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Abstract Uncertainty theory as a branch of axiomatic mathematics has been widely
used to deal with human uncertainty. The two commonly used numerical character-
istics of uncertain variables, the expected value and the variance together with their
mathematical properties have been discussed and applied to real optimization prob-
lems in an uncertain environment. As a further study, in this paper, we focus on the
covariance and correlation coefficient of uncertain variables. The definitions and cal-
culation formulae of covariance and correlation coefficient of two uncertain variables
are suggested by means of their inverse distributions. Then we show that the correlation
coefficient of uncertain variables is essentially a measure of the relevance of distribu-
tions of uncertain variables. Finally, the relation between variance and covariance is
analysed and represented with some equalities and inequalities.

Keywords Uncertain variable - Inverse distribution - Covariance - Correlation
coefficient

1 Introduction

Probability theory has been extensively applied for handling indeterminate phe-
nomena. As important numerical characteristics, the expected value, variance, and
covariance of random variables have been studied thoroughly involving their mathe-
matical properties and applications. While dealing with practical decision problems,
those indices are often used as important criteria. Additionally, in order to solve prob-
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lems appropriately via probability theory, it is often required to estimate probability
distributions by using statistical data in accordance with the law of large numbers.

However, in the real world, due to technological and economical difficulties or low
frequency of events occurring, there exists a shortage of sufficient data for deriving
precise probability distributions. In such cases, especially when there are no samples
available to evaluate probability distributions, as an alternative approach, some field
experts are asked to estimate the degrees of belief that events happen. It is widely
known that due to subjectivity human beings may overweight unlikely events, which
makes the estimated degrees of belief be very different from the real frequency. For
the purpose of tackling this kind of problems, Liu (2007) initiated uncertainty theory.
As an efficient tool for dealing with indeterminate phenomena, uncertainty theory has
been studied by many researchers. It has been applied to many fields, such as uncertain
programming (Ke et al. 2015; Zhong et al. 2017; Zhou et al. 2014), uncertain process
(Yao and Li 2012; Yao and Zhou 2016, 2017), uncertain network (Zhang et al. 2013;
Zhou et al. 2014a,b), uncertain logic (Li and Liu 2009; Zhang and Li 2014), uncertain
finance (Chen et al. 2017; Ji and Zhou 2015b; Zhou et al. 2017), uncertain differential
equation (Ji and Zhou 2015a; Su et al. 2016), uncertain agency problem (Wu et al.
2014; Yang et al. 2014), among others.

In theoretical research on uncertainty theory, much attention was given to the numer-
ical characteristics of uncertain variables especially expected value and variance due to
their useful practical interpretation. The notion of expected value was first defined by
Liu (2007) as the mean value of all possible values of an uncertain variable. Concern-
ing uncertain variables whose distributions are regular, Liu (2010) further proposed a
convenient equivalent formula for expected value in terms of inverse distribution. As
an extension, Liu and Ha (2010) suggested a formula to calculate the expected value
of a strictly monotone function in regard to independent uncertain variables whose
distributions are regular. Based upon the concept of expected value, Liu (2007) intro-
duced the variance of an uncertain variable. Due to the subadditivity of an uncertain
measure, a formula for calculating the variance was shown in Liu (2007) by virtue
of its distribution. Yao (2015) then derived an equivalent formula for calculating the
variance of an uncertain variable using its inverse distribution. In the same paper,
Yao (2015) proved some inequalities for variances of uncertain variables useful in
real applications. The expected value and variance of uncertain variables have been
widely applied into practical problems. For example, Liu et al. (2014) proposed a new
uncertain expected value operator approach for determining the importance of engi-
neering characteristics and their rankings in quality function deployment. Zhou et al.
(2015, 2016) extended the concept of minimum spanning tree to its uncertain version
by using the expected value as one of judgement criteria. Qin (2015) presented the
calculation formulae for variances of hybrid portfolio returns on the basis of uncer-
tainty theory and then formulated corresponding mean-variance models to solve the
hybrid portfolio selection problem.

In probability theory, covariance and correlation coefficient are very important
measures to interpret the degree of association between two random variables, and have
been useful especially in the field of regression analysis. In this paper, the concepts
of covariance and correlation coefficient are initiated in the field of uncertainty theory
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involving their mathematical properties. The relationships between covariance and
variance are also investigated.

The rest of this paper is organized as follows. Some fundamental concepts of uncer-
tain variables are recalled in Sect. 2. The concepts and some calculation formulae of
covariance and correlation coefficient for uncertain variables are presented, and some
of their properties are put forward in Sect. 3. Subsequently, the relationships between
variance and covariance of uncertain variables are discussed and described by means
of some equalities and inequalities in Sect. 4. Some conclusions are drawn in Sect. 5.

2 Preliminaries

In this section, some basic definitions and theorems of uncertainty theory are briefly
recalled, as they will be used throughout this paper.

Definition 1 (Liu 2007) Let I" be a nonempty set, and £ a o -algebra over I'. The set
function M : L — [0, 1] is called an uncertain measure if it satisfies the following
three axioms:

Axiom 1 (Normality Axiom) M {T"} = 1 for the universal set T';
Axiom 2 (Duality Axiom) M {A} + M {A€} = 1 for any event A;

Axiom 3 (Subadditivity Axiom) For every countable sequence of events A1, Ao, ...,

we have - -
M{UAi}sZM{Ai}. e
i=1 i=1

Liu (2009) defined the product uncertain measure as follows:

Axiom 4 (Product Axiom) Let (I'y, Ly, My) be uncertainty spaces fork = 1,2, .. ..
The product uncertain measure N is an uncertain measure satisfying

M{]‘[Ak} = /\ MilAd), @)
k=1

k=1
where Ay are arbitrarily chosen events from Ly for k = 1,2, ..., respectively.

Definition 2 (Liu 2007) An uncertain variable is a measurable function p from an
uncertainty space (I', £, M ) to the set of real numbers, i.e., for any Borel set B of
real numbers, the set

{neBy={y el |uy) eB) 3)

is an event.

Definition 3 (Liu 2007) The uncertainty distribution ¥ of an uncertain variable p is
defined by
W(x) =M {n <x} (4)

for any real number x.
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Example 1 An uncertain variable u is called linear, denoted as u ~ L(a, b) with
a < b, if its uncertainty distribution is

0, ifx <a
Yx)=3 &x—a)/(b—a), ifa<x<b (@)
1, if x > b.

Example 2 An uncertain variable u is called zigzag, denoted as u ~ Z(a, b, c) with
a < b < c, if its uncertainty distribution is

0, ifx <a
) & —=a)/2(b —a), ifa<x<bd
YOO =1 c4c—2b)/20—b), ifb<x<c ©)
1, if x > c.

Example 3 An uncertain variable u is called normal, denoted as u ~ N(e, o) with
o > 0, if its uncertainty distribution is

W(x) = (1 +exp (”(e _x)»_l xen %)
_ =) %

Definition 4 (Liu 2010) If an uncertainty distribution W (x) is continuous and strictly
increasing at 0 < W(x) < l,and lim W(x) =0, lim W(x) = I, then W(x) is
X——00 x—>400

called regular.

Definition 5 (Liu 2010) If w is an uncertain variable whose distribution W(x) is
regular, then W—1(9) is called the inverse uncertainty distribution of .

From Definition 4, we know that W~1(9) is well defined on (0, 1). If necessary,
the domain can be extended by letting v10) = limg 10 w—1@) and ¥1(1) =
limgy W1(6).

It is easy to see that the distributions of a linear uncertain variable u; ~ L(a, b)
in Example 1, a zigzag uncertain variable uo» ~ Z(a, b, ¢) in Example 2, and a
normal uncertain variable u3 ~ N(e, o) in Example 3 are all regular, and their inverse
uncertainty distributions are

VO) =a+ b —a), ®)
vy Lo = {;b+_2£b+_26(129; b)o, gz i (())g ®
and
o) =e+ falnlfe, (10)
respectively.
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Definition 6 (Liu 2009) The uncertain variables w1, @z, ..., i, are said to be inde-

pendent if
M {ﬂ{meBi}}=/\M{meB,~} (11)

i=1 i=1

for any Borel sets B1, B, ..., B, of real numbers.

Theorem 1 (Liu 2009) The uncertain variables 11, (2, ..., W1, are independent if
and only if

n n

M {U{meB,v}}:\/M{meBi} (12)
i=1 i=1

for any Borel sets By, Ba, ..., B, of real numbers.

Theorem 2 (Liu 2010) Let 11, wuo,. .., iy be independent uncertain variables that
have regular distributions V1, Wy,. . ., Uy, respectively. Ifthe function f(y1, y2, ..., Yn)
is strictly increasing in yi, ya, . .., ym and strictly decreasing in Y41, Ym+2» - - - » Yn»

then the uncertain variable . = f(u1, L2, ..., Un) has an inverse distribution

Tl = f (\11;1(9), LN e), e (), e - 9)) . a3)

Theorem 3 (Liu 2010) If u is an uncertain variable that has regular distribution \V,
then

1
Elp] = / w1(6)de. (14)
0

According to Egs. (8)—(10) and (14), the expected value of uncertain variables
w1~ La,b), ur ~ Z(a, b, c), and u3z ~ N(e, o) are

1
Elui] = /0 (a+ (b —a)p)do = # (15)

0.5
Eljs] = / (@a+2(b—a)p)do
0

1

2b
[ @b—ct20-poydo = LFE22FE (16)
05 4
and
! 30 0
E[M3]=/ e+ Y I ——|do =e, (17)
0 T 1-6
respectively.

Theorem 4 (Liu 2010) If u and v are two independent uncertain variables that have
finite expected values, then we have

Elap +bv] = aE[u] + bE[v] (18)

for any real numbers a and b.
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Definition 7 (Liu 2007) If 1 is an uncertain variable that has a finite expected value
E[u], then the variance of u is defined by

Viul = E[(n — E[u])’]. 19)

Theorem 5 (Yao 2015) If u is an uncertain variable that has a regular distribution
VU and a finite expected value E[], then the variance of |4 is

1 2
Viu] = / ('@ — Elu1) as. 20)
0

Theorem 6 (Liu 2007) If u is an uncertain variable that has a finite expected value,
then we have
Viap +bl = a*Viul @

for any real numbers a and b.

3 Covariance and correlation coefficient

In this section, we first give a definition for the covariance of two uncertain variables.
A method is also suggested for determining the covariance of two uncertain variables
with regular distributions via their inverse distributions. Afterwards, the definition of
the correlation coefficient of two uncertain variables is presented. The properties of
covariance and correlation coefficient are further studied and the meaning behind the
mathematical formulation is then revealed through some examples. For simplicity, an
uncertain variable with a regular distribution is called a regular uncertain variable in
the rest of this paper.

3.1 Definition and calculation formulae of covariance

Definition 8 Let 1 and v be two uncertain variables. The covariance of u and v is
defined by
Cov[p, v] = E[(n — E[u]) (v — E[v]], (22)

where E[u] and E[v] are the expected values of u and v, respectively.

Remark 1 1t is known that for two random variables i and v, we have

Cov[p,v] = E[(n — E[p]) (v — E[v]]
= E[uv — E[vln — E[pn]v + E[1]E[v]]
= E[uv] — E[u]E[v].

Since E[uv] = E[r]E[v] if the two random variables are independent, as a conse-
quence, Cov[u, v] = 0 holds for any two independent random variables.
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On the other hand, if the two variables u and v are uncertain variables, from
Definition 8, we have

Covlu, vl = E[(u — E[p]) (v — E[v])]
= E[uv — E[vlu — E[u]v + E[un]E[v]]
= E[pv — Ev]u — E[puv] + E[1]E[v].

Even though p and v are independent, the uncertain variables pv, E[v]u, and
E[u]v are not independent in general. Since the linearity of expected value of uncer-
tain variables is based on independence (see Theorem 4), it cannot be deduced
that E[;w — Ev]pn — E[u]v] = E[uv] — 2E[pn]E[v]. Furthermore, the equation
E[uv] = E[n]E[v] does not hold for two independent uncertain variables p and v.
Therefore, the conclusion Cov[u, v] = 0 does not follow if two uncertain variables
@ and v are independent. The main reason is the difference between the concepts of
independence for the two types of variables. Due to this, the covariance of uncertain
variables has a completely different interpretation compared with the covariance of
random variables, and this will be explained thoroughly later in the paper.

As mentioned above, the uncertain measure is a subadditive measure. Just like the
variance, it is not easy to express the covariance of uncertain variables defined in Eq.
(22) simply by distributions. From Definitions 7 and 8, it is clear that variance can be
considered as a special type of covariance. In view of formula (20) for the variance
of uncertain variable (see Theorem 5), we provide the following stipulation for the
calculation of covariance via inverse distributions.

Stipulation 1 Ler i and v be two regular uncertain variables with distributions W
and Y and finite expected values E[j1] and E[v], respectively. Then the covariance of
wandv is

1
Covlp, v] = fo (v™'® — Elnr='©) - Elv1) do. (23)

Theorem 7 Let i and v be two regular uncertain variables with distributions V and
Y and finite expected values E[i1] and E[v], respectively. Then

Cov[u,v] = /01 vl o)r~1©)do — E[R]E[v]. (24)
Proof From Stipulation 1, it is easy to obtain the covariance of x and v as
Covlu, v] = fo 1 (v @Y — EWI9TO) — E[u T~ ) + E[MIE]) do
= /01 vle)r—1e)de — E[v]/ol v16)do

1
— E[u] / T7'(6)d0 + E[R]E[v].
0
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Then according to (14) (see Theorem 3), we get
1
Covlu, v] =/ v lo)r~1©)do — E[n]E[v). O
0

Theorem 8 Let w be a regular uncertain variable with a finite expected value. Then

Viul = Covlp, n]. (25)

Proof For convenience, denote the distribution of © by W. From Stipulation 1, we
obtain

Covl, p] = /0 1 (v7'® - Ew) (™' ©) - Elul) do

_ /0] (qu(e) — E[M])zde.

Then from (20) (see Theorem 5), it follows that Cov[u, u] = V[u]. |
Example 4 Consider the covariance of two linear uncertain variables u© ~ L(a, b)

and v ~ L(c, d). Since the expected values of p and v are E[u] = (a + b)/2 and
E[v] = (c + d)/2, and the inverse distributions of u and v are

v 'O =a+ (b—a)
and
Y'0)=c+(d - )b,

respectively, it follows from Stipulation 1 that

1
CO“[M’V]Z/ <a+(b—a)9——a;b> <c+(d—6)9——c—£d>d9
0

_(b—a)d—o)
_T.

Example 5 Consider the covariance of two zigzag uncertain variables u ~ Z(ay, b1,
c1) and v ~ Z(aa, bz, ¢2). Since the expected values of i and v are E[u] = (a1 +
2b1 + c1)/4 and E[v] = (a2 + 2by + ¢2) /4, and the inverse distributions of p and v
are

ar +2(by — a1, ifo <0.5

_1 _
Y (9)_{2b1_cl+2(61—b1)9, if@ > 0.5
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and

az + 2(by — a2)0, if6 <0.5

T (0) = {21)2 — 3+ 2(cr — bp)l, if6 > 0.5,

respectively, from Stipulation 1, we obtain

Covlu, v]
0.5
a; +2by +c¢
=f (al 1+ 2(by — an) — 1—“)
) 4
2b
x <a2 F2(by — ay)f — W) o

1
ay+2by +c
+/ <2b1—cl+2(cl—b1)9—%>
0

5
a + 2by + 02)

X <2b2 — 2+ 2(cp — by)o — dé

1
=13 [(br—az) (5(b1—ay)+3(c1—Db1)) + (c2—b2) B(b1—ay) + 5(c1 — b1))].

Example 6 Consider the covariance of two normal uncertain variables u ~ N(ey, o1)
and v ~ N(ez, 02). Since the expected values of w and v are E[u] = e1 and E[v] = ey,

and the inverse distributions of © and v are

«/_01 0

—1
9_
®)=e + Ny

and

\/—(72 %

—1
0 =€ ’

respectively, following from Stipulation 1, we get

1-6

3 1 0 \?
=ﬂ/ In——) do
7T2 0 1—-6

= 010>.

1
3 0
Cov[uw]=/ (el+f021 ——61> <e2+f021 n——-—e
0 T T

1-6

)de

Example 7 Consider the covariance of two uncertain variables u ~ L(a, b) and v ~

N(e, o). Using the results of Examples 4 and 6, and Stipulation 1, we get
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! b 3 6
Cov[u,v]:/ (a—i—(b—a)@—i) e—i—fa In —e | do
0 2 b4 1—-6

1
=M/ (g_l)ln o 40
0 1-6

T 2 —

3 —a)o

n 27 '
Theorem 9 Assume that @y, 2, ..., iy, and vy, va, ..., v, are independent reg-
ular uncertain variables with distributions Vi, Wa, ..., ¥, and Y1, Y2, ..., Yy,
respectively. If f(y1, Y2, ..., Yn) is strictly increasing in y1, y2, ..., ym and strictly
decreasing in Y41, Ym+2, - - -» Yn, and if g(y1, y2, ..., yn) is strictly increasing in
Y1, Y2, ..., Yk and strictly decreasing in yi+1, Yk+2, - - - » Yn, then the uncertain vari-
ables i = f(uu1, w2, ..., ) andv = g(vy, va, ..., v,) have a covariance

! 1 1 1 1
Covlp. v]:/() (f(¥7' @, v @, A =0y 9 1= 0) - )

x (g (X7 @ T O A=), = 0)) — ) do,
(26)

where t1 and 1> are the expected values of f (i1, U2, ..., hn) and g(vi, va, ..., vy),
respectively, with

1
71 :/0 f(‘lll_l(e),...,\llnfll(e),\IJJ_IH(] _9)’.“,\11;1(1 _9)) 40
and
1
%) :/0 g(Tfl(Q),...,T]:I(@),T,;rll(l _9)""’TJ1(1 —9))d9,

Proof By the operational law (see Theorem 2), the inverse distributions of © and v
are

vl = f (\y;l(e), LN e), e (-0, e - 9)) ,
and
Y1) =g (T;l(e), LT, e =, - 9)) ,

respectively. Then according to Stipulation 1 and formula (14) (see Theorem 3), the
theorem is easily proved. O
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3.2 Correlation coefficient

The normalized version of the covariance of uncertain variables, called the correlation
coefficient, is a dimensionless quantity, defined by dividing the covariance by the
product of the square roots of the variances of p and v.

Definition 9 Let 1 and v be two regular uncertain variables with finite expected values
and non-zero variances. The correlation coefficient of w and v is defined by

Covlu, v]

VVIRIVVDT

Theorem 10 Let i and v be two regular uncertain variables with finite expected
values. Then

Corr[pu,v] = 27

|Corr[u, v]| < 1. (28)

Proof First denote the distributions of © and v as W and Y, respectively. Then by
Stipulation 1 and Definition 9, we only need to prove the inequality

LeTl®) — Elph(CT'O) - EDvD
VIRV

It is known that | fab fx)dx| < fab | £(x)|dx and |ab| < (a® + b?)/2, so we have

do| < 1. (29)

/ (¥~1©O) — Eln)(X~'®) — E[v]) dO'
VVIRIVVIY]
-1 _ -1 _
- / W='O) - ED(X"'0) — ED | o 30)
0 VIRV

and

(W=1©0) — E[u]) (Y~'©0) — E[v]) ‘

VVirlvViv]

—1 _ 2 -1 _ 2
_ L) - B’ 1 (o) - £’ -
2 Vipl 2 Viv]

It follows from Inequalities (30) and (31) that

/‘ (v~ - Ep) (Y1) — ED)
0

VVIVVD]
</‘ (W=1O) — Elph (X0 — EDD |
~Jo VVIVVD]
1 (w-1g) — 2 1 (y-1) — 2
51/ (v'®) - Eln1) de+1/ ('@ -Ep)
2 Jo Viul 2 Jo Viv]
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Using formula (20) (see Theorem 5), it follows that

2
dg =

1
—+-=1
Viv] 2

1 (w-1g) — 2 L (v-1) —
1/ (¥'0) — E[n)) d9+l/ (Y10) — Ev]) N
0 0

1
2 Vil 2 2
O

Remark 2 Notice that the equality in Inequality (28) holds if and only if the equalities
in Inequalities (30) and (31) hold concurrently, which means

vO) — Elp] _ Y1) — Elv]
NA4m VYDl
Example 8 Consider the correlation coefficient of two linear uncertain variables u ~

L(a,b) and v ~ L(c, d). According to the calculation formula for variance and the
result of Example 4, we have

<0<l

_(b-a) _@=cp _b-a)d—o
=0 Vbhl=—F— Covluvl=—"—"

Then the correlation coefficient of 1 and v is

(b—a)d—c)

12 -1
b—a d-—c ’

PV NG

Corr[pu,v] =

In summary, the correlation coefficient of any two linear uncertain variables is
equal to 1. Figure 1 shows the distributions of four linear uncertain variables
£(0,3), L£(1,3), £(3,4) and L(2, 6). It is clear that the correlation coefficients of
any two of them are all equal to 1.

Example 9 Consider the correlation coefficient of two zigzag uncertain variables y ~
Z(ay, b1,c1)andv ~ Z(az, ba, c2). According to the calculation formula for variance
and the result of Example 5, we have

1 2 2
Vil = 52 [501 —an? + 61 —an(er —b) +5 —b)*].

1 2 2
Vvl = YT [5(172 —a2)” + 6(by — az)(c2 — b2) + 5(c2 — b2) ] ,

and

1
Covl[p,v] = &[(bz —a2)(5(by —ay)
+3(c1 = b1)) + (c2 — b2)(B(b1 — a1) + 5(c1 — b))].
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1

0 1 2 3 4 ) 6

Fig. 1 The distributions of four linear uncertain variables

Then the correlation coefficient of © and v is

Corr[u, v]
::wz—aﬁ5®1—aﬂ+3@1—b0}+@2—b28@1—a0+5@1—hﬂ

VI 50 — a)? 4+ 6(b — ai)(e; — by) + 5(c; — b))

. c1—b ¢ —b
Denoting S ——— 2

b—a " :n,and%:k,weget

_ 5+43m+43n+ Smn

35+ 6m + 5m2V/5 + 6n + 5n2

B S5kn® +3(k + Hhn+5

 V5k2n? + 6kn + 5502 +6n + 5

Corr[u, v]

(32)

From Eq. (32), we know that the value of Corr[u, v] changes with different values of k
and n. As a further investigation, numerical experiments of calculating the correlation
coefficient Corr[u, v] with different combinations (n, k) are performed and the results
are shown in Table 1, in which Corr[u, v] = 1 represents the correlation coefficient of
wu and v is approximately equal to the supremum 1 (the absolute difference is less than
10™%), and Corr[u, v] = 0.6 indicates that the correlation coefficient of i and v is
approximately equal to the infimum 0.6. Table 1 shows that the correlation coefficient
of any two zigzag uncertain variables u and v takes the value in (0.6, 1]. Moreover,
Corr[u,v] =1ifk = 1,and Corr[u,v] < 1ifk # 1.

Figure 2 shows the distributions of four zigzag uncertain variables Z(0, 2, 6),
Z(1,2,4), 2(1,3,7), and Z(3,4,6). It is easy to see that the correlation coeffi-
cients between each other are all equal to 1 since k = 1 holds. Figure 3 shows the
distributions of four zigzag uncertain variables Z(0, 2, 5), Z(1, 2, 5), Z(1, 3, 4), and
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Table 1 Correlation coefficients of zigzag uncertain variables

n k
1020 10-10 1075 10~} 110 10 1010 1020
1010 T T T T 11 T 0.8944 0.6
1073 T 1 T T 11 0.8944 0.6 0.6
1073 T T T T 1T 0.607 0.6006  0.6006
102 T T T T 1 09977  0.607 0.6063  0.6063
1 0.8944  0.8944  0.8944 09255 1 09255 0.8944  0.8944  0.8944
102 0.6063  0.6063  0.607 09977 1 T T T T
103 0.6006  0.6006  0.607 T 1T T T T
10° 0.6 0.6 08944 T 11 T T T
1010 0.6 08944 T T 11 T T T
V()
1 ,,,,,,,,,,,,,,,,,,,
Z(1,2,4) Z(1,3,7)
Z(3,4,6
0.5 iiiiiiiii ‘7777‘7777‘ (7 7)
Z(0,2,6)//! ! !
I I I
1 1 1
I I
] I I
1 1 1
| | |
1 1 1
1 1 x
0 1 2 3 4 5 6 7

Fig. 2 The distributions of four zigzag uncertain variables with correlation coefficient 1

Z(2,4,6). It can also be seen that the correlation coefficients between each other are
all less than 1.

Example 10 Consider the correlation coefficient of two normal uncertain variables

u ~ N(ey, 01) and v ~ N(ez, 02). According to the calculation formula for variance
and the result in Example 6, we have

Vipl =0}, VIvl=0}, Covlu,v]=o10.

Correspondingly, the correlation coefficient of u and v is

0102
Corrlp,v]= ——=1.
0102
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¥ (x)
1 ,,,,,,,,,,,,,,,,,,,
Z(1,3,4) Z(2,4,6)
Z(1,2,5) 2(0,4,5)
0'5 777777777 I7777 1 7777I
' I I r
0 1 2 3 4 5 6

Fig. 3 The distributions of four zigzag uncertain variables with correlation coefficient less than 1

0 1 2 3

/N O S

Fig. 4 The distributions of four normal uncertain variables

In other words, the correlation coefficient of any two normal uncertain variables
is equal to 1. Figure 4 shows the distributions of four normal uncertain variables
N(1,4),N(2,5),N(@3, 2), and N(4, 3). The correlation coefficients between any two
of them are equal to 1.

Example 11 Consider the correlation coefficient of two uncertain variables pu ~
L(a,b) and v ~ N(e, o). According to the calculation formula for variance and
the result of Example 7, we obtain

_(b-ay

_ V3 -a)
12 7 ’

Vil Vivl=0, Covl[u,v]=
2

@ Springer



226 M. Zhao et al.

Then the correlation coefficient of © and v is

V3(b —a)o
27 _
b—-—ayw 7

24/3

In probability theory, the correlation coefficient is a measure to describe the
degree of linear dependence. That the absolute value of correlation coefficient equals
to 1 implies that the two random variables have a linear relationship. That is, if
|Corr[u, v]] = 1 holds for two random variables  and v, then we have & = av + b
for real numbers a # 0 and b. However, the understanding of the correlation coef-
ficient of two uncertain variables is different from its probability counterpart. From
Examples 8—11, it can be seen that the correlation coefficient of two uncertain vari-
ables is equal to 1 if the two uncertain variables have the same type of distributions,
for instance, two linear uncertain variables, two normal uncertain variables, or two
zigzag uncertain variables that have a proportional relation as described in Example 9.
As a reasonable deduction, the correlation coefficient of two uncertain variables can
be used as an effective tool for measuring the degree relevance (similarity) between
their distributions, which also explains why Cov[u, v] = 0 does not hold for two
independent uncertain variables © and v as mentioned in Remark 1.

| w

Corr[u,v] =

3.3 Properties of covariance and correlation coefficient

In the following, it is proved that the covariance and correlation coefficient of uncertain
variables have some important properties including symmetry, linearity, and distribu-
tivity.

Theorem 11 Let n and v be two regular uncertain variables with finite expected
values. Then

Cov[u, v] = Covlv, ul, (33)
and

Corr[u,v] = Corrlv, u]. (34)
Proof The proof is elementary,and will be omitted. O

Theorem 12 Let  and v be two regular uncertain variables with finite expected

values. Then
Covlap, bv] = abCov[u, v] (35)

and
Corrlap, bv] = Corr[u, v] (36)

for any real numbers a and b with ab > 0.
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Proof Letus denote the distributions of i and v by W and T, respectively. If a > 0 and
b > 0, on the basis of formula (26) for the covariance of strictly monotone functions
(see Theorem 9) and the linearity of expected value (see Theorem 4), it follows that

1
Covlap, bv] =/ @V~ ) — Elan])(bY~1(0) — E[bv])do
0

1
=/ @V~ ) — aE[un])(bY~1(0) — bE[v])dO
0

1
ab / @' ©) - E[u)(r~'©) — E[v])dd
0

=abCov[u, v].

Similarly, if a < 0 and b < 0, we have

1
Covlaw, bv] = / @V~ (1 =0) —aE[u)BY "1 —6) — bE[v])d
0
1
= ab/ W@ — E[u)(r~1®) — E[v])do
0
= abCovl[u, v].

In conclusion, (35) holds for any real numbers a and b with ab > 0. In addition, based
on Definition 9 and Eq. (35), we have

Covlau, bv] abCov[u, v]
Corrlap, bv] = = .
VViapl/Vibvl  /Viaul/Vibv]

According to the linearity of variance (see Theorem 6), we get V[au] = an[,u] and
V[bv] = b*V[v]. Then we immediately obtain

abCovlu, v]

aby/V{plVV[v]

Corrlapu, bv] = = Corrlu, v]. O

Remark 3 1t should be noted that following from the original definition of covariance
(see Definition 8) and the linearity of expected value (see Theorem 4), it can be quickly
deduced that Eq. (35) holds for any real numbers a and b without the assumption
ab > 0.

Theorem 13 Let i, v and § be independent regular uncertain variables with finite
expected values. Then

Covlu + v, 8] = Cov[pu, 6] + Covl[v, §]. 37
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Proof Denote the distributions of ©, v and § by ¥, T and ®, respectively. From
formula (26) (see Theorem 9), we get

1
Covlp + v, 8] = / (qr‘(e) +77'0) — E[u+ v]) (cb*‘(e) - E[(S]) do.
0

Next, based on the linearity of expected value (see Theorem 4), we obtain that

Covlu + v, 8] = /01 (\y—l(e) +1710) — E[u] — E[v]) (@‘1(9) — E[a]) o
- /01 (w—‘(e) - E[M) (cb—‘(e) - E[a]) do
+ /01 (T’l(é) — E[v]) (CD’] ©) — E[S]) do.

Finally, according to Stipulation 1,
Cov[u + v, 8] = Cov[u, §] + Cov[v, 5].

O

Theorem 14 Let w1, (2, ..., iy and v be independent regular uncertain variables
with finite expected values. Then

Cov [Zui,v:| =ZCov[ui,v]. (38)
i=1 i=1

Proof The proof follows from Theorem 13, by induction. O

Theorem 15 Let 1, 1o, ..., iy and vy, va, ..., vy be independent regular uncer-
tain variables with finite expected values. Then

n m n m
Cov ZM"’Z‘)/ = ZZCOU[M,’,U/]. 39
i=1 j=1 i=1 j=1

Proof 1t follows immediately from Theorem 14. O

4 Relation between variance and covariance

From Theorem 8, we know that variance can be considered as a special type of covari-
ance, that is, V[u] = Cov[u, p]. In this section, we further discuss and analyze the
relation between the variance and covariance of uncertain variables including some
equalities and inequalities.
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Theorem 16 Let w1, ..., i, be independent regular uncertain variables with finite
expected values. Then

Vipr+-oo o+l = ZVIM +22 Z Covlpi. pujl. (40)
i=1 j=i+1
Proof Let us denote the distributions of i1, ..., u, by Wi, Ws, ..., W, respectively.

It follows from the operational law (see Theorem 2) and formula (20) (see Theorem 5)
that

1 2
Vi 4t = [ (U710 4 0710) = Bl 4+ o)) o
0
Then based on the linearity of the expected value (see Theorem 4), we obtain

Vs + -+ pal

2
o)+ NO) - (Elp) + -+ E[un])) de

2
(v (9)—E[m]>+--~+(w;1(9>—E[un])) o

| ( n (w7 ®) - Eluil)

i—1

n

P2y Y ('@ — Etwad) (w7 ©) - Elu1) | a0

i=1 j=i+1

_ /01 21: (\1/;1(9) - E[m])zde
s Z/ (w70 — El)) (w0 — Elj1) do

i=1 j=i+1

Finally, according to formula (20) and Stipulation 1, we get

Vigy + -+ pnl = valeZ Z Covlui, pujl.

i=1 j=i+l1
O

Example 12 Let p and v be two independent regular uncertain variables with finite
expected values. Then according to Theorem 16, it follows that

Vin +v] = Vul + V[v] + 2Cov[pu, v].
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Theorem 17 Let n and v be two regular uncertain variables with finite expected

values. Then
[Cov[p, v]| </ V[l x/V[v]. 41

Proof It follows immediately from Theorem 10. O

Example 13 Consider two uncertain variables u ~ L(a, b) and v ~ N(e, o). On the
basis of the calculation formula of variance and the result of Example 7, we have

Vipl= ———, Vvl =02, Cov[,u,v]:(b—a){i;.

Then

3(b — 3(b —
[Cov[u, v]| = f( o 4)o < \/—( 6 4o = Viul x/V[v].

Furthermore, if © and v are two normal uncertain variables u ~ N(ej, o1) and v ~
N(eaz, 02), by Example 6, it follows that

|Cov[u, v]| = o102 = /V[u] x VV[v].

A similar conclusion can be derived for two linear uncertain variables by Example 4.

Remark 4 Tt is obvious that the equality in (41) holds if and only if Corr[u, v] = 1.
Examples 8-11 have provided some special cases through which the underlying
meaning of the covariance and correlation coefficient can be better understood.
An interesting problem would be to derive sufficient and necessary conditions for
Corr[u, v] = 1; this needs to be studied further.

5 Conclusions

Numerical characteristics, like expected value and variance, contain important infor-
mation about uncertain variables, which can be used in decision-making processes
under uncertain environments. On account of the concepts of expected value E[u]
and variance V[u] of an uncertain variable p introduced by Liu (2010), we defined
in this paper the covariance of two uncertain variables u and v as Cov[u,v] =
E[(n — E[u]) (v — E[v])], which is similar with the covariance in probability theory.
However, since the uncertain measure is subadditive, the covariance of two uncertain
variables cannot be calculated directly by using their distributions. For the sake of tack-
ling this problem, we proposed a formula for computing the covariance inspired by
the formula for variance given in Liu (2010). Subsequently, based upon this formula,
we derived the covariance by means of inverse distributions.

As another important concept, the correlation coefficient of two uncertain variables
was also introduced in this paper as the normalized version of the covariance. Although
the forms of covariance and correlation coefficient of uncertain variables are similar
with those in probability theory, their practical meanings are different. Through the
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calculation results of the correlation coefficient in some specific examples (see Exam-
ples 8—11), we can conclude that the correlation coefficient of two uncertain variables
indicates the degree of relevance between their distributions. In other words, the larger
the correlation coefficient Corr[u, v] is, the higher the degree of similarity between
the distributions of © and v is. One consequence is that the covariance of two inde-
pendent uncertain variables is not equal to zero. Such results are different from those
for random variables, and the essential reason is the difference between an uncertain
measure and a probability measure. As a future theoretical study of the covariance and
correlation coefficient, necessary and sufficient conditions for Corr[u, v] = 1 should
be investigated.

Moreover, the results and conclusions proposed in this paper should make an impor-
tant contribution to practical applications of the covariance. For instance, in order to
evaluate the value at risk (VaR) of portfolio investment with uncertain returns and
control investment risk, the covariance as well as variance should be analyzed based
upon the calculation formulae for the covariance of uncertain variables suggested in
this paper. In addition, the analysis of covariance can also be used to examine the
result of uncertain regression. More applications related to covariance and correlation
coefficient will be carried out in future work.
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