P

@ CrossMark

J. Appl. Probab. 60, 358-365 (2023)
doi:10.1017/jpr.2022.49

DISPERSIVE ORDERINGS INDUCED BY DIFFERENCES OF INTER
RISK MEASURES

KEYI ZENG,*
WEIWEI ZHUANG,* ** AND
TAIZHONG HU & * *** University of Science and Technology of China

Abstract

In this short note we introduce two notions of dispersion-type variability orders,
namely expected shortfall-dispersive (ES-dispersive) order and expectile-dispersive (ex-
dispersive) order, which are defined by two classes of popular risk measures, the
expected shortfall and the expectiles. These new orders can be used to compare the
variability of two risk random variables. It is shown that either the ES-dispersive order
or the ex-dispersive order is the same as the dilation order. This gives us some insight
into parametric measures of variability induced by risk measures in the literature.
Keywords: Dispersive order; expected shortfall-dispersive order; expectile-dispersive
order; convex order; dilation order
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1. Introduction

Stochastic orders of variability have proved to be very useful in statistics, actuarial science,
risk management, and operations research, among others. Various types of stochastic orders
and associated properties can be found in [13] and [16]. The most important and common
orders are the (increasing) convex order, the usual dispersive order, and the right spread order
(also called the excess wealth order). Belzunce, Hu, and Khaledi [5] introduced and studied a
family of dispersion-type variability orders, among which are the usual dispersive order and
the right spread order.

In the literature of statistics, the inter-quantile difference is a popular measure to quan-
tify statistical dispersion of a random variable (see e.g. [7]). The usual dispersive order was
introduced in [6] in terms of inter-quantile differences of random variables. Recently, Bellini,
Fadina, Wang, and Wei [2] studied parametric measures of variability induced by risk mea-
sures, expected shortfall (ES) and the expectiles, namely the inter-ES difference and the
inter-ex difference. The inter-ES difference was also mentioned in [17]. The purpose of this
short note is to introduce and characterize two notions of dispersion-type variability orders,
namely ES-dispersive order and ex-dispersive order, which are defined in terms of the inter-ES
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difference and the inter-ex difference. Such a study gives us some insight into the properties of
the dilation order and parametric measures of variability induced by risk measures.

The rest of this short note is organized as follows. The definitions of three notions of
dispersion-type variability orders induced by differences of the value-at-risk, ES, and the
expectiles are presented in Section 2 with some basic properties. In Sections 3 and 4 we char-
acterize the ES-dispersive order and the ex-dispersive order in terms of the dilation order,
respectively, and prove that they are all equivalent. In Section 5 we conclude this paper with
remarks on the definition of the ex-dispersive order.

Throughout, let L7 denote the set of all risk variables in a probability space (2, A, IP) with
finite g-moment, where g € [0, 00). For a distribution function F, the inverse of F is taken to
be the left continuous version of it defined by

F~l'(p)=inflx: F(x)>p}, pe(,1),

with F~1(0) = ess inf(F) := inf{x: F(x) > 0} and F~'(1) = ess sup(F) := sup{x: F(x) < 1}.
2. Definitions and basic properties

2.1. Three popular risk measures

The following three parametric families of risk measures are very popular in risk manage-
ment (see e.g. [1], [4], and [9]).

(1) The value-at-risk (VaR) of X at probability level p: for p € (0, 1),
VaR,(X) = Fy'(p), XelL’.

(i) The expected shortfall (ES) of X at probability level p: for p € (0, 1),
1 ! -1 1
ES,(X) = —— F 7 '(wdu, XelL'.
I-pJ,
The left-ES of X at probability level p: for p € (0, 1),

1 P
ES, (X):= —ESl_p(—X)z—/ F'wdu, XelLl.
pJo

(iii) The expectile of X at probability level p: for p € (0, 1),
ex,(X)=min{x e R: pE[X —x); ] <1 -pE[X-x)_]}, Xe L.
The left-expectile of X at probability level p: for p € (0, 1),
ex; (X) = —ex|_p(—X) =exp(X), XelLl,
where the last equality follows from Proposition 7 in [4].

2.2. Dispersion-type variability orders

Definition 2.1. ([6].) For X, Y € L%, X is said to be smaller than Y in the dispersive order,
denoted by X <gisp ¥, if

VaRg(X) — VaRy(X) < VaRg(Y) — VaRy(Y) forall0<a < < 1.
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This dispersive order is defined in terms of quantile or value-at-risk, so we call it
the quantile-dispersive order, and denote it by X <q.gisp Y. For 0 <o < 8 <1, VaRg(X) —
VaR,, (X) is called the inter-quantile difference of a risk variable X.

Definition 2.2. For X, Y € L!, X is said to be smaller than Y in the ES-dispersive order, denoted
by X <ES-disp Y,if

ESp(X) — ES; (X) <ESp(Y) —ES;(Y) forall0<a <pB<1.

Definition 2.3. For X, ¥ € L!, X is said to be smaller than Y in the ex-dispersive order, denoted
by X Sex-disp ¥ if

exg(X) — exq(X) <exg(Y) —exq(Y) forall0<a < % <B<l. 2.1

For 0 <a < B <1, ESg(X) —ES_ (X) is called the inter-ES difference, and exg(X) —
ex, (X) is called the inter-expectile difference. Both can be used to measure the variability
of X. Bellini et al. [2] introduced and investigated properties of three parametric measures
of variability defined by the inter-quantile difference, inter-ES difference, and inter-expectile
difference with « =1 — 8 and parameter § €[1/2, 1]. The ex-dispersive order was also
independently introduced in [8], and called the weak expectile dispersive order.

A remark (Remark 5.2) is given in Section 5 to explain why the restriction ‘0 <o <1/2 <
B < 1’ in (2.1) should not be replaced by ‘O <a < < I'.

2.3. Basic properties

Since F'(X+c¢)=F~'(X)+c, BSp(X +¢)=ESg(X)+c, ES; (X +c)=ES;(X)+c,
and ex,(X +c) =ex,(X) + ¢ for any X € X’ and c € R, it follows that the order <,-gisp is
location-independent, that is,

X <sdispY &= X+ c=<yqip¥Y forallceR,

where * = Q, ES, and ex.

It is easy to see that if X <q.gisp ¥, then —X <q.gisp —Y. Note that, for any X € L' and
B € (0, 1), exg(—X) = —ex;_g(X) for any X € L! and B € (0, 1) (see Proposition 7 in [4]) and
ESg(=X)=—-ES|_ ﬁ(X). Therefore we have

X S*—disp V¢ —X 5*—disp _Ys

where x = Q, ES, and ex.
We list some basic properties of the quantile-dispersive order as follows.

QL. If X <quisp ¥ and X, Y € L?, then Var(X) < Var(Y).

Q2. ([14, 16]) X satisfies X <q.disp X + Y forany Y € L0 independent of X if and only if X is
PF,, that is, X has a log-concave density or probability mass function.

Q3. ([11, 16]) If X <q.disp ¥ and if Z is PF; and independent of X and Y, then X + Z <q.disp
Y+ Z.
3. ES-dispersive order

Recall that for two risk variables X, Y € L', X is said to be smaller than Y in the con-
vex order, denoted by X <.« Y, if E[¢(X)] < E[¢(Y)] for all convex functions ¢ such that the
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expectations exist. X is said to be smaller than Y in the dilation order, denoted by X <g; Y, if
X — E[X] <cx Y — E[Y]; see [10] and [16] for properties of the convex order and definitions of

other stochastic orders. Obviously, if X <. Y, then E[X] = E[Y].
Proposition 3.1. For X, Y e L',
X <gsdisp ¥ <= X <an Y.

Proof. Since both the order <gs_gisp and the order <g; are location-independent, without
loss of generality assume that E[X] = [E[Y]. Note that forany 0 <o < 8 < 1,

1 1
ESﬂ(X)—ESa(X):ﬁ/ﬂ F%u)du—é(E[X]—/ Fl(u)du>

1 L | 1
:_/ F (u)du+—/ F~Y(u) du — —E[X].
1-8Jg o Jy o

Thus X <gs_gisp Y if and only if, forany 0 < < 8 < 1,
1

! g [ ! g ! -1
—/ F (u)du—l——/ F (u)duf—/ G (u)du+—/ G (u)du. (3.1)
1-8Jg o Jo 1-8Jg & Ja

On the other hand, from Theorems 4.A.3 and 4.A.35 in [16], it follows that X <g; Y is
equivalent to

1 1
/ F ') du < f G '(wydu forallpe(0,1). (3.2)
p P

Obviously (3.2) implies (3.1). On the other hand, for any p € (0, 1), letting 8 | p and o 1 p in

(3.1) yields that
1 1 ! -1 1 1 ! —1
— =) | Flwdi<(—+-) [ ¢"'wdu
l—p p)Jp I=p p)Jp

This means that (3.1) implies (3.2). Therefore the desired result follows. O

By Proposition 3.1 and exploiting the properties of the dilation order, we conclude the
following.

ES1. If X <gs.gisp Y and X, Y € L2, then Var(X) < Var(Y).
ES2. Forany X, Z € L! such that X is independent of Z, we always have X <gs.gisp X + Z.

ES3. If X <gs.disp Y and Z is independent of X and Y, then X + Z <gs_gisp ¥ + Z. In particular,
if X; <gs.gisp Yi fori =1, 2, X; is independent of X>, and Y} is independent of Y3, then

X1 + X2 <gs-disp Y1 + Y2.

4. ex-dispersive order

Expectiles are related to the so-called Omega ratio, which is a popular measure of invest-
ment performance and was introduced in [15]. The Omega ratio of X € L! is defined by

_ElX —1)4]

Qx(1) = E[X 1.’
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i.e. the ratio of the upside of X to the downside. Some basic properties of the Omega ratio of
X are as follows (see [3] and [12]). For X € L', denote £x = ess inf(X) and uy = ess sup(X).
Then the function Qy : (£x, ux) — (0, +00) is strictly decreasing, positive, and continuous
with lim,_, ¢, Qx(7) =400, lim,,,;, Qx(¥) =0, and Qx(E[X])=1. Also, Qx(ex,(X))=(1 —
a)/a for o € (0, 1). Thus

11—«
exq(X) = Qy . “4.1)
o
Lemmad.l. ForX,YelLl, X Zex-disp Y if and only if

Q5 (o) — Q5 (p) < BIX] — E[Y] < 2! (;) _o;! (11?) forallpe©,1).  (42)

Proof. In view of (4.1), X <ex.gisp Y is equivalent to

o (5 e (57) =9 (557) - ()

or equivalently

1f1-8 f(1-8 11—« 11—«

1 1 1 1

QX(ﬂ >_Qy(ﬂ )ng<a )_Qy<a ) @)
whenever 0 <@ < 1/2 < < 1. Since Q5 ' (1) = E[X], Q5 ' (1) = E[Y], and Q' and Q' are
continuous, for g € [1/2, 1), letting « 1 1/2 in (4.3), we have

1— 1-
9;?‘( ﬂﬁ) - (Tﬂ) =2y () -2y () =E[X] - E[Y]

for B €[1/2, 1). Similarly, letting 8 | 1/2 in (4.3), we have

o

for o € (0, 1/2]. Therefore (4.2) is equivalent to (4.3). This completes the proof of the
lemma. O

Proposition 4.1. For X, Y € L,
X <exdisp Y &= X <an Y.

Proof. Since both the order <ex.gisp and the order <gj are location-independent, without
loss of generality assume that E[X] = E[Y] = w. Then (4.2) reduces to

1 1
Q') - 2y () <0< Q5! (;) - Q! (;) forall p € (0, 1),

or equivalently

' <2y ), Q! (})) > Q! <1_17> for all p € (0, 1). (4.4)
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Since Q}_(l(l) =u= Q;l(l), it follows that (4.4) is equivalent to
Qx(H<Qy() <1 forallt>pu, (4.5)

and
Qx() > Qy()>1 forallt< pu. 4.6)

Let 7x(r) = E[(X — 1)+] and 7y(r) = E[(Y — £)+] denote the stop-loss transforms of X and Y,
respectively. Then X <g;; Y if and only if wx(f) < my(¢) for all # € R (see [16, Theorem 3.A.1]).
On the other hand, observe that

7x (1)
Q)= ———, eR, 4.7
YO= TR X 7 0) @7
and hence ()t — E[X])
x () —
H=—"—"——"  t#EX.
mx(t) - o) #
Therefore both (4.5) and (4.6) hold if and only if 7x(7) < 7wy () for all € R. Thus the desired
result of the proposition follows. (]

It should be pointed out that Proposition 4.1 was also proved in [8] via a different method.
Properties ES1, ES2, and ES3 in Section 3 also hold for the ex-dispersive order.

5. Remarks

From Theorem 3.B.16 in [16], it follows that if X <q.gisp ¥ for X, Y € L', then X <gj Y.
Thus we can summarize the relationships among the Q-dispersive, ES-dispersive,
ex-dispersive, and dilation orders in the following diagram:

X=<qdipY = X=a1¥Y <<= X=gsdip?
¢

X <ex-disp Y

In practice, the inter-quantile, inter-ES, and inter-ex differences are used to measure vari-
ability of different random variables or real data. The characterization results in this paper
suggest that instead of comparing the performance of the parametric measures based on the
inter-ES and the inter-ex differences, we only need to test whether the dilation ordering exists
between two different (empirical) distributions.

Remark 5.1. If E[X] = E[Y], then X <ex_gisp Y if and only if

eXy (X) > exy(Y) for each o € (0, 1/2),
exy(X) <exq(Y) foreach o € (1/2, 1).

This means that a necessary and sufficient condition for the ex-dispersive order is the convex
ordering of both the left deviation from the mean and the right deviation from the mean. Bellini,
Klar, and Miiller [3] introduced the expectile order on random variables on L', defined by
X <. Y if exq(X) <exq(Y) for each o € (0, 1). In the equal mean case, it is pointed out in
Corollary 13 of [3] that a necessary and sufficient condition for the expectile order is the
concave ordering of the left deviation from the mean and the convex ordering of the right
deviation from the mean.
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Remark 5.2. In general, for X1, X ~ L', X| <4y X» does not imply
exg(X1) —exq(X1) <expg(Xo) —exq(Xp) forall0<a<p<1. 5.1

This is why we impose the restriction ‘0 <o <1/2 < < 1’ in Definition 2.3.
To see (5.2), let X; ~ F; with F; belonging to the family of Lomax or Pareto type II
distribution, given by

t\“
Fi(t):= Ft; a3, M) =1— (1 + A_) , =0,
i
where A; > 0 and «; > 1 for i =1, 2. It is known from [3] that F; <. F> and F| # F» if and
only if
A
=—, 5.2)
ar—1 A

(X1>Ol2>1,

and that
(07
Fi<¢[Zw]lF &= a1Z2a>0, —>—. (5.3)

Also, the stop-loss transform of F; is given by

A ( t )1—"“ Ao o
T =—14+ — = F(t,a;—1,1), t>0.
o — 1 Ai o — 1

Now assume that (5.2) holds. Then 71(0) = m2(0) = X;/(at; — 1) =: , and m1(¢) < ma(t)
for ¢ > 0, where the last inequality follows from (5.3) and the fact that the hazard rate func-
tion h1(¢) of F(-;a1 — 1, A1) is larger than the hazard rate function A (f) of F(-; a2 — 1, X2)
for t > 0. Thus, from (4.7), it follows that Qy,(f) < Qx,(#) <1 for t> pu, and Qx, () >
Qyx,(t) > 1 for t€(0, u). By exploiting (4.1), this in turn implies that ex,(X;) < ex,(X>)
for p e (1/2, 1), and ex,(X1) > ex,(X2) for p € (0, 1/2). Since exp(X) =lim, ¢ e,(X) =0 and
exo(Y) =1lim, o e, (Y) = 0, we conclude that the strict inequality in (5.1) holds for 8 € (1/2, 1)
and o small enough, while the strict inverse inequality in (5.1) holds for g € (0, 1/2) and «
small enough.

Another interpretation of (5.1) for 0 <o <1/2 < < 1 when X| < X> is as follows. It
is known that the expectile ex,(-) is consistent with the convex order for p € [1/2, 1), and is
consistent with the concave order when p € (0, 1/2] (see e.g. [3]). Recall that X is smaller than
Y in the concave order if and only if Y is smaller than X in the convex order. As a consequence,
differences of the form exg(-) — ex,(-) are consistent with the convex order only when 0 < o <
1/2 < B < 1. This interpretation also applies to Proposition 4.1.

Example 5.1 (Location-scale families.) Let X and Y be two random variables with respective
distribution functions F' and G from the same location-scale family, namely

F(x):H(x_“X>, G(x):H(x_“Y),
ox o

Y

where oy > 0, oy > 0, and H is the distribution function of a risk variable Z € L' A necessary
and sufficient condition for X <q-disp [ <ex-disp> <Es-disp ] ¥ is 0x < oy, since
VaRg(X) — VaR(X) = ox[VaRg(Z) — VaR(2)],
exp(X) — exq (X)) = ox[exp(Z) — exq(Z)],
ESg(X) — ESy (X)) = 0x[ESg(Z) — ES4(2)]
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for 0 <« < B < 1. In particular, let H denote the standard uniform, exponential, or normal
distribution functions, respectively. Then we have

U(ai, b1) <q-disp [Sex-disp» <Es-disp] U(a2, b2) <= b1 — a1 <by —ay,
Exp(A1) <Q-disp [Sex-disps <ES-disp] EXp(A2) <= A1 > A2 >0,

2 2 2 2
N(i1, 07) <Q-disp [Sex-disp» <Es-disp] N2, 05) &= 0 <03.
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