictions.
Based on Equation (12), it is easy to find that Py = P; o P, = [y, p1(u+v)py(u)du. Then, By,
can be obtained by substituting py and 4, into Equation (16). Hence, we can derive that

Zy = Z1 — Zy = (Ax, By).
O

3.4. Multiplication Formula

Theorem 4. Let Zl = (Alr Bl) = ((alp, 1q, ﬂlr)r (b1p, blqr blr)) and Zz = (Az, Bz) =
((azp, a2q,a2;), (b2p, bag, bar)) be continuous symmetric triangular Z-numbers and let the multipli-
cation of these two be Z*. Then, Z* can be expressed as

Z* = 7y x Zy = (A%, BY),

where A* = (\/Y1\/7281p82p, \/T1V/ V201902, /T1/V20182r), B* = [ppa-p*dt,

by, — blp byr — pr * . . .
Nn=—m M= and = and p* are the membership function and probabil-

ity density of A*, respectively.

Proof. Similar to the previous proof processes, we firstlet Z* = Z; x Z and then transform
them into classical fuzzy numbers, that is,

Z] = AL = (V7ia1p, Vrimg, Vi),
Z3 = Vnhs = (V1282p, /12020, \/T202),

bir — by bar — by

where 1 = Tp, Y2 =

Then, we must apply a-cuts to perform the multiplication calculation. When studying
symmetric triangular fuzzy numbers, there will be a linear equation on the left and right
side after a-cut processing. Next, we mark the left side to indicate the symbol as L and the
right as R. The classical fuzzy number after the a-cut can be obtained as

zl =2k, ZR] = [Vrilarg — arp)e + Viary, v (a1g — az)a + /7101,

z)? = (2, Z8] = [V 72 (azg — aop) e+ \/1202p, /72 (020 — 020)o + /7202].
Per Equation (9), it is reasoned that
; * 9 o _ _ L R
2 = 7' ) 23 = (24, Z) % (25, 2] = (257, 237,
where
Z:L = min{zfaz%txl Z%azgal Zﬁ(z%txl Zﬁczga }/
R L R R ~L R #R
Z; = max{ZMZéx, ZfaZZa/ ZlchZoc/ ZlaZZa}‘

After the modeling is completed, it is known that the ordinate corresponding to point
L is less than that corresponding to point R. Therefore, after analysis, it is found that

Z;L = ZlLaZZL:x = [(alq_alp) (a2q_32;7)0‘2+(alpa2q+a2palq_zapoZp)"H'alpaZp}\/ Y1v/r2, (18)

Z;R = Zﬁnga = [(ulq —ayy) (an _a2p)“2+ (alra2q +azay —2ay,a0; ) a+ar,ax\/y1/ 72 (19)

In the next step, in order to find the membership degree y, & needs to be calculated first.

Let Z;L = m, which denotes the magnitude of the length of the horizontal axis taken
by the new membership degree after multiplying the two membership degrees and is an
unknown number. Transforming Equation (18), we obtain
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Pa- =

41f11f2m

VI1V72

—(a1ptdy + agpdy) + \/(fhpffz — azpd1)? +

K =

2a1a2
where we discard the roots of « < 0 and where d1 = a1, — a1, = a1, — a1y, d2 = azq — ap =
ayy — azq.
Similarly, letting Z:R = n, after transforming Equation (19) we have

4dydyn

—(aydy + a,d1) + | (ap,d] — agpdn)2 + —=—
(a1, + appdy) \/(2r1 1402) =

N = ,

2a1a2

where we discard the roots of & > 1 and @1 = a1, — a1, = a1, — ayg, d2 = azq — azp =
azr — d2g-
Due to the nature of symmetric triangular fuzzy numbers, it is obvious that

m+n = 2/v1/ 2014029

Therefore, the membership function of Z* is

—(a1,d+ap,d1 )+, | (a1,8> —as,d; )M—M
1p42 2pH1 1p42 2pH1 ﬁm
2, ’ M€ (\/Y1v/7201p82p, /Y1 v/ V2014024)
4d1d5(2,/ Y1/ Y201402,—M 20
—(amfz+uzra”1)+\/(azya“1—a1yu”2)2+ 142 7%\“;%117 2~) 20
2, , ME (VY1 72019829, /V1+/1201,02r)
0, otherwise.

Asaresult, A* = (\/Y1\/7201p2p, /Y1 V2819024, /T1+/ V2011027 )-

The following steps are similar to the addition and subtraction calculation processes.
First calculating P* and then applying Equation (14), we obtain

Po)=ProPy= [ coppa(S)du.

It should be noted that a fundamental condition of the multiplicative convolution
formula is that P; and P, are independent of each other. Then, B* can be obtained by
substituting p* and p 4+ into Equation (16). Thus, the conclusion is obtained:

Z* =7y x Zp = (A*, B*).
O

3.5. Power Formula

Theorem 5. Let A be a real number and let Z = (A, B) = ((ap, aq,ar), (bp, by, by)) be a symmetric
triangular Z-number. Its powers can be calculated by

zh = (AYBY),
b1y — b
where AN = ((/yap)*, (\/7ag)t, (Var)t), BY = [uhpuM)du, v = %
bZr_

b
72’], Y is the membership function of A*, and p(u’) is the probability density

T2 = 5

of AN,
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Proof. The power operation is actually a generalization of the multiplication calculation.
First, we can make Z} = (A%, B"), which means that Z} is obtained by multiplying A
times Z;.

When A = 1, ZlA = Z7. When A = 2, Z{‘ = Z% = Z1%xZ1, and accord-
ing to the multiplication formula derived earlier, Z% = (Az, BZ), where A = A? =
((vrap)?, (vVraq)% (\/74r)?). Analogously, when A =3, Z{ =Z} = Zy x Z; x Z; = (A3, B®),
where At = ((\ﬁ”p)Br (\ﬁuq)3/ (\ﬁar)3)-

Assume that A" = ((y/7ap)", (v/7a4)", (y/7a,)") holds when A = n. Then,
Al — A"« A = ((ﬁa,,)”“, (ﬂﬂq)n+l,(ﬁﬂr)n+l)-

Therefore, we can find that when A € R, A* = ((\/7ap)", (\/7a9)", (V7ar)*).

For B, when A = 2, B} = B = [ /2 (t)p*(t)dt. Using Equation (20), we can find that
the membership function of A" is

/\ —
W’ m e ((Vrap)*, (vrag))
A —
Ha = w, m € ((vrag)t, (Vyar)™)
0, otherwise.

Then, according to Equation (14), we can find

P2) = /R |Lll|p2(u)du.

The same extends to the condition when A € R:

P(uh) = </R |1u|p(u)du>)\2 (/R |L1lp2(u)du>.

Accordingly, by combination with B} = [y p(u")du, we can find the value of B".
Finally, we obtain
7N = (AN, BY).

O

3.6. Division Formula

Theorem 6. Let Zy = (A1,B1) = ((a1p,a14,011), (b1p, b1y, b1,)) and Zy = (Az, By) =
((azp, a2q,a2;), (b2p, bag, bar)) be continuous symmetric triangular Z-numbers and let the division
formula of these two be Zs. Then, it can be deduced that

_ 4

ZS — Z - (AS/ Bs)/
a a by, — b by, — b
where A, — (\/71 r 4% g \/'halr), By = [ pdt, 711 = by = o — by
V202p /7282 /Y202 2 2

Ua, is the membership function of As, and ps is the probability density of As.

Z
Proof. Let Z; = Z—l, where Z1 = (A1, B1) and Z; = (A», By). Then, we can convert Z; and

2
Z, to fuzzy numbers as follows:

Z1 = (Vmarp, Vg V111,
Z3* = (\/7282p, /12029, \/V202¢),

blr - blp o bZr - b2p

where 71 = >
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For these two triangular fuzzy numbers, their a-cuts are
Z1 = (zb, ZR] = [V (ag — a1p)a + yAarp, (a1 — az)a + ar),

Z3* = (24, 23] = [V72(02q — a2p)& + v/ T2ti2p, /72029 — a2, ) + /7202,

- 11
From Equation (10), the a-cut of ZJ* = 7Z_1’2 is
2
L 7R
2121l _ (7L 7ry
[ZZL Z;] — | &sar “sals
%4 o«

ZL ZlLa Z{{tx Z{{zx R _ Zlth Zlth Z{{zx Zﬁ
ZT,ZT,ZT,ZT ,Zsa—max .
20 20 20 20

Where ZSLD( - min la ZT, ZT, ZT,ZT
20 F2a T2a T2

Similar to the proof process of multiplication, it is known that ZL < ZR. As a result,

zL _ Zi, _ V(e — ap)a + /7101,
™ Zgzx V72 (”24 - az?’)“ + /7242 ’
7R ZR _ Vg —ay)a+ ymay '
Zy,  Nnalazg —azp)a + /1202y

Let ZL, = m, which is an unknown function that represents the range of values. We
discard the roots of & < 0; hence,

‘e my/Y282; — \/7101p _ m/y202; — ﬁ%yl
\/’h (ﬂ1q - alp) — m,/vz(azq — ayy) V11 — my/yadn

where d7 = A1qg — a1p = A1y — A1q, A2 = dpg — Agp = Ay — Ayg.

Let ZR = n, which is an unknown function that represents the range of values. We
discard the roots of & > 1; therefore,

a= ny/722p — /1101 _ Wt — VM
\/’Yl(ﬂlq —ayy) — ny/72(azg — azp) V11 — 1722

Due to the nature of the symmetric triangular fuzzy number, it is obvious that

The membership function of ZJ* is

my/Y202; — \/Y141p e (\/'Ylalp \/71“15])
V11 — my/12d V1282p" /7202

pa, = 2V/7101902p — \/V2d2pfagM — /Y101, me (\/'Ylalq \/'Ylalr)
V1d1a2q — 23/ Y1201 + \/Yatbaaogm | V12824”7202

0, otherwise.

VT1a1p /71014 \/71ﬂ1r>
\/’Yzﬂzp' \/’Yzﬂzq' V71202r )

Next, we use Equation (13) to calculate the probability density Fs:

Then, As = (
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Pi(0) = Pro Py = [ [ulps(u)pa(uo)du.

Finally, we again use Equation (16) to obtain B;. Therefore, we have

Z
7o = i = (As, B).

O

At this point, all of the mentioned operational rules related to Z-numbers have been
proposed and proven. Compared to other computational methods, our proposed method
simplifies the operations by converting them into classical fuzzy numbers and deriving
the two components of the desired Z-number via the operational laws of the classical
fuzzy numbers. When facing more complex Z-number operations, using these theorems of
basic operations can greatly reduce computational complexity, enabling the application of
Z-numbers to a wider range of fields.

4. Conclusions

Z-number proposals integrate objective natural language information and subjective
human understanding, taking both the vagueness of information and the level of “trust-
worthiness” of fuzzy information into account. Therefore, Z-numbers provide a great deal
of convenience in describing and analyzing uncertain information. Many researchers have
studied the concept since its introduction. Drawn from the theoretical foundation of fuzzy
sets theory and optimization methods, they have provided basic operational laws of com-
mon algebraic operations for Z-numbers. In a more straightforward manner, this paper has
focused on operational laws for symmetric triangular Z-numbers. First, we transform the
Z-numbers into classical triangular fuzzy numbers. After that, we employ the operational
laws of the classical fuzzy numbers for reference to derive the two components of the
derived Z-number. Finally, we provide the number-multiplication, addition, subtraction,
multiplication, power, and division expressions for the Z-numbers. In the fields of eco-
nomics, decision analysis, risk assessment, planning, and causal analysis, many real-life
numbers are actually Z-numbers. In previous academic research, however, they have been
simplified into other numbers due to their high computational complexity. Based on these
rules of basic operations, the application prospects of Z-numbers will be greatly improved.

There are some limitations to this article. First, this paper only proposes operational
laws for symmetric triangular Z-numbers, and does not apply to other types of Z-numbers;
hence, it is necessary to extend this method to more general Z-numbers in further theoretical
studies. Second, time and energy constraints limited our study to the multiplication, power
series, and quadratic operations of Z-numbers. We have not provided definitions and
operational rules for other calculations, including more complex algebraic operations,
expectations, and variance, which we plan to expand upon in the future. Finally, this paper
has not provided application examples to prove the applicability and scope of the proposed
operational laws, which requires further investigation in future work.
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