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PRELIMINARY VERSION

Abstract

In his paper we introduce a quantile-based risk measure for multivariate
financial positions: the vector-valued Tail-conditional-expectation (7 CE). We
adopt the framework proposed by Jouini, Meddeb, and Touzi [9] to deal with
multi-assets portfolios when one accounts for frictions in the financial market.
In this framework, the space of risks formed by essentially bounded random
vectors, is endowed with some partial vector preorder > accounting for market
frictions. In a first step we provide a definition for quantiles of vector-valued
risks which is compatible with the preorder »=. The 7CFE is then introduced as
a natural extension of the “classical” real-valued tail-conditional-expectation.

Our main result states that for continuous distributions 7CFE is equal to a
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coherent vector-valued risk measure. We also provide a numerical algorithm for

computing vector-valued quantiles and 7CFE.

Key words : Risk measures, vector-valued risk measures, coherent risk-measures,

quantiles, tail-conditional-expectation.
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1 Introduction

In their seminal paper [2], Artzner et al. adopt an axiomatic approach to characterize
economically coherent risk measures. The authors consider the resulting net worth of
a financial position, at the end of a given investment period, and describe it by a real-
valued random variable X on a finite probability space (€2, F,P). Their definition of a
risk measure relies on the following basic approach. An investor (or regulator) defines
among the set of all possible financial positions, a subset A of acceptable positions
regarded as risk-free. Then, the risk measure p(X) of a position X € R®, corresponds
to the “extra” capital requirement that has to be invested at the beginning of the pe-
riod in some “secure” instrument so that the resulting position is acceptable, i.e. X +
p(X) € A. A set of axioms, namely: (i) subadditivity, (i7) monotonicity, (ii) positive
homogeneity, and (iv) translation invariance, guarantees the economic coherence of a
risk measure p. The notion of coherent risk measure has been extended to convex risk
measure [6], and has been generalized to more complex spaces of risk, which allows to
take into consideration financial positions with different types of cash streams struc-
tures. For instance, Delbaen [5] considers a general probability space (2, F,P), and
identifies the space of risks with the space of essentially bounded random variables
L>(Q, F,P). Cheridito, Delbaen and Kupper [4] extend the definition and the dual
representation of coherent and convex risk measures to the space of cadlag processes.
Jaschke and Kiichler [8] consider coherent risk measures on abstract spaces of risk
including deterministic, stochastic, single or multi-periodic cash-streams structures.
The above mentioned generalizations, however, do not take into account the problem
of portfolio aggregation. Indeed, if we consider realistic situations where investors
have access to different markets and form multi-assets portfolios, in the presence of
frictions such as : transaction costs, liquidity problems, irreversible transfers,... etc.,

a position cannot be merely described by a real-valued random net worth, or a real-



valued process of cash-streams. Focusing on this problem, Jouini, Meddeb, and Touzi
9] describe financial positions through R%-valued random variables X = (X1, ..., X%),
where each component X* corresponds to net worth at the end of the investment
period of an investor’s position on the i market. They restrict the space of risks
to essentially bounded R%valued random portfolios X, X € LS, and assume that
the portfolios in L are ordered according to a partial ordering relation < which
accounts for frictions on the financial market. By analogy to [2], the authors define
a vector-valued risk measure as set-valued function R which associates to each risky
portfolio X, deterministic portfolios = (z!, ..., %) where Z' corresponds to some
“extra” capital invested in a secure instrument from market ¢, and such that the
position X + Z is acceptable. Jouini et al. extend the axiomatic characterization
of real-valued coherent risk measures to the multi-dimensional case, and they pro-
vide a dual representation result for coherent vector-valued risk measures, which is
consistent with the representation theorem for coherent real-valued risk measures.
Our main concern in this paper is to define a distribution-based vector-valued risk
measure, to verify its coherency, and to propose a procedure to compute it.
In the one-dimensional context, risk measures of investment strategies are often de-
fined in terms of a quantile of a given distribution. This is a natral procedure since
the worst realizations of a financial position are concentrated on the left tail of its
disribution. A typical example is the Value-at-Risk (VaR) which is a distribution
tail related measure identifying the loss that is likely to be exceeded by a specified
probability, over a given time horizon. A second important example is the Tail Con-
ditional Expectation (TCE), which has been suggested as an alternative to VaR [2].
Indeed, while VaR fails to be a coherent risk measure ( VaR is not subadditive), the
risk mesure TC'E results to coincide, under some conditions on the distribution of

the risks, with a coherent risk measure, see [2], [3].



The main difficulty regarding the generalization of quantile-based measures to this
framework is the fact that vector preorders are, in general, partial preorders. Then,
what can be considered in a context of multidimensional portfolios as the analogous
of “worst cases” or “tail distributions” ? This is the first question we shall address by
suggesting a suitable definition of quantiles for multi-dimensional portfolios. We shall
then introduce Vector-valued Tail conditional Expectation as a natural extension to
the “classical” real-valued TC'E.

This paper is organized as follows. In Section 2 we recall the notion of vector-valued
risk measures and acceptance sets, then we present our definition of the a-quantile of
the distribution of an R%valued portfolio and the corresponding definition of vector
valued Tail Conditional Expectation. Our main result, provided in Section 3, states
that for continuous distributions, the vector-valued Tail Conditional Expectation is
equal the vector valued Generalized Worst Conditional Expectation (GW EC') which
is a coherent risk measure . Finally, we detail in Section 4 a numerical procedure to

compute quantiles and Tail Conditional Expectations for vector-valued risks.

NOTATIONS : We first introduce the main notations of the paper.

Given an element x of a finite-dimensional vector space, we shall denote by z° its
1 — th component.

For i < d € N, we shall denote by 1; the element of the canonical basis of R¢ defined
by : 17 =0if j #i, and 1} = 1.

Given a probability space (2, F,P), we shall denote by L% the set of essentially
bounded R?-valued random variables, and || X || denotes the essential supremum of
X eLy

Finally, for a set A, 14 states for its indicator function.



2 Definitions

We consider investors having access to d > 1 different markets. A financial position is
then described by a d-dimensional random vector X := (X L. ¢ d), on a probability
space (Q,F,P). Each component X* represents the resulting wealth in the market
i of the investor’s positions or strategies. Following Jouini, Meddeb, and Touzi [9],
we restrict our attention to financial positions in L, and we assume that they are

ordered according to the following rule :
X »Y ifandonlyif X—-Y € K P—as.
where K is a closed convex cone of R satisfying the following conditions
RL ¢ K and K # R?. (2.1)

Observe that the condition ]R‘i C K implies that portfolios with nonnegative entries

are nonnegative w.r.t. the partial order relation >.

2.1 Vector-valued risk measures

For the convenience of the reader, we give hereafter a short remainder of the notions
of vector-valued risk measures, and acceptance sets. We refer the interested reader
to [9] for a thourough treatment.

A basic approach for describing the risk incurred by some agent consists of defining,
within the positions he can take, a subset of desirable or acceptable positions. Thus a

portfolio is considered to be risky or not, whether it lies or not in the acceptance set.
Definition 2.1 A coherent acceptance set is a subset A of LY satisfying

CO0— A is a closed and convex cone of L containing 0 .
Cl— Forall X e A, forallY e Ly, Y>=X = YecA.

02— Rig A,



A vector valued risk measure associates with each risk X a set, R(X), of deterministic

portfolios Z € R? such that: the modified position X + 7 is “accetable”.

Definition 2.2 A coherent risk measure is a set-valued map R : LF — R? satisfying

the following azxioms
AO— For all X € LY, R(X) is closed, and 0 € R(0) # R? .
Al— Foral X, Y e Ly, X » Y =RY) C R(X).
A2— Foral X,)Y € LY, RIX)+R(Y) C RIX+Y).
A3— Forall X € LY, forallt >0, R(tX) = tR(X) .
Aj— Forall X € LY, forallz € R, R(X +7) = {~2} + R(X) .

The following Proposition states the relation between coherent acceptance sets and

coherent risk measures.

Proposition 2.1 Let A be some subset of LY and define the set-valued map R4 :

Ly — R™ as follows
R4(X) = {:EGRd:X—l—:Z’GA}
Then A is a coherent acceptance set if and only if Ry is a coherent risk measure.

Example 2.1 Fix some a € (0,1). The (vector-valued) Worst Conditional Expecta-

tion at level « is the set-valued map defined on LJ° by
WCE,(X) = {# €eR? : E[X +2|B] = Oforall B € F with P(B) >« } .

The wvector-valued worst conditional expectation, VWCE,, has been introduced by
Jouini et al. [9] as a natural extension of the coherent real-valued worst conditional

expectation, WCE, defined, for a real-valued random variable X', by
WCE.(X) = —inf{E[X|B],BeF,P(B) > a}.
It can be easily checked, that WC'E,, is a coherent vector-valued risk measure.
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Remark 2.1 Actually, in [9], the authors introduce the notion of (d, n)-coherent risk
measure: by assuming that the convex cone K satisfies the additional property of

substitutability
foralli=n+1,....,d : —1;4+61; andl; —~v1; € K  for some §,7 > 0.

it possible to regulate risks in L3 by using deterministic portfolios of the form z =
(2,0,...,0), where € R™. In this paper we restrict our analysis to (d, d)-coherent
risk measures in order to simplify our presentation. Our work adapts without any

difficulty to more general (d, n)-coherent risk measure.

We end this subsection by introducing a new vector-valued coherent risk measure
based on the WCE,. We call this risk measure the Generalized Worst Conditional
Expectation at level a, we denote it by GWCE,,, and we defined by

GWCEL(X) = | JWCEL(X) (2.2)

where the union is taken over all random variables X on (€, F,P) having the same

distribution as X.
Proposition 2.2 GWCE, is a coherent distribution-based risk measure.

Proof. We only prove that GWC'E,, satisfies the subadditivity axiom A2, the other
properties (Al, A3 — 4) being easy to check.

Let X, Y be in LY, and z, g respectively in GWCE,(X) and GWCE,(Y). This
means that 7 € WCOEL(X') (reps. § € WCOEL(Y")), where the random vector X'
(resp. Y') defined on (%, F*,P*) (resp. (QY,F¥,P¥)) has the same distribution as
X (resp. Y). We have to show that z +y € GWCE,(X +Y).

Define the product probability space ((NZ, F, I@’) = (Qx x W, F* @ FV,P* @ ]@y), and
the random variables

X(w,w') =X"(w) and Y(w,w') =Y'(w) for (w,w') €.

8



For all B = B* x BY € F* ® F¥ such that P(B) > a we have necessarily that
min {]P’m(B‘”) I@’I(B‘”)} > «a , and we easily verify, using the definition of WC'E,,

E [i +X|B] — [f + X’|B‘T] €K and E [gwué} — v {gwwy] €K,
+ )X + ?\B} € K, and by arbitrariness of B we deduce that Z + § €

hence fE[
(X +Y) CGXCELX +Y). O

WCE,

2.2  Quantiles of vector-valued risks

Given a real-valued random variable X', and a confidence level a € (0, 1), the a%
worst realisations of X', situated at the left tail of its distribution, are described by

the lower and upper a quantiles defined by
@u(X) = inf{ eR: P(X <) >a} and ¢%(X) :=inf{€eR: P(X <¢) > a}

The main difficulty in the multidimensional framework is that the vector ordering
>~ is a partial ordering. Hence, the possible realizations of a d-dimensional portfolio
X € L are not comparable and speaking about “worst realizations” does not make
sense. In order to find an analogous, in this context, to tails of distribution, we
consider subsets A of R? which may contain non-comparable possible values of X,

but satisfy the following requirement :
Xw)e A = Xw) —K CA,

i.e., if a realization X (w) is among the set A, then all positions which are more risky
then X (w) are also contained in A.
Such subsets are eligible for defining the analogous of quantiles for random vectors.

We introduce the set :

Q:={AeBR) : A-K=A} (2.3)



Definition 2.3 Let X be in L. The lower a-quantile of X is the set
Q.(X)={Ae€cQ : P(X €A > a}
and the upper a-quantile of X is the set

QX)={AeQ : P(X €A > a}

2.3 Tail Conditional Expectation

Let X be in Ly, and A be some set in Q,(X), the set :

{neR?! En+X|XeA =0} = {-E[X|XeA}+K
represents the set of deterministic portfolios 1 such that the conditional expected
value of the modified position X + n, when X falls in the set A of “bad” scenarii,
is admissible. An immediate proposal for the generalization to the vector-valued
framework of TC'E,, and TC E“, which are defined for a real-valued random variable
X by

TCEL(X) = E[-X|X < ¢.(X)] and TCE*(X) = E[-X|X < ¢*(X)]
is the following.
Definition 2.4 Let X be in LY and o € (0,1) .
The lower vector valued tail conditional expectation of X at level v is defined by
TCOEL(X) == {neR : VA€ QuX),Elp+X|X €A =0} (24)

= () (-EX|XeA}+K).
A€Qq(X)

The upper vector valued tail conditional expectation of X at level v is defined by
TOE“(X) = {neR:VAe Q"X),Ep+X[X €A =0} (25)

= () {-EX|XeA}+K).
AcQe(X)
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Proposition 2.3 Let o be in (0,1). TCE, and TCE®* define on LY set valued maps
satisfying axioms A0, Al, A3 and A4.

In general 7C'E,,, resp. 7TCE®, does not satisfy axiom A2, i.e. it is not subadditive,

and hence is not a coherent risk measure.

2.4 Consistency with the one-dimensional framework

We end this Section by verifying that the definitions given above are consistent with
the usual definitions of quantiles and Tail conditional expectation of real-valued risk.

Clearly, in the one-dimensional context
Q = {(—OO,(Z] , a ER}U{(_OO7G’) , a ER}
Proposition 2.4 For all X in L*°, and « in (0,1),

¢o(X) = sup ﬂ A and ¢*(X) = sup ﬂ A
A€Qa(X) AcQx(X)

Proof. By the definitions of ¢,(X), and Q,(X), for all e > 0, and A € Q,(X)
(—00,qa(X) —¢] C A, and (—00,q,(X) + €] € Qu(X) .
It follows that

(_Oov(JOz(X)) = m (-OO,qa(X> _6] - m Aa

e>0 A€Qa(X)
and m A C m — 00 qa + 5] - (_007 QCM(X)] )
AGQQ(X e>0

hence : qo(X) = sup (o, (1) 4-
Similarly, we have that (—00,¢%(X)) C ()4cga(x) A C (—00,¢%(X)] , hence : ¢*(X)

= Sup(Jgega(x) A O

The following Proposition states the relation between the (real-valued) Tail condi-

tional expectation, and the vector-valued Tail conditional expectation.
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Proposition 2.5 For all X in L*°, and for all a in (0, 1)
TCEL(X) = min TCEL(X) and TCE*(X) = min 7CE*(X)
Proof. TCE,(X) is given by
TCE(X) = () [-E[X|X€A], ),
A€Qa (X)

1. Notice that for all n > 1, (=00, ¢u(X) + L] € Q4(X), we deduce that for all n > 1
1
-E {X | X < qu(X)+ —] < min7CE,(X)
n

By a dominated convergence argument the left hand side of the last inequality con-

verges to TCE,(X) as n goes to oo, then TCE,(X) < min7 CE,(X).

2. Notice that Q,(X) C Q,(X) where the set is given by
Qu(X) = {(=00,a],a > qu(X)} U{(=00,0) ,a > qa(X)} .

Consequently, to verify that TCE,(X) > min 7 CE,(X), it is sufficient to check that
for all A € Q,(X), TCEL(X) > E[-X|X € A].
2.1. Let a > qo(&X), set po := P(X < q,(X)), and p, := P(X < a). We have p, > pa,

and

TCEL(X) = (=E[X[X <a]) = E[X|X <d - E[X|X < ga(X)]
1
= {pa]E [-X]-Xga] - paE [X]-nga(zl’)} }
PaPa
1
= o {PaE [X1,, (x)<x<a)

— (pa — Pa) E [X1r<g ]}

(Pa = Pa) {Pa @a(X) — E [XL1r<g, ()] }

1

PaPa
0.

v

Vv
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2.2 A similar computation shows that if a > ¢, (X), then

TCELX) - (—E[X|X <a]) > 0.

We prove similarly that TCE*(X) = min7 CE*(X) . O

3 Coherency of Tail Conditional Expectation

In general, the (real valued) tail conditional expectation is not subadditive, hence
does not define a coherent risk measure. In the previous literature equality between
the (real-valued) tail conditional expectation and the coherent (real-valued) worst

conditional expectation has been established under two sets of assumptions.

Proposition 3.1 [2] Assume that Q is finite and that the probability on € is uniform.
If X is a risk such that no two values of X in different states are ever equal, then

TCE,(X) = WCE,(X)
We refer the reader to [2] for the proof of this result.

Proposition 3.2 [3] Let o € (0,1) and X a real valued random variable on some

probability space (2, F,P) such that E[X~] < co. Then :

P(X < qu(X)) >0 and P(X <q¥(X)) =«

P(X <qu(X))=0 and P(X =¢*(X))=0
iff WOEL(X)=TCEL(X)=TCE(X) . (3.1)

In particular, (3.1) holds if the distribution of X is continuous.

We refer the reader to [3].

13



The main results of this paper extends Proposition 3.1 to the multidimensional frame-
work and state that, in the case of a general probability space, if the distribution of

X is continuous, and the condition P [X € X(B)] = P[B], for all B in F holds, then

WCEL(X) = TCE.(X) .

The inclusion WCE,(X) C TCE,(X) is straightforward. The following paragraphs

are dedicated to the proof of the second inclusion.

3.1 Finite probability space

Theorem 3.1 Assume that € is finite and that the probability on € is uniform. If

X 1s a risk such that no two values of X in different states are ever equal, then

WCE,(X)=TCELX).
The proof of this Proposition is based on the following Proposition .

Proposition 3.3 Assume that Q) is finite and that the probability on Q) is uniform.
Let X be a risk such that no two values of X in different states are ever equal. Then,

for all B in F, there exists A C RY such that:

(i) A€ Qa(X)

(ii)) P[X € A] = P[B]

(i) E[X|B] = E[X]|X € 4].
In the proof of Proposition 3.3, we are going to use the notation :

ED) == (D-K)\D, DcC R?. (3.2)
The set £(D) is such that :
1. ifde D,e¢ D, andd>=e, then e € E(D),

2. ife € £(D) then there exists some d € D such that d > e.

14



We can qualify the subset £(D) as the “bad positions induced by D” and not contained
in D.

Proof of Proposition 3.3 Let B be in F . Notice that, since X(w) # X(u')

whenever w # W/,
P(B) = ]P)(XEX(B)) 5 and E[X]_B] = ]E[X]-XGX(B)] .

If P[X € £(X(B))] = 0 then we verify immediately that the set A := X(B) U
E(X(B)) satisfies (i), (ii), and (ii).
Assume that P[X € £(X(B))] # 0. The idea is to replace elements from X (B) by

elements from £(X(B)) in a convenient way, in order to obtain a set A with the

desired properties.

Set N := Card(2). Then
1
p=PX=Xw)] = N forall w € Q.

Consider the (finite) sequence (A, )o<n<n of subsets of R? defined as follows:
1. Ay := X(B),
2. forn,0 <n< N :
—ifP[X €&(A,)] =0: weset 4,41 := A,
—ifP[X € E(A,)] >0: A = (An\ {an}) U{e,}, where (a,,e,) can be chosen
such that

(an,en) € Ap x E(A) N X(D)?, a, = e,, and a, € E(A,\ {a,}) .

Indeed, since P [X € E(A,)] > 0, we can chose some e,, € E(A,) N X (). By definition
of £(A,), there exists some a’ € A,, such that e, € {a°} — K. Then, consider the

15



sequence (a*);>o defined by induction as follows

"t = ac{ac A, NX(Q) : a+#ad, a=a}if this set is non-empty

a" o= d" if{acANX(Q) a#d, a=d"} =0,

Since X () is finite, it is easy to see that for some k* > 0, a¥ = a*" for all k > k*,
and that a, := a*" satisfies : a, = e,, anda, &€ £(A, \ {a,}).

In this procedure, while £(A,,) is nonempty, A, is obtained by replacing an element
of A,, by a worst position contained in £(A,). Notice that the property a, & E(A, \
{a,}) implies that a, & A,y for all & > 1.

Since the probability P is uniform, the sequence (A,) is such that P[X € A,] =
P[X € X(B)| for n=0,..., N, in particular

P(B) = P[X € Ay] .
We also verify for 0 < n < N that :

E[X1xea
E [X1yea

= E[X1xea,] or

n+1:|

n+1:| = E [Xl)(eAn] —p (Cln — en) where a, = e, .

Hence E[X1yeq,] = E [XlXeA . In particular

n+1j|

E[X15] = E [X1xexm)] = E[X1xea,] -

It remains to verify that P[X € £(Ay)] = 0 to conclude that Ay := Ay U E(Ay)

satisfies (4), (i7), and (i77).

Assume to the contrary that P[X € £(An)] # 0. Recall that, by construction, the

sequence (A,), for each n > 0, a, € Anx, for all £ > 1. Hence {aqg, ...,ay} is a set

of N + 1 distinct elements from X (€2) which contradicts the fact that Card(2) = N.
|

16



Proof of Theorem ?7? 1. Since {X'(A),A € Q,(X)} C {Be F,P(B) > a}, we
have that WCE,(X) C TCE,(X).

2. To get the reverse inclusion, we have to show that for all x in TCE,(X), and for
all Bin F with P(B) > a, E[x + X | B] = 0.

Let  be in TCE,(X), and B in F with P(B) > «. From Proposition 3.3, there
exists a subset A of R? such that A — K = A, A closed, P(A) = P(B), and E [X 1]

= E[X1xeal]. In particular :

E[X|B]~E[X|X € 4] = gz (ELX15) ~E[X1xea) = 0,
A€ Qu(X) hence E[z+X|X €Al = 0.
Consequently
Elz+X|B] = Ex+X|XeAl+(E[X|B-E[X|X €A

_ ]E[x+X|XeA]+ﬁ(E[X1B]—E[X1X€A]) - 0.

3.2 General probability space

Theorem 3.2 Let X be a risk in LY having a continuous probabiliy density f. Then
GWCELX)=TCE.(X)

The proof of this Theorem relies on the following Proposition.

Proposition 3.4 Let X be in LY. Assume that X has a continuous probability
density f. Then , for all B in F® := o(X), there exists A C R? such that:

(i) A€ QuX)
(ii)) P[X € A] = P[B]
(i) E[X|B] = E[X|X € 4] .

17



We defer the proof of the Proposition 3.4, and start by proving Theorem 3.2
Proof of Theorem 3.2 1. Since {X1(A), A€ Q,(X)} Cc{Be€ F,P(B) > a}, it
is easy to check that GWCE,(X) C TCE,(X).

2. To get the reverse inclusion, we are going to show that for all z in 7CE,(X), and

for all B in F* = o(X) with P(B) > a, E[z + X | B] > 0. Indeed this implies that
TCEL(X) C WCE(q r+ pyo(X) C GWCE,(X)

Let x be in TCE,(X), and B in F* with P(B) > «. Proposition 3.4 shows that there
exists a subset A of R? such that A — K = A, A closed, P(A) = P(B), and E [X15]

= E[X1xcal. In particular :

E[X|B]~E[X|X € 4] = gz (ELX1y) ~E[X1ed) = 0,

A€ Qu(X) hence E[z+X|X e Al = 0.
Consequently

Elz+X|B] = Efz+X|X €A+ (E[X|B-E[X|X € A

_ E[x+X|X6A]+ﬁ(E[XlB]—E[X1XGA]) - 0.
O

We now turn to the proof of Proposition 3.4. The proof consists in two steps. The

first one is

Lemma 3.1 We introduce the set S of pairs of subsets (0, 3) such that:
1. 3 and & are open subsets of R? |
2.0NB=10,
3. 0N[(D\0)—K]|=0,

18



4. b—K = p,
5..d = b forall (d,b) ind x [,
6. Px(BNE(D)) =Px(6ND) .
Elements of S are ordered as follows :
(6,8) o< (8,3) iff CSand B Cf. (3.3)
Then S admits a mazimal element w.r.t the order relation .

Proof. Notice that each totally ordered finite sequence {(d;,, Biy), - (0in, i)} Of
elements of S, admits a maximum. We shall denote by m(ig, ..., iyx) the index of the
maximum of {(d;y, By ) -, (Oins Bin)} -
Let (d;,0;);c; be a totally ordered family of elements of S. we claim that (&;, 5;);c;
has an upperbound .

Set 0y = Uéi and [y = Uﬂ, )

i€l iel

It is clear that (0, 3x) is an upperbound for (d;, 3;),.;, provided it is contained in
S. This is what we proof through the Steps 1-6.

1. 0 and By are open subsets of R
2. By definition of 0y, (e, the order relation o, and using property (2) of the
elements of S :
5ooﬂﬁoo C U 52-0@- C U 5m(i7j)ﬁﬁm(i,j) = U 0 = @
ijel ijel ijel

3. Foralliin I, (D \ ) C (D )\ ;), then

6o N[(D\ ) = K] = [ JaN[(D\ ) = K]

c Janlb\&)-K] = Jo = 0.
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4. BOO_K:UiGI/@i_K:UiGIBi:ﬁOO’

5. Let d be in ., and b be in 8. Let i , j be in I such that d € ¢;, and b € j;.
Then (d,b) € 0m(ij) X Bm(ij), and it follows from property (5) of elements of S that
d>b.

Consequently, for all (d,b) in do X Boo, d = b.

6. It remains to show that P[X € B.NE(D)] = P[X € o N D] to conclude that
(000, Bso) is an element of S. In order to establish this property we use the following

Lemma which proof is reported later on.

Lemma 3.2 Let G and H be two subsets of RY, then

P(XeGNH) = sup P(XeCNH),
cec(G)

where C(G) denotes the set of all compact subsets of G.

By Lemma (3.2) : P[X € doo N D] = supcec(s,) PIX € CN DI

Let C be a compact subset of U;erd; C(do). Since 0;, @ € I are open subsets of R4,
there exists a finite sequence {d;,, ..., d;, } such that C' C UN_,d;, .

The finite sequence {(d;,, i), ---, (0in, Bin) } 18 totally ordered in S, hence it admits a
maximum. Let ig := m(iy,...,ix) be the index of its maximum. Then by definition

of the order relation o, and by property (6) of the elements of S :
UN 8, C 6, and P[X €3, N D] = P[X € B, NE(D)]
it follows:
PXeCnND] <PXed,ND = PXepf,NED) <P[X€P.NED) .

Taking the supremum over C(d0y,), we get : P[X € oo N D] < P[X € B NE(D)].
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A similar argument shows that the reverse inequality holds. Then

PX €6oND] = P[X €B,NED)] .

In S, each totally ordered family admits an upperbound, then, by Zorn’s Lemma, S

admits a maximal element. O

Proof of Lemma 3.2 Since the distribution of X is absolutely continuous w.r.t to
the Lebesgue measure, for each set S in R?
P(XeS) = sup P(Xel),
cec(s)
where C(S) denotes the set of all compact subsets of S (see [?]).
Let C be in C(G N H), then C is in C(G), it follows that
P(XeGNH) = sup PXeCnNH) < sup P(XeCNH).

CeC(GNH) CeC(G)
The reverse inequality is straightforward, since for all C'in C(G), CNH C GNH,
hence P(X e CNH) <P(XeGNH). O

Now we are ready for the proof of the second step of Proposition 3.4.
Proof of Proposition 3.4
Let B be in F, and set D := X (B). X is such that

P(B) = P(X € D) and E[X1p] = E[X1xcp] .

Assume that P(X € £(D)) = 0. Then, clearly the set A := DUED) = D — K
satisfies each of the requirement (i), (i), and (7).

Now we concentrate on the case where P (X € Ec(D)) > 0. We are going to prove
that it is possible to obtain a subset A with the required properties by substituting

elements from D by “worst” elements w.r.t to the preoerder =, i.e. elements taken

from £(D).

21



Lemma 3.1 states that the set S admits a maximal element. Let (6*, 5*) be such an

element.

1. If P[X € D\ ¢*] = 0, then the set A := 3*NE(D) satisfies (i), (i7), and (7).
Indeed, by definition of £(D), £(D) — K = £(D). The property (4) of elements of S
implies g* — K = (3*. Hence

A—K = [f"NEWD)|—-K = gFn&ED) = A.
Using P[X € D\ 6*] = 0, and the property (6) of elements on S
PXeA =P Xef NED)| =PXeDn§| =P[XeD].
Since P [X € D] = P(B) > a, it follows that
A€ Q,(X) and P(X € A) = P(B)
Using P[D\¢*] =0,and p:=P[X € *ND] =P[X € f*NE(D)]

E[X15] — E[X1xed]
= E[X1p] —E[X1xca
— E[X1xepns] —E[XlXEB*OE( )]

_ / / (&)) Lxenng (©)Txepne( (@ )AP(@)dP ()

Y

where the last inequality follows from property (5) of elements of S.
2. Now we consider the case where P[X € D\ 6*] > 0, and we set
D* .= (D\d)U(ED)NFY) .

We shall prove that in this case P[X € £(D*)] = 0, it then follows that the set
A = D*UE&(D*) satisfies (i), (i) and ().
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Assume to the contrary that P[X € £(D*)] > 0. We are going to show that, then,
it is possible to find (8, 3) in S such that (§*, 3*) o (8, 3), which is in contradiction

with the fact that (0*, 5*) is a maximal element.

2.1. Notice that since f is contiuous, and the cone K contains R, then P[X € D \ §*]
implies that there exists some a € £(D*) N int [D \ 6* — K|, with f(a) > 0.

Let r > 0 such that B(a,r) C int[D \ 0* — K], and z € B(a,r) N intla + K], b in
€ D\ 0* such that z = b — k for some k in K. Then u := b — a is in int[K].

2.2. Now consider the function ¥ defined on R by :

U(it) = P(Xe[(a+tu)+K|N[D\§])—P[X €[(a+tu)— K|NED\ )]
We verify that

limy 0o V() = —P(X € E(D\0%)) < 0
lim, o ¥(t)=P(X e€D\d)) >0

In fact, since a is in b+int(K), there exists some 1 > 0 such that B(a,n) C b+int(K).

Let A := %, then
B(d,3||X||l) C b+int(K), with o :=b+ X a—0D).

By translation: b+(a—a’)— K, which is equal to a+\(b—a)— K contains B(d', 3|| X || )-
We deduce that

VN >\ B(d,3||X]|e) Ca+A(b—a) — K .
It follows that
VN> A, PIXe[la+Nu)+K]|N[D\§]|]=0

and P[X € [(a+ N.u) — K]NED\ )] =P[X € ED\ 6] .
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Then

lim W(t) = lim P[X € [(a+ N.au)+ K]N[D\ 6]

~-P[X €[(a+Nu)—K|NED\ &)
= —P[X €&D\ )]

Similar arguments provide the limit at —oo.

We state the following Lemma which is proved later on.
Lemma 3.3 The function ¥ is continuous.

Since W is continuous, there exists ¢* such that ¥(¢*) = 0.
Consider the subsets [(a + t*.u) — int(K)] and [(a + t*.u) + int(K)], they are open,

disjoint and their union is nonempty as it contains either a or b. We obtain by setting

§:=0U|(a+t"u) +int(K)] and B:=p*U[(a+ t*u) —int(K)]
an element (0, 3) of S which majorates strictly (6*, 3*). This is in contradiction with
the fact that (0*, 5*) is maximal.
We then conclude that if P[X € D\ 6*] > 0 then £(D*) is Px-null, which ends the

proof. O

Proof of Lemma 3.3. It is sufficient to prove that for any subset A and any closed
convex cone K with nonempty interior, the mapping ¥y : ¢t — Px(AN[(a+t.u)+ K])
is continuous; then ¥ is continuous as the sum of two continuous applications.

Notice that

K{t):=(a+t)+ K C(a+tu)— K=:K(t) for t <t eR.
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Then:

() + ()] = W(t)— ()
= PXcAn (K@) \ K())]

< A1) LB, [ X o) N (K (2) \ K(2)))

where f is the density of X and L denotes the Lebesgue measure on R?
The result then follows from the continuity of the Lebesgue measure on the space of
bounded convex bodies equipped with the Pompeiu-Hausdorff-Blaschke metric (see

[10]). a
Remark 3.1 Let X be arisk in L3° having a continuous probabiliy density f. Then

TCELX) = N —{E[X|X € A} + K .
A€Q4(X),A closed

Indeed, since f is continuous for each borel set A contained in Q,(X), for each n > 1
there exists some closed set A, such that A, C Aand P(X € A,) >P(X € A)—1/n.
Then the sequence (4, := A, — K) is a sequence of closed subsets contained in Q,(X)
and satisfying E [X|X € A,] — E [X|X € A], and the required result follows from
the closedness of TCE,(X).

4 Numerical computation of 7CFE

4.1 The discrete distribution case

In the case of a discrete distribution, the 7C'E can be computed through a rather
simple algorithm since the Quantile set is a finite collection of finite subsets of R?. The

main idea of the algorihm is to compute recursively the quantiles of the distribution :
e assume that the random vector X has N realisations denoted by x;, ¢ =1,..., N,
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e and denote by Q,lpha the list of a quantiles, inizialized to an empty list

Algorithm : o« — QuantilesSet
Begin
var List A ;
var integer i, ¢ ;
fori=1to N :
forc=1toN—i+1 : A = empty list;
Quantile(A,i,c) ;

end
where

Algorithm : Quantile(A, 1, c)
Begin

var integer j ;

A= A+{xi};

if (¢> 0)then

forj=i+1to N : Quantile(A,j,c—1);

else
if (P(X €A)>a)then Q = Q+ {A};
A = A — (last element in A);

end if

A = A — (last element in A);

end
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Example 4.1 We consider the example of an investor having access to two financial
markets indexed by i, ¢ = 1,2. Each maket i consists of a non risky asset B,
and a risky asset S%, and the currency in markets i is denoted by m;. For each 1,
transfers between the B¥’s account and the S%’s account are free of charges, hence
the position of the investor in the market i can be described by a single account X*.
However transfers between the two markts are subject to proportional transaction
costs. Taking the currency m' as reference, when the investor transfers 1 m; from
account i, he receives 1 — A% m; in the account j.

Let Q := {wg,1 < k < 10}, and P(wy,) = 75 for k =1, ..., 10. Denote by X = (X", X?)
the random vector representing the Profit&Loss (P&L) (expressed in m') at a future

date T of some investor’s position. The realisations of X are given in the following

table.
Xt X2 Xt Xx?
wi | 35| 10 we | D 0
we | 20 5 wy 8 —2
ws | 25| 30 wg | =8 | 8
wg | 10| 20 wyg | —10| 6
ws | 15 | =10 wig | =15 | =10

Figures 4.1, 4.1, 1 and 1, report 7CE,(X) for diffrent values of a. On each of these
figures, 7CE,(X) corresponds to the hatched rectangle at the top right corner. It is
obtained as the intersection of the sets {—E[X|X € A]} + K, A € Q,(X). We also
reported on these figures the realizaions of X : o, and the points { —E[X|X € A]}, A €
Qn(X) & °.

Application : In order to secure his position the investor can procede as follows

- choose z = (z',7%) in TCE,(X),
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- place (2! +22% K)e "' T my in B,
- buy 22 unities of the exchange options paying 1 ms for K m,.

The resulting P& L of modified position at the end of the investment period is equal
to X + z, and satisfies, according to the defition of TCE, : E[X +z|X € A] = 0
for all A € Q,(X).

-20 -10 0 10 20 30 40

-20 -10 0 10 20 30 40 -10 0 10 20 30 40

Figure 2: a = 4% Figure 4: a = 6%
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4.2 The continuous case : a numerical approximation

d
Let X bein LY, and L > 0 such that P (X € H] —L, L[) = 1. For each n > 1 we

k=1
consider the grid

2L
G, = —L+i—,0<i<
n H{ +Zn,0_z_n},
k=1
then € can be partitioned into Q = U2, A, where

A - {x e [TI-L + G - 1)2—“%%[}

n n
k=1

for each ¢ =1+ ZZ:1 n* 1 —1) with 1<j1,...,54 <n.
For each n > 1, we define the random vector X,, by

X, = (Lx (=12 1<k <d) on 4,

foreach 1<j,....,5¢<n, and =1+ ZZ:1 n* 1 —1) .

For each n > 1, TCE,(X,) can be computed by the algorithm described in the
previous subsection. The following Proposition shows that the sequence (7 CE,(X,))

allows to approximates elements of 7CE,(X).

Proposition 4.1 The sequence (Xn)n21 converges to X in probability and satisfies

lim inf TCEo(X,) = J[ | TCE.(X:) C TCEW(X)

n k>n

Proof. By definition of the sequence (X,), P (|X, — X|>2) =0 for all n > 1,
hence (X)) converges to X in probability.

Let 1 be in liminf,, TC E,(X,,). Observe that it is sufficient to prove that E [X|X € A]
is in K for all A in Q,(X) with A closed ( see Remark 3.1).
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Let A be a closed subset of R? contained in Q,(X). By the definition of the sequence
(Xn)n>1, Xp(w) 2 X(w) for all n > 1 and w € Q. Consequently, P(X,, € A) >
P(X € A), and A isin Q,(X,) for all n > 1. Since n € liminf, TCE,(X,), we have

for n sufficiently large
n+E[X,|X, €A e K
On the other hand

E[X,|X, € A] — E[X|X € 4] .

n—oo

Indeed, by the definition of the sequence (X,,), and the closedness of the set A we
have that liminf, {X, € A} = {X € A}, then

IimP(X, € A) = P(liminf{X,, € A}) = P(X € A),
and

E[Xnlx,ea] = E[X1xea]| < E[IX, - X[+ || X[l [P(Xn € A) = P(X € A)|

— 0.
n—00

It follows from the closedness of the cone K, that n + E[X|X € A] is in K. By

arbitrariness of A in {A" € Q,(X), A’ closed} we onclude to the required result. O
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