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Abstract Uncertain variable is used to model quantities in uncertainty. This paper
considers comonotonic functions of an uncertain variable, and gives their uncertainty
distributions. Besides, it proves the linearity of expected value operator on comono-
tonic functions of an uncertain variable.
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1 Introduction

Probability theory is a branch of axiomatic mathematics to deal with random phenom-
ena and is applicable only when the estimated probability is closed enough to the real
frequency. However, we are usually lack of historical data to estimate the probability
in practice. In that case, some experts are invited to evaluate their belief degree. Since
human beings tend to overweight unlikely events (Kahneman and Tversky 1979), the
belief degree may have a much larger range than the real frequency. If we insist on
treating the belief degree as probability, some counterintuitive results will happen.
Interested readers may refer to Liu (2012) for an example. In order to deal with this
situation, an uncertainty theory was founded by Liu (2007) and refined by Liu (2011)
based on normality, duality, subadditivity and product axioms.
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In the framework of uncertainty theory, many researchers have contributed a lot.
Gao (2009) provided some properties of continuous uncertain measure, and Zhang
(2011) proposed some inequalities on uncertain measure. Based on uncertain mea-
sure, a concept of uncertain variable was proposed as a measurable function from an
uncertainty space to a real number set. You (2009) proposed some convergence theo-
rems on a sequence of uncertain variables. Then Tian (2011) and Yang (2011) proposed
some moment inequalities of uncertain variables. In order to describe an uncertain var-
iable, a concept of uncertainty distribution was defined. Peng and Iwamura (2010) gave
a sufficient and necessary condition for a function being an uncertainty distribution
of an uncertain variable. Expected value is an important index to compare uncertain
variables. Liu and Ha (2010) gave some theorems on expected values of monotone
functions of uncertain variables.

This paper will consider the comonotonic functions of an uncertain variable. The
rest of this paper is organized as follows. In Sect. 2, we review some basic results
of uncertainty theory which will be used throughout the paper. Then the concept of
comonotonic functions is given in Sect. 3. After that, the uncertainty distributions and
expected values of comonotonic functions of uncertain variables are given in Sects. 4
and 5, respectively. At last, some remarks are made in Sect. 6.

2 Preliminary

Uncertainty theory is a branch of axiomatic mathematics to model human uncertainty.
The fundamental concept in uncertainty theory is uncertain measure.

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

Axiom I: (Normality Axiom) M{I"} = 1 for the universal set I".
Axiom 2: (Duality Axiom) M{A} + M{A¢} = 1 for any event A.

Axiom 3: (Subadditivity Axiom) For every countable sequence of events A, Ay, ...,
we have

M[UAi] <D M{A}.
i=l i=l

Besides, the product uncertain measure on the product o-algebra £ was defined via
Liu (2009) by the following axiom.

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

M[HAk} = N\ Mifax)
i=1 k=1
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where Ay, are arbitrarily chosen events from Ly for k = 1, 2, .. ., respectively.
Definition 2 (Liu2007) An uncertain variable is a measurable function from an uncer-

tainty space (I, L, M) to the set of real numbers, i.e., for any Borel set B of real
numbers, the set

(& eB}={rl&(y) € B}

is an event.

In order to describe an uncertain variable, a concept of uncertainty distribution is
defined.

Definition 3 (Liu 2007) The uncertainty distribution of an uncertain variable & is
defined by

D (x) = M{§ < x}

for any x € .

The inverse function @ ~!(@) is called an inverse uncertainty distribution of &. It
plays an important role in the operation of uncertain variables.

Theorem 1 (Liu 2011) Let &1, &>, ..., &, be independent uncertain variables with
uncertainty distributions @1, @3, . .., @y, respectively. If f(x1, X2, ..., X,) is strictly
increasing with respect to xi, X2, ..., Xy and strictly decreasing with respect to
Xin+1s Xm42s - - s Xn, then § = f(&1,82,...,&,) is an uncertain variable with an

inverse uncertainty distribution
>\ =f (cb;l(r), LN, e (=), e (- r)) .

Definition 4 (Liu 2007) The expected value of an uncertain variable £ is defined by

+00 0
E[£] = / M = x)dy — / M < x)dx
0 —00

provided that at least one of the two integrals exists.

Assume that £ has a regular uncertainty distribution @. Then Liu (2011) proved
that

+00 0
E[£] = /(1—¢(x))dx— / & (x)dx
0 —0o0
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and

1

E[£] = / @ Na)da

0

provided that the expected value E[£] exists. Following that, Liu and Ha (2010) proved
that

E[f(";:lv 52» 15”)]

1

- / 7 (q>;1(r), R Sl (0 Nt ¢ IS WU ¢ r)) dr

0
where &1, &, .. ., &, are independent uncertain variables, f(x1, x2, ..., x,) is strictly
increasing with respect to xp, x2, ..., X, and strictly decreasing with respect to
Xm—+1s Xm42, - - - » Xp. In addition, Liu (2011) proved the linearity of expected value

operator on independent uncertain variables, thatis E[a§ + bn] = aE[§]+ bE[n] for
independent uncertain variables £ and 1 and any real numbers a and b.

3 Comonotonic functions

This section will introduce the concept of comonotonic functions, and give a theorem
about them.

Definition 5 Two functions f and g are said to be comonotonic if

(f (xD) = f(x2)) (g(x1) — g(x2)) = 0

for any real numbers x| and x;.

Example 1 Consider the functions f(x) = |x| and g(x) = x2. For two real numbers
x1 and xo, if f(x1) = |x1| < |x2] = f(x2), then g(x1) = x7 < x3 = g(x2). Asa
result, we have

(f(x1) = f(x2)) (g(x1) —g(x2)) =0

for any real numbers x| and x,. Thus f and g are comonotonic functions.

Theorem 2 Let f and g be two monotone increasing functions on N. Then they are
comonotonic functions.

Proof Let x1 and x» be two real numbers with x; < x3. Since f and g are monotone
increasing functions, we have f(x1) < f(x2), g(x1) < g(x2). Then

(f (D) = f(x2)) (g(x1) — g(x2)) = 0.

As aresult, f and g are comonotonic functions. O
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Example 2 Consider the functions f(x) = x and g(x) = exp(x). Since both of them
are increasing functions, they are comonotonic functions.

Theorem 3 Let f and g be two monotone decreasing functions on R. Then they are
comonotonic functions.

Proof Let x1 and x, be two real numbers with x; < x3. Since f and g are monotone
decreasing functions, we have f(x1) > f(x2), g(x1) > g(x2). Then

(f (1) = f(x2)) (8(x1) — g(x2)) = 0.
As aresult, f and g are comonotonic functions. O

Example 3 Consider the functions f(x) = —x and g(x) = exp(—x). Since both of
them are decreasing functions, they are comonotonic functions.

Theorem 4 Let fi and f> be two comonotonic functions. Then for any real numbers
y1 and ya, either {fi(x) < y1} C {f2(x) < y2} or {fa(x) < y2} C {fi(x) < y1}
holds.

Proof The theorem will be proved by a contradiction method. Write A} = {x | f1(x) <

yi}and Ay = {x| f2(x) < yz}. Assume that A; ¢ A and A> ¢ Aj. Then taking
x1 € A1\A2, and x3 € A3\ A1, we have

fix) < y1 < filx),
J2(x2) < y2 < folxp).

Thus

(fi(x1) = fi2)(f2(x1) — f2(x2)) <O

which contradicts to the definition of comonotonic functions. Thus either A; C A,
or Ay C Aj. The theorem is proved. O

4 Comonotonic functions of an uncertain variable
In this section, we first consider the uncertain measures of two events generated from
comonotonic functions of an uncertain variable. Then we give the uncertainty distri-

bution of comonotonic functions of an uncertain variable.

Theorem 5 Let & be an uncertain variable, and f and f> be two comonotonic func-
tions. Then for any real numbers y; and y>, we have

M{([1®) =y N (26 <y} =M{f1E) <} AM{f2(5) < 2}
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Proof Write A1 = {x| fi(x) < y1} and Ay = {x| fa(x) < y»}. Then we have
Ay C Az or Ap C A; by Theorem 4. Besides, we have {f1(§) < y1} = {§£ € A1}

and {f2(§) < y2} = {§ € Az} Thus either {f1(§) < yi} C {f2(5) = y2} or
{f2(&) <y} C {f1(€) < y1} holds. By the property of uncertain measure, we have

M{(f1®) =y N (f2) < y2)} =M{f1(E) < yi} AM{f2(8) < 2}
o

Theorem 6 Let & be an uncertain variable, and f| and f> be two comonotonic func-
tions. Then for any real numbers y| and y>, we have

M{(f1(E) = y) N (f2(8) = y2)} = M{f1(§) = yi} AM{f2(§) = y2}.

Proof Since f] and f> are comonotonic functions, — f] and — f> are also comonotonic
functions. Then for any real numbers y; and y», by Theorem 5 we have

M) = yp N (f28) = y2)} = M{(—= i) < —y) N (= f2(6) < —y)}
=M{=f1¢) < =y} AM{=f2(§) < —y2}
= M{f1(€) = i} AM{f2(8) = y2}.

The theorem is thus proved. O

Before proving the theorem on the inverse uncertainty distributions of comonotonic
functions of an uncertain variable, we first introduce the definition of monotonicity of
a binary function.

Definition 6 A binary function H(x, y) is said to be increasing if f(x1, y;) <
S (x2,y2) whenever x; < x3 and y; < y, and f(x1,y1) < f(x2,y2) whenever
X1 < X2 and Vi < y2.

Theorem 7 Let H(x, y) be an increasing function, and f and g be two comonoton-
ic functions. Assume that f (&) and g(&) are two regular uncertain variables with
uncertainty distributions @ and ¥, respectively. Then H(f(€), g(§)) has an inverse
uncertainty distribution H (@’1 (o), ! (Ot)).

Proof Since H(x, y) is an increasing function, we have

M{H(F©). 86 = H (27 @, v @)}
M{(r® =0 @) n (s® = v @)}
M{r© = o @] A {e® = v @)

=u0ANd =00

v
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On the other hand, we have

M{H(©.56) = H (27 @, 97 @)}
M{(F® =07 @)U (5@ = v @)}
M{r© =o' @} v g =v @)

=aVvVa =«

IA

Thus
M{H(f©).2€) < H (o7 @, v @) =«

which means H(f(£), g(§)) has an inverse uncertainty distribution H (¢_l(a),
v~ Haw). o

Example 4 Let f and g be two comonotonic functions. Assume that f(£) and g (&) are
two regular uncertain variables with uncertainty distributions @ and ¥, respectively.
Then f () + g(&) has an inverse uncertainty distribution & o)+ v ().

Example 5 Let f and g be two comonotonic functions. Assume that f (&) and g(§)
are two nonnegative regular uncertain variables with uncertainty distributions @ and
W, respectively. Then f(£) x g(£) has an inverse uncertainty distribution @ ~!(ar) x
).

Example 6 Let f and g be two comonotonic functions. Assume that f (&) and g(§)
are two regular uncertain variables with uncertainty distributions @ and ¥, respec-

tively. Then f(£) A g(&) has an inverse uncertainty distribution o Ha) A Ha),
and f(£) v g(&) has an inverse uncertainty distribution & o) ve(a).

5 Expected value

In this section, we give a theorem on the expected values of comonotonic functions of
uncertain variables.

Theorem 8 Let f and g be two comonotonic functions. Then for any uncertain vari-
able &, we have

E[f(€) +g@)]=E[f(E)]+ E[g®)]

Proof Assume that f (&) and g(&) have uncertainty distributions @ and ¥, respec-
tively. Then f (&) + g(&) has an inverse uncertainty distribution ® ! (a) + ¥~ (a).
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Thus we have

1

B +3©1 = [ (07 @+ 07 @) da
0
1

1
=/<D_1(a)da+/l1/_l(a)da
0

0

= E[f(E)]+ E[g&)].

O

Remark 1 The theorem does not hold if f and g are not assumed comonotonic. Here,
we give an example. Let the universal set I" = {yy, y», 3} with

M{y1} =0.5, M{yr} =04, M{y:} =0.3.

Consider an uncertain variable £ defined by
Eyn=-1, &) =1, &Gs)=2.

Then

o =-1 el =1 & 'm=1/2

E+e N =-2. G+ Hom =2 E+&Hm) =5/2.
By the definition of expected value, we have
E[£] = 0.3, E[E‘l] = —0.05, E[£+ S_l] =0.15.

So E[§+& -1 #* E|E]+E[& ~11. However, for monotone functions f and g, we have
the following corollaries.

Corollary 1 Let f and g be increasing functions, and & be an uncertain variable.
Then

E[f(€) +g@)]=ELf(E)]+ E[g®)].

Proof Note that increasing functions are comonotonic with each other. The corollary
follows immediately. O

Corollary 2 Let f and g be decreasing functions, and & be an uncertain variable.
Then

E[f(€) +g@E)]=E[f(E)]+ E[g®)]
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Proof Note that decreasing functions are comonotonic with each other. The corollary
follows immediately. O

Example 7 Both f(x) = x and g(x) = exp(x) are increasing functions. Thus for
uncertain variable &, we have

E[§ +exp(§)] = E[§] + E[exp(§)].

Example 8 Let& be a nonnegative uncertain variable. Note that f(x) = x and g(x) =
x2 are increasing functions on [0, +00). Then we have

Els+&] = Ele1+ E[8)].

Example 9 Let & be an uncertain variable taking values in [, 7 ]. Note that f(x) =
cosx and g(x) = —x? are comonotonic functions on [—7, 77]. Then we have

E [cosg — 52] — E[cosé] + E [—52] — E[cosé] — E [.;:2] .

6 Conclusions

This paper investigated comonotonic functions of uncertain variables, and gave some
properties of their uncertainty distributions. In addition, it proved that the expected
value of comonotonic functions of an uncertain variable is additive.
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