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ON THE CONSISTENCY OF SOBOL INDICES WITH
RESPECT TO STOCHASTIC ORDERING OF MODEL
PARAMETERS.

A. COUSIN, A. JANON, V. MAUME-DESCHAMPS, AND I. NIANG

ABSTRACT. In the past decade, Sobol’s variance decomposition have
been used as a tool - among others - in risk management ([3} [I4]).
We show some links between global sensitivity analysis and stochastic
ordering theories. This gives an argument in favor of using Sobol’s
indices in uncertainty quantification, as one indicator among others.

INTRODUCTION

Many models encountered in applied sciences involve input parameters
which are often not precisely known. Sobol indices are used so as to assess
the sensibility of a model output as a function of its input parameters. In
other words, they quantify the impact of inputs’ uncertainty on an output.
Sobol indices are widely used for example in hydrology (see [21, 15]). Re-
cently ([3, 14, [16]), this global sensitivity analysis has been used as a risk
management tool, amongst other indicators ([2]). In this work, our goal is to
prove that Sobol indices behave coherently with respect to stochastic order-
ing theory. This question arises naturally: under some reasonable conditions
on the output, uncertainty quantifiers should increase if the uncertainty on
the input increases in some way. Thus, our problematic is to find for which
kind of stochastic orders and under which sufficient conditions on the output
function, the Sobol indices behave coherently.

Roughly speaking, given two random variables X and Y, the X-Sobol inde-

ces on Y is given by

Sy = Var(E(Y | X))

Var(Y)
It is a statistical indicator of the relative impact of X on the variability of
Y. If we study the impact of several independent variables X1,..., Xy on

Y, then the Sobol indices may be used to provide a hierarchization of the
X,;’s with respect to their impact on Y. It is an interesting alternative to
regression coefficient, which may be hardly interpreted if the relationship
between Y and the X;’s is far from linear.

In our context, X = (Xy,..., X}) is a random vector of R¥, with the
X;’s being independent. We are interested in the variance and then the
Sobol indices of an output function f. We shall assume properties such as
convexity and/or monotonicity of the function f. One of our main result is
that Sobol indices have a behavior which is compatible with respect to the

excess wealth order / or the dispersive order (it depends on the convexity
properties of f, see Theorems and [2.3). The fact that Sobol index are
1
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in accordance with the excess wealth or with the dispersive order confirms
that it could be used to quantify some uncertainty, even if, depending on
the purpose, moment-independent approaches should be prefered to vari-
ance decomposition (see [I]). Neverthelss, as we shall see in the examples,
the ordering of the Sobol indices heavily depends on the law of the param-
eters, so that one has to be careful on the conclusions.

To simplify notations, if i € {1,...k}, we shall write X~ for the random
vector (X1,..., X1, Xi41,...,Xg), and if o C {1,...k}, we shall write
X, for the random vector (X;, i € ) and X~ for the random vector

(Xi7 { ¢ Oé).

The paper is organized as follows. In Section (I} we study the impact of
stochastic orders on the variance. In Section [2| we state our may results
concerning the accordance of Sobol indices with respect to the dispersive
order. Finally, in Section [3| we provide some examples of illustrations. In
Section [4] we give some concluding remarks.

1. IMPACT OF THE STOCHASTIC ORDERS ON THE VARIANCE

Let us recall some particular notions of ordering on random variables /
vectors. We refer to [13 [I7] or [7] for a detailed review on stochastic orders,
their relationships and properties.

1.1. Stochastic orders. We shall be mainly interested in the stochastic
order, the convex order, the dispersive order, the excess wealth order, the
x order and the Lorenz order. For a random variable X, Fx denotes its
distribution function, and F'y, ! the generalized inverse of Fx (or the quantile
function). The survival function is F'x = 1 — Fy.

Definition 1.1. Let X and Y be two random variables, we say that

(1) X is smaller than Y for the standard stochastic order (X <gY ) if
and only if, for any bounded and non decreasing function f,

E(f(X)) <E(f(Y)).

(2) X is smaller than Y for the convex order (X <cx YY) if and only if,
for any bounded convex function f,

E(f(X)) <E(f(Y)).

(8) If X and Y have finite means, then X is smaller than Y for the
dilatation order (X < j,;Y ) if and only if

(X —E(X)) <cz (Y —E(Y)).
(4) X is smaller than Y for the dispersive order (X gdisp Y) if and

only if F;l — F)}l s non decreasing.
(5) If X and Y have finite means, then X is smaller than Y for the
excess wealth order (X <ew Y ) if and only if for all p €]0, 1],

/ Fx(z)dr < / Fy(x)dx.

[Fx ' (p),o0] [Fy " (p),o0]
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(6) If X andY are non negative, X is smaller than'Y" for the star order
(X <xY) if and only if
Bt

——7 s non decreasing.

X

(7) If X andY are non negative with finite mean, X is smaller than 'Y
for the Lorenz (X <[ ren, Y ) if and only if

X _ Y
E(X) ~“E®Y)

Remark 1.2. The st and cx orders may be defined in the same way for
random vectors.

1.2. Some relationships between variance and stochastic orders. It
is well known that the stochastic order and the convex order are not location-
free and may not be compatible with the variance. The dispersive and excess
wealth orders are location-free and in accordance with the variance. Below,
we give some conditions implying some accordance of the stochastic order
or the convex order with respect to the variance.

Proposition 1.3. Let i € {1,...,k}. If X} is a random variable, we
shall write X for the random vector of R¥: X = (X1,..., X;—1, X,
Xit1,...,Xg). Let X} be a random wvariable, independent of X. The fol-
lowing holds:

(1) If X} <4 X; then X* <y X. In particular, if f is non decreasing
with respect to its i-th component and E(f(X™)) = E(f(X)) then
Var(f(X™)) < Var(f(X)).

(2) If X} <cg X; then X™ <ep X. In particular, if f is convex
with respect to its i-th component and E(f(X™)) = E(f(X)) then
Var(f(X"™)) < Var(f(X)).

Proof. The result follows from the definitions and the fact that for any func-
tion f : R¥ — R,

E(f(X)) = E (E(f(X1,..., Xp)|X ).
U

In what follows, we will consider the excess wealth order, for which we
can prove the ordering of Sobol’s indices. Let us remark that the dispersive
order implies the excess wealth order. Natural examples of random variables
ordered with respect to the dispersive order will be recalled in Section[3] The
following results proved in [I7], show that the excess wealth order (and thus
the dispersive order) is in accordance with the variance.

Proposition 1.4. [17] Let X and Y be two random variables with finite
means.

(1) If X Sdisp Y then X <ewY then X <4; Y and thus if X and Y
admit an order 2 moment, Var(X) < Var(Y).
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(2) If X and Y are non negative and X <xY then X <y, on. Y and

then
Var(X) _ Var(Y)

E(X)? ~ E(Y)?
(8) If X andY are non negative then X <xY if and only if log X Sdz’sp
logY.
(4) If X gdz’sp Y and X <4 Y then for all non decreasing convex or

non increasing concave function f, f(X) <disp fY).

(5) If X and Y are continuous random variables with supports bounded
from below by (resp.) Ly and £, X <eyw Y and —oo <, < ¢, then
for all non decreasing and convex function f, for which f(X) and
f(Y) have finite means, we have f(X) <ew f(Y). [Theorem 4.2 in
18]

Remark 1.5. Result (5) above has been incorrectly stated in [11] and [17],
where the hypothesis on the left-end points of the supports was missing. This
hypothesis is indeed required, as shown by the following example.

Consider X which follows a uniform law on [1,1.9] and Y which follows a
uniform law on [0,1]. Then X <eyw Y. Let f = exp which is a convex and
increasing function. We have that Var(f(X)) ~ 1.32 and Var(f(Y)) ~ 0.24
so that f(X) cannot be less than f(Y') for the ew order (see (1) of Proposition
. The correct statement and proof of (5) above may be found in [18], as
well as an example showing that the left-end points of the support have also
to be finite.

Below, we give two simple counter-examples that show that the hypothesis
on f above are necessary to get the inequality on the variance.

Example 1.6. Let X have uniform law on [0,1] and Y have uniform law
on [0,10]. We consider the function f such that f(t) =t fort € [0,1] and
f(t) =1 fort > 1. f is a non decreasing function and X <4 Y. But,
Varf(X) > Varf(Y).

Example 1.7. Let X be such that P(X = 0) = 2 and P(X = 1) = 5
and Y be such that P(Y = 0) = % and P(Y = 10) = 1. Consider, any
function f such that f(0) =0, f(1) = 10 and f(10) = 1. Then, we have
E(f(X)) =E(f(Y)), X <c Y but Var(f(X)) > Var(f(Y)).

2. IMPACT ON SOBOL INDICES

Sobol indices can be used as a tool to quantify the impact of input pa-
rameters on the output. They are more accurate than the variance in order
to identify the input variables that have the most important impact on the
output. Our goal is to explore how an increase of riskness (in the sense of
stochastic orders) of the input parameters may have an impact on the out-
put. We begin by recalling definitions on Sobol indices. We refer to [5], [19]
or [10] for more details on this subject.

2.1. Some facts on Sobol indices. As before, we consider one output
Y = f(X1,...,X) with X3,..., X} independent random variables. In what
follows, if &« C {1,...,k}, X, is the random vector X, = (X;,i € o). We
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shall denote px, the law of the random vector X,. For a C {1,...,k}, |¢]
denotes the length of «, i.e. its number of elements.
The function f can be decomposed into

(2.1) FX, X)) = Y fal(Xa),
aC{1,...k}
with
(1) fo =E(f(X)),
(2) /faduxi =0ifi € a,

() [ o fadux =0ita# 5.
The functions f, are defined inductively:

fo = E(f(X)),
forie {1,...,k}

(22) Fi(X) = E(F(X) | X;) — fo = / fdpix—i — for

If the fg have been defined for |3| < n, let a C {1,...,k} with |a| = n then,

JalXa) = / Fdux-o — 3 £5(Xp).

BCa
With these notations, we have that:
Var(Y) = Var(f(X)) = Y Var(fa(Xa) = ) E(fa(Xa)?).
acC{l,...,k} ac{l,...k}

This decomposition of variance is often called Hoeffding decomposition ([20]).
The impact of X; on Y = f(X) may be measured by the Sobol index:

_ Var(E(f(X) | Xi)) E(fi(Xi)2)'

(23) S Var(Y) ~ Var(Y)

There are also interactions between the variables X1, ..., X}, they are iden-
tified by the f,, with |a| > 2. The total Sobol indices take into account the
impact of the interactions:

Y Var(fa(Xa)) > E(fa(Xa)?)
i€caC{l,...,k} icacC{l,...k}
24) 51, = Var(Y) - Var(Y)

2.2. Relationship with stochastic orders when there is no interac-
tions. In this section, we assume that there is no interactions between the
X;’s, that is, f(X) can be expressed in the following additive form:

k
(2.5) FXa, o Xp) =) gi(X) + K
j=1
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where g1, ..., gr are real-valued functions and K € R. It is straitghforward
to prove that, in that case, decomposition (2.1]) reduces to

k
(2.6) FX) =D filXi) + fo,
i—1

so that, for any ¢ = 1,...,k, the “individual” Sobol index defined by ({2.3])
coincides with the total Sobol index defined by (2.4)).

As in the previous section, X denotes another variable that will be com-
pared to X;. We shall assume X" <ew X; and study the impact of replacing
X; by X on Sobol indices. We assume that X is independent of X ~ and
we denote by X* = (X1,...,X;—1, X, Xit1,..., X)) the vector X where
the i-th component has been replaced by X and by

g VarB((X) | X7))
P Var(f(X)

the i-th Sobol index associated with f(X™*). Because we shall use the excess
wealth order, we assume that X; and X have finite means, this hypothesis
may be relaxed by considering random variables ordered with respect to the
dispersive order.

Theorem 2.1. We assume that there is no interactions, i.e. 18 sat-
isfied. Let X be a random variable independent of X" and assume that
X! <ew Xi and —oo < £, < U, where U, and ¢ are the left-end points of

the support of X' and X;. If g; is a non decreasing convex function, then
S; < Si and S; > Sj for j #i.

The proof of Theorem makes use of Proposition [1.4

Proof. As g; is a non decreasing convex function, Proposition implies
9i(X}) <ew ¢i(X;) and Var(g;(X;)) < Var(g;(X;)). Now, the Hoeffding’s
decomposition of f(X) can be expressed as where fu = E[f(X)] and
fi(X;) = g;(X;) — Elg;(X;)] and the Hoeffding’s decomposition of f(X*)
writes

FOX) =D F05) + £(X7) + £
J#i

where fg = E[f(X*)] and f(X]) = gi(X]) — E[g:(X])].
Then, from (2.3)), the i-th Sobol indices of f(X) and f(X*) are such that

> Var(g;(X;)) B
i#i

27 S Var(g;(X;))
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and

. Var(gi(X‘*))
2.8) Sr =
( > Var(g;(X;)) + Var(gi(X;))

J#i
> Var(g;(X B
3 i

29) = M Ve

We have already noticed that Var(g;(X;)) < Var(g;(X;)) and thus we
conclude that S7 < S;. The result for j # ¢ follows from the fact that
Var(g;(X/)) < Var(g;(X;)) and

Var(g]( i) and S* — Var(gj( i)

j .
ZVar 9i(X;)) + Var(g:(X;)) ! ZVar 9i(X;)) + Var(g;(X;))
J# Jj#i

O

Remark 2.2. Note that, from Proposition[1.4, the previous result also holds

for any non decreasing convex or non increasing concave function g; as soon

as X7 <dzsp Xi and X} <g X;. In addition, it is shown in [17] that if

X <dzsp i with common and finite left end points of their support (i.e.,
=/) then X} <4 X;.

)

2.3. Relationship with stochastic orders when there are interac-
tions. In the case where there are interactions, we have to consider the
total Sobol indices as defined by (2.4). We will first show that the i-th total
Sobol indices are ordered if X7 Sdisp Xi and Xj <g X;, provided that
the function f is a product of functions of one variable whose log is non

decreasing and convex. Then we consider some extensions of that case.

Theorem 2.3. We assume that f writes:

(2.10) f(X1,e o, Xg) = g1(Xa) x - x ge(Xg) + K

where K € R and gj, j = 1,...,k are real-valued functions. Let X be
a random variable independent of X~ and assume that X} < disp X; and
X7 <4 X;. Iflogg; is a non decreasing convex or a non increasing concave

function, then ST, < St and S}, > Sy, for j # i.

Proof. Without loss of generality, we may assume that K = 0. With the
hypothesis of Theorem the decomposition (2.1)) satisfies: for all j =
1,...,k,

£1(X5) = (g;(X;) — Eg;(X;)) [ [ Ege(Xe))

l#j
and following, e.g. [12], for a C {1,...,k}, we have
(2.11) fa(Xa) = Z(_1)|a|_‘B|E<f(X)’Xﬁ)'

BCa
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The form of f then gives:

fo(Xa) = Y (=) g5(X)) [] E(g5(X;))

BCa JEB JEB
= JIEGEN) ] (9(X5) - Elg;(X;))) -
Jjéa jEa
We write
fTi = Z fa
Then, -
fro = DO TTE@ED) [T (95(X5) — Elg;(X;)))
adi jéa JE
= (6(X) -E@(x)) > JIE@E) [T (9:(X5) - E(g; (X))
yC{L,. kN {1} &y JE€Y
Now,

> TIE@E) T (95(X)) — E(g;(X;)))
{1, R\ i} Gy J€y
= JI (X)) —E(g(X)) + E(g;(X;)))
Je{1,....k\{¢}
= I 9.
JE{1,...k}\{i}
So that, finally,
(2.12) fr,(X) = (9i(Xi) — E(g:(X3)) ng(Xj)~
J#i
We denote by f the functions involved in the Sobol decomposition of f(X™*)
and by f7. the sum of the f}’s over the o for which ¢ € . Then,

F1(X) = (9i(X7) = B0 (X)) [ T 95(X),

J#i
and
= Var(£(X)) T V(7 (X))

As in the proof of Theorem this may be rewritten as
-1

ZVar(fa(Xa)_
B aFi n
(2.13) Sr, = |1+ Var(fr,(X)) nd
[ ZVar(f;(Xa)- B
. _ aFi
St = |1+ Var(fr,(X™))
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We have

Var(fr, (X)) = Var(g,(X:)) [T B(g; (X
JFi
and

Var(f7,(X*)) = Var(g:(X])) [ [ E(g;(X
J#i
Also, if i € a,

Var fo(Xa) = E(g:(X;))*Var | ] E(g;(X;)) H(gj (X;) — E(g;(X;)))
@
and

Varf(Xa) = E(g:(X7))*Var | J] E(g;( ))H(gj(Xj)—E(gj(Xj)))
o=
So, the result follows from if
Var(gi(X[)) _ Var(gi(Xi))
E(gi(X7))? — E(g:i(X3))*
We have (see Proposition
log gi(X7) <gisp log gi(Xi) <= gi(X7) <« g:(Xi)
Var(gi(X[)) _ Var(gi(Xi))
E(gi(X]))* — E(g:i(X3))?

so that  gi(X}) <[openg 0i(Xi) =
and thus S7. < S7;. When j # 4, we have:

Var(fr,(X)) = E(g:(X;)?)Var(g;(X;)) [] Elgp(X
pé{i,j}
and

Var(f(X)) = Y. Var(fa(Xa))

aC{1,...k},a#

= E(Q?(Xz)) Z H E(Qp(Xp))2 H Var(ga(Xa))

aCq{l,...k}\{:}, a#@p%a pPEQ
+Var(g;(X HIE (gp(X,
p#i
So that SZ*FJ- > ST], if

E(gi(X7)?) _ E(g:(X:)?)

E(0:(X))? = E(i(X))?
which holds as above because g;(X;) <1 greny 9i(Xi)- O
The conditions on stochastic ordering between X; and X, and on the

log-convexity are necessary, as can be seen with the two counter-examples
below.
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Example 2.4. To see the necessarity of the stochastic ordering, one can
consider:

f(X1, X2, X3) = exp(exp(X1)) exp(X2) exp(X3),
with X1, X9 and X3 uniform on [0,1]. If X7 is uniform on [1,1.9], then
X7 Sdisp X1 but Xy <4 X7 and it can be easily checked that S}l > St
(ST, =~ 0.90 and St, =~ 0.65).
Example 2.5. The log-convezity of g; is also necessary. Indeed, take:

f(X1, X2, X3) = g1(X1) X2 X3

where
0 if © < 0.45,
g1(x) =< x/10 if0.45 <z <0.5,
T else.

and X9, X3 uniform on [2,3], X1 uniform on [0,1], X7 uniform on [0,0.5]
so that X{ Sdisp X1, X7 <4 X1 but g1 is not log-convex. In that case, we
have S, > Sty (S}, = 0.99 and S, ~ 0.97).

Now, we turn to the case where f writes as a sum of product of convex
and non decreasing functions of one variable, that is, there are: a finite set

A and convex and non decreasing functions g%, i € {1,...,k}, a € A, such
that
(2.14) FX) =gt (Xa) x -+ x gi(Xp).

acA

Proposition 2.6. Assume that f satisfies . Then, for anyi € {1,...,k},

(215)  fi(Xs) = > |(gH(Xi) - E(gh (X)) [[E(g4(X;))

acA i jF#i

(216)  fr(X) = > |(f(X) —E(gf (X)) [ [ 95 (X;)

a€A | j#
(217) Var(fr,) = ) Cov(gf(X), /(X)) [T Eg] (X5)g5(X;)).
a,beA j#i

Proof. The proof uses in a straightforward way the computations done in
the proof of Theorem O

We deduce the two following extensions of Theorem [2.3]

Proposition 2.7. Let {I,}qca be a partition of {1,...,k} and assume that
Fx)=>"T] (X))
CLEAjGIa

where the g;’s are real-valued functions. Let X be a random variable inde-
pendent of X and assume that X Sdisp X; and X7 <4 X;. Iflogg; is a
non decreasing convex function or a non increasing concave function, then
St < 51, and S:*pj > St,, for j #1i.
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Proof. The proof follows that of Theorem in a straighforward way be-
cause the I, are disjoints. O

Proposition 2.8. Let f(X ng ) 4+ w2(X;) with log ey and

JFi
log o non decreasing and convex. If

o X is independent of X, X Sdisp Xi and X7 <g X;.
Var(pz(X7)) _ Var(pe(Xi)) o Cov(pi(X7), pa(X7)) _ Cov(pr(Xi), pa(Xi))

E(ei(X))? ~ El@i(X)? 0 E@XD)?  © E(pi(Xy)?
Then Sy, < St,.

Proof. Proposition gives

Var(fr,(X)) = Var(p1(Xy)) [[E(g;(X;))? + Var(ea(X5))
J#
+Cov(p1(Xi), p2(X;)) H E(g;(X;))
J#i
and if 1 € a,
fa(Xa) = HE 9;(X;)) x H 9;(X (9i(X;5))),
jéa JEa
Var(fo(Xa)) = )2 ] B(g;(X;)*xVar | [](9;(X;) — E(g;(X;)))
Jjéa JEa
We use once more to get that Sy, < Sy if and only if
Var(o1(X7)) [ E(9;(X))? + Var(pa(X7)) + Cov(pr(X7), 2(X7) [ [ B9, (X))
J#i J#i

XY T E(g(X;)?* x Var (H(gj(Xj) - E(gj(Xj))))

aFi jEa jEa
Var(1(Xi)) [ [ Elg;(X;))* + Var(e2(X,)) + Cov(e1(Xi), 02(Xi)) [ [ Elg; (X;))
J#i J#i

IN

aZi jéo
With our hypothesis, we have that
Var(p1(X7)) _ Var(e1(Xi))
E(p1(X))? — E(p1(X)?’
Var(p2(X7)) _ Var(pz(Xy))
E(p1(X7))? — E(p1(Xy))?

N2 T Egi(X5))? x Var (H(gj(xj) E(gj(Xj))))

and
Cov(p1(X7), p2(X[)) _ Covl(pi(Xi), p2(Xi))
E(p1(X]))? - E(p1(X:))?
This leads to the announced result. O

The second condition in Proposition is very technical and unsatis-
factory. Nevertheless, very simple counter-examples exist as it can be seen
below.
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Example 2.9. Let X; ~ U([1.5,3.5]), X} ~ U([0,1.8]), ¢1(z) = exp(a?)
and @s(x) = exp(x), gj(z) =1, j #i. Then one can show that X} <disp Xi
and X} <g X;. However,

Var(pa(X7))
Ee(xp)e ~ 0
Var(p2(X;)) 107
E(p1(X3))?
Cov(p1(X]), p2(X])) 0.3
E(p1(X7))?
Cov(p1(Xi), p2(X5)) 10-3
E(p1(X3))? '

and, from the proof of Proposition St > St,.

The following result derived in [8] is mentioned here as a related result

on excess wealth orders, even if it is not sufficient to obtain a more general
version of Proposition

Proposition 2.10. [Corollary 3.2 in [§]] Let X and Y be two finite means
random variables with supports bounded from below by £x and Ly respec-
tively. If X <ew Y and lx < fy then for all non decreasing and convex
functions hy, hy for which hi(X) and h;(Y) i = 1,2 have order two moments,

(2.18) Cov(hy(X), ha(X)) < Cov(hi(Y), ha(Y)).

3. EXAMPLES

In this section, we illustrate the previous results on some classical financial
risk models. All considered models are associated with a set of parameters.
In a context where these parameters are not known with certainty (due to es-
timation error for instance), the global sensibility analysis is useful to assess
which (uncertain) input parameters mostly contribute to the uncertainty of
model output and in turns, which parameters have to be estimated with
caution. In most of our examples, we will consider truncated distribution
functions (ordered with respect to the dispersive and stochastic orders). The
use of truncated distribution is motivated by the fact that the distribution of
financial parameters have generally bounded support. Let us first recall the
conditions under which some particular distribution functions are ordered
with respect to the dispersive order. We refer to [13] for other classes of
distribution functions.

Proposition 3.1. Let X and Y be two random variables.

(1) If X ~ Ula,b] and Y ~ Ulc,d], then X is smaller than Y for the
dispersive order (X <disp Y ) if and only if

b—a<d-ec

(2) If X ~ &) and Y ~ E(N), then X is smaller than Y for the
dispersive order (X Sdisp Y ) if and only if

A< pu.
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(3) If X ~ N(mq,0?) andY ~ N(ma,v?), then X is smaller than'Y for
the dispersive order (X <disp Y ) if and only if

o <u.

As mentioned above, most of the numerical illustrations will be based on
model parameter with truncated distribution functions. We present some
properties of such distributions.

Definition 3.2. Let X be a random wvariable with density function f and
(a,b) € R2. If F denotes the cumulative distribution of X then the truncated
distribution of X on the interval |a,b] is the conditional distribution of X
given that a < X < b. The truncated density function of X is then given by

(3.1) flzla < X <b) = F(bf(—%
where g(x) = f(x) for all x such that a < x < b and g(x) =0 else.

In what follows, we denote by N7 and Er the truncated normal and the
truncated exponential laws respectively.

Proposition 3.3. Let X and Y be two random variables

(1) if X ~ Np(m,o?) where X is truncated on [a,b] then the quantile
function of X is given by

Fil(z) = ¢~ (¢() + 2(o(B) — ¢(a)))o +m

where o = -, 8 = Z’_Tm and where ¢ is the standard normal

cumulative distribution function.
(2) if Y ~ Ep(N) is truncated on [a,b] then the quantile function of Y is
given by

1
Pyl (@) = — logle ™ +a(e ™ — 7))

where A denotes the parameter of the exponential distribution.

In the following lemma, we give some conditions that ensure the ordering
of two truncated random variables with respect to the dispersive order.

Lemma 3.4. Let X and Y be two random variables.

(1) If X ~ Ula,b] and Y ~ Np(m,o?) where Y is truncated on [c,d],
then X is smaller than'Y for the dispersive order X Sdisp Y if and
only if

b—a<oV2r(¢(B) — ¢(a))
where ¢ represents the cumulative distribution of a standard gaussian
law and where o and 8 are given by o = <™ and 3 = d_Tm.

(2) If X ~ Ep(p) and Y ~ Ep(N) are truncated on the same interval
then X Sdisp Y if and only if

A< .

Proof. The previous conditions can be easily derived by differentiating the
difference of the quantile functions Fy- - F);l and by using the fact that
this derivative should be positive. O
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Also, we recall (see Remark that if two random variables ordered for
the dispersive order have the same finite left point of their support, then
they are ordered for the stochastic order. In the example that we will con-
sider, N (resp. &r) denotes the truncated gaussian (resp. exponential)
distribution on [0, 2].

3.1. Value at Risk sensitivity analysis. In risk management, the Value-
at-risk (VaR) is a widely used risk measure of the risk of losses associated
with portfolio of financial assets (such as stock, bond, etc). From a math-
ematical point of view, if L denotes the loss associated with a portfolio of
assets, then VaR, (L) is defined as the a-quantile level of this loss, i.e.,

VaRy(L) :==inf{z € R: Fr(z) > a}

where I, denotes the cumulative distribution function of L.

Let us consider a portfolio loss of the form L = S — K where K is positive
and where St stands for the aggregate value at time T of a basket of financial
assets. This corresponds to the loss at time T of a short position on this
portfolio when the latter has been sold at time 0 for the price K. We assume
that S follows a geometric brownian motion so that its value at time 7" can
be expressed as

St = Spexp (uT + oWrp)

where Wr is the value at time 7" of a standard Brownian motion, p (resp.
o) is a positive drift (resp. volatility) parameter. Therefore, the a-Value-
at-Risk associated with loss L is given by

(3.2) VaRa(L) = Soexp (uT + aﬁwl(a)) _K

where Sy € R% and where ¢! is the normal inverse cumulative distribution
function of a standard gaussian random variable. Note that, as soon as
a > 0.5, the VaR expression can be seen as a product of log-convex
non-decreasing functions with respect to u and o.

Our interest is to quantify the sensitivity of the uncertain parameters p and
o on the Value-at-Risk (VaR,(L)) by evaluating the total Sobol indices S,
and ST, as defined by . We then analyze how an increase of uncertainty
in the input parameters impacts St,, and St,. In the numerical illustrations,
we consider a VaR associated with a risk level a = 0.9 and for a portfolio
loss with the following characteristics:

T =1,S, = 100, K = 100.

Table [If illustrates the consistency of total Sobol indices when the distribu-
tions of input parameters are ordered with respect to the dispersive order.

Each line of Table[l] corresponds to a scenario where one of the parameter
has been increased with respect to both the dispersive and the stochastic
order. As can be seen, changing the laws of model parameters y and o
have a significant impact on the values of total Sobol indices St, and St .
Note that the ordering among Sobol indices is fully consistent with the one
predicted by Theorem
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T 7 o o SREAERER
U,1] | u[0,1] |u0,1]| u[0,2] |0.41[0.20 | 0.64 | 0.87
U,2] | U0,2] | u0,1] | N7(0.5,2) [0.73 [ 0.48 | 0.36 | 0.69
U,1] | U0, | Er(5) | Er(l) |0.53] 0.4 | 0.52 ] 0.66
U[0,1] | N7(0.5,2) | 4[0,1] | ¢[0,1] |0.40 | 0.73 | 0.65 | 0.35

TABLE 1. Total Sobol indices of VaR (3.2)) when o = 0.9.
All digits are significant with a 95% probability.

3.2. Vasicek model. In risk management, present values of financial or in-
surance products are computed by discounting future cash-flows. In market
practice, discounting is done by using the current yield curve, which gives
the offered interest rate as a function of the maturity (time to expiration)
for a given type of debt contract.

In the Vasicek model, the yield curve is given as an output of an instanta-
neous spot rate model with the following risk-neutral dynamics

(3.3) dry = a(b— ry)dt + odW,

where a, b and o are positive constants and where W is a standard brownian
motion. Parameter o is the volatility of the short rate process, b corresponds
to the long-term mean-reversion level whereas a is the speed of convergence
of the short rate process r towards level b. The price at time ¢ of a zero
coupon bond with maturity 7" in such a model is given by (see, e.g., [4]):

(3.4) P(t,T) = A(t,T)e " BET)

where
2

0_2
- g BT) (T~ 1) - BT

A(t,T) = exp ((b

and b
1 — e @ T—t
B(t,T) =
The yield-curve can be obtained as a deterministic transformation of zero-
coupon bond prices at different maturities.

In what follows, we quantify the relative importance of the input parame-
ters {a, b, o'} affecting the uncertainty in the bond price at time ¢ = 0. In the
following numerical experiments, the maturity T and the initial spot rate rq
are chosen such that 7' = 1 and ro = 10%. Table [2| and |3| reports the total
Sobol indices of the parameter a, b, c under two different risk perturbations
in the probability laws of these parameters. Table [2]illustrates the effect of
an increase of the mean-reverting level with respect to the dispersive order
and the stochastic dominance order, i.e., b* gdisp b and b <¢ b*. We ob-
serve from Table [2] that the relative importance of the mean-reverting level
b increases from 0.52 to 0.57. Although the total Sobol index of o decreases,
the total index of a increases. Note that the assumptions of Theorem
are not satisfied here : one can show that the output function is log
non decreasing and log convex in b but the multiplicative form (2.10) does
not hold.
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parameter | law | total index || parameter | law | total index
a U[o, 1] 0.41 a U[o,1] 0.48
b* Ulo, 1] 0.52 b Ulo, 2] 0.57
o U[0,1] 0.18 o Ulo, 1] 0.06

TABLE 2. Total Sobol indices as a result of a risk perturba-
tion of b. All digits are significant with a 95% probability.

Table [3| displays the total Sobol indices when o* Sdisp o and 0" <y 0.
The law of o is taken as a truncated gaussian random variable on [0, 2] and
has a variance of 0.3. We observe an increase in the total Sobol index of o
and a decrease in total index of @ and b.

parameter | law | total index || parameter law total index
a Ulo, 1] 0.41 a Ulo,1] 0.25
b Ulo, 1] 0.52 b U[o,1] 0.13
o* Ulo, 1] 0.18 o N1(0.5,2) 0.70

TABLE 3. Total Sobol indices as a result of a risk perturba-
tion of o. All digits are significant with a 95% probability.

3.3. Heston model. In finance, the Heston model is a mathematical model
which assumes that the stock price S; has a stochastic volatility o; that
follows a CIR process. The model is represented by the following bivariate
system of stochastic differential equations (SDEs) (see, e.g., [9])

(35) ds; = (T‘ — q)Stdt + @StdBt
(36) dO’t = /€(9 - Jt)dt + U@th

where d(B, W), = pdt.
The model parameters are

r: the risk-free rate,

q: the dividend rate,

k > 0: the mean reversion speed of the volatility,

0 > 0: the mean reversion level of the volatility,

o > 0: the volatility of the volatility,

o > 0: the initial level of volatility,

p € [—1,1]: the correlation between the two Brownian motions B
and W.

The numerical computation of European option prices under this model can
be done by using the fast Fourier transform approach developed in [6] which
is applicable when the characteristic function of the logarithm of .S; is known
in a closed form. In this framework, the price at time ¢ of a European call
option with strike K and time to maturity T is given by

(3.7) C(t,K,T) = Sie™"P, — Ke "™ P
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where for j = 1,2

1 1 00 efiqﬁlogKf.((é.xt Ut)
P = = - J ’ )
= gty ) R()w
fil¢sae,00) = exp(Ci(¢57) + Dj(¢5 7)ot + idry)
0 1 — gjedi™
C; = (T—C])icf)T-f—/{g[(bj_PUiqi)-Fdj)T—Qlog(gje] ”
o 1—gj
b; — poip+d; [ 1—eh”
Dj = o2 1— odiT
g;e
S bj—pdi(b-i-dj
BT = poid— d;
d; = /(oo —b))? — 0> (ujig— ¢?)
1 1
U, = i,uz:—i,bl:/{—po,bg:ﬁ,xt:logSt,T:T—t.

Given that the input parameter are not known with certainty, which one
mostly affect the uncertainty of the output pricing function (3.7)? Table
displays the total Sobol indices of each parameter under two assumptions
on the distribution of input parameter. In the first case (3 first columns), all
parameters are assumed to be uniformly distributed. In the second case (3
last columns), we only change the distribution of the interest rate parameter
r is such as way that r* Sdisp r and r* <g r. The option characteristics
are taken as follows: T' = 0.5, Sy = 100, K = 100.

parameter | law | total index || parameter | law | total index
r* U[0,1] 0.32 r U[o,2] 0.73
q U[o,1] 0.39 q Ulo,1] 0.20
K U[0,1] 0.0036 K Ulo,1] 0.0009
0 U[0,1] 0.0082 0 Ulo, 1] 0.0020
o U[0,1] 0.0012 o Ulo, 1] 0.0004
00 Ulo, 1] 0.30 o ulo, 1] 0.08
p U[o,1] 0.0011 0 Ulo, 1] 0.0004

TABLE 4. Total Sobol indices for the price of a call option
in the Heston model. All digits are significant with a 95%
probability.

As can be observed in Table [4], the influence of the input factors «, 6,0 and
p is negligible under the two considered assumptions. Note that most of the
uncertainty in the option price is due to the dividend yield ¢ and the interest
rate r. Similar conclusions are outlined in [I6] but the difference here is that
we analyze how the total Sobol indices are affected by a change in the law
of some input parameters. Interestingly, when the law of the interest rate
parameter r* is changed to r, this parameter becomes more important than
the dividend yield in terms of output uncertainty.
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4. CONCLUDING REMARKS

We have enlightened the fact that Sobol indices are compatible with the
stochastic orders theory, and more precisely with the excess wealth order, or
the dispersive order, provided that the output function satisfies some mono-
tonicity and convexity properties. The Vasicek and Heston model examples
suggest that the hypothesis on the form of the output function f might be
relaxed (hypothesis of Theorem are not fulfilled, especially in the Heston
case). In other words, the compatibility between Sobol indices and stochas-
tic orders should hold for more general functions than those considered in
the present paper. On an other hand, as shown in the examples, the choice
of the input laws is crucial: the most influential parameters (in the sense
that it corresponds to the greater Sobol index) may change as some input
distributions are perturbed. A way to overcome this difficulty could be to
use our result on the consistency of Sobol index with stochastic orders to
get universal bounds on Sobol indices for a given class of input laws.
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