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Abstract

Uncertain random variable is developed to describe the phenomenon which mixes
uncertainty with randomness. The variance of uncertain random variable may provide
a degree of the spread of the distribution around its expected value. This paper
presents a formula to obtain the variance of uncertain random variable.
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1 Introduction

Prior to today, probability theory and fuzzy set theory are two common mathematical
tools to model indeterminacy phenomena and have been widely applied in information
theory, engineering, management science, and so on. We know a fundamental premise
of applying probability theory is that the estimated probability is closed enough to the
real frequency. However, such as ‘strength of bridge’, ‘about one million tons’, ‘tall’, and
‘most’, due to lack of observed data and the complexity of environment, when making
decisions, people have to consult with domain experts. In this case, information and
knowledge cannot be described well by random variables. For fuzzy set theory, it was still
challenged by many scholars after it was founded. Liu [1] presented several paradoxes to
show that fuzzy variable and fuzzy set are not suitable for modeling uncertain quantities
and unsharp concepts, respectively.

In order to deal with non-random phenomena, an uncertainty theory was founded by
Liu [2] and refined by Liu [3] and then became a branch of mathematics for model-
ing belief degrees. One the hand, Liu presented some basic and important theoretical
works of uncertainty theory [3]. On the other hand, as an application of uncertainty
theory, Liu [4] proposed a spectrum of uncertain programming which is a type of mathe-
matical programming involving uncertain variables and applied uncertain programming
to system reliability design, facility location problem, vehicle routing problem, project
scheduling problem, finance, and so on. In order to well interpret expert’s experimental
data by uncertainty theory, Liu first proposed uncertain statistics, and Wang et al. build
several uncertain statistical methods such as the method of moments [5], uncertain
Delphi method [6], and uncertain hypothesis testing for expert’s empirical data [7] and
discussed uncertain variance of sample and its application [8]. Nowadays, uncertainty
theory was well developed on both theory section and practice section. For exploring the
recent developments of uncertainty theory, the readers may consult the book [1].

Inspired by Kwakernaak [9,10], Puri and Ralescu [11], Kruse and Meyer [12], and
Liu and Liu [13,14], uncertain random variable was first defined by Liu [15] to describe
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complex systems in which uncertainty and randomness frequently appear together.
Otherwise, in order to model uncertain random phenomena well, Liu [15] also intro-
duce the concepts of uncertain random arithmetic, chance measure, chance distribution,
expected value, variance, and so on. As everyone knows, the variance of uncertain ran-
dom variable will provide a degree of the spread of the distribution around its expected
value. Although the concept of variance for uncertain random variable has been defined
by expected value, we still do not know how to obtain the variance from chance distri-
bution. This paper will build the formula for the convenience of obtaining the variance
from chance distribution. The remainder of this paper is organized as follows. The next
section is intended to introduce some concepts in uncertainty theory as they are needed.
A formula for obtaining the variance of uncertain random variable and some examples
are proposed in Section 3. Finally, a conclusion is drawn in Section 4.

2 Preliminary

Uncertainty theory was founded by Liu [2] in 2007 and refined by Liu [3] in 2010 and
became a branch of mathematics based on normality, duality, subadditivity, and prod-
uct axioms. For exploring the recent developments of uncertainty theory, the readers can
consult the book by Liu [1]. Based on uncertainty theory and probability theory, chance
theory was pioneered by Liu [15] in order to model the uncertain random compound
systems. In this section, some useful concepts are introduced. Let (I", £, M) be an uncer-
tainty space, where I" is a non-empty set, £ is a o-algebra defined on I', and M is an
uncertain measure, and let (2, A, Pr) be a probability space, where 2 is a sample space, A
is a o -algebra defined on €2, and Pr is a probability measure.

Definition 2.1. An uncertain random variable is a function & from a chance space
(T, £, M) x (82, A, Pr) to the set of real numbers such that {§ € B} isan eventin £ x A
for any Borel set B [15].

Definition 2.2. Let £ be an uncertain random variable on the chance space (I", £, M) x
(2, A, Pr), and let B be a Borel set. Then, {§ € B} is an uncertain random event with
chance measure [15]

1
Ch{¢ € B} =/ Priwe Q| M{y eT' | E&(y,w) € B} > x}dx. (2.1)
0

Note that the chance measure is in fact the expected value of the random variable
M{&(-) € B}, i.e,

Chi§ € B} = EI]M{§(") € B}], (22)

where E denotes the expected value operator for random variable under probability
measure Pr.

Theorem 2.1. Let & be an uncertain random variable. Then, the chance measure Ch{§ €
B} has normality, duality, and monotonicity properties, i.e., [15]
(i) Ch{g eR} =1,
(ii) Ch{¢ € B} + Ch{& € B°} = 1, for any Borel set B,
(iii) Ch{é € B1} < Ch{&é € By}, for any Borel sets By C B.
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Definition 2.3. Let £ be an uncertain random variable. Then, its chance distribution of
& is defined by [15]

®(x) = Chi{é < «}, foranyx € N.
An operational law of uncertain random variables was given by Liu [16] as follows.

Theorem 2.2. Let 01,12, , N, be independent random variables with probability

distributions V1, Wy, - ,V,,, and let 11,73, , T, be independent uncertain variables
with uncertainty distributions Y1, Yo, -,y respectively. Then, the uncertain random
variable &€ = f(n1, N2, -+, N> T1, T2, - - - » Ty) has a chance distribution [16]

O (x) = / F@y1,92ym)dV1(y1)d¥2(y2) - - AV (ym), (2:3)

im

where F(x; 91,92, - , Ym) is determined by its inverse function

FHNa91,y2 0 ¥m) =fLy2 - Ym X1 (@), Yy N @), -+, Xy (@) (2.4)
provided that f(n1,M2,+ » Ny T1, T2, -+ + » Ty) IS a Strictly increasing function with respect
011,72, T

Note that if 11,72, -+ , 7 are non-independent random variables with joint distribu-

tion W (y1,%2,- -+ ,¥m), Equation 2.3 can be modified as below,

d(x) = /q Fs91,92 5 ym)a@Y 01,52, 5 Ym)- (2.5)

Definition 2.4. Let £ be an uncertain random variable. Then its expected value is
defined by [15]

+00 0
E[&] =/0 Chi§ > r}dr—f Chié < r}dr (2.6)

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

Theorem 2.3. Let 1,12, - , ) be independent random variables with probability dis-
tributions V1, Wy, - - - , Wy, respectively, and let 1,1y, - - - , T, be uncertain variables, then

the uncertain random variable [16]

ng(ﬂlx"';nm;flx"' !Tn)

has an expected value

E[é] = jﬁm E[f(yh s Ymy Tyt » Tn)] d‘1’1(y1) e dq”m(ym)

where E[f(y1," ,Ym T1 -+ »Tn)] is the expected value of the uncertain variable

S, sy T1, 0+, Tw) for any real numbers y1,- -+, Y
As a special case, Liu [16] proved the following theorem.

Theorem 2.4. Let ) be a random variable and let t be an uncertain variable [16]. Then

E[n+ t] = E[n] +E[7] (2.7)
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and

Elnt]= En] E[7]. (2.8)

3 Variance of uncertain random variables
A formal definition of variance for uncertain random variable was presented by Liu [15]
as follows.

Definition 3.1. Let £ be an uncertain random variable with expected value e. Then, its
variance is defined by [15]

VIE] = E[€ — e)?]. (3.9)

The variance of uncertain random variable provides a degree of spread of the distribu-
tion around its expected value. The following theorem presents a formula to obtain the

variance for a class of uncertain random variable.

Theorem 3.1. Let 11,102, -+ ,nm be independent random variables with probability
distributions V1, Wy, - - - , Wy, respectively, and let t1,7,- - , T, be uncertain variables;
then, the uncertain random variable

‘i: =f(771r"’ > Nms TLy * ’Tn)
has variance
o0
Viel=2 [ [ al1-Fetun, o+ Eemsin s )] dsdWi00) - dW )
N
(3.10)

where

F(x;ylr' te ,)’m) = M{f(yl) t ;ym,Tl,' t )TVI) < x}

and
€= l;{m E[f(yh o Ym Tl rTn)] d‘ljl(yl) o d‘ym()’m)

are the uncertainty distribution and expected value of uncertain random variable &,
respectively.

Proof. Suppose that the uncertain random variable & = f(51,-- ,Mm, 71, -+ , T4) has
the expected value e, by the definitions of variance and chance measure, we have

Vig) = /0 e — 02 = xid
- /0 " EnMie — 0 = )] d
= /0+OOEPr[M{(f(771:"' M T+ 5 T) — €)= x] dx
= [ MG i = 0 = M0

+o00
= /Rm | M{(f(yl, s Y Tl ** ,Tn) — e)2 > x}dxd\ll1(y1) dqjm(ym)
(3.11)
O
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For the above equation, we have

+o00

M{(f(yl! s Ym Tl rfn) - e)z > x}dx
0
+oo

M{f(yl;"';ym;tl)"'7‘5}1)Ze+\/;cuf0/l!"':ym;fl;"'irn)ie_'\/';}dx

0

+00
= MG Yms T+ 5 Tn) = e+ V/x}dx
0
+00
+ MEGL - Y3 Tl > Tn) < € — /x}dx
0
+00
= / (1= Fle+~%y1 - ym) + Fle = Vay1,- -, ym)] dx
0
+o0
= 2/ x[1 —Fle+ %91, »ym) + Fle — %51, -, ym)] dx, (3.12)
0
where F(x;91,---,ym) is the uncertainty distribution of uncertain variable
fOL - Ym T, -+, Ty) for any real numbers y1, y9, - -, Viy-

By Equations 3.11 and 3.12, this theorem is proved.

Example 1. Let 1 be a random variable with probability distribution ¥, and let T be an
uncertain variable with uncertainty distribution Y. Then, the sum

E§=n+rt

has the variance
+00  pH400
V[S]:Z/ / x[1=Y+x—y)+Y(e—x—y)]dxd¥(y),
—00 0

where e is the expected value of uncertain random variable £ and the above integral is
finite.
Especially, let n be a random variable having probability density function

A ifc<x<d

P(x) = {d‘” (3.13)

0, otherwise,
and let 7 be an linear uncertain variable with uncertainty distribution

0, ifx<a

YTx) =1 3=% ifa<x<b (3.14)

1, otherwise.

By Theorem 2.3, the sum
E§=n+rt

has the variance

d— 2 bh— 2
vigl= C2 L P v v,

Example 2. Let 1 be a random variable with probability distribution ¥, and let T be an
uncertain variable with uncertainty distribution Y. Then, the product

§=nt

has the variance

+0o0 +o00 e+ x e—x
VIiE]=2 1-7 T(— ) |dxd¥(y),
a2 [ (57) e (57|
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where e is the expected value of uncertain random variable £ and the above integral is
finite.
Especially, let n be a random variable having probability density function

1 .
, if0<c<x<d
pay = d-c T=C=E= (3.15)
0, otherwise

and let 7 be an linear uncertain variable with uncertainty distribution

0, ifx<a

Tx) =132 if0<a<x<b (3.16)
1, otherwise.
Then, the product
£=nt

has the variance

Vgl = —%(u +b)%(c + d)* + é(a2 + b + ab)(c* + d* + cd).

Remarks 3.1. The variance of uncertain random variable £ provides a degree of spread
of the distribution around its expected value e. If we only know its chance distribution &,
then the variance

+o00
VIE] = / Ch{(£ — e)* > x}dx
0

+00
=/ Ch{(E = e+ VR U (& < e — va)lda
0

IA

+00
f (Chit > e+ /x} + ChiE < e— /x})dx
0

+00
=/ (1 — ®(e+ Vx) + P(e — Vx))dx.
0

Then, we have the following stipulation

+00
V[g]:/ (1 — ®(e+ V%) + P(e — Vx))dx.
0

4 Conclusions

Uncertain random variable and chance theory were introduced to model the uncertain
random compound systems. As the same as random variable and uncertain variable,
expected value is the average of uncertain random variable in the sense of chance measure
and the variance of uncertain random variable provides a degree of spread of the distri-
bution around its expected value. In this paper, a series of formulas were built to obtain
the variance of uncertain random variable.
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