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Let Yi(t) be a stochastic process on (2, F, ux), where x is a real
parameter.

For any functional A, [Yx(-)], we are interested in the sensitivity
w.r.t. the parameter x, i.e. the gradient (subgradient,
supergradient)

A0

Compare: The score function method (Rubinstein & Shapiro),
perturbation analysis, etc.
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» Stochastic Optimization, especially for decision dependent
probabilities:
Queueing, Service, Manufacturing, Renewal Systems
A[Y«(:)] = E[f(Yx(T))], the performance of the system at
time T, where f is a cost function, or
A[Yx(7)] = ftT]E[f(YX(t))] dt, the integrated transient
behavior
or
A[Y«(-)] = E[f(Yx(o0))], the stationary behavior.

» Sensitivity Analysis, especially in Finance:

» Calculation of the " Greeks”
» Sensitivity of Risk functionals
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Weak derivatives

Let (R, d) be a metric space. To the family of Borel probabilities
on (R, d), we associate a "dual space” F such as

» the space of all bounded, continuous functions

» the space of all continuous functions f, such that
|f(u)] < Ky + KadP(u, up)

» the space of all bounded measurable function

» the space of all measurable functions f, such that
\f(u)\ < Ki+ Kgd”(u, UO)

Definition. The family of probability measures (jix)xexcr on R is
weakly differentiable w.r.t. the dual space IF, if there is a finite
signed measure p), such that for all f € F

| ) b = [ o) d)]| = [ o) a0

as s — 0. (Heidergott, Vasquez-Abad, Leahu, G.P.)



Decomposing the weak derivative

Any finite signed measure may be decomposed into its positive and
negative part (Jordan decomposition). Since [ 1dpu, = 1, we have
that [ 1du), = 0, i.e. the positive and the negative part have the
same mass. Thus we may decompose the derivative object 1/,

M; = x(fox — fix)

where [ix and [iy are probability measures. The representation as a
multiple of the difference of two probability measures

wh, = c(p1 — p2) is not unique, however the constant ¢ is minimal
if the two parts p1 and po are orthogonal, i.e. if the decomposition
is the Jordan decomposition.
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Any triplet (cx, fix, fix), such that for f € F

S| duntor — [ ) ditw)

| [ ) dinton) — [ ) dii()]

for s — 0, is called a weak derivative triplet.
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Examples for weak derivatives

Distribution puy || Constant Positive part of Negative part of
(x varies) Cx the derivative: ji, | the derivative: jiy
Poisson(x) 1 Poisson(x) + 1 Poisson(x)

Normal(x,c?) | 1/ov2r | x + Weibull(2, #) x - Weibull(2, ﬁ)

Normal(m, x?) 1/x ds-Maxwell(m, x?) Normal(m, x?)

Exponential(x) 1/x Exponential(x) x~1 Erlang(2)

Gamma(a, x) a/x Gamma(a, x) Gamma(a + 1, x)

Weibull(a, x) 1/x Weibull(a, x) [Gamma(2, x)]*/@
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Use of weak derivatives in sensitivity estimation

If YX resp. \"/X are distributed according to ji resp. VX, then for
felF _ )
cx[f(Ya) = F(Yx)]

is a consistent estimate of %E[f( Yy)]-
(Academic) Example. Let F(x) = E[cos(Yx)], where Y is a
Normal(0,x2) variable. Then

1/x[cos(Yx) — cos( Yy)]
where
Yy ~ doublesidedMaxwell(0, x?) and Yy ~ Normal(0, x?)

is a consistent estimate for %F(x).
Notice that no limits of infinitesimal quantities appear and that we
do not have to know the derivative of cos.
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Coupling

A probability measure i on R x R has marginals p1 and o, if
FA1A) = [A(Ax dy) = m(4)

71 (B) = [ 2(exx B) = pa(B).

J1, Jo are the projection operators. A coupling of two probability
measures p1 and pp w.r.t. his a probability measure i on R X R
with given marginals pj, which minimizes the expectation of the
criterion function h(u,v), i.e. is the solution of the following
optimization problem:

Minimize [ h(u,v) d(ii(u, v))

subject to
7J1 = U1,
V2 = pa,

7 is a probability on R?



The solution may not be unique. We denote the solution (or the
set of solutions) by

H1 %Mz

and call it "1 and up coupled over h".
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Distribution uy || Constant | Positive part of Negative part of
(x varies) Cx the derivative: [ix | the derivative: jiy
’ Poisson(x) H 1 ‘ Poisson(x) + 1 ‘ Poisson(x) ‘

Coupling over the Euclidean distance leads to taking Y =Y +1,

Y =Y,, ie.:

For any integrable cost function f and any Poisson variable
Yy ~ Poisson(x) we have

%E[f(\/x)] = E[f(Yy + 1)] - E[f(Y;)]

with very low variance.
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Another example from my 1996 book:

Estimation of sensitivity of x — E[v/Y], where
Yx ~ Exponential(x).
Then the variances are

Numerical differences 1069.9
Score function method 2.81
Weak derivatives with coupling  0.022
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Scenario processes and information processes

In multi-period decision problems, one is confronted with a
stochastic process Yi(t), which we call the scenario process and
the information process, which describes the available information.
Information is measured in terms of filtrations (increasing
sequences of o-algebras).

Artzner's Example:

A fair coin is tossed three times. The payoff process £(*) is

-0 & o

& 0 otherwise

We compare this process to another payoff process

(A) { 1 if heads is shown at least two times

B B
(B _o. B o,

f(B) 1 if heads is shown at least the last throw
3710 otherwise
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(0 =<1 (0 <
0] ] 0] C
0 <14 0 =4
0 =4 0 =+
0] p 0] 0
0 =13 0 =14

Left: the process-and-information pair A, Right: the
process-and-information pair B
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In contrast, if we consider only the filtration generated by the
payoff process £(A) or £(B), we get the following tree:

Notice that for finite probability spaces, filtrations and trees are
equivalent. To formalize the concept of filtrations (and processes
adapted to them) in a version-independent way, we introduce the
notion of nested distributions.
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Nested distributions

Let (=, d) be a Polish space, i.e. complete separable metric space
and let P1(=Z, d) be the family of all Borel probability measures P
on (=, d) such that

/d(u, up) dP(u) < oo

for some uy € =.
For two Borel probabilities, P and Q in P1(Z, d), let d(P, Q)
denote the Kantorovich distance

d(P, Q) :sup{/ £(u) dP(u)—/ F(u) dQ(u) : [F(u)—F (V)| < d(u, v)}

d metrizises the weak topology on Pj.

Py is a complete separable metric space (Polish space) under d.
Iterate the argument: P1(P1(=,d), d) is a polish space, a space of
distributions over distributions (i.e. what Bayesians would call a
hyperdistribution).
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If (=1,d1) and (=2, d2) are Polish spaces then so is the Cartesian
product (=1 X =2) with metric

d2((u1, U2), (V17 V2)) = d1(u1, Vl) + d2(u2, V2).

Consider some metric d on R™, which makes it Polish (it needs
not to be the Euclidean one). Then we define the following spaces

=1 = (R™d)
= = (R™xPi(Z1,d),d?) = (R" x P1(R™, d), d?)
=3 = (R™ x Pi(Z2,d),d?) = (R™ x Py(R™ x P1(R™, d), d?), d?)

=1 = R™xP(Z71_1,d),d?)

All spaces =1, ...,=7 are Polish spaces and they may carry
probability distributions.
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Definition. A Borel probability distribution P with finite first
moment on =7 is called a nested distribution of depth T.

For any nested distribution P, there is an embedded multivariate
distribution P. We illustrate this for depth 2: Let P be a nested
distribution on =3, which has components 7 (a real random
variable) and x (a random distribution). Then

P(A1 x Az) = Ep[11,ca,)1(A2)].

The projection from the nested distribution to the embedded
distribution is not injective:
Example.

3.0 3.0 2.4

04 0.2 0.4 1.0 0.6 0.4
6.0 4.7 33 2.8 1.0 5.1
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The embedded multivariate, but non-nested distribution of the
stochastic process can be gotten from it:

0.08 0.04 0.08 03 03 0.2

3.0 3.0 3.0 3.0 24 24
6.0 4.7 3.3 28 1.0 5.1

Evidently, this multivariate distribution has lost the information
about the nested structure. If one considers the filtration
generated by the scenario process itself and forms the pertaining
nested distribution, one gets

0.5 0.5

3.0 2.4

0.16 0.08 0.16 0.6 } { 0.6 0.4 }

6.0 4.7 3.3 2.8 1.0 5.1
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Markov Chains as nested distributions

Markov Chains are special cases of nested distributions.
Let, for instance, v = (7(1),7(2),v(3)) be a starting distribution
and let P be a transition matrix on the state space (z1, 22, z3)

p(1,1) p(1,2) p(1,3)
P = P(271) P(2,2) P(273)
p(3,1) p(3,2) p(3,3)

The pertaining nested distribution is

(1) +(2) +(3)

Z1

p(1,1) p(1,2) p(1’3)} [p(ll) p(;?) p(2,3)} [0(3,1) 0(3?2) p(3,3)
71 F5) Z3 z) 2 z3

Z1 22 z3
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Derivatives of nested distributions

Let P, be a family of nested distributions indexed by x € R. We
consider the derivative object P/, in the sense of weak derivatives
for Borel measures in Polish spaces.

To begin with, let us consider the derivative of discrete probability

measures
distribution family: [ 2l) o@ ... pom) ]
z1 7 Zm
derivative object: [ al) @ .. pdm ]
z1 2y Zm
triplet representation:
c bx(1)  px(2) ... px(m) } [ Bx(1)  Bx(2) ...  Px(m) }
X z1 z Zm ’ 71 z Zm
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We write the nested distribution P, as
eV, p? . P

i.e. as the composition of the conditional distributions, given the
filtration. Notice that the filtration does not change with x.
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The Leibniz law for nested distributions

Let
P, = (P&, PP, B

be a nested distribution. Then the derivative object is

which may be decomposed into

§
P, = S O[Ed,.. . D B0 pEt )

t
— @d, .. PUY B(t),.. . P
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Triplet representation

First stage:
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Using weak derivatives and coupling

Do for every t

IP’)(f) ]P,gt—i—l) IP’)(<T)
WO S
]P)it"‘l) IP)( T)

ng S X,

or choose t randomly with uniform distribution in {1,..., T}.
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Single-period functionals

Let LA(Y') be a version-independent probability functional, i.e. if
Y1 and Y, have the same distributions, then A(Y1) = A(Y>),
irrespective on which probability space the random variables are
defined.

We assume that Y — A(Y) is concave, i.e. forall 0 < A <1

Concave u.s.c. functionals have the (dual) representation
A(Y) = inf{/]E[Y Z]—AT(2): Z € 2}

where AT is the (concave) dual functional.

» A(Y)=E(Y)

» A(Y) =E(Y) - iMad(Y)

> A(Y) = E(Y) — Std(Y)

> A(Y) = AVeR,(Y) = 1 [1 Gy (p) dp
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Sensitivity of concave functionals

Suppose that

» the functional A(Y) is version-independent, concave and has
the representation

Afp} = inf{E, [Y - Z] - Af (2): Z € Z}, (1)

> x — Ly is (appropriately) weakly differentiable,
» x — Af (Z) is differentiable for all Z € Z.

Then the mapping x — A{ux} is (super-)differentiable with
supergradient set

8XA{MX}:{ Y- 2]- 3,4+( 7): ZEargmin{(l)}}.

(Y is identity here)
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Example: Sensitivity of the average value-at-risk

Suppose that we choose the dual space F as the continuous
functions with at most linear growth. The AVeR:
AVeR{ux} = L [7 G (u) du, where G, = [y’ dpy has the
following dual representation

AVeR.{ux} =inf{E, [Y - Z] : E, [Z] =1,0< Z < 1/a}.
The minimizer is (cum grano salis)

1
Z= Jv<eiy

The full supergradient set is

D AVeR. {11} = conv{/y]l L2 Yy ()
x alkx o y<ur T O‘J(EX_O‘EX {y=u} “Hx

u e [G N (a), G Hat)]}
where a'gx = G(GH)), ag. = limpo G (G () — h).



Sensitivity of the multiperiod average value-at-risk

Let P, be a nested distribution of depth T.
The multiperiod average value-at-risk is defined as

AVeR(P ZE[AV@R (Yx()|Fe-1)]

The supergradient of this functional is
T

Z E]P’X(**l) [AVeR,( Yx(t)|Ft-1)]

t=1

-
+ Y By By [V )Z(0)]| Fea)]

t=1

o — O‘Ex(t)

1
Z(t) = 51{Y<G;1(t)} + o ( ) I{Y:G;l(t)(a)}

QG (0Y6i(t)
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Conclusions

» The triplet representation of derivative objects allows to
implement low variance estimates through coupling.

» There is something beyond chains of conditional distributions:
nested distributions. They capture also the information aspect
through filtrations.

» Not only the sensitivity of expectations can be calculated: By
virtue of the supergradient representation of functionals, we
may represent their sensitivities also as integrals w.r.t. the
derivative objects. This allows to find estimation formulas
using the triplet representation and coupling.
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