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Abstract

In this paper, the conception of centroid of n-dimensional fuzzy number is introduced via regarding its membership
function as the density function on its support set, and some properties of it are obtained. Compared with the
mean of the multi dimensional fuzzy number, the centroid takes into account the overall relationship between the edge
membership functions of the membership function of the multi dimensional fuzzy number. Therefore, it can approximate
(characterize) the fuzzy number more objectively and reasonably than using the mean of the multi dimensional fuzzy
number. The most important work of this paper is that for two special kinds of multi dimensional fuzzy numbers (fuzzy
n-cell numbers and fuzzy n-ellipsoid numbers), we respectively give calculation formulas, which can be used conveniently
in application since the formulas are based on a definite integral of the level set functions of the multi dimensional fuzzy
number on the unit interval [0, 1], rather than the multiple integral of the membership function of the multi dimensional
fuzzy number itself on its support set. Then, by using the calculation formulas, we obtain another special property of
the centroid for fuzzy n-cell number and fuzzy n-ellipsoid number. Finally, as an example of application, by using the
centroid of multi dimensional fuzzy number, we define a fuzzy order on n-dimensional fuzzy number space, which can
be used to rank uncertain or imprecise multichannel digital information.

Keywords: Fuzzy number, fuzzy n—cell number, fuzzy n—ellipsoid number, centroid of high dimensional fuzzy number,
fuzzy order.

1 Introduction

The concept of fuzzy numbers was introduced by Chang and Zadeh [G] in 1972 with the consideration of the properties
of probability functions. Since then both the numbers and the problems in relation to them have been widely studied,
see for example, [2, [0, 2, BT, B5] and the references therein. With the development of theories and applications of
fuzzy numbers, this concept becomes more and more important [B, B, [@, [, 15, 06)].

Recently, there are still a lot of work in this area or related to this area. For example, in 2014, Arotaritei and
Tonescu introduced “fuzzy Voronoi” diagrams for fuzzy numbers of dimension two by extension of Voronoi diagrams
for fuzzy numbers in [@]; Coroianu, Gagolewski and Grzegorzewski studied the problem of the nearest approximation
of fuzzy numbers by piecewise linear 1-knot fuzzy numbers in [R]; Haji, Zare, Eslamipoor and Sepehriar presented a
new method for ranking fuzzy numbers based on the left and right using distance method and level set in [[9]; Yazdi,
GhasemiGol and Effati et al presented a new hierarchical tree approach to clustering fuzzy numbers in [33]. In 2015,
Gong, Zhang and Zhu studied the problem of statistical convergence for sequences of fuzzy-number-valued functions
in[7]. In 2016, Coroianu and Stefanini studied the problem of general approximation of fuzzy numbers by F-transform
in [9); Ban and Coroianu studied the problem of symmetric triangular approximations of fuzzy numbers under a
general condition and properties in [4]; Gong, Hai and Li studied the convexity and differentiability of n—dimensional
fuzzy number-valued functions and their applications in [I3, [8]. In 2018, Yeh also studied the problem of symmetric
triangular approximations of fuzzy numbers under a general condition and properties in [34]. This year, Gong and Hao
studied fuzzy Laplace transform based on the Henstock integral for fuzzy-number-valued functions in [04]; Yang and
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Gong studied fuzzy Fredholm integral equations of the first kind and regularization methods for fuzzy-number-valued
functions in [37].

One of the reasons why fuzzy numbers have become the research object of many researchers is that they have strong
application background. For example, fuzzy numbers can be used to express uncertain or imprecise digital information
[24, 26]. Thus, the method of ranking, classifying and recognizing the uncertain or imprecise digital information can
be established [24, 27, 28] by studying the methods of ranking, classifying and recognizing the fuzzy numbers. In
the research of ranking, classification and recognition of fuzzy numbers, an important numerical characteristics called
mean of fuzzy numbers is often used. If the uncertain or imprecise digital information to be ranked, classified and
recognized is multi channel, then we need to establish methods of ranking, classifying and recognizing multi dimensional
fuzzy numbers. However, for general multi dimensional fuzzy number, the concept of mean can not be introduced as
1—dimensional fuzzy number because of its complex structure (the boundary of its level set can not be expressed by
a real functions which can directly obtain from its membership function). Even though we can define the concept of
mean for some special multi dimensional fuzzy numbers (such as fuzzy cell numbers and fuzzy ellipsoid numbers), there
are some shortcomings in their application (see the beginning of Section 3 Centroid of n-dimensional fuzzy number). In
this paper, we are going to introduce the concept of the centroid for fuzzy numbers directly using the fuzzy membership
function itself, and investigate its properties, especially its calculations so that it can be easily used in applications. The
introduced centroid can not only be defined for general multi-dimensional fuzzy numbers, but also can characterize the
fuzzy number more reasonably than the mean for special multi dimensional fuzzy numbers such as fuzzy cell numbers
or fuzzy ellipsoid numbers (also see the beginning of Section 3 Centroid of n-dimensional fuzzy number), so that the
processing method of multi channel uncertain or imprecise information such as ranking, classifying and recognizing
based on the concept of the centroid will be more reasonable than that based on the concept of the mean.

This paper is arranged as follows: In Section 2, we review some basic definitions and notations and results which will
be used in this paper. In Section 3, we give the definition of centroid of general n-dimensional fuzzy number, investigate
its properties. In Section 4, for fuzzy n-cell numbers, we obtain a calculation formula of the centroid, which can be
used conveniently in application since the formulas are based on a definite integral of the level set functions of the multi
dimensional fuzzy number on the unit interval [0,1], rather than the multiple integral of the membership function of
the multi dimensional fuzzy number itself on its support set. And approve a property for the centroid of fuzzy cell
number by using the obtained calculation formula. In Section 5, we also discuss the calculation of the centroid for
fuzzy n-ellipsoid numbers and give a calculation formula that can be used conveniently in application and a property.
In Section 6, as an example of application, by using the centroid of multi dimensional fuzzy number, we define a fuzzy
order on n-dimensional fuzzy number space, which can be used to rank uncertain or imprecise multichannel digital
information. Finally, in Section 7, we make a conclusion to this paper.

2 Basic definitions and notations

Let n be a natural number, R be the real number set, and R"™ be the n—dimensional Euclidean space. A fuzzy subset
(for short, a fuzzy set) of R™ is a function u : R® — [0,1]. For each such fuzzy set u, we denote the r—level set of
u by [u]", ie., [u]" = {x € R" : u(x) > r} for any r € (0,1]. By suppu we denote the support of u, i.e., the set
{x € R" : u(x) > 0}. By [u]® we denote the closure of the set suppu, i.e., [u]® = {x € R™ : u(x) > 0}.

If w is a normal and fuzzy convex fuzzy set of R", u(x) is upper semi-continuous, and [u]° is compact, then w is
called a n—dimensional fuzzy number, and the collection of all n—dimensional fuzzy numbers is denoted by E™.

Let K(R™) denote the collection of non-empty compact subsets of R™. The space K(R") has a linear structure
induced by the addition and scalar multiplication A+ B ={a+b |a € A/b € B} and A = {\a | a € A} for any
A,Be K(R"), A€ R.

For any a € R", define an n—dimensional fuzzy number a by

A(x) — 1 if x=a
aAX=1 0 it X #a

for any x € R™.
The addition, scalar multiplication on E™ are defined by

(u+v)(x) = sup min(u(y),v(z)),
y+z=x

u(A7Ix) if A #0
(o) oe) = { 0x) i A=0
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for u,v € E™ and A € R.
It is known that if u € E™, then for each r € [0,1], [u]" is a non-empty compact convex set of R™.

aq b1
az by
Let a;,b; € Rwitha; <b; (1=1,2,---,n). Wedenote CE| . . | (inshort, CE}_[a;,b;]) = [a1, 1] X [az, ba] X

an b

aq b1

a9 b2 b +a )

- X |an, by, and EL| . | (in short, EL! ,[a;, b;]) = {(z1,22, - ,2n) € R"[ Y1, (7 aibiy <1}
an b

Let u € E™. If for each r € [0,1], exist u;(r), ui(r) € R with w;(r) < w(r), i = 1,2,--- ,n such that [u]" =
CE;_, [u;(r),w;(r)], then we call u a fuzzy n-cell number [29]. And, we denote the COHeCthH of all fuzzy n-cell numbers
by C(E™).

Let u € E™. If for each r € [0,1], exist u;(r), u;(r) € R with w;(r) < w(r), i = 1,2,--- ,n such that [u]" =
EL;_ [u;(r),w;(r)], then we call u a fuzzy n-ellipsoid number [26]. And, we denote the collection of all fuzzy n-ellipsoid
numbers by E(E™).

Let u; € E (= E'), i = 1,2,--- ,n. We call the ordered 1-dimensional fuzzy number class uy,ua, -+ ,u, (i.e.
the Cartesian product of 1-dimensional fuzzy numbers uq,us,- - ,u,) a n—dimensional fuzzy vector, denote it as

(u1,ug, - ,uy,), and call the collection of all n-dimensional fuzzy vectors (i.e. the Cartesian product E x E x -+ x E
) n-dimensional fuzzy vector space, and denote it as (E)".

By Theorem 3.1 in [21], we see fuzzy n-cell number and n—dimensional fuzzy vector can represent each other, and
the representation is unique, so C(E™) and (E)™ may be regarded as identity. If u € C(E™) and (u1, ug, -+ ,uy,) € (E)”
express each other, then we can denote as u = F.(u1, ua, -, uy).

By Theorem 3.1 in [23], we see fuzzy n-ellipsoid number and n—dimensional fuzzy vector can represent each other,
and the representation is unique, so E(E™) and (E)™ may be regarded as identity. If u € E(E™) and (u1,uz2,- - ,u,) €
(E)™ express each other, then we can denote as u = F(uy, ug, -+, uy).

For a,b € R" with a = (a1,a2, -+ ,a,) and b = (by,bs, -+ ,b,), we define a < b if and only if a; < b; for any
i=1,2,--- ,n.

) (vesp. wu,v € E(E™)) with u = F.(u1,ug, - ,u,) and v = F.(v1,v2, -+ ,v,) (resp. u =
, and v = Fc(v1,v2, -+ ,vp)), we define v < v if and only if u,;(r) < v;(r) and w;(r) < v;(r) for any
ref0,1]andi=1,2,--- ,n,le, u; <wv;,i=1,2,-- n.

3 Centroid of n-dimensional fuzzy number

As trying to characterize fuzzy numbers with their numerical characteristics, the means of fuzzy numbers are often
used. For some n-dimensional fuzzy numbers, such as a fuzzy n-cell fuzzy number u = F.(uy,ug, - ,uy) or a fuzzy
n-ellipsoid fuzzy number v = F.(uy, uz, -+ ,uy), its mean [24, 27, 2¥] is a n-dimensional vector of which components
are all real numbers:

M(u) = (M(ur), M(us), - , M(un),

where M (u;) fo r) +w;(r)]dr.

For general high- dlmensmnal fuzzy number, because there is no the expression of edge membership functions like
cell or ellipsoid fuzzy number, the concept of such mean can not be introduced. In addition, for high-dimensional fuzzy
cell or ellipsoid number u, although the concept of the mean can be defined, from the definition of mean M(u), we
can easily see that each component M (u;) of the mean M(u) depends only on its own corresponding component u;
of the fuzzy n-cell fuzzy number u = F.(uj,ug, - ,u,) or the fuzzy n-ellipsoid fuzzy number v = F¢(u1, ug, -, uy),
and has nothing to do with other components, i.e., the mean M(u) does not well reflect the overall structure of the
high-dimensional fuzzy number u (the membership function of u, i.e., the joint membership function of membership
functions of all components u; (i = 1,2,---,n) of u, see [21, 23]) of the fuzzy n-cell number or the fuzzy n-ellipsoid
number. Therefore, using the means of components of the fuzzy n-cell number or the fuzzy n-ellipsoid number to
approximate the fuzzy n-cell number or the fuzzy n-ellipsoid number has some shortcomings.

On the other hand, it is known that for a fuzzy number, the greater the degree of membership of a point in the
real field R, the greater the contribution of the point to the fuzzy number. In other words, the greater the degree
of a point in the real field R belonging to a fuzzy number, the greater the importance of the point to the fuzzy
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number. Therefore, we can regard a multi dimensional fuzzy number u as an object which is the closure [u]° of the
support of u taking the membership function u(x) = w(zy, 22, -+ ,2,) as the density function. Therefore, we have
the reason of using the centroid (we also call it the centroid of the multi dimensional fuzzy number, and denote it
as C(u)) of the object to approximate the multi dimensional fuzzy number u. And we will see (see the Theorem
4.2) that each component C(u;) of the centroid C(u) of the multi dimensional fuzzy number u depends not only on
its own corresponding component u;, but also on all other components of the multi dimensional fuzzy number u. In
other words, the components C;(u), Ca(u),- - ,Cyr(u) of the centroid C(u) are all related to the overall structure of
multi dimensional fuzzy number u (this avoids the shortcomings of the mean M(u)). From a structural perspective,
using centroid C(u) of multi dimensional fuzzy number w is more objective to approximate the multi dimensional fuzzy
number u than using its mean M(u).
In the following, we give the definition of centroid of multi dimensional fuzzy number:

Definition 3.1. Let w € E™. For anyi=1,2,--- ,n, we define C;(u) as following:

/—/nh
/~ . ~/xiu(x17x2, <o xp)drydey - day,
o=t

o ’ (1)
u(l‘l, To,- - 7$n)d:)31d332 coodzy,
[u]®

then we call the n—dimensional real number vector (C1(u), Ca(u),- - ,Cp(w)) the centroid of multi dimensional fuzzy
number u, and denote it by C(u), i.e., C(u) = (Cy(u), Ca(u), -, Cp(u)).

Although the addition and scalar multiplication of fuzzy numbers are different from the usual addition and scalar
multiplication of real functions, we can obtain the following results for the concept of the centroid of n—dimensional
fuzzy number:

Property 3.2. Let u € E™. We have that
1) C(u+a) =C(u) +a (ie., Clu+a) =(Ci(u) + a1,Co(u) + ag, - ,Cpn(u) + an)) for any a = (a1,as, -+ ,a,) €
Rn’.
2) C(au) = aC(u) (i.e., Clau) = (aCi(u),aCs(u), - ,aCy(u)) for any o € R.
Proof. By the definition of addition on E™, we have that
(u+a)(x) = sup min{u(y),a(z)} = sup min{u(y) a(a)}
y+z=x y+a=x

= sup min{u(y),1)} = sup u(y)=u(x—a),
y+a=x y+a=x

Therefore, for any i = 1,2,--- ,n, by Equation (1), we have that

<

--/z'-(u+é)(x1,x2,~-- , T )dxydas - - - day,

/xlu(xl —a1,Ty —ag, Ty — ap)dx1dTs - - dTy,

[u+4a]°

n

u(xy — a1, 22 — ag, -+ ,Tp — ayp)dxrides - - - dzy,

fu+al?
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.- ziu(r1—a1,xa—az, ,Tn—an)d(x1—a1)d(x2—az2) - d(x,—an)

[u]0+{a}

n

u(z1—a1,x2—as, " ,Tn—an)d(r1—ar)d(ze—az)--d(xn—an)

[u]0+{a}
n

s (yitai) u(y,yz,er Yn)dyr1dyz-dyn
[u]0+{a}

——

s u(yn,yz,yn)dyrdyz - dyn

[u]©

n

——

/"'/yru(yhyg,-“-,yn)dyldyz~-dyn

[u]0+{a}
n

+ a;
——

/"'/U(yhyz,-“,yn)dyldy2~~~dyn
0

[u]
Ci(u) + a;

so, Conclusion 1) holds.
Let o # 0. By the definition of scalar multiplication on E™ and K (R™), we have that [au]® = {x € R"| (au)(x) > 0} =

{x € R u(ix) >0} = {ay € R*| u(y) > 0} = a-{y € R"| u(y) > 0} = a[u]’. Then, for any i =1,2,--- ,n, by Equa-
tion (1) we have that

n

—_——
/"'/mi‘(au)(wl,azz,m,xn)dwldmgmdzn
0
Ci(au) = —=
——
/"'/(au)(zl,mg,w,mn)drldzgwdmn
[au]0
n
——
/"'/Iru(él‘l,éfz,“-,imn)dibldmz“-dmn
afu]®
n
—
/"'/U(éwhéwzw-,éasn)dmdwz'--d:vn
au]0
——
(x"/"'/JCL"U(%xh%wzw'7%9077,)11(%361)d(éﬂh)'“d(%xn)
_ alu]0
——
04"/"‘/u(ém,éﬂ?zw“7%1’71)61(éxl)d(ém)'“d(éxn)
alu]0
n
——
a"/"'/(ayi)-u(yhyzr“,yn)dyldyz“'dyn
_ [ul®
——
ar [ [ u(yyz, o yn)dyrdyz o dyn

[u]0
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n

——
/"'/yyu(yl,ymm7yn)dy1dyz~~dyn
=a- "
/"‘/u(yl,yz,---,yn)dyldyz---dyn
[w)®
= aC;(u)
On the other hand, as a = 0, it is obvious that C(au) = aC(u) holds, so Conclusion 2) holds. O

4 Calculation for centroid of fuzzy cell number

Although the definition of centroid of multi dimensional fuzzy number is not very complicated in form, it is not
convenient to use this definition expression directly in some theoretical studies and application calculations. In the
following, for fuzzy cell numbers, we are going to establish a new formula for calculating the centroid so that it can be
used conveniently in theoretical studies and applications. For this reason, we first give the following lemma:

Lemma 4.1. Let u € E", Q={(21,%2, -+, ¥p,7) € R*" | (21,29, ,2,) € ], 0<r <u(wy, 22, ,2,)}. then the
ith component C;(u) of centroid C(u)=(Ci(u),Ca(u), -+ ,Cp(u)) is
n+1
—
/ . /xidxldmg - dxpdr
Ci(u) = — : (2)
——

/-~-/d$1dac2~-~dxndr

Q
foranyi=1,2,--- n.

Proof. For any ¢+ =1,2,--- ,n, we have that

n+1 n
/ e /xid:cldxg - dx,dr / e /(f(;u(wl’wz"u =) xidr)dxydas - - - dxy,
Q [
n+1 - n
—— —
/ e /dxldxg o dxpdr / e /(f(;t(xl’m’m ) dr)dwydws - - - da,
Q [u]°

"'/l‘iu(a?hl‘m"' ,Tp)dxidey - - - dry,

[u]®

——

/"'/u($1,$2,"' , Tp)dxrday - - - da,

[u]°

The proof of the lemma is completed. O

For fuzzy cell numbers, by Lemma 4.1, we can obtain the following calculation formula of centroid:

Theorem 4.2. Let u = F (uy,uz,- - ,u,) € C(E™). Then for anyi=1,2,--- ,n, the ith component C;(u) of centroid
C(u)=(C1(u),Co(u), -+ ,Cph(uw)) is

11u-7" w; (r NI (T (r) — wqi(r r
Cufur) = 3 Jo (ui( )1+ 1(211]:1( 5(r) —uy(r) d o
Jo Ty (@ (r) — uy(r)) dr
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where I17_ (uj(r) —u;(r)) is the multiplication of the real numbers (ui(r) —ua(r)), (Ua(r) —uz(r)), -, (Wn(r) —un(r)).

Proof. Denoting Q={(z,r)=(z1, 22, ,Zn,r) € R*" | 2 = (v1, 29, ,2,) € [u]®, 0<r <u(z) = u(z1, 22, ,20)},
we see that
Q={(x1,22, - ,xn,7) € Rt | u;(0) < a; <% (0),i=1,2,--- ,n and 0<r<u(xi,x2, - ,xn)}
={(z1,22,  * ,Tpn,7) e Rt | 0<r<1 and u;(r) <z <w(r), i=1,2,--- ,n}.

Denoting = = {(z1, 22, - ,2n) € R"| ui(r) <z; <w(r),i =1,2,--- ,n}, then, by the Lemma 4.1, we have that

n+1

——
/"'/midmldzg-udzndr
— Q

Ci (u) ntl
——
/"'/da:ldwz-”dm"dr
Q n
——
fol(/ oo /widxldzgnda:n)dr
- n
jol(/ . '/dmldzgmdasn)dr
fo (f:f((r)) f:;((r)) _f:m((r) zidawydos--day, )dr
R T2 ity desdzada i
fo (f:ll((r)) dxy-- ful(%) zidx;- f:’”((r)) dxy )dr
fo (full((:)) dzxy- ‘]‘5:((77‘)) da,,)dr
_ %f(}l(uz r)+u7(r))nn 1 (uj (r)— Uj (r))dr
B Jo Wy (a7 (r)—u; (r) dr
where, II7_, (u;(r) —&(r)) is the multiplication of the real numbers (i (r) —ui(r)), (G2 (r) —ua(r)), - -, Wn(r) —un(r)).
The proof of the theorem is completed. O
Property 4.3. Let u,v € C(E™) with u = Fe(uy,ua, - ,un) and v = Fe(vy,ve,-++ ,v,). Then u < v = C(u) <

C(v), i.e., Ci(u) < C(v;) for anyi=1,2,---,n

Proof. From u,(r) < vi(r), w(r) < w(r) (since u < v
i=1,2,---,n, we can see that u;(r) + T;(r) < vi(r) + T (

TG (w5 (s) — u;(s)) - -, (7 (2) — v;(¢)) = 0

for any r,s,t € [0,1]. Denoting D = [0, 1] x [0,1] (the cartesian product of [0,1] and [0, 1]), then we can obtain that

i(r) < @(r) and u;(r) < w(r) for any r € [0,1] and

~—
O_.

1 1
| (st + witr)ar < / () + Ti(r)dr
0 0

and

ffD 1 ]
=L ) v;(s)
= fom ( 7))
—ffD CHOSON Y ( H(5) (5]
= [l 1 Jsm(s)) L (@7(0) 0, (1) dsdt
>0

( i( )*Uj

It implies that

)

JoCus (i (r))dr [, y ) uj<s>w<s>>ny:1<v7<t>@<t>>dsdt
< [y i 7)) dr ([ T (55 (5)—; (5)JIL (5 (), (t) ) dsdt
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- W0 ()T Ty (5 (5) — 45 5) - T2, (57 (8) — v ()l
< Mjo,0 (vi () 03 ()T, (@5(s) —v5(s)) - 1T ( 5 (1) —u;(t))drdsdt
where [0,1]3 = [0,1] x D (the cartesian product of [0, 1] and [0, 1] and [0 1)), s

B

i(r) i (r))IG_, (5(s) - &(S)) 1( (t)—v;(t))
i(r) A0 () (05 (s) =05 (s)) - Ty (5 () = (#))

almost hold for (r,s,t) everywhere on [0, 1]2. Therefore there exists A C [0,1]3 with u([0,1]> \ A) (Lebesgue measure)

= 0 such that
wi (r) -+ ()L (5 (s) —u; (s)) - Iy ((95(8) —v; (1))

< i (r) +0i ()T (75 (s) —v;(s)) - T=y (W5 (8) — (1))

holds for all (r, s,¢) € A. From p([0,1]3\A) = 0, we see that A is dense in [0, 1]3. Therefore, for any (rg, s, to) € [0, 1]\ A,
there exists {r.,, }5°_; C [0, 1] which is non decreasing as ro 7# 0 and non increasing as ro = 0, {$,,}20_; C [0, 1] which is
non decreasing as sy # 0 and non increasing as so = 0 and {t,, }5°_; C [0, 1] which is non decreasing as ¢y # 0 and non
increasing as tg = 0 such that {(rm, Sm,tm) 551 C A and limy, o0 (T Sm, tm) = (70, S0, to). By the left continuity of
w(r),a(r),v(r) and B(r) at r # 0 and the right continuity of u(r),u(r),v(r) and T(r) at r = 0 (see Theorem 3.1 in [29]),

from
&(Tm)+m(rm)ﬂ?:1(fj(sm)*ua(sm)) _1 (U5 ()= (tm))

< 0i(rm )+ (rm )T (U5 (5m) =05 (8m) ) 1T ( 3 (tm) = (tm))

<

/.\
‘ S

we have that

ui(ro) + 2 (ro)7_ (w5 (s0) —u; (s

< 3 (ro) +T3(ro) I, (T7(s0) — j(

0)) - I (( i (to) —v;(to))
0)) - 17
Thus, we know that
wi (r)+a; ()1 (u5(s) — 1(8)) H] (75 (1) —v; (1))
< 0 (r) 40 (r)I_, (75 (s) —v; (s)) - 1L (w5 (£) —u; (2))

hold for any (r,s,t) € [0,1]3. Taking s = r, we obtain that

i () ()1 (w5 (r) =y (r)) - T
< wi(r) 40, (07 (r) — v (r)) - TG (w5 () — uy (£))

” o) 0 (50) ) - (0 =0t
Hn

< S (i(r) + T () (05 (r) = 05 (1)) - Ty (a5 () —uy (8))drrdt

It implies that
1 _ __ " (T
fo( (r)+uz(r))H] 1 (@ (r) = (r))dr - foﬂ (05 () —v;(2))dt
< Jo i) +T ()T (T5(r) = v, (r))dr - [y T, (*() u;(t))dt
ie.,
Jo (i (r) @ (r) I} (5 (r) =y (r))dr < Jo a(r)+07(r) I, (35 (r) = v (r))dr
Jo Ty (w7 (1) —u (1)) dt - Jo Ty (W5(t)—v; (1)) dt

SO
5 Jo (ui )+ () (w5 (r) —uy (r))dr < 5 Jo (i ()0 (r)I}_ (05 (r) —v; (r))dr
Jo Ty (w5 (r) —u; (r))dr - Jo T (@5 (r)—v; (r))dr
Thus, by Theorem 4.1, we obtain that C;(u) < C(v;) for any i = 1,2,--- ,n, ie., we complete the proof of the
property. O

5 Calculation for centroid of fuzzy ellipsoid number

In this section, for fuzzy ellipsoid numbers, we are also going to establish a new formula for calculating the centroid so
that it can be used conveniently in theoretical studies and applications.
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Theorem 5.1. let u € E(E™) with u = Fo(uy,ug, - ,uy,). Then for any i = 1,2,--- n, the ith component C;(u) of
centroid C(u)=(Cy(u), Co(u), - ,Cp(u)) is

Ll u r
Ci(u)zﬁfo( ()1+ i (r)) I, (w5 (

) —
Jo Wy (@5 (r) — uy(r)) dr
where 117 (w;(r) —u;(r)) is the multiplication of the real numbers (uy(r

Proof. Let Q = { r)= (z1,22,  ,Tn,7) € R" |2 = (21,29, , 7,
have that

u;(r)) dr

; (4)
ui(r)), (2 ( )—ua(r)), -, (@n(r) —un(r)).

)—w
YE ], 0 <r <wu(x) =u(zy, 20, ,20)}. We

u; (0)+75(0) | o

Q= {(35171327"' ,Tp,T) € R ST 1(@(0)—“(0))2) <1, 0<r<u(zy,xq, - ,xn)}
{ 2

) @ uy ()T (1) | o

'VL+ n i P

(1,29, 7$n’7“) €R \ 0§T§17Zi:1 (uﬁm—ﬁm),z <1,
2

N (zif“—i("”w"’ 2

Denoting Z, = {(:pl,:@, e mp) ERMOD W <

2

/ /xzdxl -dx,dr fo / /xldxl -dxy)dr

r}, then, for any ¢ = 1,2,--- ,n, by the Lemma
4.1, we have that

/ / dxy - - dxy,dr / / dzy - - dxy,)d

C(uy)

Denoting I'(z) = [;~ t*~'e~"dt, for any r € (0,1], by the Formula of volume of n—dimentional ellipsoid (see Theorem
2.1 in [B0]), we see that

/ /dwl day = iﬁ;)nyl'(r);“i(’"). 5)

For any r € (0,1], in order to compute /---/xidxl -+~ dx,, we denote a;(r) = M and b;(r) = M

(t=1,2,...,n), and make the generalized polar transformation:

x1 =b1(r) +a1(r)psinby sinfy .. .sin b, _osin b, _q
xo = ba(r) + az(r)psinfy sinfy...sinb, 5 cosb, 1
x3 =b3(r) + as(r)psinfy sinfy...sinb, _5cosb, o

Tp—1 = bp_1(r) + an—1(r)psin by cos by
Zp, = by (1) + an(r)pcos by
where 0 < p<1; 0, €[0,x], i=1,---,n—2; 6,1 € [0,27]. Then the Jacobian determinant is

6(.%1,.’1)2,"' s T, )
3(P,91,"' 7971)
As i =1, for any r € (0, 1], we have that

Jn(r) = = (I a;(r ))p"_1 sin” 26, sin® 305 ---sinb,,_s.

n

——

//xldxldxn

"

(1]

}:

= / _ / [b1(r) + a1(r)psinby sinby . . .sin b, _osin b, _1] J,,(r)dpdby - - - d6,,—1

r

(1]
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n

/ /J )dpdbi - -+ dbOrn— 1+/ /[a1 )psinfy sin6s .. .sinbp_28inbp_1] Jo(r)dpdbs - - - dfn—1

n

——
=bi(r) / e / dzy - - dxyn + a1 (r) (T2 ai(r)) / e / (p" sin® 16, sin™® 2605 ---sin?0,_ssin 9n,1) dpdfy ---dBn_1

}:m

= bi(r) 2“? m, “’(T)_ﬂi(’“) + a1 ()T ai(r)) (fol p”dp) (f07r gin™~ ! 01d01)- . -(fO’T sin? 0,,_od sin Gn_g)(fozﬁ sin 0n_1d9n_1)

nF( )
_ bl(T’) n2r7r(< Hn w,(r)— “L(T) +0
‘ﬂj u; (r) u, (1)
7b1(71)n1‘(\) =1
In addition, as i = 2,3,--- ,n, for any r € (0,1], we have that
/ /chdxl
o
——

= /~-~/[bi(r)+ai(r)psin91 -8in by, —; cos 0y —it1] Jn(r)dpdby - - - dbp—1

n

——
/ / r)dpdf; - - - db,,— 1+/ /az Jpsin®y - --sinb,,_; cos Oy ;1] Jn(r)dpdby - - - db, 1

S

3 [I]

n

—
/ /dﬁﬁ ~dxy, 4 ai(r )(H _1a;(r / /p Sin" 6 - - - sin0,,_; o801 sinT20,, iy - - - Sinb,, 2) dpdfy - - - db,_1

By foﬂ €080y iy 15N 20, i 1d0, ;41 =0 (i =2,3,--- ,n), we know that
/- . -/(p” sin™ 10, - - - sin%6,,_; cos0p i1 sini_zﬁnﬂ-ﬂ e Sinen,g) dpdfy ---db,_1 =0

Therefore, By Equation (5), we have that

: 2 wi(r) — uy(r)
e o w(r) —u(r
/ /CE dz, dmn—bl(r)nr(g)ﬂl,l 5 ,i1=1,2,---.n
/—:LA

Thus, for any i = 1,2,--- ,n, /-u/xidxl ceodxy, = bi(r )nQFﬂ(fz)H" ul(T)_u @) holds. So, for any i = 1,2,--- ,n, we

fo/ /a: dzy---dz,)dr n B

- fl 2F7r %)H?:1 U«i(T);ﬁqz(T) dr
n

fol(/"'/dmlmdzn)dr

b (T, T g L [ () ()T (5 () — g (1))

oy, i g T G (r)—uy (r) dr

have that

1 2ns o Hi(r)—u(r)
Jo n21"( ) =1 5 ——dr

The proof of theorem is completed. O
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Remark 5.2. For any given high-dimensional fuzzy cell number (resp. high-dimensional fuzzy ellipsoid number) u, by
the Theorem 3.2 in [Z1] (resp. Theorem 8 in [23]), we can work out its edge membership functions u; (i =1,2,--- ,n)
such that u = Fe(uy,ug, - ,up) (resp. u = Fe(ug,ua, -+ ,un)). Then obtain the functions of level value v on [0, 1]
u;(r) and W (r) which are respectively the left endpoint and the right endpoint of the r—cut set [u]” of u. In this way, we
can use Formula (3) (resp. Formula (4)) to calculate the centroid C(u) of fuzzy number u only by calculating definite
integrals, which avoids the trouble of calculating n—multiple integrals by directly using definition formula (1). Moreover,
in theoretical research and application, the high-dimensional fuzzy numbers discussed or used are usually given directly
in the form of cut-set functions (i.e. u;(r) and u;(r)) Therefore, obtained Formulas (3) and (4) are more important.

From Theorems 1 and 2, we can see that for u. = F.(u1,us, -+ ,u,) € C(E™) and ue = Fo(ug,uo, -+ ,uy,) € E(E™),
the calculation formulas of C(u.) and C(u,) are the same. So, the centroid of fuzzy ellipsoid number also has the same
property with the centroid of fuzzy cell number:

Property 5.3. Letu,v € E(E™) withu = Fe(u1,ug, -+ ,uy) andv = Fe(v1,va,- -+ ,v,). Thenu < v = C(u) < C(v),
ie., Ci(u) < C(v;) foranyi=1,2,--- ,n

6 Applications

In [20, 24, 25, 274, P8], we used the mean of fuzzy numbers to construct processing methods such as recognizing, classifying
and ranking for multi channel uncertain or imprecise digital information. In order to show that results obtained have
also a strong application background, as an example, in this section, we are going to give a fuzzy order in the fuzzy
ellipsoid space based on the concept of centroid of fuzzy number, which can be used to set up a more objective and
reasonable dynamic method of ranking multi-channel uncertain or imprecise information than the dynamic method
proposed in [2¥].

For w,v € E" and p = (p1,p2,--* ,pn) € R" with p; > 0 and > 1" ; p; = 1, it is obvious that C(u) = C(v) <
S0 pilCw) = Ciw)] = 0.

For any u,v € E", we denote CM(
the ith components of the centroid C

u,v) = max{C;(u),C;(v)},i=1,2,--- ,n, where C;(u) and C;(v) are respectively
(u) of u and the centroid C(v) of v.

)
Definition 6.1. Let p = (p1,p2, -+ ,pn) € R" withp; >0 and Y., p; = 1. We define a fuzzy binary relation <5 on
E™, i.e., a mapping <5: E" x E™ — [0,1] as following:

F

=p

sTopic@-oi S # C) (6)

Zzbzl pi(cijw(uvv)_ci("))
(u’ v) = 1
2 C(U) = C(U)

for any (u,v) € E™ x E™. Foru,v € E", if <F (u,v) = a, then we denote u <3 v

Property 6.2. Let p = (p1,p2,- -+ ,pn) € R™ withp; >0 and Y., p; =1. Then
1) <E (u,v)+ <E (v,u) =1 for any u,v € E";
2) u < v and C(u) # C(v) = <[ (u,v) =1 (it is equivalent to that u < v and C(u) # C(v) = <L (v,u) =0)
for any u,v € C(E™) or E(E™);
3) <E (u,v) > min{<]" (u,w), <] (w,0)} (it is equivalent to that < (u,w) >r and < (w,v) >r = <I" (u,v) >
r for any r € |0, 1])f0ranyu v,w€ E";
4) <F (u,v) =3 < ZZ 1p2 Ci(u) = > piC;i(v) for any u,v € L(E™)orE(E™);
5) <5 (u+a,v+a) ==<[ (u,v) for any u,v € E™ and a € R;
6) <} (au,av) =<F (u v) for any u,v € E™ and a € R.

=p
Proof. The proof of 1): As C(u) = C(v), by the definition of fuzzy binary relation <", we see that < (u,v)+ <[
(v,u)=1+1=1; As C(u ) # C(v), by the definition of fuzzy binary relation <p , We have that

F
=<y (u, v)+ < (U,u)
_ Ziapi(CM(u 0)- <u>))+zl L pi(CM <vu> Ci(v)
i 1Pz\C (v)—Ci(u)] pi|Ci(u)—Ci(v)]
_ 2izy pi(max{Ci(u),Ci(v)} —Ci u))+2]31 1Pz(maX{C (u),Ci(v)}=Ci(v))
, > ie1 pilCi(v) —Ci(u)]
_ Xr, pi(2max{Ci(u),C (3 =Ci (u)—Cs (v))
21 pilCi(v)—Ci (u)]
_ T p G Cw)|
12?:1 pilCi(v)—Ci (u)]
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The proof of 2): By the definition of fuzzy binary relation <5 and Properties 2 and 3, we have <5 (u,v) =
iy p(CM () Ci(w) S pi(max{Ci(w), Co(v)}-Ci(w) _ S0y pi(C(0:)-Clus)) _

ST Co ) = ST (C (o () = S C(an) =1, so Conclusion 2) holds.

The proof of 3): It is easy to prove that <! (u,v) > min{<]" (u,w), <] (w,v)} is equivalent to that of <" (u,w) >r

and <" (w,v) > r = <" (u,v) > r for any r € [0, 1], so we only need to prove <[ (u,v) > min{<}" (u, w), <} (w,v)}.
o . ol 1 -<F(u,w)+-<F(w,u) - -<F(u,w)+—<F(w,v)

If C(u) = C(v), then by Conclusion 1), we have that < (u,v) = 5 = -2 5 = &2 5 >
min{<5 (u7w),<£ (w,v)};

If C(u) # C(v) and C(u) = C(w), then <F" (u,v) =<I" (w,v) > min{<" (v, w), <] (w,v)};

If C(u) # C(v) and C(v) = C(w), then <! (u,v) =< (u,w) > min{<" (v, w), <] (w,v)};

(
If C(u) # C(v), C(u) # C(v) and C(v) # C(w), then, by the definition of fuzzy binary relation </ and Lemma
4.1 in [2R], we have that

<5 (u,v)

_ i p,-(c?f(um—c,-(u)))
2 pilCi(v)=Ci(u)]
_ X pi(max{Ci(u),C (v)} Ci(w)

S PO ) —Ci )]
_ 2 pillEH ()= Ci (w0 (0)=Ci(w)

257701 pilCi(v)—Ci(u)]
_ l+ > i1 pi(Ci(v)=Ci(u))

23 pi[Ci(0)—Ci (W]
_ 14 X5 piCiw)=Ci(w)+Ci(w)=Ci(w))

3 2301 PiC () =CL(w)F 0 () =G (w)]

L Pi(Ci(w) = Ci(w)+> 7, pi(Ci(v)=Ci(w))

1
SR e R X R e
1 : i—1 Pi(Ci(w)—C4(u i—1 Pi(Ci(v)—Cy(w
Z 5 T min {22?:1pi\ci<w>—ci<u)w 25 7, pilCi(v)—Ci(w)]

- f1 Zl pi(Ci(w)=Ci(w)) 1 | 30, pi(Ci(v)—Ci(w))
min § 5 + 35 flplwci(m—ci(u)w 3 T as 11p1|ci<v>—ci<w)|

i d D pilIC () ~Cu () [+ s w) - Ciw)] Sp 1mHci(v)—cmw)\ci(v)—ci(wn}
230 pilCi(w)—Cy (u)] ’ 230 pilCi(v)—Ci(w)]
— i S 2m AL (0.C. )} O] iy pilmax{CL(w).Cu(w)}—Culw)]y
Z(” 1P7\C ;w) (C)()u)\z ’( " ZZ; 1P7(\C))(U) Ci(w)]
_ L Pi cM (u,w)—C (u 1 pi(CiT (w,v)=Ci(w
= min{ > zl IO S, plG @O

= min{< (u,w), <} (w,v)}

so Conclusion 3) holds.

The proof of 4): If C(u) # C(v), then by <% (u,v) = 3+ 2%25”;%%;%%2% =1+ Z;i%jl:)l)g(%gilcpzfjl(u) (see the

. Tlfl 7C7 v)— 11:1 7C7 u _ n _ n .
proof of Conclusion 3)), we have that <! (u,v) = § < Egzjjn 1151 \)Ci%)fcﬁ(uﬂ( ) —0 & Yo piCi(u) =30 piCi(v);
However, if C(u) = C(v), then <[ (u,v) = 3 and > piCi(u) = Y1 piCi(v) are all hold, so <[ (u,v) = 5 &
S piCi(u) = >0 piCi(v) is also correct. Therefore Conclusion 4) holds.

The proofs of Conclusions 5) and 6) can be directly completed by the definition of fuzzy binary relation <5 and the

Property 3.2. So the proof of the property is completed. O

From the meaning of the definition of fuzzy binary relation </ (Equation (6)), Conclusions (2) and (3), we can
easily see that -<5 (u,v) can reasonably reflect the credibility in which fuzzy number v is “larger” than fuzzy number
u. So it can be used to set up a more objective and reasonable dynamic method of ranking multi-channel uncertain or
imprecise information than the dynamic method proposed in [Z&] (since the centroid of multi dimensional fuzzy number
can characterize the multi dimensional fuzzy number more reasonably than its mean).

Example 6.3. In this example, what we are going to do is ranking the four Manufacturing enterprises A,B,C,D
according to the following four evaluating evidences:

Evidence 1(denoted by E1) : the score of Asset Operating Status of the enterprise;

Evidence 2(denoted by Es) : the score of Product Quality of the enterprise;

Evidence 3(denoted by Es) : the score of Production Capacity of the enterprise;

Evidence 4(denoted by Ey) : the score of Environmental Protection Evaluation of the enterprise.

For simplicity, suppose 10 experts are invited to give the corresponding scores (the percentage system is adopted) to
each Manufacturing enterprise of the four Manufacturing enterprises for the four evaluating evidences. For example,
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the following data set is the scores of Manufacturing enterprise A:

E, E;, FE3 E4

Ezxpert 1 : 87 8 65 87
Ezpert2: 74 63 69 T4
Ezxpert 3 : 79 64 48 70
Ezpert4 : 92 59 86 51
Ezxpert5 : 88 78 52 67
Ezpert 6 : 60 46 61 66
Expert 7 : 79 87 75 69
Ezxpert 8 : 68 62 57 63
Ezxpert 9 : 68 73 59 69

Ezpert 10 : 74 67 60 65

Then we can use method introduced in [ZD] to construct a fuzzy 4-ellipsoid number to represent enterprise A. The
specific steps are as follows:

Step 1:1By pa; = 1—10 Zzlil ai; (7=1,2,3,4), wle work out pa; = 76.9, paz = 68.5, pas = 63.2, pa; = 68.1. And by
Loa;, = Min Zaij<UAj (a; —aij) and Roa; = Ly Zaij>UA]- (na; —ai;) (7 =1,2,3,4), we can work out Loy, = 8.1,
Roa, =81, Loa, =83, Roa, =125, Loa, = 7.0, Roa, =10.5, Loa, = 5.7, Roa, = 5.7, where NLAj and NRAJ- are
the number of the values a;; which satisfy a;; < pa; and the number of the values which satisfy a;; > pa,, respectively.

Step 2: Taking [oa,, Ba,] =[0,100] (i =1,2,3,4) and A\ = 2, we can work out:

uAi — ALy, =60.7, uA;+AR,, =93.1
udy — ALg,, = 51.8, udz + ARy, =935
uAsy — ALy, =49.1, uAs+AR,, =843
uAy — ALg,, = 56.7, uAs+ ARy, =T79.5

so, we have

(max)4, = max{pa, — /\LoAlvO‘Al} =60.7, (min)a, = min{pa, + /\RUAI,BAl} =93.1
(max) a, = max{pa, — ALo,,,a,} =518, (min)a, = min{pa, +ARs,,,B4,} = 93.5
(max)a, = max{pia, — ALy, a4} =49.1, (min)a, = min{pa, + ARy, Ba,} = 84.3
(max)a, = max{pa, — ALo,,,aa,} =567, (min)a, =min{pa, + AR, ,Ba,} =T79.5

It is obvious that the four components (E;, j = 1,2,3,4) should be all of Two-sided type. Therefore, by ua =
4

cT ((uAi = ALoy, M (max) 4, wa;s (wa, + AR"Ai)‘(H)AJi,l’ we construct CT-fuzzy 4-ellipsoid number (see Definition
5in [23]) ua as

60.7 769 93.1

51.8 68.5 93.5

49.1 63.2 84.3

56.7 68.1 79.5

uA:CT

to express the Manufacturing enterprise A.
By using the same method, we can work out up,uc,up to respectively express Manufacturing enterprises B, C and
D. Suppose that
54.0 62.5 76.4

471 61.7 76.3
up =CT' | 4='3 439 825
52.6 69.4 80.6
45.0 73.0 85.0
59.7 72.7 85.7
uc =CT| 595 719 s8s8
55.4 73.0 90.6
477 66.3 84.9
58.1 65.3 82.0
up =CT | ros 799 825

51.9 65.7 79.5
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Then, we have that

ua, (r) =60.74 (76.9 — 60.7)r
Ua, (r) =93.1—(93.1 — 76.9)r
U4, (r) =51.8 4 (68.5 — 51.8)r
Ta, (1) = 93.5 — (93.5 — 68.5)r
up,(r) =49.1 + (63.2 — 49.1)r
Ta,(r) = 84.3 — (84.3 — 63.2)r
ua, (1) = 56.7 + (68.1 — 56.7)r
ua,(r)=179.5—(79.5 — 68.1)r
up, (1) = 54. O + (62.5 — 54.0)r
up, (r) =764 — (76.4 — 62.5)r
up, (r) = 47. 1 + (61.7 —47.1)r
up,(r) =763 —(76.3 — 61.7)r
up,(r) =45.3 + (63.9 — 45.3)r
Up,(r) = 82.5 —(82.5 — 63.9)r
up,(r) = 52.6 + (69.4 — 52.6)r
ug,(r) =80.6 — (80.6 — 69.4)r
ue, (1) = 45.0 + (73.0 — 45.0)r
Uc, (r) = 85.0 — (85.0 — 73.0)r
uc, (r) = 59.7 + (72.7 — 59.7)r
Tc.(r) = 85.7 — (85.7 — T2.7)r
ucy (1) = 59.5 + (71.2 — 59.5)r
T (1) = 88.8 — (88.8 — 71.2)r
ue, (1) = 55.4+ (73.0 — 55.4)r
Uc, (r) = 90.6 — (90.6 — 73.0)r
up, (r) = 47.7+ (66.3 — 47.7)r
up, (r) = 84.9 — (84.9 — 66.3)r
up,(r) = 58. 1 + (65.3 — 58.1)r
Up,(r) = 82.0 — (82.0 — 65.3)r
up,(r) = 56. 8 +(72.2 — 56.8)r
Tp, (r) = 82.5 — (82.5 — 72.2)r
up,(r) =51.94 (65.7 — 51.9)r
Tbo(r) = 79.5 — (79.5 — 65.7)r
By Formula (4), we can work out C(ua) = (Cluar), C(uaz), C(uas), C(uas)), C(up), Cluc), and C(up) as follows:

Clua) = (76.9,71.9,66.1,68.1)
Clup) = (64.7,61.7,63.9,67.1)
Cluc) = (66.3,72.7,73.7,73.0)

C(up) = (66.3,69.3,70.1,65.7)

Taking weight p = (i i i i) by the Definition 6.1 (i.e., Equation (6)), we can work out that

-<£ (ua,up) =0.000 (i.e., —<£ (up,ua) = 1.000)
<, (ua,uc) =0.556  (i.e., <) (uc,ua)=0.444)
<£ (ua,up) = 0.204 (i.e., <£ (up,us) = 0.796)
<% (up,uc) =1.000 (i.e., <, (uc,up) = 0.000)
<% (up,up) =0.917 (i.e., <§: (up,up) = 0.083)
<, (uc,up) =0.000 (i.e., <, (up,uc) = 1.000)
So, we have that
up <0917y <0796 4y, L0556 4

Thus, we can get a ranking result (from excellent to bad) of the four Manufacturing enterprises: C, A, D, B. And
we also see that the degrees of which C is superior to A, A is superior to D and D is superior to B are 0.556,0.796 and
0.917, respectively.
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In addition, if we take the level r = 0.555, r = 0.798 and r = 0.918, we can obtain the following three dynamic
rankings (from excellent to bad) which changes with level v for the four Manufacturing enterprises: (1) First: C, Second:
A, Third: D, Fourth: B as r = 0.555; (2) First: A and C, Second: D, Third: B as r = 0.798; (3) First: A and C and
D, Second: B as r = 0.918.

7 Conclusion

In this paper, we proposed the conception of centroid (Definition 3.1) of multi dimensional fuzzy number via regarding
the membership function of the multi dimensional fuzzy number as the density function on its support set, and obtained
two conclusions (Property 3.2) about its general properties. Then, for fuzzy cell numbers and fuzzy ellipsoid number, we
obtained a calculation formula (Theorems 1 and 2) of centroid which is easy to use in theory and application by using
a lemma (Lemma 4.1) given by us and a special property (Properties 4.3 and 5.2) of the centroid by using the obtained
calculation formula, respectively. Finally, as an example of application, by using the centroid of multi dimensional fuzzy
number, we defined a fuzzy order (Definition 6.1) on n-dimensional fuzzy number space, which can be used to rank
uncertain or imprecise multichannel digital information, and obtained some properties (Property 6.2) of the defined
fuzzy order.
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