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Abstract

We consider the problem of sensitivity analysis of functionals of Gaussian processes with
respect to perturbations in the mean and the covariance function. The approach taken to sensi-
tivity analysis is essentially via anticipating versions of the Girsanov theorem. A representation
of the Gaussian process via a Gaussian measure on a Hilbert space is used together with the
Feldman-Hajek theorem on the equivalence of Gaussian measures in order to obtain the de-
sired sensitivity estimators. As expected, a necessary condition for such an approach is that
the perturbations lie in the Cameron-Martin space of the covariance operator of the Gaussian
process.

1 Introduction

In this paper we consider the problem of obtaining sensitivity estimators for functionals of Gaussian
processes. Suppose that {X;,t € [0,T]} is a real-valued gaussian process defined in [0, 7], and
suppose in general that its mean, m(t), and its covariance, R(s,t) := Cov(Xj, X;), depend on a
real parameter 6 € I (where [ is an appropriate interval). We will assume that { X; } has continuous
paths with probability 1 and consider a bounded, measurable functional F' : C[0,T] — R. Suppose
that the mean m(t) of the process is a continuous function of time and that its dependence on the
parameter 6 is smooth in the sense that %m(t) = a(t) forall t € [0,T]. We will also assume that
the covariance function R(s,t) depends on the parameter # smoothly so that %R(s, t) = V(s,t).
Consider the performance criterion J(6) := E[F(X)]. In order to obtain an efficient estimate for
the sensitivity of d%J (0) with respect to the parameter 6, one possible approach is to use a change
of measure argument. By considering a Hilbert space representation of the Gaussian process and
using known results on the equivalence of Gaussian measures in Hilbert space and in particular
the Feldman-Hajek theorem [4] we will examine the conditions under which the measures induced
in Hilbert space by the processes X;(6) and X;(0 + €) are equivalent. Provided that they are the

*Supported in part by AUEB Grant # -2626-01
fCorresponding Author



0+e . . . :
4" \will be used to obtain an efficient estimate of the

corresponding Radon-Nikodym derivative

du®
sensitivity as follows. Setting !
1/d 0+
H:zlim(ue —1> (1)
e—0 € d/L

we may obtain

J(6) = lm Ea+e[F(X>]€—E[F(X)] _E, {F(X)lii%i (dﬁ;;e - 1”

— E[F(X)H] @)

provided that the interchange between the limit and the expectation above is justified.

2 Sensitivity via the Likelihood Ratio for Cylindrical Functionals of a
Gaussian Process

We begin with the relatively trivial case where the functional F' is cylindrical namely F(X) =
F( X4, Xy, oo, Xy,) Where 0 < ¢ < tg... < t, < T'and f : R — R is a bounded Borel
function. Denote by R, the n x n symmetric matrix with elements [R,];; = Cov(Xy,, X;,) and
by un, € R”™ the vector (EXy,, ... ,Eth)T. Both R,, and u,, are differentiable functions of the
underlying parameter 6. We then have the following

Theorem 1. If J(0) = E[f(X4,, ..., Xy, )], under the above assumptions for the Gaussian process
{X:}, and assuming that R,, has full rank,

J(0) =E[f (X, ..., Xy,) H]

where
H = gy Ry (X — pin)
% ((Xn = 1) TR (@9 R Ry (X = pn) — 1r(R 05 Ra) ) 3)
where, in the above expression, X = (X4, Xy, ..., Xt,) .

We point out for future reference that if only the mean depends on the parameter 0
Hunean = Ogpin Byt (X = pin) @)

and if only the covariance depends on 6

1 1
Heoy = §(Xn — ) "RV (99 R Ry (X — pin) — 5tr(R;laan). (5)

Extending the above technique to more general functionals F' is not trivial. We will consider
gaussian processes which have continuous sample paths with probability 1. It is rather easy to see
that a necessary and sufficient condition for a centered gaussian process {Xy;t € [0,7]} to be
continuous in the mean square sense is that its covariance function R be continuous at the diagonal



(and therefore continuous on [0, 7] x [0,7]). The conditions under which the sample paths of a
gaussian process are continuous with probability 1 are more complicated (see [1]). A sufficient
condition that ensures the a.s. continuity for the sample paths is that ([1, p.14]) E(X; — Xs)2 is
sufficiently small for |t — s| in the following sense:

C
forsome C > O0and o, >0 sup E(X; — X))’ < —M .
|s—t|<n ’ | log [t — s[|1+

3 Symmetric Operators in Hilbert Spaces and Mercer’s Theorem

Here we present some standard results in functional analysis. For further background and proofs
we refer the reader to [24] and [19]. Let H be a real separable Hilbert space and denote by L(H)
the Banach algebra of all continuous linear operators 7' : H — H. An operator T' € L(H) is
called compact if, for every bounded sequence {z,} in H, {Tx,} contains a converging subse-
quence. T is called symmetric or self-adjoint if, for any z,y € H, (T'z,y) = (x,Ty). T € L(H)
is called Hilbert-Schmidt if there exists a complete orthonormal sequence {e,} in H such that
S22  ITen||* < oo. If T is Hilbert-Schmidt then it is compact.

Theorem 2 (Spectral Theorem). Let K be a compact symmetric operator in L(H). Then there
exists a finite or infinite sequence of orthonormal eigenvectors of K, {¢y} with corresponding real
eigenvalues iy, such that

K$:Zuk<¢k,x>¢k forallz € H.
k

A symmetric operator K is called positive iff (Kx,x) > 0 for all x # 0. In this case the spectral
theorem ensures that i > 0 i.e. all eigenvalues are positive and that the corresponding normalized
eigenvector sequence is a complete orthonormal system in H.

Suppose that a symmetric operator K is also Hilbert-Schmidt with normalized eigenvectros
{1} and corresponding eigenvalues ;. Denoting by W the range of K it holds that the ¢, that
correspond to non-zero eigenvalues span 1. The orthogonal complement of W, W ' is the kernel
of K (since K is symmetric) and we can choose an orthornormal set {¢; }, orthogonal to TV, which
spans W . Thus we have an complete orthonormal sequence {¢,} which spans H. Hence, if a
symmetric operator K is also Hilbert-Schmidt,

STt =Y (Kop Kop) =Y [IKdi|* < oo
k=1 k=1

k=1

Given a complete orthonormal sequence (e;), k = 1,2,... in H, the trace of a self-adjoint,
non-negative operator 7' € L(H ) is defined as

To(T) = ) (Tep,er) = Y A

k=1 k

where \j are the eigenvalues of 7', provided that the series converges. (Note that the series either
converges or diverges to oo since the eigenvalues are non-negative.) If the trace of a self-adjoint,



non-negative operator is finite then it is called a trace class or nuclear operator. Trace class operators
are of course also Hilbert-Schmidt but the converse does not hold.

Let us now identify the real Hilbert space H with L2[0, T}, the space of square integrable real
functions defined on [0, 7. Thus the inner product in H is defined as (x,y) fn
Suppose that R : [0,7] x [0,7] — R is a continuous, positive definite, symmetric kernel ie.
R(s,t) = R(t,s) forall s,t € [0,7] and

[
(Rf,g) // (s,t)f(s)g(t) >0 forall f,g € L?[0,T).

Then the following theorem due to Mercer holds [19, p.245]

Theorem 3 (Mercer). If the transformation R generated by the continuous symmetric kernel R(x,y)
is positive, that is, if (Rf, f) > 0 for all f, or equivalently, if all the characteristic values p; # 0

are positive, the development
y) =Y midi(x)eily
i
is uniformly and absolutely convergent and the eigenfunctions ¢; are continuous.

The covariance R : [0, T]x[0,T] — R of the Gaussian process is a kernel satisfying the assump-
tions of Mercer’s theorem. Let {ey }, kK = 1,2, ... denote the sequence of normalized eigenfunctions
of the covariance kernel R and A\g, k = 1,2, ... the corresponding eigenvalues which are of course
positive since R is positive definite. A well known direct consequence of Mercer’s theorem (since
the eigenfunctions are normalized) is that 220:1 A = fo (t,t)dt < oo (the boundedness of the
integral following from the continuity of ) and therefore the covariance operator is a trace class
operator. We will also assume for ease of exposition that the kernel of the operator R is trivial, i.e.
that Rf = 0 implies f = 0 (as an element of H). The above imply of course that limy_ oo A =0
and thus, without loss of generality we may assume that the eigenvalues have been ordered, namely
A > A > . > 0.

4 Gaussian Measures on Hilbert Spaces

Let LT (H) denote the subset of L(H) consisting of symmetric positive operators: T € L*(H)
if (T'z,y) = (z,Ty) forall z,y € H and (T'z,z) > 0 forall z € H. Also let L] (H) denote
the subset of L1 (H) such that if (ej) is a complete orthonormal system in H then Tr(Q) :=
> e 1 {Qey, ex) < oco. Thus L (H) denotes the set of trace class positive symmetric operators.

Let 1 be a probability measure on (H, B(H)) where H is a real (separable) Hilbert space H and
B(H) the Borel c—field on H.

Definition 4. A measure p defined on (H,B(H)) is Gaussian if there exists m € H and @) €
L{ (H) such that

/Hei<h’x>u(d:v) = ¢imh)=3(Qh, h o VheH. (6)
Theorem 5. An element m € H and an operator Q € Lf (H) defines uniquely a Gaussian measure

won (H,B(H)). The converse also holds. Every Gaussian measure p on (H,B(H)) determines
an element m € H, the mean, and a covariance operator () € LT(H ) so that (6) holds.
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Proof. Denote by NV, ,2 the normal law on R with mean a and variance o2 which has density with
respect to the Lebesgue measure
1 _@-a?

g(x) = e 22, xeR.
2mo

Assume that Ker(Q) = {0} and let {ex } be the complete orthonormal sequence of eigenvectors of
Q,ie. Qex = \per, k=1,2,.... Also set my, = (ex, m) for k = 1,2, ... and note that, since {ey }
is complete m = > 77 | myex.

Consider now the measurable space (R>°, B(R*>)) of all real sequences x = (x1, z2,...) with
the product measure p := @y | N2, 0n (R, B(R*)). Using a monotone convergence argu-
ment (see [5, p.11]) we have

R \ k=1 k:l

which implies that p(z € R> : > 77, :Ez < 00) = 1 i.e. that the measure x is concentrated on
¢?, the subspace of all square-summable real sequences. Using the natural isomorphism between ¢2
and H, v : H — (2, (where (2 = {(z})pen : D opey |2k|* < 00}) by y(z) = (z1) we have thus
constructed a measure on H (which we will again denote by p).

To show the converse suppose that y is a gaussian probability measure on H. Then | o lr|p(dr) <
oo. Consider the linear functional F' : H — R defined by F'(h) := [, (x, h)u(dx) forany h € H.
The continuity of F' can be seen from the fact that (z, h) < |z| |h| and hence

B < /H (e, W) |u(dz) < | /H 2l a(dl).

By the Riesz representation theorem there exists i € H such that (h,m) = [, (h, 2)u(dz) for all
h € H. Furthermore, [, |#|*u(dz) < oo. Define the bilinear form G : H x H — R

G(h,k) = / (h,x —m)(k,x — m)u(dz).
H
By the Riesz representation theorem there exists a unique bounded operator @ such that
(Qh, k) = / (hz — m)(k,  — m)p(dz)  forall h,k € H. ™
H

Q is the covariance operator. () € L (H). Then there exists a complete orthonormal sequence
(ex) in H such that Qe = Ageg, k € N. For any x € H we set x, = (z, ef). O

4.1 The Cameron-Martin Space of an L] (H) Operator

If Q is a symmetric, positive definite, trace class operator there exists a unique operator 7' € L™ (H)
such that T2 = Q. We will denote 7" by Q'/2 and, of course,

Ql/gﬁU = Z\/)\k<ek,x>ek, x € H.
k=1



It is clear that Q'/2 is a Hilbert Schmidt (and therefore compact), positive definite linear operator.
It is clearly injective since Q'/2x = 0 implies <Q1/ 2, QY 2r) = 0. This in turn implies that
(Qx,z) = 0 and hence = = 0 since ker@ = {0}.

The image of H under Q'/? is a subspace which we will denote by Q'/2(H). It is called the
Cameron-Martin space of ). One can see that Q'/ 2(H) is dense in H. Indeed, suppose that for
some zo € H and for all y € H, (Q/?y, z9) = 0. Take y = Q/%x¢. Then (Q'/2Q %z, z0) = 0
or (Qzp,xp) = 0 and hence zy = 0.

Proposition 6. The Cameron-Martin space is a dense subspace of H. Furthermore it holds that

H(QV2(H)) = 0.

For the proof the reader is referred to [3].

For each z € Q'/?(H) we define a linear mapping W, : H — L?>(H, j1) via z — (Q~ Y%z, z).
Note that I, is a centered Gaussian random variable. If 21, ..., 2z, € Ql/ 2(H ) consider the linear
functionals W, (z) = (Q~'/2z,x), i = 1,...,n then the law of the R"-valued random vector
(Wzl, ceey Wzn) is N((zi,zj>)v .

i,j=1,..., n*

Consider z1, zo € Q'/2(H). Then

/Wm(ﬂ?)wzz(ﬂ?)ﬂ(dl‘) = /<Q1/221,93><Q1/222733>M(d$)
H H
= (QQ7Y221,Q7V?%2) = (21, 2).

The above shows that the mapping Q/2(H) — L?*(H, ) defined by z ~— W.,(-) is an isometry
which, in view of the fact that Q'/ 2(H) is dense in H, can be uniquely extended into a map from
the whole of H into L?(H, 11). We will use the same notation for the extension so that we have now
defined W, (-) for any y € H. By an abuse of notation we will still write W, (z) = (Q~'/2y, z)
for z,y € H even though, interpreted literally, the expression Q~'/2y does not make sense when
y ¢ QY?(H). The random variables W, (-) are known as white noise functions and will play an
important role in the sequel.

An explicit expression for W, (x) may be obtained as follows. Given the complete orthonormal
basis {ey} of eigenvectors of @), consider the projection operators P, : H — H defined by P,z =
Sp_ {er, 2)ey forall x € H and all n € N. It is easy to see that, for any y € H, P,y € Q'/?(H).

Furthermore Q'/2P,y = > orq )\,i/2<ek, y)ex. Then we may define

Wy (‘T) = HIL)IEO<Q1/2PRy7 x> = nh~>n;o Z )‘Ilg/2 <y7 €k> <(L’, €k>
k=1
= > )\Ilg/2<y, er) (T, ex)- (®)
k=1

4.2 Equivalence and Singularity of Gaussian Measures on a Hilbert Space

Suppose that H is a finite dimensional linear space and y, v, are two Gaussian measures, N q,
N, with mean vectors a and b respectively and @, R, the corresponding covariance operators. If
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both @) and R are of full rank then it is well known and easy to see that the measures p and v are
equivalent.

The situation is of course different if H is an infinite dimensional, separable Hilbert space. Let
us consider the simplest case first where () and R have the same eigenvectors. Thus we will make
the following

Assumption 4.1. Suppose that {ey}, k = 1,2, ... is a complete orthonormal sequence of elements
in H such that Qey, = Agex and Rey, = prer, k= 1,2,.., A\ > 0, pp > 0, and 220:1 A < 00,
Y pey PE < 00. (Both Q and R are trace class operators.)

The following theorem is essentially due to Kakutani (see [5, p.32]).

Theorem 7. Suppose that i, v are two centered Gaussian measures N, N, on H with covariance
operators satisfying Assumption 4.1. Then

2
< 00, pand v are equivalent and
d Z <)\k + Pk) : 1

o

dv (Ak — pk) 2)
—(x)= || exp | ———2 )
du( ) 1}_[1 P ( 2o "
with zy, = (x, eg).
2
= 00, and v are singular. (10)
d Z (Ak + Pk> g §

One particular direct implication is that if R = «() for some v > 0, then clearly R and ) have
the same eigenvectors and pr, = YA, kK = 1,2,.... It is then clear that the series in (10) diverges
and the corresponding Gaussian measures are singular.

Theorem 8. Assume that p, v, are two Gaussian measures on H that are not singular. Then there
exists a symmetric Hilbert-Schmidt operator S on H such that

R= Q1/2(I o S)QI/Z

The converse is also true:

Theorem 9. Assume that there exists a symmetric Hilbert-Schmidt operator such that R = Q/? (I—
S)Ql/Q. Then 1 and v are equivalent.

The theorems (8) and (9) together constitute the Hajek-Feldman theorem (see [3, p.55]).

Finally we state the following fundamental theorem which extends the classical Cameron-
Martin theorem to general gaussian processes.

Theorem 10 (Cameron-Martin). Suppose that 1 = Ng o and v = Nq . Then p and v are equiva-
lentifa — b € QY2 (H) and singular if not. In the first case

P = ow (10 =D+ QP Ha-0.Q V), wem an

7



4.3 Karhunen-Loeve Representation of Gaussian Process

Suppose that { X;; ¢t € [0, T} is a centered gaussian process defined on a probability space (2, F, IP)
with covariance function R(s,t) := E[X;X;] = R(s,t). Suppose that H is the Hilbert space
L?[0,T] with inner product defined for square integrable functions, ¢, € L?[0,T] via (¢,1)) =

fOT #(s)1(s)ds. Denoting by R both the kernel of the integral operator and the operator itself, since
no confusion can arise,

T
RF(t) = /0 Ris,t)f(s)ds

for any f € L?[0,T]. R is a symmetric bounded, positive definite operator. Let {e;} be a sequence
of normalized eigenfunctions associated with R. We then have Re;, = Apex, k = 1,2,... with
Ar > 0 and we shall assume that the kernel of R is trivial. Mercer’s theorem implies that

R(s,t) = > Mpex(s)ex(t).
k=1

The convergence is uniform and it holds that the trace of the operator R is

o0 T
rR=>) X :/ R(t,t)dt.
k=1 0

If {Z;} is an i.i.d. sequence of standard normal random variables then the following representation
holds

o0

1/2
Xe =Y NZpex(t). (12)
k=1
This is known as the Karhunen-Logve representation of a Gaussian process.

If the process { X, } is not centered, let m(t) = EXy, ¢t € [0, T'], denote the mean function of the
process which we assume to be continuous on [0, 7). Hence m(t) belongs to L2[0, T] and therefore,
since the eigenfunctions of the kernel R form a complete base of L2[0, 7], we have the expansion

m(t) =S myex(t)
k=1
with -
e = (m, ex) :/0 mBen®)dt, k=1,2,....

Thus, for a non-central gaussian process with mean function m(t),

X =Y (A,ﬁ/QZk n mk) ex(t). (13)
k=1

5 Sensitivity Analysis for Gaussian Processes

In section 5.2 we sketched briefly the problem of obtaining sensitivity estimators for cylindrical
functionals of Gaussian processes. Since the problem is essentially finite dimensional, the approach
is well known and can be carried out entirely using elementary arguments. The situation is different
when we examine more general functionals of a Gaussian process.



5.1 Perturbation of the Mean of a Gaussian Process

In the above framework we consider a Gaussian measure on the Hilbert space H with covariance
operator R. If (e) is a complete orthonormal sequence of eigenvectors or R and « € H, then,
if 2 := (x,ex), {x} are independent normal random variables N (0, \;). We will assume that
Ker R = {0}.

Suppose that X; is a Gaussian process with covariance kernel R. We will assume without
loss of generality that its mean is zero. (With trivial modifications, the analysis below will apply
to a process with given mean function m(¢).) Let a(t) be a continuous function on [0, 7] and
define the family of processes X; := X; + e«(t). Finally let F' be a bounded Borel functional
F:C[0,T] = R.

Theorem 11. Suppose that X{ = X; + ea(t). If o« € RY?(H), the reproducing kernel Hilbert
space associated with R, then

lim e 1 (BE(F(X€)) — E[F(X)]) = E[F(X)Hmean]

e—0
with
Hyean = (R0, R™V2), (14)

Proof. Let p denote the measure on H corresponding to Xy and . the measure corresponding to
X¢. Then from Theorem 10 1 and j, are absolutely continuous if and only if o € R'/?(H). In this
case, the likelihood ratio is

2
pe(z) = exp <e<R—1/2a,R-1/2x> - ;HR_l/QozH?) . (15)
If J() := E[F(X¢)] then
J'(0) = lim e 'E[F(X)(pe — 1)]. (16)

In order to prove the result it suffices to interchange the expectation and the limiting operation, a
procedure that here requires care because of the fact that, as we have seen (R~1/2a,, R=1/2z) has
been defined via an isometry. For this reason we will establish the result in two steps.

Step 1. Suppose first that « belongs in R(H ). Then
(R™Y2aq, R7Y%2) = (R o, )

where the right hand side of the above equation has “literal meaning” for all x € H. Thus from
(15), using the inequality |’ — 1| < |6|e!?! which holds for all # € R and other similar elementary
arguments we have that for some C' > 0 and all € € (0, ¢p)

e Hpe(z) — 1| < C R e, z)| eclB o)l %HR—W@H2 forallz € H. (17)

(The whole point of performing step 1 is to be able to claim in fact that the above inequality holds
for all z € H and not just for z € RY/?(H).) Since
2

/eiu(R_la,x)M(dl,) _ e—“?(R(R_l)a,R_la)
H

w2 po1/2 )2
e T IBT el forallu € R



we conclude that (R, z) is a centered normal random variable, say &, with variance ||R~/2c/||?

and hence [} ’(R‘la,x>’ (B )l (dz) = E[|¢]e] < oo by an elementary argument. This
implies that the random variable on the right hand side of (17) has finite expectation. Thus we can
use the fact that

lime Ype(z) —1] = (R e, z) = (RV2a, R7/%z) (18)

e—0

together with the dominated convergence theorem to establish (14) when a € R(H).

Step 2. To establish the result for & € R'/?(H), the Cameron-Martin space of H, we use the fact that

R(H), is dense in H and therefore in R'/2(H) as well. Hence we can pick a sequence of elements
of R(H), say {a, } such that ||a,, — || — 0 as n — oo. In fact we will use the family of projection
operators { P, } with respect to the complete orthonormal basis {e,,} defined in §5.4.1 to obtain the
sequence «, := Pya, n = 1,2,... which converges in H to a. Obviously «,, € P,(H) C R(H)
for all n € N. Also note that

n 2
B2 2 = 3 Ak

A
=1 k

and thus the sequence {||R~/2a,|} is a non-negative increasing sequence which converges to
IR=/%all.

Set
2
I N L
_ -1 _ ¢ —1/2 12
= exp|e(R "ap,z) 5 IR~ “an|
and
dn(e) = ¢ 'E[F(X)(p? — 1)) (19)
Then, since |F'| < K for some K > 0
|bn(e) = dm(e)l = € E[F(X)(p} — p)]| < Ke 'Elp} — p'|- (20)

Adding and subtracting a term we can write

2 2
Y —_ g — R_lanzx -5 _1/2an 2 R_lam,I -< R_l/gan 2
() — p(x) = e =L IRanl? _ ) H

2 2
_i_ee(R_lam,x)f%HR_1/2anH2 - ee(R_lam,x)f%||R—1/2am||2

whence we obtain

—1 —1 _ 2y p-1/2 2
@) = @) = (e ) ) I e

2 2
+66<R*1am7$> <€—52R1/204n||2 B 6_62||R1/2amz>

Supposing that m < n and taking into account the fact that ||R_1/ 2

we obtain

ay || is an increasing sequence

6_1|p? - p£n| < % <ee<R*1an7x> + €€<R7106m7x>) (HR—1/2anH2 _ HR—I/QamH2>

_H <R71<an - am); JIH@E(R_Iam’x)

10



Thus, using the Cauchy-Schwarz inequality,

— 7 m € € _1an,x € _lam,:p — —
Ep o < g /H (R oma) s R 0nn)) ) (R 2002 = |R2am]?)

! </H<R_1(0‘n - Ozm),x)zu(dx)>l/2 </H 626<R1am7x>lu/<dx)>1/2

Thus, from (6) and (7)

/H (R (o — am),2)2(dx) = (RR™ (0 — o), B (o — o)

<R71/2(an — ), R71/2(an —am)) = ||R71/2<an — am)|?,

1 12| p-1/2,, |2 12| p—1/2,2
/ B ona) y(dg) = ASIRanlP < 3SR 20l
H

Therefore we have the bound
_ 1.2 p—1/242 _ _
Bl - ol < e M (IR 2 |~ R )
_'_HRfl/Z(an B Oém)H2€2€2HR_1/2a”2. Q1)

As m,n — oo both ||[R~Y2a,||? — |R~Y2a,||> and ||[R~"/?(ay, — aum)||? converge to 0 and
therefore we can see that for each § > 0 there exists ng € N such that for all € € [—¢p, €0 and all
m,n > ng, € 'E|p? —p™| < §. From (20) we conclude that ¢, (¢) converges uniformly in [—e, €]
and hence

fimg xn, 0n(€) = Jim T On(). 22
Since (R~Y?a,,, R-12z) — (R~Y2a, R"Y2z) and |R~2a,|| — |R~Y2a| — ||[R™?a|
as n — oo the left hand side of (22) is equal to J'(0) whereas the right hand side is equal to
E[F(R~'/2a, R~'/?] thus completing the proof. O

It is interesting to compare (14) with the corresponding finite-dimensional result in (4) provided

the latter is written in the form Oypp " R;, Y Ry 1/2;. Of course the principal difference is that, while

for a full rank matrix R,, in the finite dimensional case the range of R'/? is the whole n-dimensional
Euclidean space, in H it is the much smaller Cameron-Martin space.

To cast (14) in a form that is useful in simulation we begin with the representation of the per-
turbing function a(t) in terms of the eigenfunctions of R to obtain

alt) = agex(t)
k=1
where ay, == fOT a(t)eg(t)dt, k =1,2,.... Hence

R0 = Z ak)\lzl/Qek(t).
k=1

11



The above expression is well defined because o € R'/2(H). Also,

o0 T
X; = kaek(t) with zp = / Xep(t)dt.
k=1 0

R '?g = Z )\;1/2$kek(7§) = Z Zrek(t).
k=1 k=1

This does not converge in any sense unless z belongs to R!/ 2(H). Hence
oo
_ _ -1/2
<R 1/2a, R 1/2x> = Z Ozk)\k / Zk.
k=1
This random variable has finite variance, provided that € R'/? (H) since

Var((R™Y2a, R™Y22)) = — < o0.

Implementation Issues. While the expression (14) provides in theory the appropriate weight H the
implementation in practice provides numerical challenges since evaluating the expression

12 pe1/2y N (G en) (@ ex)
(R~ *a, R /*x) ; "

in terms of the sample paths of the process would require the numerical evaluation of the expression

oS 1 T T
S5, ) e [ X

In most situations this may not be practicable and the errors introduced in the truncation of the
infinite series may be significant. The following alternative approach provides a solution which has
better numerical properties.

Proposition 12. Given a € R(H) let 3 € H be the unique solution of the Fredholm equation of the
first type

T
a(t) :/0 R(s,t)B(s)ds. (23)
Then -
Honean = / B(t) Xydt. (24)
0

Proof. Note that (23) implies that
ok, = (a, ex) = (RB, ex) = (B, Reg) = A\Sy

and hence
_ —1/2 —1/2 _ kT _ _
Hmean <R o, R $> ’;:1 A kE:l Bk13k ];:1<5’ ek> <1'a 6k>

T
= (Bz) = /0 X,B(t)dt.

12



5.2 Perturbation of the Covariance of a Gaussian Process

In this section we will consider perturbations of the covariance operator R. Let R, := R+¢€V where
V is also an Lf (H) operator. Denote by 1 and . respectively the Gaussian measures on H induced
by R and R.. Then it follows from Theorems 8 and 9 that p and p. are equivalent if and only if
V = RY2SR'/? where S is a Hilbert-Schmidt operator. We will make the stronger assumption that
S is in trace class. The following theorem is a direct consequence of the Feldman-Hajek theorem.
(see also [4, p.26]).

Theorem 13. If R,Q € LT (H) and Q = RY*(I + S)RY?, S € Li(H) (i.e. if S is trace class)
and ||S|| < 1 then, denoting by i the measure N'g and by v the measure N on H,

dv _ 1 1 ~1p-1/2.. p—1/2

In the above theorem, if S € L (H), denoting by 4%, k = 1,2, ... the eigenvalues of S then
the determinant of the operator I + S is defined as

det(I+5) = J] (1 +w) (26)
keK
If the set of eigenvalues is finite then this is a finite product. Otherwise, if K is a countable set of
indices, the infinite product det(I 4+ S) = [[y—;(1 + 7x) converges because the series > oo | Vi
converges due to the assumption that S is trace class.

The following theorem of Varberg [23] will be useful in the sequel.

Theorem 14 (Varberg). Let {Z;}, i = 1,2,. .. be a sequence of independent, identically distributed
random variables with EZ; = 0 and Var(Z;) = 1. Suppose that {a;;}, i,j = 1,..., a double
array of real numbers and set Sy = Zfil Z;Vﬂ aijZiZj. Then, if 37221 > 72 a?k < oo and
Y rey lagk| < oo the sequence Sn converges almost surely to a finite random variable.

Suppose again that {X;,¢ € [0,7]} is a gaussian process which, without loss of generality,
we will assume to be centered. Suppose that R(s,t) = E[XX;] is the covariance function of the
process and F' : C'[0, 7] — R a bounded Borel functional. We would like to estimate the sensitivity
of the performance criterion E[F'(X')] when the covariance function is perturbed by a non-negative,
symmetric kernel V. Thus we will consider the family of processes X5, t € [0, T], with covariance
R¢ = R+€V. We will suppose that the perturbing kernel V' is such that the measure p of the original
process and i of the perturbed process are equivalent. In view of Theorem 13 we will assume in
fact that V = R'/2SR/2 where S is in fact a symmetric, non-negative trace class operator.

Denote the eigenvectors of S by xg, with Sxr = Yexx £ = 1,2, ... and assume without loss
of generality that y; > 9 > --- > 0. Starting with the elementary inequality log(1 + z) >
which holds for all x > —1 we note that

n n n

- 1 Tk

log [TA+am) ™2 < =53 = < —Cad e
k=1 k=1 Tk k=1

T
1+«

forsome C' > Oandallz > B > —%. Hence ([[;_,(1+ JJ’Yk))_l/Z < e 022k < e~ Crm
and hence
(det(I — €S)) < e~ M€ for e sufficiently small.

13



Theorem 15. Under the above assumptions

d
J = d*Eue[F(Xe)] = EM[F(X)HCOV] 27
€ e=0
with
1 o= —1/2 —1/2 1
Hepy = §ZZ(Sek,61)<ek,R w){er, R™1x) — STr(S). (28)
k=1 I=1
Proof. Set
dpic 1 1 —1p—1/2 -1
= = —(eS(I+€S) 'Rz, R7V/?
(o) i= @) = e e (2<6 (I +¢8) R V20, RV
Set for convenience T. .= S(I + €S )_1 and note that 7 is trace class with eigenvectors yj and
eigenvalues 7 +€7 Set (er, ) = A\ Zk. {Z1} is a sequence of independent standard normal random

variables. Noting that R~/22 = 3% | xf}’;) ek

— — > X, ek Z, el
(TR™22, R™2) = <T€Z< 1/2>e’f’z <)\1/2>€l>

1/2 1/2
)\k )\l
This is equal to

oo oo
SO (Teer, e)) Zi 2.

k=1 1=1
The convergence of this series is guaranteed from Varberg’s theorem because T, is a trace class
operator. Further, note that (T.ey, ¢;) = (T, Zf;(ek, Xi) Xi» 251 (€15 Xj)€; Whence we obtain

’Y
(Teeg, e1) = €k7Xz><el7Xi>
Hence
o= BRmna - 5and i
=1 =1 k=1 1=1 i=1 "
= 1+€%ZZZI~:Z1 ek, Xi) (€1, Xi)
k=1 1=1
o0

2
= Ziler, Xi) | - 2
1+e% (Z ker i ) (29)

SetY; := 3 72 Zr(ex, Xi), © = 1,2,... and note that the Y;’s are standard normal random variable
since by Parseval’s identity Y 7% (ex, Xi)* = ||x||* = 1. Furthermore they are independent since

EY;Y;] = E ZZk<6kaXi>ZZl<617Xj>] = > > ElZcZil{ex, xi) le1, X5)

k=11=1

o
Z ekaXz ekan = <Xi:Xj> = 52‘]'-
k=1

14



Hence, since ~; > 0 for all ¢ we have with probability 1 that

2
(e} [ee]
0 < B, < Qg := Z% (ZZk<€kaXi>> < oo wp. 1for0<e<e.
i=1 k=1

Also, obviously the determinant [ 7, (1 + €7;) is an increasing function of ¢ (since all the eigen-
values ~y; are non-negative).

<0y
0< %(pe—l) < 1((det(I€j—S€))1/2 1) < % <ez@0 _ 1)
< 6590%@0. (30)
From a standard computation,
01 _ mTT. % _ T1 1
E[e"™°] = Eil_[le = HMW fort < 1/(2v1).

Thus, fore < 1/, E[eé% %@0]00 and we can use the Dominated Convergence Theorem to obtain
J(0) = lim E[F(X)e Ype —1)] = E[F(X)lime — 0e (p — 1)].
e
Since

lim1 (det([+65)_1/2 — 1) = —— Ve = —%Tr(S) 3D

e—0 €

and

o1 € —1p—1/2 —1/2 1 —1/2 —1/2
lgr(l)g<exp <§<S(I—|—GS) R *z, R x>> —1) = §<SR x, R~ /“x) (32)

it follows that

e—0

Heoy = lime '(pe—1) = %(SR_l/Zx,R_l/Z@ - %Tr(S). (33)

The inner product on the right hand side of (32) is

<SR_1/233,R_1/295> = <SZ/\,;1/2<61<7$> €k » ZAEW@@ €l>
k=1 =1

= 3 S ) (Ser, @) (en, @) (e )

k=1 1=1
= ZZ<S€]€7€Z> <R_1/2€k7x> <R_1/2€l>x>' (34)
k=11=1
Thus (33) and (34) establish the proof of the theorem. ]

Again it is interesting to compare the expression for Hcoy in (28) and, better yet, in the alter-
native form obtained in (33), with the finite-dimensional version of (5). One would have to take
of course the mean u,, = 0 in (5) since we have assumed here the process to be centered. Also
the counterpart of 9y R,, in (5) is V := RY2SR/? here. Finally note that the trace term in (5)
can be written as tr(Rﬁl/zRﬁl/QE)an) = tr(R;l/2 (89Rn)Rﬁl/2) in view of the well known iden-
tity tr(AB) = tr(BA) (where A, B are any two matrices for which the products AB and BA are
defined).
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6 Conclusion and Further Work

Hilbert space techniques have been extremely fruitful in the analysis of Gaussian processes for over
five decades. In recent years there has been renewed interest in reproducing kernel Hilbert space
techniques in relation to functional data analysis. Such techniques are also very useful in sensitivity
analysis as the preliminary results obtained in this section indicate. We intend to further clarify the
theoretical questions arising in this respect and in applying these techniques to the simulation of
Gaussian processes in connection with applications.
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