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Abstract

Pursuing our previous work in which the classical notion of increasing convex
stochastic dominance relation with respect to a probability has been extended to
the case of a normalised monotone (but not necessarily additive) set function also
called a capacity, the present paper gives a generalization to the case of a capacity
of the classical notion of increasing stochastic dominance relation. This relation
is characterized by using the notions of distribution function and quantile function
with respect to the given capacity. Characterizations, involving Choquet integrals
with respect to a distorted capacity, are established for the classes of monetary risk
measures (defined on the space of bounded real-valued measurable functions) satisfy-
ing the properties of comonotonic additivity and consistency with respect to a given
generalized stochastic dominance relation. Moreover, under suitable assumptions, a
"Kusuoka-type" characterization is proved for the class of monetary risk measures
having the properties of comonotonic additivity and consistency with respect to the
generalized increasing convex stochastic dominance relation. Generalizations to the
case of a capacity of some well-known risk measures (such as the Value at Risk or

the Tail Value at Risk) are provided as examples. It is also established that some
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well-known results about Choquet integrals with respect to a distorted probability
do not necessarily hold true in the more general case of a distorted capacity.

Keywords: Choquet integral, stochastic orderings with respect to a capacity, dis-
tortion risk measure, quantile function with respect to a capacity, distorted capacity,
Choquet expected utility, ambiguity, non-additive probability, Value at Risk, Rank-
dependent expected utility, behavioural finance, maximal correlation risk measure,

quantile-based risk measure, Kusuoka’s characterization theorem

1 Introduction

Capacities (which are normalised monotone set functions) and integration with respect to
capacities were introduced by Choquet and were afterwards applied in different areas such
as economics and finance among many others (cf. for instance Wang and Yan 2007 for
an overview of applications). In economics and finance, capacities and Choquet integrals
have been used, in particular, to build alternative theories to the "classical" setting of
expected utility of Von Neumann and Morgenstern. Indeed, the classical expected utility
paradigm has been challenged by various empirical experiments and "paradoxes" (such
as Allais’s and Ellsberg’s) thus leading to the development of new theories. One of the
proposed alternative theories is the Choquet expected utility, abridged as CEU, where
agent’s preferences are represented by a capacity pu and a non-decreasing real-valued
function u. The agent’s "satisfaction" with a claim X is then assessed by the Choquet
integral of u(X) with respect to the capacity p. Choquet expected utility intervenes
in situations where an objective probability measure is not given and where the agents
are not able to derive a subjective probability over the set of different scenarios. Other
alternative theories, such as the rank-dependent expected utility theory (Quiggin 1982)
and Yarii’s dual theory (Yarii 1997), can be seen as particular cases of the CEU-theory.

On the other hand, stochastic orders have also been extensively used in the decision

theory. They represent partial order relations on the space of random variables on some
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probability space (2, F, P) (more precisely, stochastic orders are partial order relations
on the set of the corresponding distribution functions). Different kinds of stochastic
orders, such as the increasing stochastic dominance (also known as first-order stochas-
tic dominance) and the increasing convex stochastic dominance, have been studied and
applied and links to the expected utility theory have been explored. The reader is re-
ferred to Miiller and Stoyan (2002) and Shaked and Shanthikumar (2006) for a general
presentation of the subject. Hereafter, the term "classical" will be used to designate
the results in the case where the initial space (2, F, P) is a probability space. We
recall that a random variable X is said to be dominated by a random variable Y in the
"classical" increasing (resp. inceasing convex) stochastic dominance with respect to
a given probability P if Ep(u(X)) < Ep(u(Y)) for all u : R — R non-decreasing (resp.
non-decreasing and convex) provided the expectations (taken in the Lebesgue sense)
exist in R. The definition of the "classical" stop-loss order, well-known in the insurance
literature (cf., for instance, Denuit et al. 2006), is also recalled: X is said to be dom-
inated by Y in the "classical" stop-loss order with respect to a given probability P if
Ep((X —b)") < Ep((Y —b)*") for all b € R provided the expectations (taken in the
Lebesgue sense) exist in R. We also recall that in the "classical" case of a probability
the notions of increasing convex stochastic dominance and stop-loss order coincide.

In Grigorova (2010), motivated by the CEU-theory, we have generalized the "classical"
notion of inceasing convex stochastic dominance to the case where the measurable space
(Q, F) is endowed with a given capacity p which is not necessarily a probability measure.
It has been established in particular (cf. prop. 3.2 in Grigorova 2010) that the "classi-
cal" equivalence between the notions of increasing convex ordering and stop-loss ordering
extends to the case where the capacity p is assumed to be continuous from below and
from above (see section 2 below for more details).

A closely related notion to the concepts mentioned above is the notion of risk measures

having the properties of comonotonic additivity and consistency with respect to a given
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stochastic dominance relation. Risk measures having the property of consistency with
respect to a given "classical" stochastic dominance relation have been extensively studied
in the literature - ¢f. Dana (2005), Denuit et al. (2006), Song and Yan (2009) and the
references given by these authors. It is argued in Denuit et al. (2006) that "it seems
reasonable to require that risk measures agree with some appropriate stochastic orders".
On the other hand, risk measures having the property of comonotonic additivity have
been introduced and links to the Choquet integrals have been explored (see, for instance,
Schmeidler’s representation theorem recalled in section 2 below). For the economic in-
terpretation of the property of comonotonic additivity and further references the reader
is referred to Follmer and Schied (2004). Monetary risk measures having the properties
of comonotonic additivity and consistency with respect to a given "classical" stochastic
dominance relation have been linked to the so-called distortion risk measures, introduced
in the insurance literature by Wang (1996) (cf. also Wang et al. 1997, as well as Dhaene
et al. 2006 and references therein). Let us denote by x the space of bounded real-valued
measurable functions on (£2, F) where (2, F) is a given measurable space. It is well-
known (cf. the overview by Song and Yan 2009) that the set of monetary risk measures
defined on y having the properties of comonotonic additivity and consistency with respect
to the "classical" increasing stochastic dominance with respect to a given probability P
can be characterized by means of Choquet integrals with respect to a capacity of the
form 1) o P where v is a distortion function (i.e. v is a non-decreasing function on [0, 1]
such that ¥(0) = 0 and ¥ (1) = 1). We recall that a capacity of the form i o P where
P is a probability and v is a distortion function is called a distorted probability (see
the end of subsection 2.1 below for more details). Under a non-atomicity assumption
on the initial probability space (€2, F, P), the set of monetary risk measures defined on
x having the properties of comonotonic additivity and consistency with respect to the
"clagsical" stop-loss stochastic dominance with respect to the probability P is known to

be characterized by means of Choquet integrals with respect to a capacity of the form
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1 o P where v is a concave distortion function.

Moreover, some frequently used risk measures, such as the Value at Risk or the Tail Value
at Risk among others, can be represented by means of Choquet integrals with respect to
a distorted probability (cf., for instance, Dhaene et al. 2006).

The notion of risk measures which are consistent with respect to a given "classical"
stochastic dominance relation is also linked to the notion of law-invariance of risk mea-
sures introduced by Kusuoka (2001). Kusuoka (2001) has provided a characterization
of the class of convex law-invariant comonotonic additive monetary risk measures on
the space L*°(Q2, F, P) in the case where the probability space (2, F, P) is atomless (cf.

theorem 7 in Kusuoka 2001, as well as theorem 1.4 in Ekeland and Schachermayer 2011).

In the present paper we pursue our previous work from Grigorova (2010) by gen-
eralizing the "classical" notion of increasing stochastic dominance to the case where
the measurable space (2, F) is endowed with a capacity p which is not necessarily a
probability measure. We characterize this "generalized" relation by using the notions of
distribution function with respect to the capacity p and quantile function with respect
to the capacity pu. Next, we study the set of monetary risk measures defined on y having
the properties of comonotonic additivity and consistency with respect to the "general-
ized" increasing stochastic dominance with respect to the capacity u, as well as the set
of monetary risk measures defined on y having the properties of comonotonic additivity
and consistency with respect to the "generalized” stop-loss stochastic dominance with
respect to the capacity p. Under suitable assumptions on the space (2, F, u) we provide
characterizations analogous to the classical ones. More precisely, in the case where the
initial capacity p is assumed to be continuous from below and from above, the former
class of risk measures is characterized in terms of Choquet integrals with respect to a
capacity of the form 1 o u (which we call a distorted capacity) where 1 is a distortion

function. Under suitable assumptions on the space (€2, F, 1) the latter class of risk mea-
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sures is characterized by means of Choquet integrals with respect to a distorted capacity
of the form 1 o yu whose distortion function 1 is concave. We also establish that some
well-known results concerning Choquet integrals with respect to a distorted probability
do not necessarily hold true in the more general case of a distorted capacity (cf. subsec-
tion 3.4, as well as remarks 4.1 and 4.2). After reformulating Kusuoka’s theorem in a
form which is suitable for the needs of the present paper, we establish a "Kusuoka-type"
characterization of the class of monetary risk measures defined on x having the proper-
ties of comonotonic additivity and consistency with respect to the "generalized” stop-loss
stochastic dominance with respect to the capacity pu. According to this characterization
(cf. theorem 4.3 below) the risk measures poo and p¥ defined by poo (X) := sup;; r},u(t)
for all X € x and p¥ (X) := fol r;/l(t)r}#(t)dt for all X € x, where Y is a non-negative
measurable function on (€, F) such that fol r;u(t)dt = 1, can be viewed as the "building
blocks" of the latter class of risk measures '. Under additional assumptions on the initial
capacity p (namely continuity from below and from above, and concavity) a characteriza-
tion involving the value function of an optimization problem studied in Grigorova (2010)
is given in theorem 4.4. We end this paper by giving some examples generalizing the
"classical" Value at Risk and the "classical" Tail Value at Risk to the case of a capacity
which is not necessarily a probability measure. In the case of the "generalized" Value at

Risk some particular subcases are studied and an economic interpretation is provided.

The remainder of the paper is organised in the following manner. Section 2 is divided
in three subsections. In subsection 2.1 some definitions and results about capacities
and Choquet integrals, which are used in the sequel, are recalled - all the results in
this subsection but three (namely lemmas 2.3 and 2.4, and proposition 2.5) are not new.

Subsection 2.2 recalls the definitions and characterizations of the "generalized" increasing

!The symbol r}ju (resp. r;u) denotes the upper quantile function of X (resp. of Y) with respect to

the capacity u; the reader is referred to section 2 for more details.
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convex ordering and the "generalized" stop-loss ordering with respect to a capacity in
a form which is suitable for the needs of the present paper; the proofs of the results of
this subsection can be found in Grigorova (2010). The terminology about risk measures
is recalled in subsection 2.3.

Section 3 is divided in four subsections. In subsection 3.1 we define the "generalized"
increasing stochastic ordering with respect to a capacity and provide characterizations
analogous to those in the classical case of a probability measure. In subsection 3.2
we characterize the set of monetary risk measures having the properties of comonotonic
additivity and consistency with respect to the "generalized" increasing stochastic ordering
(with respect to a given capacity p). Subsection 3.3 is devoted to the characterization
of the set of monetary risk measures which are comonotonic additive and consistent
with respect to the "generalized" stop-loss stochastic ordering (with respect to a given
capacity p). Subsection 3.4 deals with the property of convexity of a Choquet integral
with respect to a distorted capacity of the form v o p.

In section 4 (theorem 4.3 and theorem 4.4) we provide "Kusuoka-type" characterizations
of the set of monetary risk measures having the properties of comonotonic additivity and
consistency with respect to the "generalized" stop-loss stochastic ordering (with respect
to a given capacity p).

Section 5 is devoted to the examples.

2 Some basic definitions and results

2.1 Capacities and Choquet integrals

Most of the definitions and results of this subsection can be found in the book by Féllmer
and Schied (2004) (cf. section 4.7 of this reference) and/or in the one by Denneberg
(1994).

Let (Q,F) be a measurable space. We denote by x the space of measurable, real-valued



2 SOME BASIC DEFINITIONS AND RESULTS 8

and bounded functions on (2, F).

Definition 2.1 Let (2, F) be a measurable space. A sel function pu : F — [0,1] is
called a capacity if it satisfies (@) = 0, p(2) = 1 (normalisation) and the following

monotonicity property: A,B € F,AC B = u(A) < u(B).

We recall the definition of the Choquet integral with respect to a capacity p (cf. Den-
neberg 1994).

Definition 2.2 For a measurable real-valued function X on (Q, F), the Chogquet integral

with respect to a capacity p is defined as follows

+o0 0
E,(X) ::/0 u(X > x)dz +/ (u(X > 2x) —1)dx.

—00
Note that the Choquet integral in the preceding definition may not exist (namely if one
of the two (Riemann) integrals on the right side is equal to +o0o and the other to —o0),
may be in R or may be equal to 400 or —oo. The Choquet integral always exists if the
function X is bounded from below or from above. The Choquet integral exists and is
finite if X isin y.

Thus we come to the notion of the (non-decreasing) distribution function of X with

respect to a capacity p.

Definition 2.3 Let X be a measurable function defined on (0, F). We call a distribution

function of X with respect to pu the non-decreasing function Gx defined by
Gx(z):=1—pu(X >2x), VreR.

Remark 2.1 The non-decreasingness of Gx is due to the monotonicity of u.
In the case where i is a probability measure, the distribution function Gx coincides with

the usual distribution function Fx of X defined by Fx(x) := pu(X < z), Vx € R.

For some results (such as lemma 2.3 for instance) we will need to extend the definition

of Gx to the extended real line R which will be done by setting G x(+00) := 1 — u(X >
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+00) and Gx(—o0) :=1— pu(X > —o0).

Let us now define the generalized inverse of the function Gx.

Definition 2.4 For a measurable real-valued function X defined on (Q,F) and for a
capacity p, let Gx denote the distribution function of X with respect to p. We call a

quantile function of X with respect to p every function rx : (0,1) — R verifying
sup{z € R| Gx(x) <t} <rx(t) <sup{z € R| Gx(x) <t}, ¥Vt € (0,1),

where the convention sup{@} = —oo is used.

The functions ry and r} defined by
ry(t) :=sup{z e R| Gx(z) <t},Vt € (0,1) and r{(t) :=sup{z € R | Gx(z) < t},Vt € (0,1)
are called the lower and upper quantile functions of X with respect to p.

For notational convenience, we omit the dependence on p in the notation Gx and rx
when there is no ambiguity. The following observation can be found in Féllmer and

Schied (2004).

Remark 2.2 The lower and upper quantile functions of X with respect to u can be

expressed in the following manner as well:
ry(t) :=inf{z € R | Gx(z) > t},Vt € (0,1) and r%(t) :=inf{z € R | Gx(z) > t},Vt € (0,1)

Remark 2.3 Let u be a capacity and let X be a measurable real-valued function such

that

(2.1) lim Gx(z)=0 and lim Gx(z)=1.

T——00 Tr——400

We denote by Gx(z—) and Gx(z+) the left-hand and right-hand limits of Gx at x. A

function ry is a quantile function of X (with respect to p) if and only if

(Gx(rx(t)—) StSGx(Tx(t)-l-), YVt € (0,1).
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In this case rx is real-valued. Note that the condition (2.1) is satisfied if X € x and p
is arbitrary. The condition (2.1) is satisfied for an arbitrary X if p is continuous from

below and from above (see definition 2.5).

We have the following well-known result (cf. for instance Follmer and Schied 2004
for the bounded case, or Denneberg 1994 - pages 61-62 in chapter 5) where we make the

convention that the assertion is valid provided the expressions make sense.

Proposition 2.1 Let X be a real-valued measurable function and let rx be a quantile

function of X with respect to a capacity p, then

1
E,(X) = /O rx (t)dt.

The following lemma is the analogue of lemma A.23. in Féllmer and Schied (2004)

and can be found in Denneberg (1994) (cf. also proposition 3.2 in Yan 2009).

Lemma 2.1 Let X = f(Y) where f is a non-decreasing function and let ry be a quantile
function of Y with respect to a capacity p. Suppose that f and Gy have no common

discontinuities, then f ory is o quantile function of X with respect to u. In particular,
rx(t) = 1pv)(t) = f(ry(t)) for almost every t € (0,1),
where rx denotes a quantile function of X with respect to p.

Remark 2.4 If the capacity u satisfies the additional properties of continuity from below
and from above, the assumption of no common discontinuities of the functions f and Gy
can be dropped in the previous lemma. The proof is then analogous to the proof in the
classical case of a probability measure (cf. lemma A.23. in Follmer and Schied 2004 for

a proof in the classical case) and is left to the reader.

We recall some well-known definitions about capacities which will be needed later on.
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Definition 2.5 A capacity p is called convex (or equivalently, supermodular) if
A BeF= puAUB)+u(ANB) > u(A) + u(B).

A capacity p is called concave (or submodular, or 2-alternating) if
A BeF= uAUB)+ u(ANB) < u(A) + u(B).

A capacity u is called continuous from below if

(A,) C F such that A, C Apy1,Yn € N= lim pu(A,) = p(Up2; Ay).

n—oo

A capacity p is called continuous from above if

(A,) C F such that Ay, D Apt1,Vn € N= lim pu(Ay,) = p(Np=iAn).

n—oo

We recall the notion of comonotonic functions (cf. Follmer and Schied 2004).

Definition 2.6 Two measurable functions X and Y on (Q,F) are called comonotonic if
(X (w) = X(WN(Y (w) =Y (W) >0, V(w,) € QxQ.

We have the following characterization of comonotonic functions which corresponds to

proposition 4.5 in Denneberg (1994) (see also Follmer and Schied 2004)

Proposition 2.2 For two real-valued measurable functions X, Y on (2, F) the following

conditions are equivalent:
(1) X and Y are comonotonic.

(ii) There exists a measurable function Z on (Q,F) and two non-decreasing functions f

and g on R such that X = f(Z) and Y = g(Z).

(iii) There ezist two continuous, non-decreasing functions u and v on R such that u(z)+

v(z) =z, z€R, and X =u(X+Y), Y =v(X+Y).
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The notion of comonotonic functions proves to be very useful while dealing with
Choquet integrals thanks to the following result (cf. lemma 4.84 in Follmer and Schied

2004, as well as corollary 4.6 in Denneberg 1994).

Lemma 2.2 If X)Y : Q — R is a pair of comonotonic measurable functions and if
X, Ty, x4y are quantile functions (with respect to a capacity 1) of X, Y, X +Y respec-
tively, then

rx+y(t) = rx(t) + ry(t), for almost every t.

In the following propositions we summarize some of the main properties of Choquet
integrals for reader’s convenience (cf. proposition 5.1 in Denneberg 1994) and we make
the convention that the properties are valid provided the expressions make sense (which

is always the case when we restrain ourselves to elements in y).

Proposition 2.3 Let u be a capacity on (Q, F) and X and Y be measurable real-valued

functions on (Q, F) , then we have the properties:

e (positive homogeneity) E,(AX) = AE,(X),VA € Ry

(monotonicity) X <Y = E,(X) <E,Y)

(translation invariance) E, (X +b) =E,(X) +b,¥b € R

(asymmetry) E, (—X) = —Ez(X), where i is the dual capacity of
(i(A) is defined by p(A) =1 — u(A°),VA € F)

(comonotonic additivity) If X and Y are comonotonic, then

E, (X +Y)=E,(X)+ELY).

Finally, we recall the subadditivity property of the Choquet integral with respect to a

concave capacity.
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Proposition 2.4 Let u be a concave capacity on (Q,F) and X and Y be measurable
real-valued functions on (Q, F) such that E,(X) > —oo and E,(Y) > —oo, then we have

the following property
(subadditivity) E (X +Y) <E,(X)+E.Y).

Remark 2.5 The reader is referred to Denneberg (1994) for a slightly weaker assumption

than the one given in the previous proposition.

The next theorem is known as Schmeidler’s representation theorem (cf. theorem 11.2

in Denneberg 1994; cf. also theorem 4.82 in Follmer and Schied 2004).

Theorem 2.1 (Schmeidler’s representation theorem) Let p: x — R be a given

functional satisfying the properties of:

(i) (monotonicity) X <Y = p(X) < p(Y)

(i) (comonotonic additivity) X,Y comonotonic = p(X +Y) = p(X) + p(Y)
(iii) (mormalisation) p(I) = 1.

Then, there exists a capacity v on (2, F) such that

p(X) =E,(X), VX € x.

Remark 2.6 We note that the normalisation property (iii) of the previous theorem
is satisfied by any functional p : x — R which is assumed to have the properties of
comonotonic additivity (property (i7)) and translation invariance. Indeed, the comono-
tonic additivity of p implies that p(0 + 0) = 2p(0) which gives p(0) = 0. This property
combined with the translation invariance of p implies the normalisation property (ii4).
In particular, the normalisation property (7i7) is satisfied by any monetary risk measure

p: X — R (in the sense of definition 2.9) having the property of comonotonic additivity.
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Finally, we state a useful result about monotonic transformations of measurable func-

tions and the corresponding upper quantile functions.

Lemma 2.3 Let Z be a real-valued measurable function on (2, F), let p be a capacity
on (Q,F) and let f be a non-decreasing right-continuous function. Denote by rJZr and by
T?(z) the upper quantile functions of Z and f(Z) (with respect to ). Suppose that f and

Gz have no common discontinuilies, then

o ® = FOE®), Yt e (0,1).

Proof: The proof of the lemma uses arguments similar to those used in the proof of

proposition 3.2 in Yan (2009) and is given in the appendix.
U

An analogous result to that of lemma 2.3 holds true in the case of lower quantile functions
with respect to a capacity. The result can be shown by using similar arguments to the

ones used in the proof of the previous lemma 2.3 - its proof is therefore omitted.

Lemma 2.4 Let Z be a real-valued measurable function on (Q,F), let p be a capacity
on (Q,F) and let f be a non-decreasing left-continuous function. Denote by r, and by
T 2) the lower quantile functions of Z and f(Z) (with respect to j). Suppose that f and

Gz have no common discontinuities, then

"zt = f(rz(®)), ¥t € (0,1).

Using the previous two lemmas 2.3 and 2.4, we state a proposition representing a gen-
eralization to the case of a capacity of a well-known "classical" result about the upper
and lower quantile functions of comonotonic random variables - cf. for instance theorem

4.2.1 in Dhaene et al. (2006) for the classical case.
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Proposition 2.5 If X and Y are two comonotonic real-valued measurable functions,

then
(2.2) iy ) = 1% (t) + i), vt e (0,1) and
(2.3) ryay () = () + (1), Vit € (0,1).

Proof: The arguments of the proof of proposition 2.5 are similar to those used in the

proof of corollary 4.6 in Denneberg (1994). The proof is placed in the appendix.

O

Remark 2.7 The previous proposition 2.5 is to be compared with lemma 2.2. In fact,
lemma 2.2 can be viewed as a consequence of proposition 2.5 after recalling that a quan-
tile function (with respect to a given capacity) of a given real-valued measurable function

is unique except on an at most countable set.

We end this subsection by two examples of a capacity. The first example is well-
known in the decision theory (think for instance of the rank-dependent expected utility
theory - Quiggin 1982 or of Yarii’s distorted utility theory in Yarii 1997); the second is

a slight generalization of the first - it can be found in Denneberg (1994).

1. Let pu be a probability measure on (Q,F) and let ¢ : [0,1] — [0,1] be a non-
decreasing function on [0, 1] such that ¢(0) = 0 and (1) = 1. Then the set
function 1 o p defined by 1 o u(A) := ¢ (u(A)),YA € F is a capacity in the sense
of definition 2.1. The function v is called a distortion function and the capacity
o p is called a distorted probability. If the distortion function v is concave, the

capacity ¥ o u is a concave capacity in the sense of definition 2.5.

2. Let u be a capacity on (2, F) and let ¢ be a distortion function. Then the set

function 1 o u is a capacity which, by analogy with the previous example, will be
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called a distorted capacity. Moreover, we have the following property : if p is a
concave capacity and 1 is concave, then v o y is concave. The proof uses the same
arguments as the proof of proposition 4.69 in Follmer and Schied (2004) and is left

to the reader (see also exercice 2.10 in Denneberg 1994).

2.2 Stochastic orderings with respect to a capacity

Most of the definitions and results in this subsection can be found in Grigorova (2010).

Definition 2.7 Let X and Y be two measurable functions on (2, F) and let p be a
capacity on (Q, F). We say that X is smaller than Y in the increasing convex ordering

(with respect to the capacity p) denoted by X <icp Y if
Ep(u(X)) < Eu(u(Y))

for all functions u : R — R which are non-decreasing and convez,

provided the Choquet integrals exist in R.

The previous definition coincides with the usual definition of the increasing convex
order when the capacity p is a probability measure on (€2, F) (cf. Shaked and Shanthiku-
mar 2006 for details in the classical case).

As in the previous section, the dependence on the capacity p in the notation for the
stochastic dominance relation <, is intentionally omitted. Nevertheless, we shall note

<icx,u When an explicit mention of the capacity to which we refer is needed.

Remark 2.8 The economic interpretation of the increasing convex ordering with respect
to a capacity p is the following: X <;¢,, Y if all the CEU-maximizers whose preferences
are described by the (common) capacity p and a non-decreasing convex utility function
prefer the claim Y to the claim X.

If the measurable functions X and Y are interpreted as losses (which will be the case

in the sequel of the paper), the increasing convex stochastic ordering with respect to a
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capacity p can be interpreted as follows: X <;e;, Y if all the CEU-minimizers whose
preferences are described by the (common) capacity p and a non-decreasing convex "pain”

function (see Denuit et al. 1999 for the terminology) prefer losing X to losing Y.

We define the notion of stop-loss ordering (or stop-loss dominance relation) below.

Definition 2.8 Let X and Y be two measurable functions on (2, F) and let p be a
capacity on (Q,F). We say that X is smaller than Y in the stop-loss ordering with

respect to the capacity p denoted by X <qY if
E (X =0)%) <E. (Y -b"), Vb eR,
provided the Chogquet integrals exist in R.

In the classical case where the capacity p is a probability measure the previous def-
inition is reduced to the usual definition of stop-loss order well-known in the insurance
literature (see for instance Dhaene et al. 2006). The interpretation of the stop-loss dom-
inance relation in the classical case is the following: X <4 Y if and only if X has lower
stop-loss premia than Y. A similar interpretation could be given in our more general
setting if we see the number E,((X — b)") for a given b € R as a "generalized" stop-loss

premium of X.

We have the following characterization of the stop-loss ordering relation with respect

to a capacity which is due to propositions 3.3 and 3.4 in Grigorova (2010).

Proposition 2.6 Let p be a capacity and let X and Y be two real-valued measurable
functions such that fol Irx (t)|dt < +o00 and fol Ty (t)|dt < 400 where rx and ry denote
(the) quantile functions of X and Y with respect to p. The following three statements

are equivalent:

(i) X <apVY.
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(ii) f;oo (X > u)du < f;oo p(Y > u)du, Vr € R.
(iti) [} rx(t)dt < [ ry(t)dt, vy € (0,1).

Another useful characterization of the relation <, is given in the following propo-
sition. Its analogue in the classical case of a probability measure is due to Dana (2005)
(see also thm. 5.2.1 in Dhaene et al. 2006 for a related result). The version presented

here can be found in Grigorova (2010).

Proposition 2.7 Let X € x and Y € x be given. Then the following statements are

equivalent:
(1) X gsl,u Y
(ii) fol g(t)rx(t)dt < fol g(t)ry (t)dt, Yg : [0,1] — R, integrable, non-decreasing.

We have the following proposition establishing the equivalence between the increasing
convex stochastic dominance and the stop-loss stochastic dominance in the case of a
capacity which is continuous from below and from above (cf. proposition 3.2 in Grigorova

2010).

Proposition 2.8 Let i be a capacity which is continuous from below and from above and
let X andY be two real-valued measurable functions. Then the following two statements

are equivalent:
(1) X ésl,,u Y.
(ii) X <iex,u Y.

Remark 2.9 As observed in Grigorova (2010), it can be easily seen from the definition
of the increasing convex ordering that the assumption on the continuity of the capacity

 is not needed in the proof of the implication (i) = (i) in proposition 2.8.
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2.3 Monetary risk measures

We will use the following definitions:

Definition 2.9 1. A mapping p : x — R is called a monetary measure of risk if it

satisfies the following properties for all X,Y € x:

(i) (monotonicity) X <Y = p(X) < p(Y)

(ii) (translation invariance) p(X +b) = p(X) +b,¥b € R

2. A monetary measure of risk p is called convex if it satisfies the additional property

of
(iii) (convezity) p(AX + (1 —=N)Y) < Ap(X)+(1—=N)p(Y), VA € [0,1], VX,Y € x.

3. A conver monetary measure of risk p is called coherent if it satisfies the additional

property of
(iv) (positive homogeneity) p(AX) = Ap(X),VA € R;..

Let us remark that the above definiton of a coherent monetary risk measure coincides,
up to a minus sign, with the definiton given by Artzner et al. (1999). The "sign conven-
tion" used in the present paper is frequently adopted in the insurance literature when
the measurable functions are interpreted as potential losses or payments that have to be
made (see, for instance, Dhaene et al. 2006 for explanations in the context of insurance;
for the same "sign convention" as the one used in the present paper, the reader is also

referred to Wang and Yan 2007, or Ekeland et al. 2009).
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3 Stochastic orderings with respect to a capacity and gen-

eralized distortion risk measures

3.1 The increasing stochastic dominance with respect to a capacity

In this subsection we define the notion of increasing stochastic dominance with respect
to a capacity and provide characterizations analogous to those existing in the "classical"
case of a probability measure. The reader is referred to Shaked and Shanthikumar (2006)

for details in the classical case.

Definition 3.1 Let X andY be two measurable functions on (2, F) and let j1 be a capac-
ity on (Q,F). We say that X is dominated by Y in the increasing stochastic dominance

(with respect to the capacity p) denoted by X <mon, Y if

Eu(u(X)) <Eu(u(Y))

for all non-decreasing functions u : R — R provided the Chogquet integrals exist in R.

In the case where u is a probability measure the preceding definition is reduced to the
usual definition of increasing stochastic dominance (also known as first-order stochastic

dominance).

Remark 3.1 The economic interpretation of the increasing stochastic dominance with
respect to a capacity p is the following: X <4y, Y if all CEU-maximizers whose pref-
erences are described by the (common) capacity p and a non-decreasing utility function

prefer the claim Y to the claim X.

We have the following characterization of the increasing stochastic dominance with re-

spect to pu.

Proposition 3.1 Let p be a capacity which is continuous from below and from above.
Let X and Y be two real-valued measurable functions. The following three statements are

equivalent:
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(i) X <monpu Y.
(ii) Gx(x) > Gy(z), Vz € R.
(iii) v () <rf(t),vt € (0,1).

Proof: Let us first prove the implication (i) = (i7). We fix z € R and we remark that
Gx(r) =1-E,(u(X)) where u(y) := [, 1o0)(y) which proves the desired implication as
the function u is non-decreasing.

The implication (i7) = (éi7) is a consequence of the definition of the upper quantile
functions r;'( and r;.

To conclude, we prove the implication (iii) = (7). Suppose that r¥ () < ry-(¢),vt € (0,1)
and let u : R — R be a non-decreasing function. Thanks to proposition 2.1 and to remark

2.4 (where the assumption of continuity from below and from above of yu is used) we have

E,( fo ))dt; the same type of representation holds for E,(u(Y)). Thus
we obtain E,( fo ))dt < fo F(®)dt = E,(u(Y)) which concludes the
proof.

O

Remark 3.2 We note that the implications (i) = (i) = (i4¢) in the proof of proposition
3.1 have been established without using the assumption of continuity from below and

from above of pu.

We end this subsection by giving some vocabulary which will be useful in the sequel

while dealing with risk measures.

Definition 3.2 Let p: x — R be a given functional and let p be a capacity. We say that

p satisfies the property of:
1. (consistency with respect to <mon,u) if X <mon,y Y itmplies p(X) < p(Y).

2. (consistency with respect to <g,) if X <g, Y implies p(X) < p(Y).
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3. (consistency with respect to <iex,u) if X <iex,u Y implies p(X) < p(Y).

The following result which is easy to establish provides a link between the notions

introduced in definition 3.2.

Proposition 3.2 Let p : x — R be a given functional and let p be a capacity. The

following statements hold:

1. p is consistent with respect to <q ,= p is consistent with respect to <ijcx ,= p is

consistent with respect to <mon -

2. If the capacity p is continuous from below and from above, the consistency with
respect to the relation <icx, s equivalent to the consistency with respect to the

relation <g .

Proof: The first statement is due to the definitions of the relations <jc;,, <s, and

<mon,u- The second statement is a consequence of proposition 2.8.

3.2 Generalized distortion risk measures

In this subsection we are interested in risk measures which can be represented as Cho-
quet integrals with respect to a distorted capacity. Such risk measures will be called

generalized distortion risk measures.

Definition 3.3 Let  be a capacity and let ¥ be a distortion function. A monetary risk

measure p: x — R of the form
p(X) = Eyop(X), VX € x

1s called a generalized distortion risk measure.
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In the case where p is a probability measure the previous definition is reduced to the
definition of a distortion risk measure (or a distortion premium principle) well-known in
finance and insurance - see, for instance, Dhaene et al. (2006) for a survey and exam-
ples. The generalization considered in definition 3.3 is suggested at the end of an article
by Denneberg (1990). In Grigorova (2010) an example of a generalized distortion risk

meagsure is obtained as the value function of the following financial optimization problem:

Maximize E,(ZC)
(D)
under the constraints C' € x4 s.t. C <oy X
where x4 denotes the set of non-negative bounded measurable functions, p is a given

(concave and continuous from below) capacity, Z is a given non-negative measurable

function such that fol rz(t)dt < oo and X is a given function in x4 .

Remark 3.3 Any generalized distortion risk measure in the sense of definition 3.3 is a
monetary risk measure satisfying the properties of positive homogeneity and comonotonic
additivity. A generalized distortion risk measure is convex if and only if the distorted
capacity ¢ o u appearing in definition 3.3 is a concave capacity. The "if part" in the
previous statement has already been recalled in proposition 2.4; the "only if part" is easy

to establish by using, for instance, exercise 5.1 in Denneberg (1994).

A well-known representation result in the classical case of a probability measure is
generalized to the case of a capacity in the following lemma. For the statement and the
proof of this result in the "classical" case we refer to Song and Yan (2009) as well as to
exercise 11.3 in Denneberg (1994); the "classical" result is related to the work of Wang

et al. (1997) and to the work of Kusuoka (2001) as well.

Lemma 3.1 Let p be a capacity on (2, F) and let p : x — R be a functional satisfying

the following properties

(i) Gxp(@) = Gy (@), Ve € R = p(X) < p(Y)
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(i) (comonotonic additivity) X,Y comonotonic = p(X +Y) = p(X) + p(Y)
(iii) (normalisation) p(I) = 1.
Then, there exists a distortion function v : [0,1] — [0, 1] such that

p(X) = Egou(X), VX € x.

This lemma is based on Schmeidler’s representation theorem (theorem 2.1). Before we

prove the lemma, let us make a remark which will be used in the proof.

Remark 3.4 The property (i) in the previous lemma implies the property of monotonic-
ity of p (i.e. X <Y = p(X) < p(Y)), as well as the following property which, for the

easing of the presentation, will be called ditrsibution invariance of p with respect to p:
(@) = Gy (), Yo € R = p(X) = p(Y).

Proof of lemma 3.1: The functional p being monotonic, comonotonic additive and
normalised, Schmeidler’s representation theorem (theorem 2.1) can be applied in order

to obtain the existence of a capacity v on (€2, F) such that
(3.1) p(X) = B, (X), VX € x.

We will now prove that there exists a distortion function ¢ such that v(A) = 9 o
u(A), VA € F. The arguments are similar to those in the "classical" case and follow
the proof of proposition 2.1 in Song and Yan (2009).

Let us first note that for A, B € F, the distribution functions (with respect to u) G, ,
and Gig,, of the measurable functions I4 and Ip coincide if and only if u(A) = u(B).
Thus, the functional p being distribution invariant with respect to u, we have that
w(A) = p(B) implies p(I4) = p(Ip) which in turn implies that v(A) = v(B). Therefore,

we can define a function ¢ on the set S := {u(A), A € F} as follows:
¥ {u(A), A€ F} —0,1]

Y(x) :==v(A) if © = p(A).
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The function v is such that v(A) =Y ou(A), VA € F. Moreover, ¢(0) =0 and ¢(1) =1
and 1 is a non-decreasing function on S. The non-decreasingness of v is a consequence
of property (i). Indeed, let A, B € F be such that u(A) < p(B). Then, for all z € R,
Grypu) =1—-pla > ) > 1—pu(lp > z) = Gy u(x). The inequality v(A) < v(B)
follows thanks to property (i) and to the representation (3.1). We conclude the proof
as in Song and Yan (2009) by arguing that the function 1 can be extended to a non-
decreasing function on the closure of the set S and then to a non-decreasing function on

[0,1].

O

Remark 3.5 The converse statement in lemma 3.1 also holds true. More precisely,
let 1 be a capacity and let p : x — R be a functional of the form p(.) = Eyop(.)
where v is a distortion function. As a Choquet integral with respect to a capacity, the
functional p obviously satisfies properties (ii) and (iii) in lemma 3.1. Property (i) in
lemma 3.1 is also satisfied as the functional p can be written in the following manner:

P(X) = Eyon(X) = [ 01 = Gx(@)de + [° (1 = Gx () — 1dz, VX € x.

The following theorem is a "generalization" to the case of a capacity of a well-known
representation result for monetary risk measures satisfying the properties of comonotonic
additivity and consistency with respect to the "classical" increasing stochastic dominance

(see for instance Song and Yan (2009) for the classical case).

Theorem 3.1 Let pu be a capacity on (Q, F) which is continuous from below and from

above and let p: x — R be a monetary risk measure satisfying the properties of
(i) (consistency with respect to <monu) X <monyu Y = p(X) < p(Y)

(i) (comonotonic additivity) X,Y comonotonic = p(X +Y) = p(X) + p(Y).
Then, there exists a distortion function v such that

p(X) = Ewou(X)7 VX € x.
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Proof: The result follows directly from lemma 3.1 and proposition 3.1.
O

Remark 3.6 Note that properties (i) and (ii) in the previous theorem are satisfied by
any monetary risk measure on x of the form Eyo,(.) where ¢ is a given distortion function
and where p is a given capacity. The statement is due to remark 3.5, to proposition 3.1

and to remark 3.2.

Remark 3.7 We also note that the distortion function % in the representation formula

of the previous theorem is unique on the set S := {u(A), A € F}.

We conclude from the previous theorem 3.1 combined with remark 3.6 that in the
case where the initial capacity p is continuous from below and from above the class of
generalized distortion risk measures with respect to p (in the sense of definition 3.3)
coincides with the class of monetary risk measures having the properties of comonotonic

additivity and consistency with respect to the <p4, , —relation.

As already mentioned, risk measures satisfying the property of comonotonic additivity
(property (ii) in the previous theorem) have been extensively studied in the literature
and the financial interpretation of this property has been aknowledged (see for instance
Follmer and Schied 2004).

Nevertheless, the notion of consistency with respect to the <;,4pn ,, —relation for a risk
measure (as well as the notion of consistency with respect to the <y, —relation, or with
respect to the <;.,, —relation) being introduced in the present paper, an interpretation
is given hereafter. The interpretation provided in this paper is from the point of view
of an insurance company. Consider an insurance company which is willing to compare
measurable functions (interpreted in this context as random losses) according to the

CEU-theory. The use of a stochastic dominance relation deriving from the CEU-theory
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(such as the <,jon,u - stochastic dominance relation, the <, —relation or the <jc,
—relation) is suitable as it gives a way of comparing random losses according to the
desired economic theory. The CEU-theory and the stochastic dominance relations to
which it gives rise may intervene, for instance, in situations where the insurance company
is facing ambiguity. However, as it is the case of the "classical" stochastic dominance
relations with respect to a probability, the stochastic dominance relations with respect
to a capacity have the following "drawback": the relations are not "total" which means
that for some measurable functions X and Y it is possible to have neither X <55, Y
nor Y <pon, X (if the <;0n,, —relation is taken as an example).

In the present paper, risk measures having the property of consistency with respect to
the given stochastic dominance relation with respect to a capacity are used as a way of
circumventing the previous "drawback". This approach is analogous to the one used in
the "classical" case of a probability where risk measures consistent with respect to the

"classical" stochastic dominance relations are studied.

Remark 3.8 The <4, —relation and the property of consistency with respect to the
<mon,, —relation could be interpreted in terms of ambiguity. The interpretation is based
on the characterization of the <y, , —relation established in proposition 3.1 in the case
of a capacity p which is continuous from below and from above. Let us recall that the
measurable functions on (2, F) are interpreted as losses in the present paper and let X

and Y be two measurable functions in x such that
(3.2) Gxpu(t) < Gyu(t) foralteR

which is equivalent to p(X >t) > pu(Y > t) for all t € R.

Let us first consider the inequality u(X > t) > pu(Y > t) where ¢t € R is fixed. Bearing
in mind that the capacity p models the agent’s perception of "uncertain" (or "ambigu-
ous") events, the reader may interpret the previous inequality as having the following

meaning: the event {X > t} is perceived by the agent as being less uncertain than (or
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equally uncertain to) the event {Y > t}.

Thus, the relation (3.2) (which, thanks to proposition 3.1, is equivalent to Y <on X
in the case of a capacity p assumed to be continuous from below and from above) can
be loosely read as follows: the agent "feels less (or equally) uncertain about the loss X's
taking great values than about the loss Y’s ".

Thus, if a loss X € y is perceived (through a capacity p which is continuous from below
and from above) as being more or equally certain to take great values (in the previous
sense) than a loss Y € x, the "risk" 2 p(X) associated to the loss X by a risk measure
p : x — R having the property of consistency with respect to the <mon,, —relation is
greater than or equal to the "risk" p(Y') associated to the loss Y.

Thanks to proposition 2.6, an analogous interpretation could be given of the <y,

—relation and of the property of consistency with respect to the <y, —relation.

3.3 Characterizing risk measures having the properties of comonotonic

additivity and consistency with respect to the <, , —relation

We have seen that, for a given capacity u, the set of monetary risk measures having the
properties of comonotonic additivity and consistency with respect to the <y , —relation
is included in the set of monetary risk measures having the properties of comonotonic
additivity and consistency with respect to the <,,,,, —relation. Besides, in the case
where the initial capacity p is continuous from below and from above, a characterization
of the latter set in terms of Choquet integrals with respect to a distorted capacity has
been established in theorem 3.1 combined with remark 3.6. This subsection is devoted to
a characterization of the former set of risk measures in terms of Choquet integrals with
respect to a distorted capacity where the distortion function is concave. Two separate

theorems, corresponding to the two implications of which the characterization consists,

2The expression "the risk” of a loss X € x designates here the number p(X) associated to X by a

risk measure p.
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are presented.
The following theorem is a representation result for monetary risk measures satisfying the

properties of comonotonic additivity and consistency with respect to the <y, —relation.

Theorem 3.2 Let u be a capacity. Assume that there exists a real-valued measurable
function Z such that the distribution function Gz of Z s continuous and satisfies the
following property: lim,—,_oo Gz(x) =0 and limy_, ;o Gz(x) = 1.

If p - x — R is a monetary risk measure satisfying the properties of comonotonic additivity
and consistency with respect to the <g ,, —relation, then there exists a concave distortion
function 1 such that

p(X) = Eilio,u(X)? VX € x.

The proof of this theorem is based on the representation result of lemma 3.1, on propo-
sition 2.6, and on lemma 3.2 below. The lemma 3.2 is well-known in the classical case
of a probability measure as a way of constructing a random variable with a uniform

distribution on [0, 1].

Lemma 3.2 Let p be a capacity. Assume that there exists a real-valued measurable

function Z such that the distribution function Gz of Z is continuous and satisfies

(3.3) lim Gz(x) =0 and lim Ggz(z)=1.

T——00 T—+400
0, ifx <0
SetU := Gz(Z). The distribution function Gy of U is given by: Gu(x) = { z, if 2 € [0,1]

1, ifx>1.

Proof of lemma 3.2: The measurable function U can be written in the following
manner: U = f(Z), where, for the easing of the presentation, we have set f := Gy.
As in the proof of lemma 2.3, we define the upper generalized inverse f of the non-

decreasing function f by f(z) := inf{y € R : f(y) > z}, Vx € R. The function f being
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non-decreasing and continuous, we know from the proof of proposition 3.2 in Yan (2009)
that for all z € R, Gy (z) = Gz (v) =Gz o f(x).

Therefore, for all z € R, Gy (z) = Gz o Gz(x).

Now, according to the definitions of Gz and of the upper quantile function r}, we have
Gz(z) = r}(x),Vx € (0,1). Moreover, thanks to the assumption (3.3), 7} (z) belongs to
R, Vx € (0,1).

Thus, if z € (0,1), then Gz 0 Gz(z) = Gz or}(z) = x. The last equality in the previous
computation is due to the continuity of Gz on R.

If x > 1, then Gz(z) = 400 and Gz o G’Z(m) =1.

If £ <0, then Gz(x) = —oo and Gz 0 Gz(z) = Gz(—o0) =1 — u(Z > —o0) = 0.
Finally, if # = 0, then either G7(0) = —oo or Gz(0) € R. In both of the situations,
Gz 0Gz(0)=0.

The expression for Gy is thus proved.

The following two remarks concern the assumptions of the previous lemma.

Remark 3.9 The existence of a measurable function Z on (2, F) with a continuous
distribution function with respect to the capacity p has been assumed in the previous
lemma 3.2. In the "classical" case where u is a probability measure this assumption is

equivalent to the usual assumption of non-atomicity of the measure space (2, F, u) (cf.

Follmer and Schied 2004).

Remark 3.10 We note that assumption (3.3) of the previous lemma is not redundant
in the case of a capacity p which is not a probability measure. We also note that if g and
Z do not satisfy the assumption (3.3), the result on the distribution function Gy of U
of the lemma may not hold true. Indeed, let us consider the following counter-example.
Let (2, F, P) be a probability space such that there exists a random variable Z whose

distribution function F (with respect to P) is continuous and satisfies 0 < Fyz(z) <
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1,Vx € R. Let p be a capacity of the form p := 1 o P where v is a distortion function
which is continuous on (0,1) and such that b := sup,_; ¢(z) < 1. Then, the distribution
function Gz, of Z (with respect to ) is continuous but fails to satisfy the assumption

(3.3) in lemma 3.2 as

lim Gzu(x)= lim (1 — (1 — FZ(ac))) =1—supy(l — Fz(z))

=1—supy(y) =1—-5b>0.
y<l1

Let us compute Gy, (z) for x € (0,1 —b). For x € (0,1 —b), Gz .(x) = TJZF,#(x) = —00.
Therefore, for z € (0,1 —b), Guu(z) = Gz, 0 Gzu(z) = Gz,u(—00) = 0 # x which

provides the desired counter-example.

Let us now prove theorem 3.2.
Proof of theorem 3.2: It is easy to check that the monetary risk measure p satisfies
the properties (i), (ii) and (iii) in lemma 3.1. Therefore, there exists a distortion function
1 such that p(X) = Eyopu(X), VX € x. It remains to show that the distortion function
1) is concave.
Let € [0,1] and y € [0, 1] be such that < y. There exist measurable sets A and B
satisfying the following properties: A C B, u(A) = x and p(B) = y. Indeed, if we set
A:={U >1—z} and B := {U > 1 —y} where U := Gz(Z), we have that A C B.
Moreover, according to lemma 3.2, u(A) = w(U > 1—2) = 1-Gy(l—z) = 1—-(1—x) = x.
Similarly, we compute pu(B) = y. Therefore, the sets A and B are as desired.
Furthermore, there exists a measurable set C' such that (C) = ZF¥ (the set C can be
constructed by setting C 1= {U > 1 — ZH}).
We now set X := %]IA + %]IB and Y := [ and we note that the measurable functions
%HA and %]IB are comonotonic as A C B.
Let us show that X <, Y. According to proposition 2.6, it suffices to prove that
vt € (0,1),

(3.4) /t "t (s)ds < /t L (5)ds.
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Now, 7(t) = In_u(c)n () and 7 (t) = $11uca),1)(t) + 511—p(m)1) (1) for almost every
t where lemma 2.2 and lemma 2.3 have been used to compute 7% (¢). Therefore, equation
(3.4) is equivalent to 3 (1 —max{t, 1 —,u(A)}) +1 (1 —max{t, 1 —u(B)}) < 1—max{t,1—
1(C)} which is equivalent to 2 min{1—¢, u(A)} + 3 min{1—¢, 4(B)} < min{1—¢, u(C)}.
The observation that, for a fixed ¢t € (0,1), the mapping z — min{1 — ¢, z} is concave
allows us to conclude that equation (3.4) holds true.

The consistency of p with respect to the <y, —relation implies that p(X) < p(Y)
which is equivalent to Eyop (314 + 3I5) < Eyopu(Ic). The positive homogeneity and the
comonotonic additivity of the Choquet integral then give %¢OM(A)+%¢OM(B) < ou(C).
The concavity of v follows as u(A) = z, u(B) = y, p(C) = zQﬂ and as z and y are

arbitrary.

0

Remark 3.11 The distortion function in the representation result of the previous the-
orem (theorem 3.2) is unique. Indeed, suppose that there exists a distortion function @Z;

such that p(X) =E;_  (X),VX € x. Let = € [0,1]. Under the assumptions of theorem

Yo
3.2 there exists a measurable set A such that (A) = x (see the proof of theorem 3.2 for

the construction of the set A). On the other hand, p(I4) = ¢ o u(A) = ¢ o u(A), which

implies the desired equality, namely v (z) = Qﬁ(x)

Remark 3.12 One may wonder if the Choquet integral with respect to a distorted ca-
pacity of the form 1 o u (as the one which appears in the representation formula of
theorem 3.2) can be compared with the Choquet integral with respect to the initial ca-
pacity p. In the case where the distortion function 4 is concave (which is the case in
the representation formula of theorem 3.2), the following inequality holds: ¢ o u(A) >
pu(A),YA € F. Therefore, Eyo,(X) > E,(X),VX € x. We conclude that, under the
assumptions of theorem 3.2, a monetary risk measure p having the properties of comono-

tonic additivity and consistency with respect to the <y , —relation satisfies the property:



3 STOCHASTIC ORDERINGS AND DISTORTION RISK MEASURES 33

p(X) 2 Eu(X), VX € x.

In the particular case where, along with the assumptions made in theorem 3.2, the
additional assumption of concavity of the capacity u is made, a monetary risk measure p
satisfying the properties of theorem 3.2, namely comonotonic additivity and consistency
with respect to the <y, —relation, is necessarily a convex monetary risk measure. The
result is formulated in the following corollary. The convexity of p in this case is due
to the concavity of the distorted capacity ¥ o p in the representation of p and to the
sub-additivity of the Choquet integral with respect to a concave capacity. For the corre-
sponding result in the "classical" case of a probability the reader is referred to Song and

Yan (2009), as well as to Follmer and Schied (2004).

Corollary 3.1 Let p be a concave capacity and assume that there exists a real-valued
measurable function Z such that the distribution function Gz of Z is continuous and
satisfies the following property: limy_—,_ oo Gz(x) =0 and lim, 4o Gz(z) = 1.

Let p: x — R be a monetary risk measure satisfying the properties of comonotonic addi-
twily and consistency with respect to the <q , —relation. Then p is a convex monetary

risk measure on x.

Remark 3.13 We note that if, along with the assumptions on the space (Q, F,u) in
the previous theorem 3.2 (respectively in corollary 3.1), the additional assumption of
continuity from below and from above on the capacity p is made, then the property of
consistency with respect to the <y, —relation in theorem 3.2 (resp. corollary 3.1) can
be replaced by the property of consistency with respect to the <;., —relation. The
statement is due to the second assertion in proposition 3.2. We note, furthermore, that
the assumption on the limits of the distribution function Gz of Z in theorem 3.2 (resp.
corollary 3.1) is made redundant by this additional continuity assumption on the capacity

w (cf. remark 2.3).
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It has been established in the previous theorem 3.2 that, under suitable assumptions
on the initial space (2, F, u), a monetary risk measure having the properties of comono-
tonic additivity and consistency with respect to the <4, —relation can be represented
as a Choquet integral with respect to a distorted capacity of the form ¥ o p where the
distortion function 1 is concave. In order to complete the desired characterization it
remains to show that the converse statement holds true which is the purpose of the

following theorem.

Theorem 3.3 Let u be a capacity and let v be a concave distortion function. The func-
tional p defined by p(X) := Eyonu(X),VX € x is a monetary risk measure satisfying the

properties of comonotonic additivity and consistency with respect to the <g , —relation.

The following lemma will be used in the proof of theorem 3.3. The lemma is a gener-
alization of a well-known "classical" expression for Choquet integrals with respect to a
distorted probability whose distortion function is concave (see, for instance, Follmer and
Schied 2004 or Carlier and Dana 2006 for the classical case). Our proof follows the proof

given by Follmer and Schied (2004) and is included for reader’s convenience.

Lemma 3.3 Let p be a capacity and let ¢ be a concave distortion function. For all
X €x,
(3.5) Eyon(X) = 0(04) supr (1) / W - (e

<
Proof of the lemma: It suffices to prove equation (3.5) for non-negative elements of
X, the terms on both sides of the equality being translation invariant. Let X be in
X+- The following expression is similar to the "classical" one; the proof is due to the

non-decreasingness of Gx and to the definition of r} and is left to the reader:

+oo
(36) T}(t) = / ]I{GX(S)gt}dsv Vt € (0, 1).
0
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Thanks to (3.6) we compute
1 1 +o0
/ - trtmd = [ w1 / LGy (oyiy s dt
0 0

“+o00 1— GX
/ y)dy ds
0 0

_/O (w(1—GX( ) = ¢(0+)>H{Gx(s)<1}d3

where the equation [ 4/(s)ds = (¢(y) — ¥(04))Iy>0 has been used to obtain the last
line.
Using the definition of the Choquet integral and the fact that
+o0
supr}(t) —/ LGy (s)<13ds
t<1 0

whose proof is left to the reader, we obtain

1 +o0 400
/ G- trtdt= [ o1 Gx(s))ds — b(0+) / Loy o)<y ds
0 0 0

= Eyou(X) — ¥(0+) sup r}(t).
t<1

The lemma is thus proved.
O

Proof of theorem 3.3: Asrecalled in proposition 2.3, the Choquet integral satisfies the
properties of monotonicity, translation invariance and comonotonic additivity. Therefore,
the only property of the functional p which has to be proved is the property of consistency
with respect to the <y, —relation.

Let X,Y € x be such that X <y, Y. Let us prove that Ewou(X) < EWH(Y) which,
thanks to lemma 3.3, is equivalent to

1
Y(0+) sup ¥ (t) +/O ¢'(1—t)rk(t)dt < (0+)supry-(t / Y1 —t)r (t)dt

t<1 t<1

Proposition 2.7 implies that fo (1—t)r¥(t)dt < fo (1—t)ry>(t)dt. The number ¥(0+)

being non-negative, it remains to show that sup;_; r}(t) < sup;.q r;(t).
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Suppose, by way of contradiction, that sup,., 7% (t) > sup,.q 7y (). Then, there exists
to € [0,1) such that r¥(s) > r5 (to) > supscq ry-(t), Vs > to. This implies that 7% (s) >
ry(s), Vs > to leading to fti (r¥(s) = ry(s))ds > 0. The last inequality contradicts
the relation X <g, Y (cf. the characterization of the <, —relation in proposition
2.6). The previous reasoning leads to the desired implication, namely X <y, Y =

Supy.1 7% (t) < sup,q ry-(t), and concludes the proof.

3.4 Convex generalized distortion risk measures: a counter-example

As recalled in remark 3.3, a generalized distortion risk measure of the form Eyo,(.) is
convex if and only if the distorted capacity % o u is concave in the sense of definition
2.5. The purpose of this section is to investigate the question whether the concavity of
a distorted capacity v o 1 (and therefore, the convexity of Eyo,(.)) can be characterized
by means of the concavity of the distortion function .

It has been seen in example 2. of subsection 2.1 that, in the case where y is a concave
capacity, a distorted capacity of the form 1 o i is concave if the distortion function ¢ is
concave. On the other hand, it is well-known that in the "classical" case where p is a
probability measure, under a non-atomicity assumption on the measure space (2, F, i),
the converse statement also holds true, namely the concavity of a distorted probability
of the form v o y implies the concavity of the distortion function v (cf. proposition 4.69
in Follmer and Schied 2004).

Nevertheless, in the more general case where p is a concave capacity which is not neces-
sarily a probability measure, this converse statement may not be true even if the existence
of a measurable function Z with a continuous distribution function Gz := Gz, is as-
sumed. Let us consider the following counter-example.

Let (2, F,P) be an atomless probability space. Let ¢ be a distortion function which is

concave and continuous and set  := ¢olP. Then, the capacity u is a concave capacity, the
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distortion function ¢ being concave. Furthermore, p is continuous from below and from
above, the function ¢ being continuous. Moreover, there exists a measurable function
Z on (2, F) such that the distribution function (with respect to u) Gz := Gz, of Z is
continuous (in fact, one can easily verify that any random variable Z whose distribution
function with respect to P is continuous satisfies this property; the existence of such a
random variable is guaranteed by the non-atomicity assumption on (2, F,P)).

To be more concrete, let us specify the definition of ¢: ¢(z) := 2%,V € [0,1] where
B € (0,1). Let us further define a distortion function ¢ : [0,1] — [0,1] by ¥(z) :=
x%,Vac € [0,1] where a € (0,1) is such that a > 3. Let us consider the distorted capac-
ity ¥ o i where u := ¢ o P as above.

The distortion function 1 is not concave; in fact, 9 is a strictly convex function. Never-
theless, the distorted capacity ¥ o p is a concave capacity. The latter property is easily
obtained by observing that ¥ o u = (¢ o ¢) o P and that 1 o ¢ is a concave distortion
function as ¢ o ¢p(x) = x*,Va € [0, 1]. Thus, the capacity 1 o u is concave as it can be
represented as a distorted probability with respect to a concave distortion function.

To summarize, we have given an example of a measurable space (€2, F) endowed with a
capacity p which is concave, continuous from below and from above (but not necessarily
additive) and such that there exists a measurable function whose distribution function
with respect to p is continuous. We have then shown that it is possible to contruct a
distorted capacity of the form v o p which is concave (in the sense of definition 2.5) but

whose distortion function % is not concave thus providing the desired counter-example.
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4 "Kusuoka-type" characterization of monetary risk mea-
sures having the properties of comonotonic additivity and

consistency with respect to the <, ,-relation

The purpose of this section is to provide a "Kusuoka-type" characterization of the class of
monetary risk measures having the properties of comonotonic additivity and consistency
with respect to the <y ,-relation under suitable assumptions on the space (£2, F, 1) where
u is a capacity. We recall, for reader’s convenience, the classical Kusuoka’s result (cf.
theorem 7 in Kusuoka 2001) in a form which is given in Ekeland and Schachermayer

(2011) (theorem 1.4):

Theorem 4.1 (Kusuoka’s theorem) Let (2, F, P) be an atomless probability space.
Let p: L>®(Q, F,P) — R be a given functional. Then, the following two statements are

equivalent:

(i) The functional p is a conver monetary risk measure having the properties of comono-

tonic additivity and low-invariance.

(ii) There ezists a € [0, 1] and a random variable Y € L (Q, F, P) satisfying Ep(Y) = 1

such that
p(X) = a ess sup(X) + (1 — ) py(X), VX € L®(Q,F, P),

where py (X) = SUD §¢ [ oo (0, F, P): X X Ep(YX) and the notation X ~ X means

that X and X have the same law (with respect to P).

Let us further remark that the law-invariance property in statement (i) of the previous
theorem can be replaced by the property of consistency with respect to the "classical"
stop-loss order relation <y p (with respect to the probability P). More precisely, in the
case where the probability space (2, F, P) is atomless, the following well-known result

holds true; the result is recalled for reader’s convenience.
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Proposition 4.1 Let (Q, F, P) be an atomless probability space. Let p : L>(Q, F, P) —

R be a given functional. Then, the following statements are equivalent:

(i) The functional p is a convexr monetary risk measure having the properties of comono-

tonic additivity and low-invariance.

(ii) The functional p is a conver monetary risk measure having the properties of comono-

tonic additivity and consistency with respect to the <mon, p-relation.

(iii) The functional p is a conver monetary risk measure having the properties of comono-

tonic additivity and consistency with respect to the <q p-relation.

(iv) The functional p is a monetary risk measure having the properties of comonotonic

additivity and consistency with respect to the <q p-relation.

Proof: The equivalence between assertions (éii) and (iv) is a consequence of corollary
3.1 applied to the particular case of an atomless probability space. The implications
(1i1) = (i) = (i) are obvious. The implication (i) = (éii) can be found in Cherny and

Grigoriev (2007) (page 294).
U

Thus, theorem 4.1 can be viewed as a way of characterizing (convex) monetary risk
measures having the properties of comonotonic additivity and consistency with respect
to the "classical" <, p — relation in the case where the probability space (2, F, P) is
atomless.

We note as well that, thanks to lemma 4.5.5. in Follmer and Schied (2004), statement

(ii) in theorem 4.1 can be reformulated in the following manner:

(ii bis) There exists @ € [0,1] and a random variable Y € L1 (Q,F,P) satisfying

Ep(Y) = 1 such that

1
p(X) =aesssup(X) + (1 — ) /0 qy (t)gx (t)dt, VX € L=(Q,F,P),
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where gx (resp. gy) denotes (the) quantile function of X (resp. Y) with respect
to the probability P.

Thanks to the previous considerations, theorem 4.1 can be reformulated as follows:

Theorem 4.2 (Kusuoka’s theorem - equivalent formulation) Let (2, F, P) be an
atomless probability space. Let p : L>°(Q,F, P) — R be a given functional. Then the

following two statements are equivalent:

(1) The functional p is a monetary risk measure having the properties of comonotonic

additivity and consistency with respect to the <q p-relation.

(ii) There ezists a € [0, 1] and a random variable Y € LY (Q, F, P) satisfying Ep(Y) = 1

such that
1
p(X) =« ess sup(X) + (1 — «) / gy (t)gx (t)dt, VX € L™(Q,F,P),
0

where qx (resp. qy ) denotes (the) quantile function of X (resp. Y ) with respect to
p.

A "generalization" of theorem 4.2 to the setting of a capacity (which is not necessarily a

probability measure) is established in the following theorem.

Theorem 4.3 (Kusuoka-type characterization in the case of a capacity) Let
be a capacity. Assume that there exists a real-valued measurable function Z such that
the distribution function Gz of Z s continuous and satisfies the following property:
lim, o Gz(z) =0 and limg_ 1o Gz(x) = 1.

Let p: x — R be a given functional. Then the following two statements are equivalent:

(i) The functional p is a monetary risk measure having the properties of comonotonic

additivity and consistency with respect to the <g ,-relation.
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(ii) There exists o € [0,1] and a non-negative measurable functionY satisfying fol ry,u(t)dt =

1 such that

1
p(X) =a suprk L+ (1 -a) / ry,u(t)rx u(t)dt, VX € x.
t<1 0

The following lemma summarizes some of the main properties of the functional X —

SUP; 1 T},u(t) and will be used in the proof of theorem 4.3.

Lemma 4.1 Let pu be a capacity. The functional pso : x — R defined by poo(X) =
SUD; <1 r}(t),VX € x 45 a monetary risk measure having the properties of comonotonic
additivity and consistency with respect to the <q , —relation.

Moreover, the functional ps can be represented in the following manner:
Poo(X) = Eyon(X), VX € x

1, ifx>0
where 1 is a concave distortion function given by (x) =

0, if z=0.
Proof of the lemma: The translation invariance of the functional po, follows from
lemma 2.3. The monotonicity of p is due to the definition of the upper quantile function
and to the monotonicity of the capacity p.
Let us prove the comonotonic additivity of po. Let X and Y be two comonotonic
functions in y. According to proposition 2.2, there exists Z € y and two non-decreasing
continuous functions f and g on R such that X = f(Z) and Y = g(Z). Therefore,

— + — + — +
poo(X +Y) = supr v (t) = SUpr(p ) 7)(8) = sup(f + 9)(rz (1))

where lemma 2.3 has been used to obtain the last equality.
As the function f + g is non-decreasing and continuous on R and as sup,.; r} (t) € R, we

have sup,.1 (f + 9)(r5 (t)) = (f + g)(sup;c1 75 (t)). The same argument is used to show
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that f(supKl rJZr(t)) = sup;; f(r}(t)) and g(supt<1 r}(t)) = sup;; g(r(t)). Thus,

§1<111>(f +9)(ry (1) = (f + g)(igg 5 (t) = Stgrff(r}(t)) + iggQ(T}(t)) =

=i O T (1) = e qupry ()
where lemma 2.3 has been used again to obtain the last but one equality. The comono-
tonic additivity of ps is thus proved.
The property of consistency with respect to the <y, — relation has already been shown
at the end of the proof of theorem 3.3.
Finally, an application of Schmeidler’s representation theorem (theorem 2.1) gives the
existence of a capacity v such that p.o(X) = E,(X), VX € x. The capacity v is given
by
1, if u(A) >0
V(A) = poo(la) = sup () = sup (4.1 M=9
0, if u(A) =0.

Thus, v(A) = ¥(u(A)) which concludes the proof.
([

Some of the main properties of the functional X +— fol ry (t)rx (t)dt (for a given
Y > 0 such that fol ry (t)dt = 1) have already been studied in section 5.1 of Grigorova

(2010) and are summarized in the following lemma for reader’s convenience.

Lemma 4.2 Let u be o capacity. LetY be a non-negative measurable function such that
fol ry (t)dt = 1. The functional p¥ : x — R defined by p¥ (X) := fol ry ()rx (t)dt,vX €
X 4 a monetary risk measure having the properties of comonotonic additivity and con-
sistency with respect to the <q , —relation.

Moreover, the functional p¥ can be represented in the following manner:
P (X) = By, (X), VX € x

where Y is a concave distortion function given by Y (r) = fll_x ry (t)dt,Ya € [0,1].
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Let us now prove theorem 4.3.
Proof of theorem 4.3: The implication (i) = (i) is a consequence of lemma 4.1 and
lemma 4.2.
To prove the converse implication, let p be a monetary risk measure having the properties
of comonotonic additivity and consistency with respect to the <y , —relation. Thanks
to theorem 3.2 and to lemma 3.3, there exists a concave distortion function v such that

VX € x,
p(X) = ¥(0+) supr (1 / W1 - g (bt

t<1
o If ¢(0+) = 1, then p(X) = sup,q 7% (t), VX € x which proves the desired result

with a = 1.
e Otherwise, by setting a := 1(0+), we have

1 (1 _
p(X) =a supri(t)+ (1 —a) L Gl

Y ()dt, VX €y
t<1 o 1—1(0+) rx () X

Let us remark that fol 1¢ wl Ofr)) dt = 1. Therefore, in order to prove statement (i),

it suffices to prove that there exists a non-negative measurable function Y such

that ry (t) = -2 1(11( )) for almost every t € (0,1).

Set U := Gz(Z) and define a function g by setting g(t) := ibi&;)), vVt € (0,1)

where 1/, denotes the right-hand derivative of the concave function 1. Let Y be

defined by Y := g(U) (where, in order to assure that Y is well-defined on €, the

definition of g has been extended to [0,1] by setting g(0) := limy %
(1-t)

Y
9(1) = limyp1 55675)-

and

Then, the measurable function Y is as wanted. Indeed, Y > 0. Moreover, the
distribution function Gy of U being continuous (according to lemma 3.2) and the

function g being non-decreasing, we can apply lemma 2.1 to obtain:
(4.1) ry (t) = rgn(t) = g(ry(t)) for almost every ¢ € (0, 1).

Now, it can be deduced from lemma 3.2 that ry(¢) = ¢ for all ¢ € (0,1). This
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observation combined with equality (4.1) allows to conclude that ry(t) = g(t) for

almost every t € (0, 1).
U

Remark 4.1 Let us remark that, unlike the classical case of proposition 4.1, under
the more general assumptions on (2, F, u) of theorem 4.3 a monetary risk measure p
satisfying the properties of comonotonic additivity and consistency with respect to the
<siu —relation (as the one of statement (i) in theorem 4.3) is not necessarily convex.
A counter-example similar to the one constructed in subsection 3.4 is given in the ap-
pendix.

Let us recall, nevertheless, that if, along with the assumptions made in theorem 4.3,
the assumption of concavity of the capacity p is made, a monetary risk measure p sat-
isfying the properties of comonotonic additivity and consistency with respect to the

<siu —relation is convex (cf. corollary 3.1).

Remark 4.2 Let us remark also that, unlike the classical case of proposition 4.1, under
the more general assumptions on (2, F, 1) of theorem 4.3 a convex monetary risk measure
satisfying the properties of comonotonic additivity and consistency with respect to the
<mon,u —relation is not necessarily consistent with respect to the <, —relation even if
the additional assumption of concavity of the capacity p is made. A counter-example,

based on the one of subsection 3.4, is given in the appendix.

One may wonder if, in our setting of a capacity (which is not necessarily a probability
measure), statement (i7) in theorem 4.3 could be linked to the value function of an
optimization problem analogous to the one appearing in statement (i7) of the "classical"
Kusuoka’s theorem (theorem 4.1). The following result has been established in Grigorova
(2010) - the formulation given hereafter is suitable for the needs of the present paper and
is due to theorem 5.1 combined with remark 5.1, remark 5.3 and proposition 3.2 of the

above-mentioned work.
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Proposition 4.2 Let u be a capacity which is assumed to be concave and continuous
from below and from above. Let'Y be a given non-negative measurable function such that
fol ry,u(t)dt = 1. Then the funcional py : x4+ — R defined by

py(X):=  sup  Eu(YX), VX €xy
X€X+:X§sl,px

can be expressed in the following manner: py (X) = fol ry,u(t)rx, . (t)dt.

The previous proposition 4.2 combined with theorem 4.3 and remark 2.3 leads to the

following

Theorem 4.4 Let pu be a capacity which is assumed to be concave and continuous from
below and from above and assume that there exists a real-valued measurable function Z
on (2, F) such that the distribution function Gz of Z (with respect to p) is continuous.

Let p: x4+ — R be a given functional. Then the following two statements are equivalent:

(1) The functional p is a (conver) monetary risk measure on x having the properties of

comonotonic additivity and consistency with respect to the <g ,-relation.

(ii) There exists a € [0, 1] and a non-negative measurable function'Y satisfying fol ry,u(t)dt =
1 such that
p(X) =« iugr},ﬂ(t) +(1—a)py(X), VX €xy,
<

where py (X) := SUD ey, K<y, X E,(YX), VX € x4.

The previous theorem may be seen as an analogue of theorem 4.1 in the setting of a
capacity which is agsumed to be concave and continuous from below and from above.
5 Some examples of generalized distortion risk measures

In this section some generalizations to the case of a capacity of some well-known "clas-

sical" risk measures are given.
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5.1 A '"generalized" Value at Risk

Let us recall, for reader’s convenience, the well-known "classical" definition of the Value
at Risk at level A € (0,1) with respect to a given probability P of a given "potential
loss" X € x (denoted by VaR,(X) or VaRL(X)):

VaR\(X) == qx(N),

where, as before, the symbol ¢ stands for the lower quantile function of X with respect
to the probability P. The same sign convention in the definition of the VaRy(X) as the
one used in the present paper is used, for instance, by Dhaene et al. (2006) or Song and
Yan (2009).

We now consider a generalization of the previous definition to the case of a capacity
which is not necessarily a probability measure. The definition and some properties of the

"gerneralized" Value at Risk are given in the following

Definition/Proposition 5.1 Let v be a capacity on (Q,F) and X be in (0,1). The
Junctional GVaRY : x — R defined by

GVaR\(X) =1y (N), VX € x

al

is a monetary risk measure having the properties of comonotonic additivity and consis-
tency with respect to the <mon, —relation. Moreover, the functional GVaRﬁ has the

following representation
(5.1) GVaR\(X) = Eyou(X), VX € x

where P(x) = Yx(z) = T1_yy(x), Vo € [0,1].

Proof: The monotonicity and the translation invariance of GVaRA(.) are a consequence
of the definition of the lower quantile r_,(A). The comonotonic additivity is due to

proposition 2.5.
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Let us now prove the representation formula (5.1). Schmeidler’s representation theorem
(theorem 2.1) and remark 2.6 give the existence of a capacity v on (€, F) such that
GVaRi(X)=E,(X), VX € x. For all A € F, we have

Z/(A) = GVaRﬁf(]IA) = Tihu()\) = H(l—u(A)J)(/\)'

Therefore, the capacity v is of the form v(A) = ¥(u(A)),VA € F. The representation
formula (5.1) is thus proved.
The representation result (5.1) being established, the property of consistency with respect

to the <;yon,, —relation follows from remark 3.6.
O

In general, the risk measure GVaRK (.) is not consistent with respect to the <, —relation,
the distortion function ¢ in the representation formula (5.1) not being concave (cf. the-

orem 3.2 and remark 3.11).

Remark 5.1 In the previous definition/proposition the lower quantile 7, (A) with re-
spect to a given capacity p at a given point A is perceived as a "generalized" distortion
risk measure (with respect to the capacity p). An analogous result holds true for the
upper quantile 77 u()‘) thus providing another example of a "generalized" distortion risk
measure. In the latter case, the distortion function 1 in the representation (5.1) has to
be replaced by the function z — Ij;;_y 1)(2).

We note that the risk measure r,(A) can be viewed as a generalization (to the case of a

capacity) of the risk measure Q7 (.) introduced in Dhaene et al. (2006).

Two particular cases are considered below - the case where the capacity u is a distorted
probability and the case where the capacity p is an "upper envelope" of a given set of

prior probability measures.
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5.1.1 The case of a distorted probability

Let P be a given probability measure and ¢ be a given continuous distortion function.
The first particular case to be considered is the case where the initial capacity u is of the
form p = ¢ o P. The following result establishes a link, in this case, between the lower
quantile function "X with respect to the capacity p of a given measurable function X

and the corresponding lower quantile function ¢ with respect to the probability P.

Proposition 5.1 Let P be a probability measure and ¢ be a given continuous distortion
function. Let p be a capacity of the form u = ¢ o P. Let X be a given real-valued

measurable function. Then, the following equality holds true for all t € (0,1):

rxat) =ax 1=6(1-1),

where ¢ denotes the upper generalized inverse of the non-decreasing function ¢ defined
by ¢(y) :=sup{z : ¢(2) <y}, vy € [0,1].

Proof: The proof of the previous proposition is placed in the appendix.

O

Remark 5.2 Under the assumptions of proposition 5.1, the following link between the

upper quantile functions r} u and q} can be established:

(52) rj—(,u(t) - qg_((l - (57(1 - t))a vt e (07 1)7

where ¢~ denotes the lower generalized inverse of the distortion function ¢. The proof
is based on arguments similar to those used in the proof of proposition 5.1 and is omit-
ted. Let us note, however, that in the proof of the equality (5.2) we use the following

equivalence, which is due to the assumption of continuity of the distortion function ¢:

$(a) >t if and only if a > ¢~ (t).
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According to proposition 5.1, in the case where p = ¢ o P (and where the distortion
function ¢ is continuous), the "generalized" Value at Risk with respect to p at level
A € (0,1) is equal to the "classical" Value at Risk with respect to P at level X where
Ai=1—d(1—\).

One may wonder if the above relation between the risk measure GVaR’; and the risk
measure VaR5 has an economic interpretation. Can the CEU-theory (upon which the
motivation of the present paper is based) explain the behaviour of an economic agent
who, instead of assessing the risk of a given loss X by the Value at Risk of X at a level
)\, assesses the risk of X by the Value at Risk of X at the (possibly different) level X ?
The measurable functions on (€2, F) in the present paper being interpreted as losses, we
will consider an economic agent (an insurer, for instance) who is a CEU-minimizer. The
agent’s preferences are described by a "pain" function u and a capacity p which, in the
particular case that we consider, is of the form p = ¢ o P.3 The agent’s "dissatisfaction"
of a loss X is then assessed by the Choquet integral of u(X) with respect to the capacity
1.

When interpreting proposition 5.1 we will focus on three particular sub-cases: the case
where there is "no distortion", the case of a concave (continuous) distortion ¢, and the
case of a convex (continuous) distortion ¢. Let us remark that when an agent who is
a CEU-minimizer is considered, the concavity (resp. the convexity) of the distortion

function ¢ is interpreted in terms of the agent’s being a pessimist (resp. an optimist)*.

1. The sub-case of a distortion function ¢ of the form ¢(x) := z, Vz € [0, 1]

In this sub-case we have A := 1—@(1—\) = A where \ € (0,1) is a given level. This

3In the case where the capacity p is a distorted probability, the CEU-theory coincides with the so-

called Rank-Dependent Expected Utility theory - see, for instance, Wang and Yan (2007) for a review.
*The situation considered more frequently in the literature (cf. Wang and Yan 2007, or Carlier and

Dana 2003) is that of CEU-maximizers (the measurable functions on (2, F) being often interpreted
as gains, instead of losses), in which case the interpretation of the concavity (resp. convexity) of the

distortion function ¢ in terms of pessimism (resp. optimism) is reversed.
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equality and proposition 5.1 lead to GVaR\(X) = VaR;(X) = VaR,(X),VX € x.
Hence, in the sub-case where the probability of events is perceived objectively (i.e.
¢ = id), the risk measure GVaRY at level A € (0,1) is equal to the "usual" VaR)
at the same level \. We thus recover, by means of proposition 5.1, an observation

which can be derived from the definitions of the two risk measures.

2. The sub-case of a concave (continuous) distortion function ¢
Let A € (0,1) be a given level. The concavity of ¢ implies that X := 1—@(1—\) > A.
Therefore, VaR;(X) > VaR\(X),VX € x. By combining this inequality with
proposition 5.1 we obtain that GVaR\(X) = VaR;(X) > VaR\(X),VX € x.
Thus, in the case where the agent is pessimistic (the distortion function ¢ being
concave), the risk attributed to a loss X by means of the GVaR} (X) is higher than
(or equal to) the risk, equal to VaR(X), the agent would have attributed if he/

she had perceived events objectively without distorting them.

3. The sub-case of a convex (continuous) distortion function ¢
The convexity of ¢ implies that A := 1 — @(1 — A) < X. Therefore, in this sub-case,
the inequality GVaRY(X) < VaR,(X) holds for all X € y.
The risk GVaR)(X) attributed by an optimistic agent (the distortion function ¢
in this sub-case being convex) to a given loss X is lower than (or equal to) the risk

VaRy(X) attributed to X by an agent who is objective.

An analogous reasoning applies to the risk measure r-,u(/\)5 remark 5.2 is in this case

used in place of proposition 5.1.
5.1.2 The case where pu is the upper envelope of a given set P of probability
measures

We place oureselves in the context of model-uncertainty, expressed by a given non-empty

set P of prior probability measures. The following result holds true.
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Proposition 5.2 Let P be a given non-empty set of probability measures on (2, F). Let
us define a capacity pp on (Q, F) by p(A) := suppep P(A) and let X be a given real-valued

measurable function on (Q, F). Then, for all t € (0,1),

(5.3) rx . (t) = sup qx p(t),
’ pep 77

where qx p denotes the lower quantile function of X with respect to the probability P.
Proof: The proof of proposition 5.2 is given in the appendix.

O

If the capacity p of the form p(.) := suppep P(.) is interpreted as expressing a pes-
simistic attitude towards model-uncertainty ®, the relation (5.3) of the previous proposi-
tion can be loosely interpreted as follows:
the risk, equal to GVaR’;(X), attributed to a given loss X by a pessimistic agent facing
model-uncertainty, is equal to the supremum of the risks VaR{ (X) attributed to the loss

X in each of the prior models P € P.

Remark 5.3 In the case where the capacity p is the "lower envelope" of the set P of
prior probability measures (i.e. u(.) := infpep P(.)) the following result about upper

quantile functions can be shown:

r,(t) = inf a p(t), Ve € (0,1).

An interpretation in terms of the agent’s optimism could be given in this case.

®Our interpretation of the capacity p of the form yu(.) := suppcp P(.) as expressing a pessimistic atti-
tude towards model-uncertainty is motivated by the following observation: E,(u(X)) > Ep(u(X)), VX €
X, VP € P, where u : R — R is a given function. The inequality is due to proposition 5.2 (iii) in Den-
neberg (1994). A CEU-minimizer with a "pain" function v and a capacity ju(.) := suppcp P(.) assesses
his/her "dissatisfaction" with a loss X € x by the number E,(u(X)) which, according to the previous
observation, is greater than (or equal to) the "dissatisfaction" Ep(u(X)) associated to the loss X in any
of the prior models P € P. Thus, in the context of model-uncertainty, a CEU-minimizer whose capacity

w is of the form p(.) = suppcp P(.) will be considered as being pessimistic.
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Remark 5.4 In the case where pu(.) := suppep P(.) the "generalized" Value at Risk
defined in definition/proposition 5.1 of the present article can be linked to a risk measure
introduced in definition TI1.15 of Kervarec (2008). More precisely, the "generalized"
Value at Risk GVaR\(X) at level X € (0,1) of a given measurable function X € x is
equal to Kervarec’s "Value at Risk" at level (1 — \) of the measurable function (—X).
Indeed, thanks to the above proposition 5.2 and to lemma 2.1 in Dhaene et al. (2006),
we obtain GVaRy(X) = suppep —qu’P(l — A). The term on the right-hand side of
the previous equality is equal to Kervarec’s "Value at Risk" at level (1 — \) of (—=X) by
proposition IT1.17 in Kervarec (2008); the desired link between the two risk measures is
thus established.

We note as well that the minus sign preceding X in this relation is not surprising as
the measurable functions on (€2, F) in the present paper are viewed as losses, unlike the

interpretation given in the work of Kervarec (2008) where they are perceived as gains.

5.2 A '"generalized" Tail Value at Risk

The "classical" definition of the risk measure Tail Value at Risk is recalled hereafter for
reader’s convenience (cf., for instance, Dhaene et al. 2006). The "classical" Tail Value at
Risk at level A € (0,1) with respect to a given probability P of a given "potential loss"
X € x (denoted by TVaR,(X) or by TVaR{ (X)) is defined by:

1 1

where the symbol ¢x denotes a (version of the) quantile function of X with respect to
the probability P. We note that the Tail Value at Risk of X € x at level A € (0,1) (as
defined above) is equal to the Average Value at Risk of (—X) at level (1 — \) appearing,
for instance, in definition 4.43 of Féllmer and Schied (2004).

We consider hereafter a generalization of the previous definition to the case of a capacity
which is not necessarily a probability measure. The definition and some properties of the

"gerneralized" Tail Value at Risk are given in the following
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Definition /Proposition 5.2 Let u be a capacity and let X € (0,1).

The functional GTVaR) : x — R defined by GTVaR\(X) := ﬁ f)\l ri(t)dt, VX € x

can be represented in the form:

(5.4) GTVaR!(X) = Eyou(X), VX € x
where 9 is a concave distortion function given by ¢(z) := ¢r(z) := i min{l —
Az}, Vo € [0,1].

In particular, if p is a concave capacity, GTV(LR‘/\‘ s a sub-additive functional on x i.e.

GTVaR\(X +Y) < GTVaR!(X) + GTVaR!(Y),VX,Y € y.

Remark 5.5 The last statement in the previous definition/proposition 5.2 corresponds
to exercise 6.7 in Denneberg (1994). The formulation given above is suitable for the

needs of the present paper.

Remark 5.6 The factor ﬁ in the definition of the functional GTVaRY is necessary

to obtain a normalised set function 1 o u in the representation formula (5.4) in the sense

that ¥ (u(Q)) = 1.

Let us now prove the result; the proof is based on lemma 3.1.

Proof: It is easy to check that the functional GTVaR) satisfies properties (i), (ii) and
(iii) of lemma 3.1; it follows, in particular, that there exists a non-decreasing function
defined on the set S := {u(A), A € F} such that the representation (5.4) holds, namely
GTVaR\(X) = Eyou(X), VX € x. The expression of the function ¢ on the set S can

be computed from (5.4) as follows: for all A € F

1 1
w o /J,(A) = GTV@R&L(HA) = HK H[l—,u,(A),l)(t)dt
1

=1 (1 — max{\; 1 — M(A)}) = ﬁ min{1 — \; u(A)}.

Then, ¢ is extended to the whole interval [0, 1] by setting 1(z) := 25 min{1—\; 2}, Va €

[0,1]. The function % is obviously a concave distortion function.
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In the case where p is a concave capacity, the distorted capacity ¥ o y in the represen-
tation (5.4) is concave as the distortion function 1) is concave (see example 2. at the
end of subsection 2.1). The representation (5.4) and the property of sub-additivity of
the Choquet integral with respect to a concave capacity allow us to conclude that the

functional GTVaRY is sub-additive in this case.

O

Thanks to the representation formula (5.4) of the previous definition/proposition and
to theorem 3.3 we conclude that the functional GTVaRY) is a monetary risk measure on
x having the properties of comonotonic additivity and consistency with respect to the

<41, —relation.

Remark 5.7 We note that the monetary risk measure GTVaR‘)f can be used to char-
acterize the <y, —stochastic dominance relation with respect to a capacity u. More

precisely, it follows from proposition 2.6 that:
X <y, Y if and only if GTVaR\(X) < GTVaR\(Y), YA € (0,1),

where X and Y are real-valued measurable functions such that fol |7x,u(t)|dt < +o0 and
fol |Ty,u(t)|dt < +oo. The previous equivalence can be seen as a generalization to the

case of a capacity of remark 4.44 in Féllmer and Schied (2004).

A Appendix

Proof of lemma 2.3: The function f being non-decreasing, we define the following
(upper) inverse f of f by f(y) := sup{z : f(z) < y}, Vy € R. Note that according
to remark 2.2 the function f can be expressed in the following manner f(y) := inf{z :
f(z) >y}, Vy € R. As the function f is non-decreasing and as the functions f and Gy

have no common discontinuities, we know from Yan (2009) that

(A.l) Gf(Z)(l') =Ggo ]E(.I'), vz € R.
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Thanks to (A.1) and to remark 2.2, the upper quantile function T}F(Z) of f(Z) can be

expressed as follows

(A.2) r}r(Z)(t) =sup{z: Gz o f(z) <t} =inf{z: Gzo f(z) > t}.

For a fixed ¢t € (0,1), let us first prove that r}L(Z) (t) > f(r}(t)) which, thanks to the
previous considerations, amounts to showing that inf{z : Gz o f(z) > t} > f(r}(?)).

The case where the set {z : Gz o f(z) > t} is empty being trivial, let z € R be such that
(A.3) Gzo f(z) >t

Now, the inequality (A.3) and the fact that 7} () = inf{y : Gz(y) > t} imply that

f(z) >r}(t). We consider two cases

e 1st case: If z is such that f(x) > 7} (t), then f(r}(t)) < x. This implication is due

to the definition of f(x).

e 2nd case: In the case where z is such that f(z) =7} (t), the inequality (A.3) gives
Gz(r;(t)) > t.
In the sub-case where f(x) and 7} (t) belong to R, we conclude from the latter
inequality that TJZr(t) is a point of discontinuity of Gz which implies that f is
continuous at r}; (). Thus we obtain that f(r}(t)) = f(f(z)) = z.

In the sub-case where f(x) = r}(t) = +oo, we have, thanks to the definition of

f(z), that sup,eg f(y) < x. Therefore, fr3(t) = f(+o0) < .
The measurable function Z being real-valued, the inequality (A.3) implies that

f(x) # —oo. Thus, only the two above-mentioned sub-cases are to be considered.

In both of the cases the inequality « > f(r}(¢)) holds; the desired inequality r?( 2 (t) >
f(r}(t)) follows.

Let us prove the converse inequality namely r;[( 2) (t) < f(r}(t)) which is equivalent to
sup{z : Gz o f(z) <t} < f(rf(t)). Let x be such that Gz o f(z) < t. This inequality

implies that f(z) # +oo and that f(z) <r}(?).
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e If f(x) € R, then applying the non-decreasing function f at both sides of the latter
inequality gives f(f(x)) < f(r}(t)). Now, the function f being right-continuous
and the function f being a generalized inverse of f we have f(f(z)) = f(f(z)+) >

z. Thus we obtain z < f(r} (t)).

o If f(x) = —o0, then z < infycg f(y) (due to the definition of f(z)). Therefore,

z < f(r}(t)) which concludes the proof.

O

Proof of proposition 2.5: Let us prove the result concerning the upper quantile func-
tions (equation (2.2)). The proof is based on lemma 2.3. The assertion concerning the
lower quantile functions follows from lemma 2.4 by means of similar arguments.

According to proposition 2.2, there exist two non-decreasing continuous functions u :
R — R and v : R — R and a real-valued measurable function Z such that X = u(Z) and
Y =wv(Z). Let t € (0,1). As the function u + v is non-decreasing and continuous, we

can apply lemma 2.3 to obtain

Py (0 = Ty (®) = (w 0)rg () = u (7 (0) +v (r (1))

It follows from lemma 2.3 (applied with f = u and with f = v) that u (r}(¢)) = r;r(z)(t)

and v (r}(t)) = TZF(Z) (t) which concludes the proof.

The counter-example of remark 4.1:

Indeed, let (£2,F, P) be an atomless probability space. Let i(z) := z%, Vx € [0,1] and
é(z) == 28 vz € [0,1] where a € (0,1) and 3 > é Let us define a capacity u by
i = ¢ o P and a functional p by p(X) := Eyon(X), VX € x. The space (€, F, i) satis-
fies the assumptions of theorem 4.3. Moreover, by applying theorem 3.3 (the distortion

function ¢ being concave), we obtain that the functional p is a monetary risk measure



A APPENDIX 57

satisfying the properties of comonotonic additivity and consistency with respect to the
<4, —relation. However, the functional p is not convex. The lack of convexity of p can
be deduced from the fact that p can be represented as a Choquet integral with respect
to the distorted probability (¢ o ¢) o P where 1) o ¢ is a distortion function which is not
concave (cf. proposition 4.69 and theorem 4.88 in Follmer and Schied 2004).

The counter-example of remark 4.2:

In the framework of the counter-example of subsection 3.4, let us define a functional
p:X — Rby p(X) =Eypou(X),VX € x where the distortion function ¢ and the capacity
1 are the same as in the counter-example of subsection 3.4. We note that the space
(Q,F, 1) of the counter-example of subsection 3.4 satisfies the assumptions of theorem
4.3. Being a generalized distortion risk measure, the functional p satisfies the proper-
ties of comonotonic additivity and consistency with respect to the <pop , —relation (cf.
remark 3.6). Moreover, the capacity ¥ ou being concave, the functional p is convex. How-
ever, p is not consistent with respect to the <y , —relation as the distortion function 1 is

not concave. The last statement can be easily deduced from theorem 3.2 and remark 3.11.

Proof of proposition 5.1: Using the definition of the lower quantile function ry 4 and
the definition of the distribution function Gx ,, as well as the particular form of the

capacity u, we compute
T)_(’u(t) =sup{z € R: Gx (z) <t} =
=sup{z e R: u(X >2)>1—1t} =
=sup{r € R: ¢(P(X >z)) >1—t}.
Now, the function ¢ being continuous by assumption, the following equivalence holds

true

(A.4) $(a) <t if and only if a < H(t).
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This observation implies that
sup{z ER: p(P(X > 1)) >1—t} =sup{zr € R: P(X >2) > &(1 —1t)}.

Finally, it follows from the definition of the distribution function (with respect to P) Fx

and the definition of the lower quantile function (with respect to P) ¢y that

sup{z € R: P(X > ) > d(1 —t)} =sup{z € R: Fx(z) <1—¢(1 —t)} =

=qx(1—9¢(1 —1))

which concludes the proof.
O

Proof of proposition 5.2: Let t € (0,1). The definitions of the lower quantile function
TX and of the distribution function G x ,, as well as the particular form of the capacity

u lead to the following equalities:

rx u(t) =sup{z € R: Gx p(z) <t} =

=sup{zeR:1—sup P(X >z) <t} =
PeP

= eR: inf (1-P(X > < t}.
sup{x inf ( ( z)) <t}
Therefore,
v, (t) = R: inf F t
ry,.(t) =sup{z € jnf x,p(z) < t},
where Fx p denotes the distribution function of X with respect to the probability P. In

order to establish the desired result, it suffices to prove that

(A.5) sup{z € R: inf Fx p(z) <t} = sup ¢y p(t).

PeP pPep 7
Let us first prove the inequality sup{z € R : infpep Fx p(z) < t} < suppep gy p(t).
Let € R be such that infpep Fx p(z) < t. Then, there exists P, € P such that

Fx p,(z) <t. This inequality and the definition of the lower quantile function ¢y p_lead
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to < gy p, (t). Thus, < suppep gy p(t)-

Let us prove the converse inequality, namely sup{z € R : infpcp Fx p(z) < t} >
SUppep q)_{yp(t). Let P € P and let xp € R be such that Fx p(xp) < t. Then, zp
satisfies infgep Fx,g(zp) < t. Therefore, zp < sup{y € R : infgep F'x,g(y) < t}. This
inequality and the definition of the lower quantile function gy p imply gy, p(t) <suply €
R :infgep Fx,g(y) < t}. The probability P € P being arbitrary, the proof is thus con-
luded.
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