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Our focus is on the design and analysis of efficient Monte Carlo methods
for computing tail probabilities for the suprema of Gaussian random fields,
along with conditional expectations of functionals of the fields given the ex-
istence of excursions above high levels, . Naive Monte Carlo takes an ex-
ponential, in b, computational cost to estimate these probabilities and condi-
tional expectations for a prescribed relative accuracy. In contrast, our Monte
Carlo procedures achieve, at worst, polynomial complexity in b, assuming
only that the mean and covariance functions are Holder continuous. We also
explain how to fine tune the construction of our procedures in the presence of
additional regularity, such as homogeneity and smoothness, in order to further
improve the efficiency.

1. Introduction. This paper centers on the design and analysis of efficient
Monte Carlo techniques for computing probabilities and conditional expectations
related to high excursions of Gaussian random fields. More specifically, suppose
that f: T x 2 — R is a continuous Gaussian random field over a d-dimensional
compact set T C R¢. (Additional regularity conditions on T will be imposed be-
low, as needed.)

Our focus is on tail probabilities of the form

(1.1) w(b) =P(I}1€a;<f(z) >b)
and on conditional expectations
(1.2) E[F(f)| max (1) > b]

as b — oo, where I is a functional of the field, which, for concreteness we take to
be positive and bounded.
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While much of the paper will concentrate on estimating the exceedance proba-
bility (1.1), it is important to note that our methods, based on importance sampling,
are broadly applicable to the efficient evaluation of conditional expectations of the
form (1.2). Indeed, as we shall explain at the end of Section 4, our approach to ef-
ficient importance sampling is based on a procedure which mimics the conditional
distribution of f, given that maxr f(¢#) > b. Moreover, once an efficient (in a pre-
cise mathematical sense described in Section 2) importance sampling procedure is
in place, it follows under mild regularity conditions on I" that an efficient estimator
for (1.2) is immediately obtained by exploiting an efficient estimator for (1.1).

The need for an efficient estimator of w (b) should be reasonably clear. Suppose
one could simulate

f* & sup f(1)
teT

exactly (i.e., without bias) via naive Monte Carlo. Such an approach would
typically require a number of replications of f* which would be exponen-
tial in b* to obtain an accurate estimate (in relative terms). Indeed, since in
great generality (see [20]) w(b) = exp(—cb2 + o(b?)) as b — oo for some
¢ € (0, 00), it follows that the average of n i.i.d. Bernoulli trials each with suc-
cess parameter w(b) estimates w(b) with a relative mean squared error equal to
n~ V21 — w(b))!/? / w(b)/2. To control the size of the error therefore requires4
n = Q(w(b)~"), which is typically prohibitively large. In addition, there is also a
problem in that typically f* cannot be simulated exactly and that some discretiza-
tion of f is required.

Our goal is to introduce and analyze simulation estimators that can be applied to
a general class of Gaussian fields and that can be shown to require at most a poly-
nomial number of function evaluations in b to obtain estimates with a prescribed
relative error. The model of computation that we use to count function evaluations
and the precise definition of an algorithm with polynomial complexity is given
in Section 2. Our proposed estimators are, in particular, asymptotically optimal.
(This property, which is a popular notion in the context of rare-event simulation
(cf. [7, 13]) essentially requires that the second moments of estimators decay at
the same exponential rate as the square of the first moments.) The polynomial
complexity of our estimators requires to assume no more than that the underlying
Gaussian field is Holder continuous; see Theorem 3.1 in Section 3. Therefore, our
methods provide means for efficiently computing probabilities and expectations
associated with high excursions of Gaussian random fields in wide generality.

4Given h and g positive, we shall use the familiar asymptotic notation 4 (x) = O(g(x)) if there
is ¢ < oo such that h(x) < cg(x) for all x large enough; h(x) = Q2(g(x)) if h(x) > cg(x) if x is
sufficiently large and k(x) = 0(g(x)) as x — oo if h(x)/g(x) — 0 as x — 0o0; and h(x) = O(g(x))
if h(x) = O(g(x)) and h(x) = Q2(g(x)).
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In the presence of enough smoothness, we shall also show how to design esti-
mators that can be shown to be strongly efficient, in the sense that their associated
coefficient of variation remains uniformly bounded as b — co. Moreover, the as-
sociated path generation of the conditional field (given a high excursion) can, basi-
cally, be carried out with the same computational complexity as the unconditional
sampling procedure (uniformly in b). This is Theorem 3.3 in Section 3.

High excursions of Gaussian random fields appear in wide number of applica-
tions, including, but not limited to:

e Physical oceanography: Here the random field can be water pressure or surface
temperature. See [4] for many examples.

e Cosmology: This includes the analysis of COBE and WMAP microwave data
on a sphere or galactic density data; for example, [9, 25, 26].

e Quantum chaos: Here random planar waves replace deterministic (but unobtain-
able) solutions of Schrodinger equations; for example, the recent review [15].

e Brain mapping: This application is the most developed and very widely used.
For example, the paper by Friston et al. [17] that introduced random field
methodology to the brain imaging community has, at the time of writing, over
4,500 (Google) citations.

Many of these applications deal with twice differentiable, constant variance ran-
dom fields, or random fields that have been normalized to have constant variance,
the reason being that they require estimates of the tail probabilities (1.1) and these
are only really well known in the smooth, constant (unit) variance case. In partic-
ular, it is known that, with enough smoothness assumptions,

liminf 5~ log| P(sup £(1) > b) — E(x({t € T: f(1) = b}))|
— 00 teT
(1.3) 1

where y (A) is the Euler characteristic of the set A, and the term O'CZ is related to a
geometric quantity known as the critical radius of 7" and depends on the covariance
structure of f'; see [5, 27] for details. Since both the probability and the expectation
in (1.3) are typically O (b¢exp(—b?/2)) for some £ > 0 and large b, a more user

friendly (albeit not quite as correct) way to write (1.3) is
(14)  P(sup f(0) = b) ~ E(x(It €T: f(1) 2 b})) x (14 O(e™))
teT

for some c.

The expectation in (1.3) and (1.4) has an explicit form that is readily computed
for Gaussian and Gaussian-related random fields of constant variance (see [5, 6]
for details), although if T is geometrically complicated or the covariance of f
highly nonstationary there can be terms in the expectation that can only be eval-
uated numerically or estimated statistically; for example, [2, 28]. Nevertheless,
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when available, (1.3) provides excellent approximations and simulation studies
have shown that the approximations are numerically useful for quite moderate b,
of the order of 2 standard deviations.

However, as we have already noted, (1.3) holds only for constant variance fields,
which also need to be twice differentiable. In the case of less smooth f, other
classes of results occur, in which the expansions are less reliable and, in addition,
typically involve the unknown Pickands’ constants; cf. [8, 24].

These are some of the reasons why, despite a well developed theory, Monte
Carlo techniques still have a significant role to play in understanding the behavior
of Gaussian random fields at high levels. The estimators proposed in this paper
basically reduce the rare event calculations associated to high excursions in Gaus-
sian random fields to calculations that are roughly comparable to the evaluation
of expectations or integrals in which no rare event is involved. In other words, the
computational complexity required to implement the estimators discussed here is
similar in some sense to the complexity required to evaluate a given integral in fi-
nite dimension or an expectation where no tail parameter is involved. To the best of
our knowledge these types of reductions have not been studied in the development
of numerical methods for high excursions of random fields. This feature distin-
guishes the present work from the application of other numerical techniques that
are generic (such as quasi-Monte Carlo and other numerical integration routines)
and that in particular might be also applicable to the setting of Gaussian fields.

Contrary to our methods, which are designed to have provably good perfor-
mance uniformly over the level of excursion, a generic numerical approximation
procedure, such as quasi-Monte Carlo, will typically require an exponential in-
crease in the number of function evaluations in order to maintain a prescribed
level of relative accuracy. This phenomenon is unrelated to the setting of Gaussian
random fields. In particular, it can be easily seen to happen even when evaluating
a one-dimensional integral with a small integrand. On the other hand, we believe
that our estimators can, in practice, be easily combined with quasi-Monte Carlo
or other numerical integration methods. The rigorous analysis of such hybrid ap-
proaches, although of great interest, requires an extensive treatment and will be
pursued in the future. As an aside, we note that quasi-Monte Carlo techniques
have been used in the excursion analysis of Gaussian random fields in [8].

The remainder of the paper is organized as follows. In Section 2 we introduce
the basic notions of polynomial algorithmic complexity, which are borrowed from
the general theory of computation. Section 3 discusses the main results in light of
the complexity considerations of Section 2. Section 4 provides a brief introduction
to importance sampling, a simulation technique that we shall use heavily in the
design of our algorithms. The analysis of finite fields, which is given in Section 5,
is helpful to develop the basic intuition behind our procedures for the general case.
Section 6 provides the construction and analysis of a polynomial time algorithm for
high excursion probabilities of Holder continuous fields. Finally, in Section 7, we
add additional smoothness assumptions along with stationarity and explain how to
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fine tune the construction of our procedures in order to further improve efficiency
in these cases.

2. Basic notions of computational complexity. In this section we shall dis-
cuss some general notions of efficiency and computational complexity related to
the approximation of the probability of the rare events {Bp:b > bg}, for which
P(Bp) — 0as b — oo. In essence, efficiency means that computational complex-
ity is, in some sense, controllable, uniformly in b. A notion that is popular in the
efficiency analysis of Monte Carlo methods for rare events is weak efficiency (also
known as asymptotic optimality) which requires that the coefficient of variation of
a given estimator, Lj, of P(Bp), to be dominated by 1/ P (By)® for any € > 0. More
formally, we have:

DEFINITION 2.1. A family of estimators {Lp, : b > bp} is said to be polynomi-
ally efficient for estimating P (Bp) if E(Lp) = P(Bp), and there exists a g € (0, 00)
for which

Var(Lp)
sup 3 <0
b>by [P (Bp)]*|log P(Bp)|?

2.1
Moreover, if (2.1) holds with ¢ = 0, then the family is said to be strongly efficient.

Below we often refer to Ly, as a strongly (polynomially) efficient estimator, by
which we mean that the family {L, : b > 0} is strongly (polynomially) efficient. In
order to understand the nature of this definition let {Ll()] ) , 1 < j <n}beacollection
of i.i.d. copies of L. The averaged estimator

—~ 1 & ;
Liby=-> L
n i=1

has a relative mean squared error equal to [Var(Lb)]l/ 2 / (n!/ 2P(Bb)]. A simple
consequence of Chebyshev’s inequality is that

~ Var(Ljp)
P(|L,(b)/P(Bp) —1|>¢) < —————.
Thus, if Ly is polynomially efficient, and we wish to compute P (Bj) with at most
¢ relative error and at least 1 — § confidence, it suffices to simulate

n=0("25""log P(By)|9)

i.i.d. replications of L. In fact, in the presence of polynomial efficiency, the bound
n=0("25""log P(By)|?) can be boosted to n = @ (¢ > log(8~1)[log P(Bp)|%)
using the so-called median trick; see [23].

Naturally, the cost per replication must also be considered in the analysis, and
we shall do so, but the idea is that evaluating P (Bjp) via crude Monte Carlo would
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require, given ¢ and &, n = ®(1/P(Bp)) replications. Thus a polynomially effi-
ciently estimator makes the evaluation of P(Bp) exponentially faster relative to
crude Monte Carlo, at least in terms of the number of replications.

Note that a direct application of deterministic algorithms (such as quasi-Monte
Carlo or quadrature integration rules) might improve (under appropriate smooth-
ness assumptions) the computational complexity relative to Monte Carlo, although
only by a polynomial rate (i.e., the absolute error decreases to zero at rate n~? for
p > 1/2, where n is the number of function evaluations and p depends on the
dimension of the function that one is integrating; see, e.g., [7]). We believe that
the procedures that we develop in this paper can guide the construction of efficient
deterministic algorithms with small relative error and with complexity that scales
at a polynomial rate in |log P (Bp)|. This is an interesting research topic that we
plan to explore in the future.

An issue that we shall face in designing our Monte Carlo procedure is that,
due to the fact that f will have to be discretized, the corresponding estimator Ly
will not be unbiased. In turn, in order to control the relative bias with an effort
that is comparable to the bound on the number of replications discussed in the
preceding paragraph, one must verify that the relative bias can be reduced to an
amount less than ¢ with probability at least 1 — § at a computational cost of the
form O (¢~9|log P (Bp)|9"). If Ly(¢) can be generated with O (¢ 9°|log P (Bp)|9")
cost, and satisfying | P(Bp) — EZb ()] <eP(Bp), and if

Var(Ly(e))
sup 3 <
»=0 P(Bp)*|log P (Byp)|4

for some g € (0, c0), then Z;,l(b, g) = ’}-:1 sz)(s)/n, where the Zl(’j)(s)’s are
i.i.d. copies of Zb(s), satisfies

—~ Var(Ly(¢))
P, b,/ P(By) 11 22¢) < =S80
Consequently, taking n = @(8‘28_1|10g P(Bp)|?) suffices to give an estimator
with at most ¢ relative error and 1 — § confidence, and the total computational cost
is © (e 2798~ log P(By)|414").

We shall measure computational cost in terms of function evaluations such as
a single addition, a multiplication, a comparison, the generation of a single uni-
form random variable on T, the generation of a single standard Gaussian random
variable and the evaluation of ® (x) for fixed x > 0, where

D) =1—W(x)= =212 g

1 x
. / e
A/ 2w J—o0

All of these function evaluations are assumed to cost at most a fixed amount ¢
of computer time. Moreover, we shall also assume that first- and second-order
moment characteristics of the field, such as u(¢) = Ef (¢) and C (s, t) = Cov(f(¢),
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f(s)) can be computed in at most ¢ units of computer time for each s, € T. We
note that similar models of computation are often used in the complexity theory of
continuous problems; see [29].

The previous discussion motivates the next definition which has its roots in the
general theory of computation in both continuous and discrete settings [22, 29].
In particular, completely analogous notions in the setting of complexity theory of
continuous problems lead to the notion of “tractability” of a computational prob-
lem [31].

DEFINITION 2.2. A Monte Carlo procedure is said to be a fully polyno-
mial randomized approximation scheme (FPRAS) for estimating P(Bjp) if, for
some ¢, q1, g2 € [0,00), it outputs an averaged estimator that is guaranteed to
have at most ¢ > 0 relative error with confidence at least 1 — 6 € (0,1) in
O (7915792 |log P(Bp)|?) function evaluations.

The terminology adopted, namely FPRAS, is borrowed from the complexity
theory of randomized algorithms for counting [22]. Many counting problems can
be expressed as rare event estimation problems. In such cases it typically occurs
that the previous definition (expressed in terms of a rare event probability) coin-
cides precisely with the standard counting definition of a FPRAS (in which there is
no reference to any rare event to estimate). This connection is noted, for instance,
in [11]. Our terminology is motivated precisely by this connection.

By letting B, = { /™ > b}, the goal in this paper is to design a class of fully poly-
nomial randomized approximation schemes that are applicable to a general class
of Gaussian random fields. In turn, since our Monte Carlo estimators will be based
on importance sampling, it turns out that we shall also be able to straightforwardly
construct FPRASs to estimate quantities such as E[I'(f)|sup;c7 f(t) > b] for a
suitable class of functionals I" for which I'(f) can be computed with an error of
at most & with a cost that is polynomial as function of e ~'. We shall discuss this
observation in Section 4, which deals with properties of importance sampling.

3. Main results. In order to state and discuss our main results we need some
notation. For each s, t € T define

u() = E(f (1)), C(s, 1) =Cov(f(s), f (1)),
C(s,1)

2008 _ _
o“(t)=C(t,t) >0, r(s,t) = )0 D)

Moreover, given x € R? and 8 > 0 we write |x| = Z?: 11x;j1, where x; is the jth
component of x. We shall assume that, for each fixed s, t € T, both p(¢) and C(s, )
can be evaluated in at most ¢ units of computing time.

Our first result shows that under modest continuity conditions on w, o and r it
is possible to construct an explicit FPRAS for w(b) under the following regularity
conditions:
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(A1) the field f is almost surely continuous on 7';
(A2) for some § > 0 and |s — ¢| < §, the mean and variance functions satisfies

o () — o ()| + (1) — ()| < kerls — 1P

(A3) for some § > 0 and |s — 5’| <8, |t — t'| < § the correlation function of f
satisfies

r(t,5) = r (@', s < kpllt —1'1F +1s = 5'1P);
(A4) 0 e T. There exist kg and wg such that, for any t € T and ¢ small enough,
m(B(t,e)NT) > kol wy,
where m is the Lebesgue measure, B(t, &) = {s:|t —s| < ¢} and wg = m(B(0, 1)).

The assumption is that O € T is of no real consequence and is adopted only for
notational convenience.

THEOREM 3.1. Suppose that f : T — R is a Gaussian random field satisfying
conditions (A1)—(A4) above. Then, algorithm 6.1 provides a FPRAS for w(b).

The polynomial rate of the intrinsic complexity bound inherent in this result is
discussed in Section 6, along with similar rates in results to follow. The condi-
tions of the previous theorem are weak and hold for virtually all applied settings
involving continuous Gaussian fields on compact sets.

Not surprisingly, the complexity bounds of our algorithms can be improved
upon under additional assumptions on f. For example, in the case of finite fields
(i.e., when T is finite) with a nonsingular covariance matrix, we can show that the
complexity of the algorithm is actually bounded as b /' co. We summarize this in
the next result, whose proof, which is given in Section 5, is useful for understand-
ing the main ideas behind the general procedure.

THEOREM 3.2. Suppose that T is a finite set, and f has a nonsingular co-
variance matrix over T x T. Then Algorithm 5.3 provides a FPRAS with g = 0.

As we indicated above, the strategy behind the discrete case provides the basis
for the general case. In the general situation, the underlying idea is to discretize the
field with an appropriate sampling (discretization) rule that depends on the level
b and the continuity characteristics of the field. The number of sampling points
grows as b increases, and the complexity of the algorithm is controlled by finding
a good sampling rule. There is a trade-off between the number of points sampled,
which has a direct impact on the complexity of the algorithm, and the fidelity
of the discrete approximation to the continuous field. Naturally, in the presence
of enough smoothness and regularity, more information can be obtained with the
same sample size. This point is illustrated in the next result, Theorem 3.3, which
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considers smooth, homogeneous fields. Note that in addition to controlling the
error induced by discretizing the field, the variance is strongly controlled and the
discretization rule is optimal, in a sense explained in Section 7. For Theorem 3.3
we require the following additional regularity conditions:

(B1) f is homogeneous and almost surely twice continuously differentiable;

(B2) 0 e T C R is a d-dimensional convex set with nonempty interior. Denot-
ing its boundary by 97, assume that 37 is a (d — 1)-dimensional manifold without
boundary. For any ¢ € T', assume that there exists «p > 0 such that

m(B(t, &) N T) > koe?

for any ¢ < 1, where m is Lebesgue measure.

THEOREM 3.3. Let f satisfy conditions (B1) and (B2). Then Algorithm 7.3
provides a FPRAS. Moreover, the underlying estimator is strongly efficient and
there exists a discretization scheme for f which is optimal in the sense of Theo-
rem 7.4.

The results stated in Theorem 3.3 are stronger than those in Theorem 3.1. This
is because conditions (B1) and (B2) are much stronger than conditions (A1)—(A4).
The structure present in Theorem 3.3 allows us to carry out a more refined com-
plexity analysis. Using smoothness and homogeneity, the conditional distribution
of the random field given a high excursion can be described quite precisely in an
asymptotic sense using its derivatives. In our analysis we take advantage of such a
conditional description, which is not available for Hélder continuous fields. On the
other hand, it might be possible that the algorithms developed for Theorem 3.1, or
closely related variations, are in fact strongly efficient for certain Holder continu-
ous fields. We leave this more refined analysis to future study.

4. Importance sampling. Importance sampling is based on the basic identity,
for fixed measurable B,

4.1 P(B):f]l(weB)dP(a)):/]l(a)eB)Z—g(a))dQ(a)),

where we assume that the probability measure Q is such that Q(- N B) is abso-
lutely continuous with respect to the measure P(- N B). If we use E Q to denote
expectation under Q, then (4.1) trivially yields that the random variable

L(w) =1( B)d—P( )
w) = [OXS dQ(l)

is an unbiased estimator for P(B) > 0 under the measure Q, or, symbolically,
ECL = P(B).

An averaged importance sampling estimator based on the measure Q, which
is often referred as an importance sampling distribution or a change-of-measure,
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is obtained by simulating n i.i.d. copies L1, ..., L™ of L under Q and com-
puting the empirical average Ly=LW 4...4 L0 /n. A central issue is that
of selecting Q in order to minimize the variance of L,. Itis easy to verify that
if @*(-) = P(-|B) = P(-N B)/P(B), then the corresponding estimator has zero
variance. However, Q™ is clearly a change of measure that is of no practical value,
since P (B)—the quantity that we are attempting to evaluate in the first place—is
unknown. Nevertheless, when constructing a good importance sampling distribu-
tion for a family of sets {Bjp :b > bg} for which 0 < P(Bp) — 0 as b — o0, it is
often useful to analyze the asymptotic behavior of Q* as P(Bp) — 0 in order to
guide the construction of a good Q.

We now describe briefly how an efficient importance sampling estimator for
P(Bp) can also be used to estimate a large class of conditional expectations
given By,. Suppose that a single replication of the corresponding importance sam-
pling estimator,

Ly 2 1(we By)dP/dQ

can be generated in O (log| P (Bj)|?) function evaluations, for some gg > 0, and
that

Var(Ly) = O(LP(By)]*log| P(By)|®).

These assumptions imply that by taking the average of i.i.d. replications of L; we
obtain a FPRAS.

Fix B € (0, 00), and let X (B, q) be the class of random variables X satisfying
0 <X < B with

4.2) E[X|By] = Q[1/log(P(By))].
Then, by noting that

E9(XLy) E[X; Bp]
= AN EIX|By] = =20
EQ(L,) ~ CWXIB="pp

it follows easily that a FPRAS can be obtained by constructing the natural esti-
mator for E[X|Bp]; that is, the ratio of the corresponding averaged importance
sampling estimators suggested by the ratio in the left of (4.3). Of course, when
X is difficult to simulate exactly, one must assume the bias E[X; Bp] can be re-
duced in polynomial time. The estimator is naturally biased, but the discussion on
FPRAS on biased estimators given in Section 2 can be directly applied.

In the context of Gaussian random fields, we have that B, = {f* > b}, and
one is very often interested in random variables X of the form X = I'(f), where
[':C(T) — R, and C(T) denotes the space of continuous functions on 7. Endow-
ing C(T) with the uniform topology, consider functions I" that are nonnegative and
bounded by a positive constant. An archetypical example is given by the volume of
(conditioned) high-level excursion sets with 8 = m(T) is known to satisfy (4.2).

(4.3)

k]
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However, there are many other examples of X' (8, g) with § = m(T) which satisfy
(4.2) for a suitable g, depending on the regularity properties of the field. In fact, if
the mean and covariance properties of f are Holder continuous, then, using simi-
lar techniques as those given in the arguments of Section 6, it is not difficult to see
that ¢ can be estimated.

In case that I'(f) is not bounded, the analysis is usually case-by-case. In partic-
ular, we need to investigate

EQ(T2(f)L}) = E(T*(f)Ly|By) P (Bp).

We provide a brief calculation for the case of the conditional overshoot, that is,
['(f)=f*—band B, ={f* > b}. We admit the change of measure defined later
in (6.5). Then, given { f* > b}, r'?( f) and Lj are negatively correlated (the higher
the overshoot is, the larger the excursion set is), and we can obtain that

ECT2(f)L}) < E(T2(f)|By) E(Ly).

Conditional on the occurrence of { f* > b}, bT'(f) asymptotically follows an expo-
nential distribution. Therefore, E(I'>(f)|Bp) = (1 4+0(1))E2(I'(f)|Bp). Together
with the FPRAS of L, in computing P (Bp), ['(f)Lj is an FPRAS to compute the
conditional overshoot. The corresponding numerical examples are given in Sec-
tion 8. Two key steps involve the analyses of the conditional correlation of ['*( f)
and L, and the conditional distribution of I'( ) given Bj.

Thus, we have that a FPRAS based importance sampling algorithm for w(b)
would typically also yield a polynomial time algorithm for functional characteris-
tics of the conditional field given high level excursions. Since this is a very impor-
tant and novel application, we devote the remainder of this paper to the develop-
ment of efficient importance sampling algorithms for w(b).

S. The basic strategy: Finite fields. In this section we develop our main ideas
in the setting in which T is a finite set of the form T = {7, ..., fjs}. To empha-
size the discrete nature of our algorithms in this section, we write X; = f(¢;) for
1,..., M and set X = (Xq, ..., Xpr). This section is mainly of an expository na-
ture, since much of it has already appeared in [3]. Nevertheless, it is included here
as a useful guide to the intuition behind the algorithms for the continuous case.

We have already noted that in order to design an efficient importance sampling
estimator for w(b) = P(maxj<;j<y X; > b) it is useful to study the asymptotic
conditional distribution of X, given that maxj<;<y X; > b. Thus, we begin with
some basic large deviation results.

PROPOSITION 5.1. For any set of random variables X1, ..., Xy,

M
lrsr}zgw P(X;>b) < P(lrsr}zszi > b) EJZ::I P(X;>Db).
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Moreover, if the X j are mean zero, Gaussian, and the correlation between X; and
X is strictly less than 1, then

P(X; >b,X;>b)=o(max[P(X; > b), P(X; > D)]).

Thus, if the associated covariance matrix of X is nonsingular,

M
w®) = (1+0(0) Y P(X;>b).
j=1

PROOF. The lower bound in the first display is trivial, and the upper bound
follows by the union bound. The second display follows easily by working with
the joint density of a bivariate Gaussian distribution (e.g., [10, 21]) and the third
claim is a direct consequence of the inclusion—exclusion principle. [J

As noted above, Q* corresponds to the conditional distribution of X given
that X* £ maxi<;<y X; > b. It follows from Proposition 5.1 that, conditional on
X* > b, the probability that two or more X ; exceed b is negligible. Moreover, it
also follows that
P (X i > b)

YL P(Xj>b)

P(X; =X"|X*>Db)=(140(1))
The following corollary now follows as an easy consequence of these observations.

COROLLARY 5.2.
drv(Q*, Q) — 0

as b — oo, where drv denotes the total variation norm, and Q is defined, for Borel
B CRM gs

M
Q(XeB)= Zp(i, b)P[X € B|X; > b],
i=1
where
P(X; > b)
YL P(Xj>b)

p(i,b) =

PROOF. Pick an arbitrary Borel B. Then we have that

P[X € B, max|<j<y X; >b] ¢ P[XeB,X;>b]
*(X € B) = == <
LXeB) w(b) _; w(b)

M

p(i,b)

i=1
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The above, which follows from the union bound and the last part of Proposition 5.1
combined with the definition of Q, yields that for each ¢ > 0 there exists by (inde-
pendent of B) such that, for all b > by,

Q' (XeB)=QAXeB)/(1—e).
The lower bound follows similarly, using the inclusion—exclusion principle and the

second part of Proposition 5.1. [J

Corollary 5.2 provides support for choosing Q as an importance sampling dis-
tribution. Of course, we still have to verify that the corresponding algorithm is a
FPRAS. The importance sampling estimator induced by Q takes the form

_dp XL P(X;>b)
S do YN 1X;>b)

(5.1) Ly

Note that under Q we have that X* > b almost surely, so the denominator in the
expression for L, is at least 1. Therefore, we have that

M 2
ECL; < (Z P(X; > b)) ,

j=1

and by virtue of Proposition 5.1 we conclude (using Varg to denote the variance
under Q) that

Varg (L)
P(X* > b)?

as b — oo. In particular, it follows that L, is strongly efficient.
Our proposed algorithm can now be summarized as follows.

ALGORITHM 5.3. There are two steps in the algorithm:
STEP (1). Simulate » i.i.d. copies XD X®™ of X from the distribution Q.
STEP (2). Compute and output

- 1 &
an_ZLl(:)a
n“
i=1
(i) _ M 0] M ()
where L;," =322 P(X;" > b)/ ¥;21 L(X;” > b).

Since the generation of L; under Q takes O (M 3) function evaluations we con-
clude, based on the analysis given in Section 2, that Algorithm 5.3 is a FPRAS
with ¢ = 0. This implies Theorem 3.2, as promised.
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6. A FPRAS for Holder continuous Gaussian fields. In this section we shall
describe the algorithm and the analysis behind Theorem 3.1. Throughout the sec-
tion, unless stated otherwise, we assume conditions (A1)—(A4) of Section 3.

There are two issues related to the complexity analysis. First, since f is assumed
continuous, the entire field cannot be generated in a (discrete) computer, and so the
algorithm used in the discrete case needs adaptation. Once this is done, we need to
carry out an appropriate variance analysis.

Developing an estimator directly applicable to the continuous field will be car-
ried out in Section 6.1. This construction will not only be useful when studying
the performance of a suitable discretization, but will also help to explain some of
the features of our discrete construction. Then, in Section 6.2, we introduce a dis-
cretization approach and study the bias caused by the discretization. In addition,
we provide bounds on the variance of this discrete importance sampling estimator.

6.1. A continuous estimator. We start with a change of measure motivated by
the discrete case in Section 5. A natural approach is to consider an importance
sampling strategy analogous to that of Algorithm 5.3. The continuous adaptation
involves first sampling 7, according to the probability measure
(6.1) p(fbe.)zw’

E[m(Ap)]

where Ay, = {t € T : f(t) > b}. The idea of introducing 7, in the continuous setting
is not necessarily to locate the point at which the maximum is achieved, as was the
situation in the discrete case. Rather, 7;, will be used to find a random point which
has a reasonable probability of being in the excursion set Aj. (This probability will
tend to be higher if f is nonhomogenous.) This relaxation will prove useful in the
analysis of the algorithm. Note that 73, with the distribution indicated in (6.1), has
a density function (with respect to Lebesgue measure) given by

P(f()>b)

0 = A

and that we also can write
E[m(Ab)]:E/le(f(t)>b)dt:/TP(f(t)>b)dt:m(T)P(f(U)>b),

where U is uniformly distributed over 7.

Once 73 is generated, the natural continuous adaptation corresponding to the
strategy described by Algorithm 5.3 proceeds by sampling f conditional on
f(1p) > b. Note that if we use Q to denote the change-of-measure induced by
such a continuous sampling strategy, then the corresponding importance sampling
estimator takes the form

- dP E[m(Ap)]
Ly=—=—""""22
dQ m(Ap)
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The second moment of the estimator then satisfies

. EC[(Ly)*) = E(Lp; Ap # ©)
' = E[m(Ap)]P(f* > b)E[m(Ap) "' |Ap # 2].

Unfortunately, it is easy to construct examples for which E2[(Lj)?] is infinite.
For instance, consider a homogeneous and twice differentiable random field with
zero mean and unit variance living on 7' = [0, 1]¢. Using the Slepian model, dis-
cussed in Section 7, it follows that the asymptotic distribution of the overshoot
given { f* > b} satisfies

b(f*—b)— S,

weakly as b — oo where S is an exponential random variable. Consequently, the
distribution of m(Ap) given m(Ap) > 0 satisfies

m(Ap) — kb4 5412

for some constant «. Therefore, the second moment in (6.2) is infinity as long as
d > 2. This example suggests that the construction of the change of measure needs
to be modified slightly.

Extreme value theory considerations similar to those explained in the previ-
ous paragraph give that the overshoot of f over a given level b will be of order
®(1/b). Thus, in order to keep 75, reasonably close to the excursion set, we shall
also consider the possibility of an undershoot of size ®(1/b) right at t,. As we
shall see, this relaxation will allow us to prevent the variance in (6.2) becoming
infinite. Thus, instead of (6.1), we shall consider 75,/ with density

P(f(t)>b—a/b)
E[m(Ap—asp)]

for some a > 0. To ease on later notation, write

(6.3) hp—asp(t) =

Yab =b—a/b, Tyup = Th—a/b-

Let Q' be the change of measure induced by sampling f as follows. Given t,, ,,
sample f(ty,,) conditional on f(zy,,) > Y. In turn, the rest of f follows
its conditional distribution (under the nominal, or original, measure) given the
observed value f(7),,). We then have that the corresponding Radon-Nikodym
derivative is

dP _ Elm(Ay,,)]
Q' ~ m(Ay,,)

and the importance sampling estimator L) is

dp E[m(Ay,,)]
= 1(Ap #£ 0) = ——Laboq
40 (Ap # D) (A, ,)

(6.4)

(6.5) L),

(m(Ab) > 0).
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Note that we have used the continuity of the field in order to write {m(Ap) > 0} =
{Ap # @} almost surely. The motivation behind this choice lies in the fact that
since m(A,, ) > m(Ap) > 0, the denominator may now be big enough to control
the second moment of the estimator. In particular, we consider the homogeneous
and twice differentiable field mentioned previously. Given m(Ap) > 0, m(Ay, ,)
is asymptotically lower bounded by ka?/?b=%. As we shall see, introducing the
undershoot of size a/b will be very useful in the technical development both in the
remainder of this section and in Section 7. In addition, its introduction also pro-
vides insight into the appropriate form of the estimator needed when discretizing
the field.

6.2. Algorithm and analysis. We still need to face the problem of generating
f in a computer. Thus we now concentrate on a suitable discretization scheme,
still having in mind the change of measure leading to (6.4). Since our interest is to
ultimately design algorithms that are efficient for estimating expectations such as
E[T(f)|f* > b]l, where I" may be a functional of the whole field, we shall use a
global discretization scheme.

Consider U = (U, ..., Upy) where U; are i.1.d. uniform random variables tak-
ing values in 7" and independent of the field f. Set Ty = {Uy, ..., Uy} and X; =
X;(Uj)= f(U;) for 1 <i <M. Then X = (Xy,...,X;;) (conditional on U) is a
multivariate Gaussian random vector with conditional means w(U;) 2 E(X;|U;))
and covariances C(U;, Uj) 2 Cov(X;, X|U;, Uj). Our strategy is to approximate
w(b) by

wum (Va,b) = P(trg%f(t) > Va,b) = E[P(lrfr}e& Xi > Va,b|U>]-

Given the development in Section 5, it might not be surprising that if we can ensure
that M = M (¢, b) is polynomial in 1/¢ and b, then we shall be in a good position
to develop a FPRAS. The idea is to apply an importance sampling strategy similar
to that we considered in the construction of LZ of (6.5), but this time it will be
conditional on U. In view of our earlier discussions, we propose sampling from
Q" defined via

M
Q"(X € BlU)=)_ py(i)P[X € B|X; > ya. Ul

i=1
where
P(X; > ya,pIU)
ML PXj > vaslU)

puli) =

We then obtain the (conditional) importance sampling estimator

Z&P@»muwﬂ

(6.6) Ly(U) =
’ M 1(Xi > )

(I}liglchi > Va,b)-
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Note that the event {max™ | X; > y, »} occurs with probability 1 under Q. There-

fore, the indicator / (maxf‘i 1 Xi > Ya,p) will be omitted when it does not cause
confusion. It is clear that

wy (Vap) = EC [Ly(U)].

Suppose for the moment that M, a and the number of replications n have been
chosen. Our future analysis will, in particular, guide the selection of these param-
eters. Then the procedure is summarized by the next algorithm.

ALGORITHM 6.1. The algorithm has three steps:

STEP (1). Simulate U, ..., U™ which are n i.i.d. copies of the vector U =
(Ui, ..., Up) described above. .

STEP (2). Conditional on each UY), for i = 1,...,n, generate L;’)(U(")) as
described by (6.6) by considering the distribution of X OO =x Y) U l(i)), -
X ,(‘i,) U ,(V’,))). Generate the X @ (U®) independently so that at the end we obtain that
the Ll(f)(U(")) are n i.i.d. copies of L, (U).

STEP (3). Output

~ 1 . .
L(u®.....u")=— S L w®).
i=1

6.3. Running time of Algorithm 6.1: Bias and variance control. 'The remainder
of this section is devoted to the analysis of the running time of the Algorithm 6.1.
The first step lies in estimating the bias and second moment of L, (U) under the
change of measure induced by the sampling strategy of the algorithm, which we
denote by Q”. We start with a simple bound for the second moment.

PROPOSITION 6.2. There exists a finite Ao, depending on o = max;c7|u(t)|
and O'% = MaXseT az(t),for which
0" 2 2 2
EQ'[L,(U)?] < aoM P(max 1) > b) .
teT
PROOF. Observe that
EC[Ly(U)?]

M 2
< E((Z P(X; > ya,b|Ul~>> )

i=1

y 2
< E((Zsup P(f(Ui) > Vab|Ui =t)> )

i=1 teT
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2 2
=M rtnea;( P(f () > Yap)

< AoM? max P(f(t) > b)2
teT
2

< hoM>P 1) >b),
< oM’ P (max f (1) > b)
which completes the proof. [J

Next we obtain a preliminary estimate of the bias.

PROPOSITION 6.3.  For each M > 1 we have

(w(b) — wy (Va,p)| < E[exp(—Mm(Ay, ,)/m(T)); ApNT # 2]

n P<’?eaTX F @) > vap max f () < b).

PROOF. Note that

lw(b) —wy (Va,p)| < P(tnel% ) < VYan, max f@) > b)

+ P(max £(0) > yap, max f (1) <b).
The second term is easily bounded by
P(max £(1) > yap, max f(1) <b) < P(max f(1) > yap, max [ (1) <b).

The first term can be bounded as follows:

P(max (1) < vy max £ 1) > b)

< E[(PLFUN) < vasl F) 1A N T 3 2)]

< E[(1 = m(Ay, )/m(T)"; AN T # 2]

< E[exp(—Mm(A,, ,)/m(T)); Ay NT # &].
This completes the proof. [

The previous proposition shows that controlling the relative bias of L, (U) re-
quires finding bounds for
(6.7) Elexp(—Mm(A,,,)/m(T)); ApNT # &]

and

(6.8) P(max £ (1) > yap. max f (1) <),
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and so we develop these. To bound (6.7) we take advantage of the importance
sampling strategy based on Q' introduced earlier in (6.4). Write

E[exp(—Mm(Ay, ,)/m(T)); m(Ap) > 0]

o (ep(=Mm(Ay,,)/m(T)) >
—E ( T .m(Ap) >0)Em(A,, ).

Furthermore, note that for each o > 0 we have

EQ/(exp(—Mm(Aya,b)/m(T)) A > O)
m(AVa,b) ’ ’
(6.10) <a lexp(—=Ma/m(T))
(exp(—Mm(Ay, )/ m(T))
E? ( m(Ay:j) sm(Ay,,) <o;m(Ap) > 0).

The next result, whose proof is given in Section 6.4, gives a bound for the above
expectation.

(6.9)

PROPOSITION 6.4. Let B be as in conditions (A2) and (A3). For any v > 0,
there exist constants k, Ay € (0, 00) [independent of a € (0, 1) and b, but depen-
dent on v] such that if we select

a—l > Kd/ﬁ(b/a)(2+v)2d/ﬂ,

and define W such that P(W > x) = exp(—xﬁ/d)for x>0, then

(exp(—Mm(A,, ,)/m(T))
£ m(Ayi,;) sm(Ay,,) <a;m(Ap) >0)

, m(T) (b)“d/ﬂ
2P y\a)

(6.11)
<EW

The following result gives us a useful upper bound on (6.8). The proof is given
in Section 6.5.

PROPOSITION 6.5. Assume that conditions (A2) and (A3) are in force. For
any v >0, let p=2d/B + dv + 1, where d is the dimension of T. There exist
constants bg, A € (0, 00) [independent of a but depending on pur = maxXser | ()|,
a% = max;er 0 2(1), v, the Holder parameters B and k] so that for all b > by > 1

we have

(6.12) P(Itne%g(f(t) <b+a/b|max £ (1) >b) < rab”.
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Consequently,

P(max £ (1) > v, max f (1) <b)
= P(max (1) < b[max /(1) > yu) P(max f (1) > vu)

< Aab® P{max t .
= <t f( ) > J/a,b)
MOI€OV€V,

P(rtnEaTx ) > ya,b)(l — habP) < P(rtneazg( ) > b).

Propositions 6.4 and 6.5 allow us to prove Theorem 3.1, which is rephrased in
the form of the following theorem, which contains the detailed rate of complexity
and so the main result of this section.

THEOREM 6.6. Suppose f is a Gaussian random field satisfying conditions
(A1)—(A4) in Section 3. Given any v > 0, put a = & /(41b”) (where A and p as in
Proposition 6.5), and o b =kd/P (b/a)(2+”)d/’3. Then, there exist ¢, gy > 0 such
that for all & < gy,

(6.13) lw(b) — wm (Va,p)| <w(b)e,

if M = [ce™ (b/a)4T44/BY Consequently, by our discussion in Section 2 and
the bound on the second moment given in Proposition 6.2, it follows that Algo-
rithm 6.1 provides a FPRAS with running time O((M)? x (M)? x e72871).

PROOF. Combining (6.3), (6.9) and (6.10) with Propositions 6.3—-6.5 we have
that
[w (D) — wp (Vap)l
<o exp(—Ma/m(T))E[m(Ay, )]
m(T) (b\*/P rabP
E[W?*]—+—( - E[m(A (—) b).
Furthermore, there exists a constant K € (0, o) such that
Em(A,,,) < KmaTx P(f(t) > b)ym(T) < Kw(b)m(T).
’ te
Therefore, we have that

|w(b) — wy (Va,p)l
w(b)

<a 'Km(T)exp(—Ma/m(T))

+ w2 (b>4d/ﬂ+< rab” )
)éd/ﬁM a 1 —AabP )’
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Moreover, since a = ¢/(41b”), we obtain that, for ¢ < 1/2,

lw (D) — wp (Vap)l
w(b)

<a 'Km(T)exp(—Ma/m(T))

2, m(T)? (b\*/F
Ay UM \a

From the selection of «, M and 6 it follows easily that the first two terms on the
right-hand side of the previous display can be made less than ¢/2 for all ¢ < g by
taking &g sufficiently small.

The complexity count given in the theorem now corresponds to the following
estimates. The factor O ((M)?) represents the cost of a Cholesky factorization re-
quired to generate a single replication of a finite field of dimension M. In addition,
the second part of Proposition 6.2 gives us that O(M?¢~28~!) replications are
required to control the relative variance of the estimator. [

We now proceed to prove Propositions 6.4 and 6.5.

6.4. Proof of Proposition 6.4. 'We concentrate on the analysis of the left-hand
side of (6.11). An important observation is that conditional on the random variable
Ty,, With distribution

, _ E[m(Ay,, N)]
Q(ty,, €)= —E[m(Aya,b)]

and, given f(ty,,), the rest of the field, namely (f(¢):7 € T \ {7y, ,}) is another
Gaussian field with a computable mean and covariance structure. The second term
in (6.10) indicates that we must estimate the probability that m(A,, ,) takes small
values under Q’. For this purpose, we shall develop an upper bound for

(6.14) P(m(Ay,,) <y~'.m(Ap) > OLf (1) = Vap + 2/ Vab)

for y large enough. Our arguments proceeds in two steps. For the first, in order
to study (6.14), we shall estimate the conditional mean covariance of { f(s):s €
T}, given that f(¢f) = va.p + 2/Va.p- Then, we use the fact that the conditional
field is also Gaussian and take advantage of general results from the theory of
Gaussian random fields to obtain a bound for (6.14). For this purpose we recall
some useful results from the theory of Gaussian random fields. The first result is
due to Dudley [16].

THEOREM 6.7. Let U be a compact subset of R", and let { fo(t):t € U} be a
mean zero, continuous Gaussian random field. Define the canonical metric d on U
as

d(s,1) = ELfo(0) — fo(s)P?
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and put diam(U) = sup; ,, d(s, 1), which is assumed to be finite. Then there exists
a finite universal constant k > 0 such that

diam(U4) /2
E[max fo(n)] < & /O log(\ ()12 de,

where the entropy N (¢) is the smallest number of d-balls of radius &€ whose union
covers U.

The second general result that we shall need is the so-called B-TIS (Borel-
Tsirelson—Ibragimov—Sudakov) inequality [5, 12, 14].

THEOREM 6.8. Under the setting described in Theorem 6.7,
. 12 2
P(max fo(r) — E[max fo(t)] = b) < exp(~b>/(207).
where
2 2
= E Hl.
oy =max E[fo ()]
We can now proceed with the main proof. We shall assume from now on that

Ty, = 0, since, as will be obvious from what follows, all estimates hold uniformly
over 7y, , € T. This is a consequence of the uniform Holder assumptions (A2)

and (A3). Define a new process f

(F@):teT)E(f0): 1 €TIFO) = Yas +2/vas)-

Note that we can always write fN (t) = i(t)+g(t), where g is a mean zero Gaussian
random field on 7. We have that

A0 = Ef(t) = 1) +0(0)7>C(O0,)(Vab +2/Vap — 1(0)),
and that the covariance function of f is given by
Co(s,1) =Cov(g(s),g) =C(s, 1) — a(0)72C(0, 5)C(0, 1).
The following lemma describes the behavior of zi(z) and C,(z, s).
LEMMA 6.9. Assume that |s| and |t| small enough. Then the following three
conclusions hold:
(1) There exist constants Ay and A1 > 0 such that
(@) = (ap +2/Vap)) < dolt? +01111P (vap +2/vap),
and for all z € (0, 1) and y, p, large enough,

[TL(s) — L(0)] < kmyasls — 115
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(i)
Cq(s,1) <2k (o (){|t1f +Is|P + 1t —s1P).
(iii)

Dy(s.0) = E(Ig(t) — g()P) <1 lt — 112,

PROOF. All three consequences follow from simple algebraic manipulations.
The details are omitted. [

PROPOSITION 6.10. For any v > 0, there exist k and A, such that for all
teT, y_ﬂ/d < %, a sufficiently small, and 7 > 0,

P(m(A,, )" > y,m(Ap) > O f(t) = Yap +2/Va ) < exp(—raa®y?/? /b?).

PROOF. For notational simplicity, and without loss of generality, we assume
that + = 0. First consider the case that z > 1. Then there exist ¢y, ¢» such that for
all coy P4 < b2V and z > 1,

P(m(Ay,,NT)"" >y, m(Ap) > 0| £(0) = Yup +2/Van)

<P(inf (O = Vas FO) =Yab +2/vab)

ltl<c1y=1/d

=pP( inf EO)+8(0) < 7us)

lrl<c1y™

<P inf 1) < — .
N <|z|<c1y—1/dg()_ 2Va,b)

Now apply (iii) from Lemma 6.9, from which it follows that N (¢) < c3m(T)/ g2d/B
for some constant c3. By Theorem 6.7, E(sup|,|<qy71/d f@)= O(y_ﬁ/(2d> logy).
By Theorem 6.8, for some constant c4,

P(m(Ay,,NT)"" >y, m(Ap) > 01 £(0) = Yu +2/Vap)

<P inf 1) < — )
B <|z|<c1y—1/dg()_ 2Ya b

1
<exp|—————
- p( C4yaz,by_ﬁ/d>

for czy_ﬁ/d <b 2 Vandz> 1.
Now consider the case z € (0, 1). Let t* be the global maximum of f(¢). Then,

P(m(Ay,,NT)"" >y, m(Ap) > 0| £(0) = Ya +2/Vap)

<P( inf @) <Yap S > blFO) = yab+2/van)

|[t—t*|<c1y™

<P( s 1f©) =[O >a/b|fO)=vap+2/Van)-

|s—t|<cyy—1/d
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Consider the new field &(s, t) = g(s) — g(¢t) with parameter space 7 x T. Note
that

VVar(€(s, 1)) = Dy (s, 1) < Ayls — t|P/2.

Via basic algebra, it is not hard to show that the entropy of £(s, ¢) is bounded by
Ni(e) < e3m(T x T)/&?¥/B . In addition, from (i) of Lemma 6.9, we have

[TL(s) — L(0)] < K Yapls —1]P.

Similarly, for some « > 0 and all y‘ﬂ/d < %(%)””, a < 1, there exists ¢5 such
that

P(m(Ay,,NT)""' >y, m(Ap) > 01 £(0) = Yup +2/Vap)

<P( sup  If6) = f@OI>a/b|fO)=Yap+2/van)

|s—t|<c1y—1/d

a
- P( sup  [E(s.0)] > E)

ls—t]<ciy=1/d

Cl2
= eXp(_ csb?y=Pld )

Combining the two cases z > 1 and z € (0, 1) and choosing c5 large enough we
have

P(m(Ay,, NT)"" > y,m(Ap) > 01 £ (0) = Yap +2/Vap)

a2
= eXp<_ 05b2yﬁ/d>

for a small enough and y=#/4 < %(%)H”. Renaming the constants completes the
proof. [

The final ingredient needed for the proof of Proposition 6.4 is the following
lemma involving stochastic domination. The proof follows an elementary argu-
ment and is therefore omitted.

LEMMA 6.11. Let vy and vy be finite measures on R and define n;(x) =
fxoo v;(ds). Suppose that n1(x) > n2(x) for each x > x¢. Let (h(x):x > x¢) be a
nondecreasing, positive and bounded function. Then,

 hs)vy (dx) > fooh(s)vz(ds).
X0

X0
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PROOF OF PROPOSITION 6.4. Note that

H(XP(=Mm(Ay, )/ m(T))
E¢ ( m(Ay::) ;m(Ay,,) €0, a);m(Ap) > 0)

_ /T / :E(CXP(‘M::((;“‘Z)>/m<T));

m(Ay,,) € 0, a); m(Ap) > 0| £(t) = yap + — )

a,b

X P(TVa‘b € dt)P(Va,b[f(t) - Va,b] € dZ|f(l) > Va,b)
< sup E("«XP(—Mm(Ay,,,b)/m(T));
m(AVa,h)

z>0,teT

m(Ay,,) € ©0.a):m(Ap) > 0| £(t) = yap + — )

a,b

Now define Y (b/a) = (b /a)Zd/ B Ay P w with A2 as chosen in Proposition 6.10
and W with distribution given by P(W > x) = exp(—x#/¢). By Lemma 6.11,
(exp(—Mm(Aya,b)/m(T))
sup E ;
m(A}/a,b)

teT

m(Ay,,) € ©0.):m(Ap) > 0| (1) = yup + — )

a,b
< E[Y(b/a)exp(—MY (b/a)~' /m(T)); Y (b/a) > a™"].
Now let Z be exponentially distributed with mean 1 and independent of Y (b/a).
Then we have (using the definition of the tail distribution of Z and Chebyshev’s
inequality)
exp(—MY (b/a)~ ' /m(T)) = P(Z > MY (b/a)~"' /m(T)|Y (b/a))
_ m(T)Y(b/a).
- M
Therefore,
E[exp(—=MY (b/a)~" /m(T))Y (b/a); Y (b/a) > o~ ']
m(T) 2, -1
=< TE[Y(b/a) s Y(bja) = o]

L mm (Y
- M)\gd/ﬂ a

which completes the proof. [J



1192 R.J. ADLER, J. H. BLANCHET AND J. LIU

6.5. Proof of Proposition 6.5. We start with the following result of Tsirelson
[30].

THEOREM 6.12. Let f be a continuous separable Gaussian process on a
compact (in the canonical metric) domain T . Suppose that Var(f) = o is continu-
ous and that o (t) > 0 for t € T. Moreover, assume that u = Ef is also continuous
and u(t) >0 forallt € T. Define

o} 2 max Var( (1))
te

and set F(x) = P{max;cr f(t) < x}. Then, F is continuously differentiable on R.
Furthermore, let y be such that F(y) > 1/2, and define y, by
F(y) =@ (ys).

Then, for all x > vy,
F'(x) < \Ij(xﬁ) (m(l +2a) + 1)(1 +a),
y y

where

)72

0=————.
x(x = y)yi
We can now prove the following lemma.

LEMMA 6.13. There exists a constant A € (0, 00) independent of a and b > 0
such that

P(sup,er f(t) =D —1/b)
19 P b bartlg 0= 0) <oA= O

PROOF. By subtracting inf;c7 u(¢) > —oco and redefining the level b to be
b — inf;c7 u(t) we may simply assume that Ef(¢) > 0 so that we can apply The-
orem 6.12. Adopting the notation of Theorem 6.12, first we pick bg large enough
so that F(bg) > 1/2 and assume that b > by + 1. Now, let y =b — 1/b and
F(y) = ®(y4). Note that there exists §y € (0, 00) such that §pb < y, < 80_119 for
all b > bg. This follows easily from the fact that

2
log]P’{supf(t) > x} ~logsupP{f () > x} ~ —x—z,
teT teT 207

On the other hand, by Theorem 6.12 F is continuously differentiable, and so

b+a/b

(6.16) P{Supf(t)<b+a/b|supf(t)>b}: b F'(x)dx .
ter teT P{sup;cr f (1) > b}
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Moreover,
Fl(x) < (1 — @(x;*)) (xi (14 2a(x)) + 1)%(1 +a(x))

(l—CD(y*))< . ( +2a(x))+1) y( +a(x))

= P(max £(1) > b— l/b)(%(l +2a(x) + 1)%(1 +a(x)).
Therefore,

b+a/b
/ F'(x)dx
b

< P(sup f(1) > b~ 1/b) /Ha/ (x;*( +2a(x))+1) y( +ax))dx

teT

Recalling that a(x) = yz/[x (x — y)y,%], we can use the fact that y, > §pb to con-
clude that if x € [b, b + a/b], then a(x) < 6, 2, and therefore

btafb [ xy, -
/I; (x)): (14 2a(x)) + 1) . (1+a(x))dx < 48, %a.

‘We thus obtain that

Y F () dx g Plsup,er £(1) > b—1/b)

6.17 4as
©.17) P{supteT f(t)>b} = 4% P{sup,.r f(t) > b}

for any b > bg. This inequality, together with the fact that F' is continuously dif-
ferentiable on (—o0, 00), yields the proof of the lemma for » > 0. [

The previous result translates a question that involves the conditional distri-
bution of max;cr f(¢) near b into a question involving the tail distribution of
max;c7 f(¢). The next result then provides a bound on this tail distribution.

LEMMA 6.14. Foreach v > 0 there exists a constant C(v) € (0, 0o) (possibly
depending on v > 0 but otherwise independent of b) so that such that

P(rtneaTx £(t) > b) < Cu)p/Prdvt] max P(f (1) > b)

forallb>1.

PROOF. The proof of this result follows along the same lines of Theorem 2.6.2
in [6]. Consider an open cover of T = Uf‘il T:(0), where T; () = {s : |s — t;| < O}.
We choose t; carefully such that N(6) = 0®~4) for 0 arbitrarily small. Write
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f(@t) = g@) + n(t), where g(¢) is a centered Gaussian random field and note,
using (A2) and (A3), that

_ B

P(ténTa(pé)f(t) > b) < P(tmTax gt)>b— u(ty) —kyo )

Now we wish to apply the Borel-TIS inequality (Theorem 6.8) with U = T;(0),
fo=2g.d(s,t) = EV*([g(t) — g(s)]?), which, as a consequence of (A2) and (A3),
is bounded above by Co|t — s|#/? for some Cy € (0, 00). Thus, applying Theo-
rem 6.7, we have that £ max;e7; ) g(t) < C10P/2 log(1/6) for some C; € (0, 00).
Consequently, the Borel-TIS inequality yields that there exists Ca(v) € (0, 00)
such that for all b sufficiently large and 6 sufficiently small we have

w—mm—cwWHmw)
20% ’

P(ténTa(x gt)>b—pu(t;)— KH9‘3> < Ca(v) exp<

where o7, = max;c7;9) 0 (t). Now select v > 0 small enough, and set OB/ (2+pv) —
b~!. Straightforward calculations yield that

P( max f (1) > b) < P( max ¢(1) > b — (1) —KH0’8>

teT; (6
w—umﬂ>
2a(t)2

for some C3(v) € (0, 00). Now, recall the well-known inequality (valid for x > 0)
that

< C3(v) max exp(

teT; (0)

(- ) =1-ew =22,

where ¢ = @’ is the standard Gaussian density. Using this inequality it follows that
C4(v) € (0, 00) can be chosen so that

(_w—umf
20 (1)?
for all b > 1. We then conclude that there exists C(v) € (0, 00) such that

max exp

€T (6) ) < Ca()bmax P(f (1) > b)

P(Iglg F@)>b) < N(©)Ca()bmax P(f (1) > b)
< CO~bmax P(f(t) > b)
teT
= CHM/BFT max P(f (1) > b)
teT
giving the result. [

We can now complete the proof of Proposition 6.5.
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PROOF OF PROPOSITION 6.5. The result is a straightforward corollary of the
previous two lemmas. By (6.15) in Lemmas 6.13 and 6.14 there exists A € (0, c0)
for which

P(I}le%z( f(6) <b+a/b|max f () > b)
-y P(max;cr f(t) >b—1/b)
- P(max;er f (1) > b)
J2d/pdv 1 MAier POF(D) > b —1/b)
P(max;er f (1) > b)

< 4C Ap24/B+dv+1 MaXeeT P(f(t)>b—1/b)
N max;er P(f(t) > b)

<aCA

< qpp2d/Brdvtl
The last two inequalities follow from the obvious bound
>
P(%a% F=b)> max P(f (1) > b)

and standard properties of the Gaussian distribution. This yields (6.12), from which
the remainder of the proposition follows. [J

7. Fine tuning: Twice differentiable homogeneous fields. In the preceding
section we constructed a polynomial time algorithm based on a randomized dis-
cretization scheme. Our goal in this section is to illustrate how to take advantage
of additional information to further improve the running time and the efficiency of
the algorithm. In order to illustrate our techniques we shall perform a more refined
analysis in the setting of smooth and homogeneous fields and shall establish op-
timality of the algorithm in a precise sense, to described below. Our assumptions
throughout this section are (B1) and (B2) of Section 3.

Let C(s —t) =Cov(f(s), f(¢)) be the covariance function of f, which we as-
sume also has mean zero. Note that it is an immediate consequence of homogeneity
and differentiability that 9; C(0) = 81.3]. (C(0)=0.

We shall need the following definition.

DEFINITION 7.1. We call T = {1, ..., 1y} C T a O-regular discretization of
T if, and only if,
min|t; — ;| >0, supmin |f; — t| < 26.
i#] teT !

Regularity ensures that points in the grid T are well separated. Intuitively, since
f is smooth, having tight clusters of points translates to a waste of computing re-
sources, as a result of sampling highly correlated values of f. Also, note that every
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region containing a ball of radius 20 has at least one representative in T. There-
fore, T covers the domain T in an economical way. One technical convenience
of f-regularity is that for subsets A € T that have positive Lebesgue measure (in
particular ellipsoids)

#ANT)  m(A)

lim = )
M—o0 M m(T)
where here and throughout the remainder of the section #(A) denotes the cardinal-
ity of the set A.
Let T ={t1,...,ty} be a O-regular discretization of 7', and consider

X=X ....Xs)T 2 @), .... fFan).

We shall concentrate on estimating wys(b) = P(maxi<;<ym X; > b). The next re-
sult (which we prove in Section 7.1) shows that if 6 = ¢/b, then the relative bias is

0( /o).

PROPOSITION 7.2. Suppose f is a Gaussian random field satisfying condi-
tions (B1) and (B2). There exist co, c1, by and &g such that, for any finite ¢ /b-
regular discretization T of T,

(7.1) P(suE F(t) <b|sup £(t) > b) <cov/e and #T)<cim(T)e 4!

teT teT

forall e € (0, g0] and b > by.

Note that the bound on the bias obtained for twice differentiable fields is much
sharper than that of the general Holder continuous fields given by (6.13) in The-
orem 6.6. This is partly because the conditional distribution of the random field
around local maxima is harder to describe in the Holder continuous than in the
case of twice differentiable fields. In addition to the sharper description of the
bias, we shall also soon show in Theorem 7.4 that our choice of discretization is
optimal in a cetain sense. Finally, we point out that the bound of ./¢ in the first
term of (7.1) is not optimal. In fact, there seems to be some room of improvement,
and we believe that a more careful analysis might yield a bound of the form coe2.

We shall estimate wj;(b) by using a slight variation of Algorithm 5.3. In partic-

ular, since the X;’s are now identically distributed, we redefine Q to be

M
1
(7.2) Q(XeB):ZMP[XemX,- >b—1/b].
i=1
Our estimator then takes the form
~ MxP(Xi>b—1/b
(7.3) L, = 1; (X1 > / )]l< max X,->b).

Clearly, we have that £ Q(Lp) = wp(b). (The reason for subtracting the factor of
1/b was explained in Section 6.1.)
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ALGORITHM 7.3. Given a number of replications n and an &/b-regular dis-
cretization T the algorithm is as follows:

STEP (1). Sample XD, ..., X ii.d. copies of X with distribution Q given by
(7.2).

STEP (2). Compute and output

where

()
max X. >b).
b MoaxV s b l/b) )

1<i<m J

Theorem 7.5 later guides the selection of n in order to achieve a prescribed
relative error. In particular, our analysis, together with considerations from Sec-
tion 2, implies that choosing n = O(s7281) suffices to achieve ¢ relative error
with probability at least 1 — §.

Algorithm 7.3 improves on Algorithm 6.1 for Holder continuous fields in two
important ways. The first aspect is that it is possible to obtain information on the
size of the relative bias of the estimator. In Proposition 7.2, we saw that in order
to overcome bias due to discretization, it suffices to take a discretization of size
M =#(T) = ©(b?). That this selection is also asymptotically optimal, in the sense
described in the next result, will be proven in Section 7.1.

THEOREM 7.4. Suppose f is a Gaussian random field satisfying conditions
(B1) and (B2). If 0 € (0, 1), then, as b — o0,

sup P(sup f(t) > b| sup f(t) > b) — 0.
#(TH<ptd  “teT

This result implies that the relative bias goes to 100% as b — oo if one chooses
a discretization scheme of size O (b??) with 6 € (0, 1). Consequently, d is the
smallest power of b that achieves any given bounded relative bias, and so the sug-
gestion above of choosing M = O (b?) points for the discretization is, in this sense,
optimal.

The second aspect of improvement involves the variance. In the case of Holder
continuous fields, the ratio of the second moment of the estimator and w(b)? was
shown to be bounded by a quantity that is of order O(M?). In contrast, in the
context of smooth and homogeneous fields considered here, the next result shows
that this ratio is bounded uniformly for » > bg and M = #(T) > cb?. That is, the
variance remains strongly controlled.
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THEOREM 7.5. Suppose f is a Gaussian random field satisfying conditions
(B1) and (B2).~Then there exist constants c, by and e such that for any € /b-regular
discretization T of T we have

EQL? ECL?
sup 5 b <  sup 5 b <c
b>bg,e€[0,g0] P (SupzeT f(t) > b) b>bg,e€[0,e0] P (SupteT f(t) > b)

for some ¢ € (0, 00).

The proof of this result is given in Section 7.2. The fact that the number of
replications remains bounded in b is a consequence of the strong control on the
variance.

Finally, we note that the proof of Theorem 3.3 follows as a direct corollary
of Theorem 7.5 together with Proposition 7.2 and our discussion in Section 2.
Assuming that placing each point in T takes no more than ¢ units of computer time,
the total complexity is, according to the discussion in Section 2, O (nM?> + M) =
O(e728~' M3 + M). The contribution of the term M> = 0 (¢ ~%?H3?) comes from
the complexity of applying Cholesky factorization, and the term M = O (¢ ~2¢b?)
corresponds to the complexity of placing 7.

REMARK 7.6. Condition (B2) imposes a convexity assumption on the bound-
ary of T. This assumption, although convenient in the development of the proofs
of Theorems 7.4 and 7.5, is not necessary. The results can be generalized, at the
expense of increasing the length and the burden in the technical development, to
the case in which T is a d-dimensional manifold satisfying the so-called Whitney
conditions [5].

The remainder of this section is devoted to the proof of Proposition 7.2, Theo-
rems 7.4 and 7.5.

7.1. Bias control: Proofs of Proposition 7.2 and Theorem 7.4. We start with
some useful lemmas, for all of which we assume that Conditions (B1) and (B2) are
satisfied. We shall also assume that the global maximum of f over T is achieved,
with probability one, at a single point in 7. Additional conditions under which this
will happen can be found in [5] and require little more than the nondegeneracy
of the joint distribution of f and its first- and second-order derivatives. Of these
lemmas, Lemma 7.7, the proof of which we defer to Section 7.3, is central to much
of what follows. However, before we state it we take a moment to describe Palm
measures, which may not be familiar to all readers.

7.1.1. Palm distributions and conditioning. It is well known that one needs
to be careful treating the distributions of stochastic processes at random times.
For a simple example, in the current setting, consider the behavior of a smooth
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stationary Gaussian process f on R along with its derivative f’.If € R is a fixed
point, u > 0, and we are given that f(0) =0 and f(¢#) = u, then the conditional
distribution of f”(¢) is still Gaussian, with parameters determined by the trivariate
distribution of (£ (0), f(¢), f'(r)). However, if we are given that f(0) = 0, and that
t > 0 is the first positive time that f(¢#) = u, then ¢ is an upcrossing of the level u
by f, and so f’(¢) must be positive. Thus it cannot be Gaussian. The difference
between the two cases lies in the fact that in the first case ¢ is deterministic, while
in the second it is random.

We shall require something similar, conditioning on the behavior of our (Gaus-
sian) random fields in the neighborhood of local maxima. Since local maxima are
random points, given their positions the distribution of the field is no longer sta-
tionary nor, once again, even Gaussian. We often shall assume for that a local
maximum is at the origin. This, however, amounts to saying that the point-process
induced by the set of local maxima is Palm stationary (as opposed to space station-
ary) and therefore we must then use the associated Palm distribution; the precise
conditional distribution of the field given the value of the local maximum at the
origin is given in Lemma 7.11. The precise distribution is given in Lemma 7.11.

The theory behind this goes by the name of horizontal-vertical window condi-
tioning and the resulting conditional distributions are known as Palm distributions.
Standard treatments are given, for example, in [1, 6, 18, 19, 21]. To differentiate
between regular and Palm conditioning, we shall denote the latter by ||p.

We can now set up two important lemmas which tell us about the behavior
of f in the neighborhood of local and global maxima. Proofs are deferred until
Section 7.3. First, we provide some notation.

Let £ be the (random) set of local maxima of f. That is, for each s in the interior
of T, s € L if and only if

(7.4) Vf(s)=0 and V2f(s)eN,

where ) is the set of negative definite matrices, and V? f (s) is the Hessian matrix
of f ats. For s € 9T, similar constraints apply and are described in the proof of
Lemma 7.7. Then we have:

LEMMA 7.7. Let L be the set of local maxima of f. For any ag > 0, there
exists ¢*, 8%, by and 8y (which depend on the choice of agp), such that for any
seLl,ae0,a9),8€(0,38)),b>by,z>b+a/b

(7.5) P( min  f(t) <b|pf(s) =z) <c* exp(—a*).

[t—s|<8ab~! 82

LEMMA 7.8. Let t* be the point in T at which the global maximum of f

is attained. Then, with the same choice of constants as in Lemma 7.7, for any
a € (0,a9), 6 €(0, ) and b > by,

P(V_ min £t <b|pf*) > b+ a/b) <2c* exp<—§—z>.

t*|<8ab~1
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7.1.2. Back to the proofs. The following lemma gives a bound on the density
of sup,.r f(¢), which will be used to control the size of overshoot beyond level b.

LEMMA 7.9. Let py+(x) be the density function of sup,cr f(t). Then there
exists a constant c ¢+ and by such that

pre(x) <cpx@P(£(0) > x)

for all x > by.

PROOF. Recalling (1.3), let the continuous function pE (x), x € R, be defined
by the relationship

EleT:fm=0) = [ pEwdn,

where the left-hand side is the expected value of the Euler—Poincaré characteristic
of Ap. Then, according to Theorem 8.10 in [8], there exists ¢ and § such that

IpE ) — pr) < cP(f(0) > (1+8)x)

for all x > 0. In addition, thanks to the result of [5] which provides fb"o pE (x)dx
in closed form, there exists ¢g such that, for all x > 1,

pE) < coxd'HP(f(O) > Xx).
Hence, there exists ¢ ¢+ such that

P (x) < coxP(£(0) > x) +cP(f(0) > (1 +8)x) <cpxTIP(£(0) > x)
forallx > 1. 0O

The last ingredients required to provide the proof of Proposition 7.2 and The-
orem 7.4 are stated in the following result, adapted from Lemma 6.1 and Theo-
rem 7.2 in [24] to the twice differentiable case.

THEOREM 7.10. There exists a constant H (depending on the covariance
function C), such that

(7.6) P(sup f (1) > b) = (1 + 0(1)) Hm(T)b* P(f (0) > b)
teT

as b — oo.
Similarly, choose & small enough so that [0, 819 C T, and let Ay =[0,b~ 114,
Then there exists a constant H| such that

(71.7) P(sup £(1) > b) = (1+0(1)Hi P(f(0) > b)

1€

as b — oo.
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We now are ready to provide the proof of Proposition 7.2 and Theorem 7.4.

PROOF OF PROPOSITION 7.2. The fact that there exists ¢ such that
#(T) < cym(T)e~4p?

is immediate from assumption (B2). Therefore, we proceed to provide a bound for
the relative bias. Note first that elementary conditional probability manipulations
yield that, for any ¢ > 0,

P(sug f (&) <b|sup f(1) > b)

teT teT

< P(sup (1) < b+2J&/b|sup £ (1) > b)
teT teT

1 P(sup F(t) <b|sup £(t) > b+ 2¢E/b).
reT teT

By (7.6) and Lemma 7.9, there exists ¢, such that, for large enough b, the first term
above can bounded by

P(sup f (1) <b+2e/b|sup £ (1) > b) < c2v/e.

teT teT

Now take ¢ < g9 < 8(2) where &g is as in Lemmas 7.7 and 7.8. Then, applying (7.5),
the second term can be bounded by

P(suE F(&) <b|sup f(t) > b+ 2¢§/b)

teT teT

§P< sup f(t)<b|supf(t)>b+2ﬁ)
teT

|t —t*|<2eb~!
<2c¢*exp(—8*e™ ).
Hence, there exists a co such that

P(sup £() < b|sup £(1) > b) < c2/e +2¢"¢ " <o/t
T teT

teT

forall e € (0,g9). U

PROOF OF THEOREM 7.4. We write 6 =1 — 36 € (0, 1). First note that, by
(7.6),

P(supf(t) > b+ b%sup f(1) >b)—>0
T T

as b — oo. Let t* be the position of the global maximum of f in 7. According
to the exact Slepian model in Section 7.3 and an argument similar to the proof of
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Lemmas 7.7 and 7.8
(7.8) P( sup  f(1)>blb< f(z*)§b+b25—1) =0

|t—*|>p20-1

as b — oo. Consequently,

P( sup  £(t) > b|sup £(t) > b) 0.
T

|r—1*|>p28—1
Let
B(T, b Y=]JB@bp*.

teT

We have

P(sup £(6)>b|sup f(t) > b)
T T

SP( sup f(t)>b]supf(t)>b)
T

[t —1*| >~

+P(sup f())>b, sup  f(t) <b|sup f(t) > b)
T T

T |t—1*|>b25-1
<o(l) + P(t* e B(T, b Y|sup f(t) > b)
T
50(1)+P( sup  f(t) > b|sup (1) >b).
B(f,b%—l) T

Since #(T) < b(17394 we can find a finite set T’ = {t{,....t/} C T and let
Ak =1, +[0,67"] such that [ = O(b'~99) and B(T,b*~") c Ui, Ax. The
choice of / only depends on #(T), not the particular distribution of T. Therefore,
applying (7.7),

sup P sup  f(0)>b) < OB P(f(0)>b).
#(be(ﬂd) B(T,b%*l)

This, together with (7.6), yields

sup P( sup f(t)>b|supf(t)>b)§O(b_5d):o(1)
#(T<bd)  “B(T,p25-1) T

for b > by, which clearly implies the statement of the result. [

7.2. Variance control: Proof of Theorem 7.5. 'We proceed directly to the proof
of Theorem 7.5.
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PROOF OF THEOREM 7.5. Note that

ECL?
P2(sup,cr f(t) > D)
. E(Ly)
 PA(sup,er f(1) > b)
EMx P(X|>b— l/b)/Z;?:1 1(X;>b—1/b);max; X; > b)
- P2(sup,; f (1) > b)

(E(MXP(X1>b_1/b) max X; > b, supf(t)>b)>
J 1]1(X >b_l/b) ] teT

x ( (supf(t) > b))_l

teT

(E(MP(X1 > b —1/b)1(max; X; > b) wp (1) > b))
" L(X;>b—1/b) P =

(Pl r=n)

teT
M1(max; X; > b) )
( I, >b—1/b)‘f‘§¥f(”>b

P(X1 > b—1/b)
P(sup;er f(2) > by

The remainder of the proof involves showing that the last conditional expectation
here is of order O (b?). This, together with (7.6), will yield the result. Note that for
any A(b, €) such that A(b, &) = ©®(M) uniformly over b and &, we can write

<Mx]l(maxJX > b) “w f(t)>b>
CLX; > b—1/b) 1t
M x 1M 01X > b —1/b) > M/A(b, ¢))
E j b)
- ( yzlﬂ(Xj>b—1/b) ‘fg?f(t)>

(7.9)

. Mx1(1 <Y 1(Xj > b—1/b) < M/A(b, &)
( YL LX) > b—1/b) ’

sup f(t) > b).

teT
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We shall select A (b, €) appropriately in order to bound the expectations above. By
Lemma 7.8, for any 4¢ < § < &, there exist constants ¢’ and ¢” € (0, 00), such that

* 8*
¢ exp(—a—z) > P(ll minf () <b—1/bysupf(z)>b)

teT
M
(7.10) 2P<21(Xj>b_l/b)SC/Bd/8d|supf(z)>b>
j=l teT
M pd o
d b).
- <Z§!4—131(?('>b—1/b) 5d ‘f:?f(’)> )

The first inequality is an application of Lemma 7.8. The second inequality is due
to the fact that for any ball B of radius 4¢ or larger, #(T N B) > e~ for
some ¢’ > 0. Inequality (7.10) implies that for all x such that bl /8¢ < x <
bec" /[49¢4], there exists §** > 0 such that

P< . X|Supf(t)>b) < c*exp(—=8x¥).
YL LX) >b—1/b)b? T et

Now let A(b, &) = b4c” / (4¢4) and observe that by the second result in (7.1) we
have A(b, e) = ®(M) and, moreover, that there exists c3 such that the first term
on the right-hand side of (7.9) is bounded by

. M x 11X > b—1/b) = M/A(b, £))
( YL LX) > b—1/b)

sup f(t) > b)
T

(7.11)
< C3bd.

Now we turn to the second term on the right-hand side of (7.9). We use the fact
that M/A(b, ) <" € (0, 00) (uniformly as b — oo and ¢ — 0). There exist ¢4
and cs such that, for ¢ < ¢/ca,

. M1(1 <YM 1(X; > b—1/b) < M/A(b, &)
( M 1(X; >b—1/b)

‘s?p f@) > b)

<MP<

Z]l(X >b—%> <c”/|supf(t)>b)

(7.12) =

§MP< min f(t)<b—1/b|supf(t)>b)
T

[t—t*|<c4e/b

8*
< clm(T)bdsfd exp(— 3 > < csbd.
c €2

The second inequality holds from the fact that if Z?’Izl 1(X; >b— %) is less
than ¢”, then the minimum of f in a ball around the local maximum and of radius
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c4€&/b must be less than b — 1/b. Otherwise, there are more than ¢’ elements of T

inside such a ball. The last inequality is due to Lemma 7.8 and Theorem 7.2.
Putting (7.11) and (7.12) together we obtain, for all ¢/b-regular discretizations
with ¢ < g9 =min(1/4, 1/c4)0,

ECL? - < M1(max; X; > b)
r

PGuprr f(0) = B) sup /(1) > b)

P1Xj > b—1/b) et
" P(X1>b—1/b)
P(sup,er f () > b)
b'P(X1>b—1/b)
P(sup,cr f(t) > b)
Applying now (7.6) and Proposition 7.2, we have that

P(sup,c7 f(t) > b)
P b
(f‘;?f(t)> )< I—codz

<(c3+c5)

and we have
ECL?
sup <00
b>bo,e€l0,80] P (Sup;e7 f (1) > b)

as required. [J

7.3. Remaining proofs. We start with the proof of Lemma 7.7. Without loss of
generality, we assume that the random field of that result has mean zero and unit
variance. However, before getting into the details of the proof of Lemma 7.7, we
need a few additional lemmas, for which we adopt the following notation: Let C;
and C;; be the first- and second-order derivatives of C, and define the vectors

ui(t) = (=C1(@), ..., —Cq(1)),

12 (t) = vech((Cij (1), i =1,....d, j=i,....d).
Let f/(0) and f”(0) be the gradient and vector of second-order derivatives of f
at 0, where f”(0) is arranged in the same order as 1, (0). Furthermore, let o2 =

,u;ro be a vector of second-order spectral moments and (2> a matrix of fourth-order
spectral moments. The vectors oz and po; are arranged so that

I 0 ue
0O A O
n20 0 pan
is the covariance matrix of (f(0), f'(0), f”(0)), where A = (—C;;(0)). It then

follows that

H2.0 = 122 — H20M402
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be the conditional variance of f”(0) given f(0). The following lemma, given
in [6], provides a stochastic representation of the f given that it has a local maxima
at level u at the origin. We emphasize that, as described above, the conditioning
here is in the sense of Palm distributions. The resultant conditional, or “model”
process (7.13) is generally called a Slepian process.

LEMMA 7.11. Given that f has a local maximum with height u at zero (an
interior point of T), the conditional field is equal in distribution to

(7.13) fu@ 2 uCt) = W,BT (1) + g(1).

g(t) is a centered Gaussian random field with covariance function

e o 1 oue\7'(Co Y _ T
yon=C6=n= € (L 12) () —meaulo,

and W, is a d(d; D random vector independent of g(t) with density function

(7.14)  Yu(w) o |det(r* (w) — ul)| exp(—sw "y ow)1(r* (w) — uh € N),

where r*(w) is a d X d symmetric matrix whose upper triangular elements consist
of the components of w. The set of negative definite matrices is denoted by N .
Finally, B(t) is defined by

-1
@, oy = ca.mmn (L 1)

The following two technical lemmas, which we shall prove after completing the
proof of Lemma 7.7, provide bounds for the last two terms of (7.13).

LEMMA 7.12. Using the notation in (7.13), there exist 8y, €1, ¢1 and by such
that, for any u > b > by and é € (0, §p),

P( sup |WuBT (1) “>< ep( 8‘b2>
u > — ) <crexp[———).
l<safb 4b 84

LEMMA 7.13. There exist ¢, 8 and 8o such that, for any & € (0, &),

a S
P t — ) < —— .
(jmax, ls1> 1) <ce(~55)

PROOF OF LEMMA 7.7. Using the notation of Lemma 7.11, given any s € £
for which f(s) = b, we have that the corresponding conditional distribution of s
is that of f5(- — s). Consequently, it suffices to show that

. 5*
P( min fb(t)<b—a/b)§c*exp<— >

It|<da/b 82
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We consider first the case for which the local maximum is in the interior of 7.
Then, by the Slepian model (7.13),

fo) =bC (1) = WpB (1) +8(0).
We study the three terms of the Slepian model individually. Since
C)=1—1"At+o(t]),
there exists a g such that

a
bC(t)>b— —
®= 4b
for all |¢| < egs/a/b. According to Lemmas 7.12 and 7.13, for § < min(eo/./ao,
o),
P( min f,(t) <b— a/b)

lt|<ba/b

a a
<P| max |g(t)|> — +p< sup  |WiB8T (1 >_>
<t|<6a/b|g( )l 4b) |t|§55/b| bB ()] T

s £1b>
< cexp((g—z) + ¢ exp(—8—4)

oo(-3)
<c exp _8_2

for some ¢* and §*.

Now consider the case for which the local maximum is in the (d — 1)-
dimensional boundary of 7. Due to convexity of T we can assume, without loss
of generality, that the tangent space of d7 is generated by 9/0¢2, ..., d/0t4, the
local maximum is located at the origin and T is a subset of the positive half-plane
t1 > 0. That these arguments to not involve a loss of generality follows from the
arguments on pages 192-291 of [5], which rely on the assumed stationarity of f
(for translations) and the fact that rotations, while changing the distributions, will
not affect the probabilities that we are currently computing.

For the origin, positioned as just described, to be a local maximum it is neces-
sary and sufficient that the gradient of f restricted to 7 is the zero vector, the
Hessian matrix restricted to 97 is negative definite and 97 f(0) < 0. Applying a
version of Lemma 7.11 for this case, conditional on f(0) =« and O being a local
maximum, the field is equal in distribution to

(7.15) uC(t) — WuBT(t) + i (HOA(Z,0,...,007 + g(0),

where Z < 0 corresponds to d; f(0) and it follows a truncated (conditional
on the negative axis) Gaussian random variable with mean zero and a vari-
ance parameter which is computed as the conditional variance of d; f(0) given
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(02 £(0), ..., 04 f(0)). The vector Wyisa (d(d+1) /2)-dimensional random vec-
tor with density function

Yu(w) oc |det(F* (w) — ud)| exp(—%wT,u;(l)w)]l(zi)* —uh eN),

where A is the second spectral moment of f restricted to 37, and 7*(w) is the
(d — 1) x (d — 1) symmetric matrix whose upper triangular elements consist of
the components of w. In the representation (7.15) the vectors Wu and Z are inde-
pendent. As in the proof of Lemma 7.12, one can show that a similar bound holds,
albeit with with different constants. Thus, since w1 () = O(¢), there exist ¢’ and
8" such that the third term in (7.15) can be bounded by

4

-1 T " 7
P[”&%b i (OA"YZ,0,..., 007 > a/(4b)] <c exp( 52)‘
Consequently, we can also find ¢* and §* such that the conclusion holds, and we
are done. [

PROOF OF LEMMA 7.8. Recall that t* is the unique global maximum of f
in 7. Writing Palm probabilities as a ratio of expectations, as explained in Sec-
tion 7.1.1, and using the fact that t* € £, we immediately have

P( min f() <b|pf(*) > (b+a/b))

|t—t*|<8ab~!

(7.16)

- E@#{s € Liminy,_g _sqp1 f(1) <D, f(s) >b+ a/b})‘
- E#seLl:f(s)>b+a/b),s=t*})
Writing
Npy=#{seLl:f(s)>bB+a/b)},
it is standard fare that, for the random fields of the kind we are treating,
E(Np)=(14+0(1))P(Npy=1)

for large b; for example, Chapter 6 of [1] or Chapter 5 of [6].
Therefore, for b large enough,

E#seLl: f(s)>bB+a/b)}) -
E#seLl:f(s)>bB+a/b),s=t*})
Substituting this into (7.16) yields, for any s € £,

P(lt_ min  f(t) <b|pf ) > b+ a/b)

t*|<dab~!

§2P( min ]f(t)<b]|Pf(s)>b+a/b)

|t—s|<dab~

<2c¢*exp(—68*/82),
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where the second inequality follows from (7.5), and we are done. [J
We complete the paper with the proofs of Lemmas 7.12 and 7.13.

PROOF OF LEMMA 7.12. It suffices to prove the lemma for the case a = 1.
Since

fu@) =u=u—W,B7(0)+g(0),
and W, and g are independent, 8(0) = 0. Furthermore, since C’(¢t) = O(t) and
,u/z(t) = O(t), there exists a ¢ such that |B(z)| < colt|?. In addition, W,, has den-
sity function proportional to
Y (w) oc |det(r*(w) — ud)|exp(— 3w 1y ow)L(w* —uh € N).
Note that det(r*(w) — uA) is expressible as a polynomial in w and u, and there
exists some &y and ¢ such that
det(r*(w) —uA)
c,
det(—uA) -

if |w| < egu. Hence, there exist 3, ¢ > 0, such that

Yu(w) < Y (w): = crexp(—erw’ usyw)

for all u > 1. The right-hand side here is proportional to a multivariate Gaussian
density. Thus,

PAW >0 = [

|w|>x

Y (w) dw < / Tu(w)dw = c3P(|W| > x),

|lw|>x

where W is a multivariate Gaussian random variable with density function propor-
tional to . Therefore, by choosing ¢; and ¢ appropriately, we have

P g, 871> 55) =P (W= ) seve(-557)
u > — > —=— crexp| ———
i ab/ = 1T ger) T T
foralu>b. O
PROOF OF LEMMA 7.13. Once again, it suffices to prove the lemma for the
case a = 1. Since
fo(©) =b=b—WpBT(0)+g(0),

the covariance function (y (s, ) :s,t € T) of the centered field g satisfies y (0, 0) =
0. It is also easy to check that

A5y (s, 1) = O(|s[ + ), dy (s, 1) =O(ls| + |r]).

Consequently, there exists a constant ¢, € (0, 00) for which

v, 0)<c, (s +1t1%),  y(s,s) <c,ls|>
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We need to control the tail probability of sup, s/, |g(#)]. For this it is useful to
introduce the following scaling. Define

=32
8s —68 A

Then sup;, <5/, §(1) = ﬁ if and only if sup, <; gs(7) > %. Let

os(s, 1) = E(gs(s), 8s(1)).
Then,

supos(s,s) <cy.

seR
Because y (s, t) is at least twice differentiable, applying a Taylor expansion we
easily see that the canonical metric d, corresponding to gs(s) (cf. Theorem 6.7)
can be bounded as follows:

dg(s.1) = E(gs(s) — gs()°

_b2[ <8s 6s)+ <3t St) 5 <8s azﬂ
2"\ )T\ ) T %
<cls —t]?

for some constant ¢ € (0, 00). Therefore, the entropy of gs, evaluated at 8, is
bounded by K5~ for any § > 0 and with an appropriate choice of K > 0. There-
fore, for all § < &g,

1 1 1
P( su ) Z—):P(su (t)z—) <c 8 9 Mex (—7)
Illigb @) 4b |z|5p1 8 45 a P 16¢, 82
for some constant ¢4 and 1 > 0. The last inequality is a direct application of The-
orem 4.1.1 of [5]. The conclusion of the lemma follows immediately by choosing
¢ and § appropriately. [

8. Numerical examples. In this section, we provide four examples which in-
dicate how well the techniques we have suggested actually work in practice.

The fist treats a random field for which the tail probability is in a closed form.
This is simply to confirm that the estimates yielded from the algorithm are reason-
able.

ExXAMPLE 8.1. Let f(t) = Xcost + Ysint and T = [0, 3/4] where X and
Y are i.i.d. standard Gaussian. We compute P (supy f(f) > b). This probability is
known in closed form (cf. [5]) and is given by
—b2/2.

(8.1) P( sup f(t)>b>=1—<l>(b)+%e
0<r<3/4

Table 1 shows the (remarkably accurate) simulation results.
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TABLE 1
Simulation results for the cosine process. All results are based on 103 independent simulations. The
“True value” is computed using (8.1) The computation time for each estimate is less than one
second. The lattice size is 3b

b True value Est. Std. er.
3 3.12E-03 3.13E-03 8.43E-05
5 8.8E-07 8.6E-07 2.27E-08

10 3.83E-23 3.81E-23 8.88E-25

The remaining examples treat more interesting random fields for which 7 is a
two-dimensional square.

EXAMPLE 8.2. Consider the smooth homogenous random field on 7 =
[0, 1]2 with mean zero and covariance function

C(t)y=e 1.

Table 2 shows the simulation results of the excursion probabilities P (supy f(¢) >
b) and expected overshoots E(supy f(t) —b|supy f(¢) > b). The results are based
on 1,000 independent simulations by setting the tuning parameter a = 1. The size
of discretization and CPU time are also reported.

EXAMPLE 8.3. Consider the continuous, but nondifferentiable, and nonho-
mogenous random field on 7" = [0, 11 with

() =01t +0.15C(s, 1) = e 115,

Table 3 shows the simulation results of excursion probabilities P (supy f(¢) > b)
and expected overshoots E (supy f(¢) — b|supy f(¢) > b). The simulation setting
is the same as that in Example 8.2.

EXAMPLE 8.4. Consider the smooth random field living on T = [0, 112 with
() =0.1t; +0.1C (1) = e 1/4,

TABLE 2
Simulation results in Example 8.2

P(supr f(¢) > b) E(supy f(t) — blsupt f(¢) > b)
b Est. St. d. Est. St. d. Lattice size CPU time
3 1.1E-02 3.8E-04 0.30 1.5E-02 10 by 10 6 sec
4 3.3E-04 1.2E-05 0.25 1.3E-02 15by 15 53 sec

5 4.3E-06 1.6E-07 0.19 1.0E-02 15 by 15 45 sec
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TABLE 3
Simulation results for Example 8.3

P(supy f(t) > b) E(supy f(¢) — blsupy f(¢) > b)

b Est. St. d. Est. St. d. Lattice size CPU time
3 1.4E-02 5.0E-04 0.32 1.6E-02 10 by 10 6 sec
4 5.3E-04 1.9E-05 0.25 1.3E-02 15 by 15 40 sec
5 7.2E-06 2.6E-07 0.20 9.8E-03 15by 15 56 sec

Table 4 shows simulation results for the excursion probabilities P (supy f(f) >
b) and the expected overshoots E(supy f(t) — b|supy f(¢) > b). The simulation
setting is the same as that in Example 8.2.

Although we have given rigorous results regarding descretization parameters,
in practice we choose the lattice size sufficiently large so that the bias was in-
consequential in comparison to the estimated standard deviation. We achieved this
by increasing the lattice size until the change of the estimate was small enough
relative to the estimated standard deviation.

Note that, for all the examples, the relative error does not increase as the level
increases and the exceedance probability tends to zero as long as the lattice size
also increases. This is in line with the theoretical results of the paper.

Another empirical finding is that the computational burden increases substan-
tially with lattice size, although the algorithm has been proven to be of polynomial
complexity. This complexity is mainly from the Cholesky decomposition of large
covariance matrices. While this is a problem common to all discrete simulation
algorithms for random fields, we nevertheless plan to look at this efficiency issue
in future work.

Acknowledgment. We are grateful to a referee and an Associate Editor for
helpful comments and suggestions.

TABLE 4
Simulation results for Example 8.4

PGupy f(t)>b)  E(supy f(t) = blsupy f(t) > b)
b Est. St. d. Est. St. d. Lattice size CPU time
3 1.5E-02 5.8E-04 0.33 1.5E-02 15by 15 58 sec
4 6.4E-04 3.1E-05 0.25 1.4E-02 15by 15 44 sec

5 1.3E-05 6.9E-07 0.21 1.3E-02 25 by 25 600 sec
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