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ON THE FAILURE PROBABILITY OF ONE DIMENSIONAL
RANDOM MATERIAL UNDER DELTA EXTERNAL FORCE*

JINGCHEN LIUT AND XIANG ZHOU#

Abstract. We provide an asymptotic analysis of the small failure probabilities for a piece of
elastic random material under a certain external force and boundary condition. The displacement
of the material is described by a one dimensional stochastic elliptic differential equation. The dif-
ferential equation admits random coefficients described by a Gaussian process. Failure is defined as
the event that the maximum strain of the material exceeds a certain level. We derive asymptotic
approximations of the probability that the strain exceeds a high level b that tends to infinity.
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1. Introduction

Stochastic models are usually employed to describe the microscopic heterogeneity
or uncertainty of parameters of physics systems. Understanding the probabilistic
properties of the stochastic responses of such models is one of the central objectives of
the analysis. In material science, for instance, the focus of many works is on obtaining
the averaged macroscopic effects as well as the standard deviations of the quantities of
interest. In this paper, we are interested in rare events associated with such stochastic
systems. The analyses are crucial to the evaluation of system risk as well as the
understanding of model response under extremal situations. The problem motivating
the current study is the failure problem of a composite material. We are interested in
the probability that a piece of material with random elasticity coefficient breaks down
under certain criteria. In particular, we develop closed-form approximations of the
breaking-down probabilities in the asymptotic regime where the event rarely occurs.
This analysis provides a computationally viable way of evaluating the system’s failure
risk and a qualitative description of the system given that the breaking-down event
occurs.

We consider the following classical continuum mechanical model in the form of a
linear elliptic partial differential equation (under certain boundary conditions),

V- (a(z)Vu(x))= f(x). (1.1)

The solution to the above equation v is the displacement field of the elastic material,
Vu is the strain, a is the elasticity tensor, ogiress(7) 2 a(z)Vo(z) is the stress tensor,
and f is the external body force. The elasticity tensor a(x) (which is uniformly positive
definite) is determined by the specific properties of the material. Instead of assuming
that a is deterministic as usual, we are interested in the situations when the tensor a
is random. The randomness is introduced to incorporate the uncertainties of simple
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500 FAILURE PROBABILITY OF ONE DIMENSIONAL RANDOM MATERIAL

elastic materials at the macroscopic level or heterogeneity in the microstructures of
complex materials. Under this setting, the solution v(x) (as a function of a(z)) is also
a stochastic process whose law is determined by that of a(z).

The elliptic PDE (1.1) arises in various fields of applications, such as material
mechanics, hydrogeology, and porous media, and the tensor a(z) carries different
names such as conductivity or permeability. It is recognized that the modeling of the
random field a(z) is of primal importance for predictive analysis and simulations to be
obtained because this input parameter controls the distribution of the solution. Many
studies by practioners, e.g. [17, 7, 15], have shown that the best fit of the empirical
data is the log-normal distribution. Hence, the log-normal assumption is well justified
in applications and is used in mathematical analysis and numerical computation of
the stochastic PDE (1.1). In our paper, we follow this convention of log-normal
assumption for the rare-event analysis.

Another modeling issue that we need to address is a quantitative measure for
failure. Physically, material failure is a progressive and localized structural damage
that initiates at the microscopic level, controlled by inter-atomic bond breaking, as a
result of crack nucleation and growth. In the engineering community, people usually
use several working definitions for specific problems. Here we adopt a phenomeno-
logical failure criterion that is consistent with general notions used in the engineering
community and that has its own mathematical interest. We define failure as the event
that the spatial maximum of the norm of the strain, m3X|Vv(x)\, exceeds a certain

threshold value b>0. This criterion is called mazimum strain criterion. Our goal is
to characterize the asymptotic behaviors of the following probability as b— oo,

pp 2 P(max |Vu(z)| >b).

In this paper, we restrict ourselves to the one dimensional problem on the domain
[0,77], that is, the stochastic PDE in (1.1) is reduced to the following ODE:

(a(2)0'(z)) =f(z), =€(0,T). (1.2)

The main reason that we restrict the analysis to the one dimensional ODE is that the
closed form solution to the equation is not available for the high dimensional PDEs.
We further assume that the random function a(z) follows a log-normal distribution:

a(z)=e" 8@, (1.3)

where £(x) is a stationary zero-mean unit-variance Gaussian process living on [0,7]
and the noise amplitude ¢ >0 is fixed. Of interest in this paper is the tail probability

P2 P(max|v/(x)| > b) (14)

as b— 00.

Upon considering max |v'(z)| as a (complicated) functional of the Gaussian pro-
cess &(x), the analysis of (1.4) links naturally to the rare-event analysis of Gaussian
processes. A Gaussian process living on a general manifold is usually called a Gaussian
random field. The study of the extremes of Gaussian random fields focuses mostly
on the tail probabilities of the supremum of the field. The results contain general
bounds on P(max{(z) >b) as well as sharp asymptotic approximations as b— co. A
partial literature contains [18, 23, 25, 13, 14, 19, 27, 8]. Several methods have been
introduced to obtain bounds and asymptotic approximations, each of which imposes
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different regularity conditions on the random fields. A general upper bound for the
tail of max{(x) is developed in [13, 30], which is known as the Borel-TIS lemma.
For asymptotic results, there are several methods. The double sum method ([24])
requires an expansion of the covariance function around its global maximum and
also locally stationary structure. The Euler—Poincaré Characteristics of the excursion
set approximation (denoted by x(Ap), where A is the excursion set) uses the fact
P(max{(xz) >b)~ E(x(A4y)) and requires the random field to be at least twice differ-
entiable ([1, 28, 4, 29]). The tube method ([26]) uses the Karhunen-Loeéve expansion
and imposes differentiability assumptions on the covariance function (fast decaying
eigenvalues) and regularity conditions on the random field. The Rice method ([5, 6])
represents the distribution of max&(z) (density function) in an implicit form. Re-
cently, the exact tail approximation of integrals of exponential functions of Gaussian
random fields was developed in [20, 21]. Efficient computations via importance sam-
pling has been developed in [2].

The corresponding rare-event analysis of stochastic ordinary or partial differential
equations, to the authors’ best knowledge, is largely an unexplored area. Nonetheless,
it has been established in [22] that the exponential asymptotic of py is

(logb)?
202

The main contribution of this paper (Theorem 2.1) is to develop an exact asymptotic
approximation in the form

logpy ~ — (1.5)

u2
pbwaub_ﬁe*Tb,
where D and 8 are computable constants and wu;, is a monotonically increasing func-
tion of b (more precisely, logb). Here we write h(b)~ g(b) if h(b)/g(b) —1 as b— oo.
This exact asymptotic analysis of p, not only provides a more refined approximation
than (1.5), but also sheds light on the conditional distribution of v(x) given that the
material fails, such as where [v'(z)| is most likely to achieve its maximum and the
level of the maximum. Such a conditional distribution is central to the construction
and analysis of efficient numerical computations of p, by importance sampling. For
a more detailed discussion of the conditional distribution and rare-event simulation,
see [11, 10, 3, 9].

Our analysis in this paper is restricted to the delta external force with a point
mass at x, € (0,7). The strain function for the Dirichlet boundary condition can be
written in a form

fogc* e gy’

V() =et@ 0 —
( ) fOTeo.E(x/)dx,

T > Ty,

The basic intuition of the current analysis is that the event {max|v’(x)| > b} is mainly
caused by the high excursion of £(x) at some point in [0,7]. The sharp approximation
of pp is developed by carefully exploring the local structure of £ around its global
maximum (denoted by 7.) conditional on £(7.) exceeding some high level u; that
tends to infinity as b— oco. As shown in the next section, to analyze the high excur-
sion of such a function, we employed the saddle point approximation of £ around T,
and approximate e?¢(*)/ [¢7¢(*) dz’ by a Gaussian density function with a correction
term. The analysis combines understandings of the physics system and techniques of
Gaussian processes. The main results are given in Section 2. The proofs are given in
Section 3.
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2. Main results

2.1. Problem setup. Throughout the discussion, we consider the one dimen-
sional equation (1.2). Depending on the boundary conditions, the solution v(x) takes
different forms. For the following mixing boundary condition with a load P at the
right end x =T and zero displacement at the left end =0,

the solution and its derivative are

_ ["=F(T)+F(y)+P nd o () — —F(T)+ F(x)+ P
v(x)—/o o dy and o (2) 5 @

where F(z)£ [ f(y)dy. With a(z) defined as in (1.3), v/(z) is also log-normal with a
spatially varying mean function (depending on F' and P). The asymptotic behavior of
pp for the above mixing boundary condition is thus equivalent to that of the supremum
of a Gaussian process living on a compact set. This has been studied intensively in
the literature (e.g. [3, 4]). For completeness, we cite some classic results. If £(z) is a
smooth Gaussian process with piecewise twice differentiable mean E(£(z)) = u(z) and
covariance E((2)¢(y)) =C(x —y), then we have the following asymptotics:

T p@n?
~ O
P(r[f)l%?](ﬁ(:ﬂ) >b) C. X/O e” O dx, (2.2)

for some constant C, depending on the spectral moments of £ and the curvature of
wu(x). See the text [16] and the references therein for more details.

For the Dirichlet boundary condition at both ends v(0)=v(T) =0, the solution v
and its derivative v’ are

Jo Fy)a~(y)dy'
Sy a ty)dy
foTF(y)al(y)dy>
Jatydy )

v(w)= /OwF(y)al(y)dy - /Ox a” ' (y)dy

V() =a"1(x) (F(:c) -
The arising of the coefficient

o Fy)a=(y)dy
Jo a1 (y)dy

which is a random variable determined by a, renders the asymptotic analysis non-
trivial. The work in this paper is devoted to the Dirichlet condition, i.e., the solution
(2.3) and asymptotic study of the tail probability p, = P(max, [v'(x)| >b). In addition,
we assume that the external force f is a delta function at x,, that is,

F(x)—

)

f(x)=6,,(x), and F(x)=I(x>x,). (2.4)
The elastic tensor admits the form

a(z)=e 8@, (2.5)
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The corresponding solution is denoted by v, (x). Throughout this paper, we consider
a fixed ..

REMARK 2.1. The external force f is assumed to be a delta function applied at loca-
tion .. Then the corresponding solution v, (x) is the so-called Green function. For
any general f, the solution can be represented by v,, as vs(x) szT Vg, () f (24 )da..
Thus, the study of v, (x) in this paper forms the basis for the study of more general
and complicated problems.

To simplify the notation, we drop the subscript x, and write v(x) whenever there
is no ambiguity. Under the Dirichlet boundary condition that v(0)=v(7") =0 and the
external force as in (2.4), we can rewrite the strain in (2.3) as

ff; a= (') dz'

7071(33) T 1 o lfIL'<.T*,
v (z) = » | oz{()zfl(laj(f;d)j'm . (2.6)
a (.’L‘) W, 1L T>Ts.

We first consider the one-sided tail, i.e., P(maxv’(x)>b). Notice that v'(z) <0 for

x <2y, and v'(x) >0 for x>z, but v’ is discontinuous at x, and therefore v'(z,) is

not defined. To accommodate our one-sided tail analysis, we can define v'(z.) as its

one-sided limit according to which side we are interested in. Define v'(z,)= liTm v'(x)
T

for the left side problem,

/ _ )
e V()] —Iggﬁ*]( v'(z)),

and define v'(z,) 2 liim v'(z) for the right side problem,

max [V (z)|= max v'(x).
we[xfTH () e (z)

Then, the maximum can be attained on each closed interval. We first consider the
right tail by rewriting in double integration form,

T g0€(@) qo!
P( max v’ (x) >b) =P (( max e”g(z)) M >b> . (2.7)

z€[w.,T)] 2€[w.,T] fOT eot(@) !

2.2. Main asymptotic results.  We impose the following technical assump-
tions on the Gaussian process &(z).

Assumptions:

A1 The process &(x) is strongly stationary and admits the zero-mean function,
E(¢(z)) =0, and unit variance, E(¢2(x))=1.

A2 The process £(z) is almost surely three-time differentiable. The covariance
function admits the following expansion

Cov(€(0),£(x) = Cla) =1~ Sa> + 2ot +0(a*). 2.8)

A3 For each z, C(\z) is a non-increasing function of A€ RT.
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REMARK 2.2. If £(x) is three-time differentiable, it is necessary that the first, third,
and fifth derivatives of C(x) evaluated at 0 are all zero. With straightforward deriva-
tions (e.g. [4]), we can establish that the Gaussian random vector (§(x),&'(x),&"(x))
has zero mean and covariance matrix

1 0-A
0 A O
-A0 A

Note that A=Var(£'(z)), —A=Cov({(x),£"(x)), and A=Var(’(x)). Thus, it is
necessary that A >0 and A > A2,

Let X be a standard Gaussian random variable. We define the function

H(z)2—2"/2+logP(X <z), =z€R. (2.9)
Let
HZIilea]ﬁ(H(l') (2.10)

and 6, =argmaxs H (c'/2A/26). Lastly, we define

d*H
da?

(1]

(x .
:E:Ul/QAl/Zé*

With these preparations, the main result is summarized in the following theorem.

THEOREM 2.1. Suppose that £(x) is a Gaussian process satisfying conditions Al -
A3, and that the constant x, € (0,T) is given. Then the strain function defined on
z€ [z, T],

o (@)= e o 7€ da!.
fO &) do!

satisfies the following approximation:
P( II[laXT]U/(CB)>b> =(D+0(1))u_1e_“2/2, as b— o0, (2.11)
TE|Tx,

where the variable u= (logb—k)/co and

L fast A +A><E(X4;X§01/2A1/26*)
P21 T 8A202 T 2UA202P(X <o l/2A125,) |

REMARK 2.3. The function H(z) is maximized approximately at x=0.506, and
therefore §, ~0.506A~1/26=1/2, The constant  is approximately —0.494. Hence the
numerical approximation of D in (2.11) is

1

—
—

D~

L A
exp{—1.366>< 1077 x <5 }

ﬁ
3
[
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COROLLARY 2.2. Under the setting of Theorem 2.1, we have the approximation of
the two-sided tail

P( max_[v'(z)] >b> = (2+o(1))P< max v (x) >b> = (2D+0(1))u_16_"2/2,
z€[0,T x€[x,,T]

as b— 00.

Proof. [Proof of Corollary 2.2.] Note that the approximation in Theorem 2.1 does
not depend on T and z,. With a completely analogous analysis as that in Theorem
2.1, we obtain that

P< max (v’(x))>b)(1+o(1))P( max v’(x)>b).

z€[0,24] z€ [z, T]

Furthermore, one can establish that

P| max v'(z)>b, max (—v'(z))>b)=0(1)P| ma 'ar>b>.
(L 00> 0. max (/@) >0) =o()P  max_ v/
With these two results, the conclusion of the corollary is immediate. The proof of the
second estimate is as follows. (We suggest the reader finish Section 3 first and then
read the detail here.) Case 2 and Case 3 in Section 3.3 suggest that

P< max U’(x)>b,|y|>u1/2€>:0(1)P< max v'(w)>b>,

z€ [z, T z€[x,,T]

where y=¢'(x, —u~'/26,). Similarly, with completely the same analysis, we have that

P ( max —v'(z)>0b,|7| > u1/25> =o(1)P < max —v'(z)> b> ,
z€[0,2.] z€[0,2 ]

where §=¢'(x, +u~1/26,). Therefore,

P( max v'(z)>b, max —v’(x)>b)
z€[w.,T) z€[0,2.]

=P ( max o'(z)>b, max —v'(z)>b,|g] <u'/?7° |y|< u1/2_5>
z€ [z, T) z€[0,24]

+o(1)P( max_v'(z) >b)

z€[z,,T]|

SP( max o' (z)>b,|g| <u'/?7 |y §u1/26> —|—0(1)P( max v’ (z) >b) .
z€[z.,T] z€[z,,T]

The term P (maxep,, 710" (x)>b,|§] <u'/?7¢ |y|<u'/?7¢) can be estimated by a
similar analysis as that in Theorem 2.1. In particular, we just need to replace
P(A>n(u)+o(u™1)) in (3.9) by P(A>n(u)+o(u1);|7] <u'/?7). In addition, it
is not difficult to prove that on the set |y| <u'/?7¢, P(|g|<u'/?7%) =0 (recall that
&(z) is approximately a quadratic function around 7. and £”(7.)~—u). Thus, we
have that

P( max v'(:l:)>b,g|§u1/2E,|y|§u1/2€> —o(l)P( max v'(:z:)>b)>.
z€[z,,T]| z€[x,,T]

We conclude the proof. ]
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2.3. Intuitive explanation of the results. An intuitive interpretation of
the results in Theorem 2.1 is as follows. The event {max,v'(x)>b} is similar to the
event {max,¢(z)>o"'logb}, except for the factor

€ (0,1). (2.12)

/ f e”f(y)dy

Suppose that £(x) attains a large value u at some point 7 €[0,7]. Both v and 7 are
to be determined in some optimal way. Note that ({(z),£(7)) is a bivariate normal
random vector with zero mean and covariance matrix

(o2 %60

Then, the conditional distribution of £(x) given § (1) =w is a normal distribution with

mean ucg(o)ﬂ and variance C'(0) | 1 Cg(OT) . Given that C(0) =1, we have the

following representation of £(x) conditional on &£(7)=

{(2) =E(E(@)[E(T) =u)+g(z—7)=uxClz—7)+g(z—7),

where g(z) (independent of u) is a mean-zero Gaussian process and E(g*(z))=1—
C?(x). Therefore, we have the following approximation of ¢:

f(x)zuxC’(x—T)%ux(1—?(3:—7')2), U — 00. (2.13)

Then, the integrand in (2.12) can be approximated by

eo¢(®) _VuoA Jmmgffﬁ
s eotWdy V27 ’

(2.14)

which is approximately a Gaussian density with mean 7 and variance (ucA)~!

We are interested in the situation when maxi,, 7y v’ >b occurs. In particular given
the high excursion of the strain, we investigate where and at what level £ achieves it
maximum.

Note that the factor (2.12) is well approximated by a Gaussian c.d.f. P(r+
X/VulAo <xz,) where X is a standard Gaussian random variable. Therefore, if 7>
x,.+e for some constant €>0, then by (2.14), we have (2.12) —0 as u— +oo; if
T <, —¢, on the other hand, since C(¢) <1, one has maxi, §(x)~maxp, puC(z—
7)=uC(e) <u which implies the max value is still below u. Then, we want to solve
for the optimal 7 by rescaling,

T=2,—0/Vu.

We then write the factor in terms of the new variable 9,

(2.12) = P(1+ X /VulAo <z.)=P(X <6VAo),



J. LIU AND X. ZHOU 507

and we obtain the following estimate from the above approximations and the approx-
imation of ¢ in (2.13):

max o'(z)= max €@ x(2.12)

z€[x.,T] z€[z,,T]
%werr[;aj(T] eou(1=2 (@=7)%) P(X< 5\/5)
= max eoul=5 (w=z.46/Vu)) o P(X < §vAo)
z€lx.,
e" P(X <6V Ao) if 6 <0,
- {ew P20 p(X <6VAg) i §>0.

This result implies that if § takes the (positive) value 0. maximizing the function
H(vVAcd) as in (2.9), then the “cheapest” way to have max,c,, 71v'(2) exceeding
b is that the maximum of £ is attained at 7, =z, —0./y/u and reaches the level u
defined by

uo+K _ b

max v'(x)=~e
z€[x.,T]

where  is defined as in (2.10). So, u= (logh— k)/o (the choice of u as in the theorem)
is the most likely maximal value for £ to achieve, conditioned on max,¢,, 70" (z) > b.
The proof of the theorem makes the above heuristics rigorous.

3. Proof of Theorem 2.1

Throughout our discussion we use the following notations for asymptotic behav-
iors. We say that 0<g(b)=0O(h(b)) if g(b) <ch(b) for some constant ¢ € (0,00) and
all b>by>0. g(b)=o0(h(b)) as b oo if g(b)/h(b) =0 as b—oco. Lastly, we write a
sequence of random variable X, =0,(g(b)) if | X3/g(b)] is stochastically dominated by
some distribution for large enough o> 0.

We first present the Borel-TIS Lemma, which was proved independently by [13,
30].

LEMMA 3.1 (Borel-TIS). Let £(x), x €U for a parameter set U, be a mean zero
Gaussian random field with £ almost surely bounded on U. Then

B(maxé(x)) < oo,

and for any real number b,

P (mgsé(e) - Elmgxe (a)] 20) <7,

where 07, =maxey Var[é(x)).
Inspired by the heuristic argument in Section 2.3, for u defined in the theorem,
we define a spatial point 7, =z, —u~'/25,, and the following three variables (w,y,2)

to describe the behaviors of (£,£',£”) at point 7,:

wéf(n)—u, yégl(T*)v Zégn(T*)/A—i_u'
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Then we have

P([giegg]v/(x)>b> o)

=AX /P ([ma%(] v'(x)>b| w,y,z) hMw,y, z)dwdydz,
where h(w,y,z) is the density function of (£(7.),&'(7%),&" (7)) evaluated at (u+
wuy7_A(u_Z))
The main proof consists of two steps.
Step 1. We write the event {maxy, 7jv'(z)>b} as a deterministic function of
(&(74),& (14),&" (1+)) with a small correction term. In particular, the analysis

is further decomposed into two subsections. In Section 3.1, we provide an esti-
JE* 7@ dy

mate of Lr—0——
foT e7E(®) dg;

; in Section 3.2, we complete the analysis of max, v’ ().

Step 2. Based on the analysis of Step 1, we evaluate the integral (3.1). This analysis
is performed in Section 3.3.

Before carrying out the main proof, we present a proposition that localizes the
event to a region where we can apply the Taylor expansion on &(x).

PRrOPOSITION 3.2. Using the notations in Theorem 2.1, suppose that conditions A1
- A8 hold. For any >0, consider

Gu={[w]>u' T YU fly| > u P U|z] > w2 e
Then, we have that

P(G,; max v'(x)>b)= O(U—le—u2/2).
z€[x.,T)

We delay the proof of this proposition to Section 3.4. Let
L,=Gy.

The above proposition suggests that we need to focus on the major part of (3.1), that
is the integral on the event set L.,

A/ P ([ma%(] V' (2) > b w,y,z) h(w,y,z)dwdydz.
L T,

Notice that the representation of the process £ conditional on (£(7.),&' (74),&" (7))
is

§(2) =E(§(2) (7)€ (1:),8" (1)) + gz —72), (3.2)

where g(x) is a mean-zero Gaussian process almost surely three-times differentiable,
and the calculation shows that Var(g(z)) =O(|z|%), that is, g(x) = O, (|z|*) (which can
be made rigorous following the calculations in Section 3.1). Note that the distribution
of g(x) is free of (w,y,z). By using this fact and the Borel-TIS Lemma, we have the
following bound of g(x).

PROPOSITION 3.3. For any three positive real numbers 6,0',8" >0 satisfying 6" > 30,
we have that

|z|>u—1/2+8

P( max_ (|g(z)|—0'uz?) >O,Lu) =o(u~te v /?),
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r ( max |g<x>|>u1/2+5”,Lu>=o<u16“2/2»

o <u1/2+5

Proof. [Proof of Proposition 3.3.] Note that g(z) is independent of three random
variables (w,y,z). Therefore,

o n2
P (|x>r£1al)§2+5 (lg(z)] = 6'uax?) >O,Lu>

:P( max (|g(a:)|—5’u:c2)>0)P(Lu)

|z|>u—1/2+6

:0(u7167"2/2).
The last step is a direct application of Borel-TIS Lemma (Lemma 3.1) and the fact
that P(L,)=0(e~""/2+0"**)) (note that, on the set L, |w|<u/2+¢ and thus
£(1.) >u—u'/?7¢). With a similar argument, we obtain the second bound. o

So, after defining

ri=ru (], max, o) -0t <0 e ool <umt/ ),

|z|>u—1/2+8 || <u—1/2+8

we further reduce the major term of (3.1) to the event L/,
A P ([ma%(] v'(z)>b| w,y,z) hMw,y,z)dwdydz.
L, T,

To obtain the estimate of the above expression, we start the analysis of Step 1 from
the estimation of the factor (2.12).

Tx ,0&(x)
3.1. Estimation of the factor fT:TmZ:' We start with the explicit
0
formula for the conditional expectation in (3.2) by a straightforward calculation using
the covariance formula in Remark 2.2. Note that (£(7.),& (7%),&" (7%),&(x)) is a mean-

zero vector with covariance matrix

1 0 —-A C(x—14)
0 A 0 —9C(x—Ty)
—A 0 A OC (x —T4)

Cx—71.) —0C(x—71.) OC(x—T14) 1

Applying the conditional Gaussian calculations, the conditional expectation

E(&(2)|€(7+),& (74),8" (1:)) equals

e 0 ax utw
(C(z—7,),—0C(x—7,),0*°C(z—T7,)) 0 At 0 Yy
a0 3ix —Au—2)

We take derivative of the above display with respect to x and evaluate the derivatives
at x=r,. Then, we have that

E(§(r)[€(72),€'(72),6" (7)) =u+w,
0o E(§(2)[€(72),€' (7)€" (7)) |o=r. =¥,
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OZE(E(2)[€(T),€ (1), €" (1)) |o=r, = = A(u—2),
OE(E(@)|€(T),€ (1), €" (1)) lo=r, = — Ay /A,
Ty E(E(@)[E(72),€ (7)€" (1)) lo=r. = AutO(u!/>*9).

The O(u!/?*¢) term in the last line holds since we only need consider events in the
set L,. Consequently, we apply Taylor expansion to obtain

§(z)=E(¢(x) (7). (12),6" (7)) + 9w — 1) (3:3)
A(u—2z)
2

(2=7)" 4 (=) 4 Ca—r) F gla—7.)

(& —7)

=utw+y(r—7.)—
A
N
v Au—=2) vy
_ LTy —
2A(u—z) 2 A(u—2z)

(e-m) 4 Sow =) gl r)+C(a-T)  (34)

767Ay

where ((z) 2 O(u'/?*¢2* +uz®) contains the higher order remainder terms of the Tay-
lor expansion for the conditional expectation.

Consider the change of variable between s and z (note that |z| <u'/?T on the
event set L,,):

s=+/Alu—2) (az—n—A(fz)).

Then, we simplify (3.4) to the following form on the set L,:
v Ay
2A(u—2z2) 8A*(u—2z)3
s2 Ay? Ay? 9 A 4
- §— s+ S
2 3AT2(u—2)%/2"  4AA3(u—2)? 2402 (u—z)
+g(z =)+ (@) +O0(s*u™ =),

E(r)=utw+

for some €” >0 depending on the choice of € (¢ >1/2—¢>0) in Proposition 3.2. The
term O(s*u=17%") is from the expansions of the form u/(u—z2). It is convenient to
write the above terms that do not depends on s as

y? Ay*

L —
“=7 u+w+2A(u—z) 8A*(u—=z)3 "

Considering that the quantity of interest is
fOI* eag(m)dx
Sy ert@dz”

we start from the denominator by integrating out the term 0(541F1_5”)7

T T 2 3
o&(x) _cato(u™t) _ i _ A—y
[ Lol

A 2
74A3(5— 2)252+ 2402 (u—z) s4+g(:c77*)+§(x—7—*)} }dx.
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We split the integral into two parts as

T
/ e”f(z)dx:/ e”g(m)dx—k/ @) dg
0 |z—Tw|<u—1/2+36 |z—T | >u—1/2+6

=Ji1+Js.

We choose the number e <§ <¢”/4 in the above expression. According to the condi-
tion A3, on the set {max,|~,-1/2+s (|g(x)| —6'uaz®) <O} there exists some o >0 such
that the minor term

J2 :/ eo’§(z)dx </ 66*7260’11.(:1377'*)2 < ec*feou%.
lo—7, | >u—1/2+8 lo—7y | >u-1/2+8

We now proceed to the dominating term J;. Note that, on the set |x — 7| < /20,
¢(x—7.)=o0(u"1). Then, we obtain that

eexto(u™) 52 AyP
J = % w(u) X/ e oay
' Au—=z) ‘ lo—7, |[<u—1/2+5 PV 2 3A7/2(u—z)5/28

Ay® 2 A 4
74A3(u—z)28 +24A2(u—z)s as,

where
e“(W) & Fexp (g (A_1/2 (u—2)"Y2(S+ A2 (u— Z)_l/Qy))) ,
and the above expectation is conditional on the information of the zero-mean Gaussian
random field g(x) and is taken with respect to S, a random variable living on the set
|A71/2(u—2)71/2(S+A71/2(u—z)fl/zy)| <1/
and with density function proportional to

52 Ay? Ay® 2, A 4
X - - :
P72 3A7/2(u—z)5/28 4A3(u72)2s 24A2(ufz)s

Since Var(g(r)) =O(Jal°), then [w(w)| < maxx, _|g(x)] =0p(u™"/*),
T <u—1 2

We have the following estimate of the third term in J;.
LEMMA 3.4. On the set L!

u’

we have that

/ e Gl Ay s Ay 52
XpR o |—— — -
|z —To |<u—1/2+6 P 2 3A7/2(U72)5/2 4A3(U—2’)2
A 4
+24A2(u—z)s } }ds
2 Ay? A 1
VP <_ AN3 (u—z)? * 8AZou Folu))-

Proof. [Proof of Lemma 3.4.] On the set |z—7.|<u~'/?%% and L/, we have
s=0(u’),

y282

3
y's - e
== O(u 1+6+3 )7 (U— 2)2

_ _ —142e+26
(U o 2)5/2 O('LL )a
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Thus, the integrand in left hand side above becomes (for sufficient small €, §)

3 2
o(u=ty L —es? 1— oAy oy 9 cA 4
‘ e s ( 3A7/2(u—z)5/25 4A3(ufz)28 +24A2(ufz)8 '

Let X be a standard Gaussian random variable. We conclude the proof with the
following calculation:

3
LHS —eow ™) ></ e~ 2 X (1 o4y

|[x—T|<u—1/2+9 - 3A7/2(U*Z)5/28

o Ay? 2 oA 4
4A3(u—z)28 +24A2(u—z)8 ds
» 1/2,3 2 y2 4
_polu™) 27TE 1 Ao/ #y° X B Ay X n AX
e 3AT/2(u—2)5/2 AN (u—2)2  24A20(u—2)
27

e - Ay + A +o(u™t)
Ve P 4A3(u—2)2  8A2%0(u—2)

e (et o)
Ve P AA3(u—2z)2  8A20u o '
O

We insert the result of the above lemma into the expression of the J; term, put
the J; and J terms together, and obtain that on the set L/,

T 2w Ay? A
o&(z) _ . -1
/0 e dz oA (=2 exp{c* TN (u— )2 +8 2au—|—w(u)—|—o(u )}

We now proceed to the numerator of (3.5). Let

Y

A(U_Z)>— A(l—g)é*—\/ﬁ7

X be a standard Gaussian random variable, and

B(3,2) 2 /A7) <x - (3.6)

e (W 2 FEexp (g (A_l/g(u— z)_1/2(S/ —l—A_l/Q(u - z)_l/Qy))) ,
where S’ is a random variable such that

—u_1/2+5SA_l/z(u—z)_1/2(5/+A_1/2(u—z)_1/2y)Sx*—T*:O(u_l/Q).

With a similar argument, the numerator is

/ oE@) gy
0
2 Ay

T s y _ Ay? 2 A 4 _
_ cato(u™t) 0[7%73A7/2(u—2)5/2s A% a2 ToaaTao s T9( T*)}
=e e d
0

— 27 ec*+o(u_1)+w'(u)
oA(u—2z)

 A0l/2,3 a2
< F |:e 3AT/2(u—2)5/2 1A3 (u—2)2

T

X4 g X
24A25(u—2z) ;XSO’l/zﬂ(yvz):|
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21 coto(u™ 1) +w’ (u) 1/2
e e <
= / (u—2) e X< P (X o ﬁ(y,z))

Aoy X Ay?X? AXH4
E(- — (X <o'/?
+ ( 3AT/2(u—z)5/2 4A3(u—z)2+24A20(u7,z)7 =7 B(y,z))

2 ceto(u™1) 4w’ (u) 1/2
— * <
1/ ® Z)e x< P (X o 6(y,z))

4.y < 51/2
FO(Pu )+ Oy XXX 20 ﬁ(y’z))}.

24A20u
We put the results together and obtain that

Jy 7 da A ’ -1 1/2
T i) - - <
fOT ot (®) g PN T3AZow Fw'(u) —w(u)+o(u™") {P (X <o [3(3,,2))

Ax B(X*%X <0'?B(y,2))
24A2%0u

+0Pu™?) + O(y2u2l%.7)

3.2. The event {max[, rv'(z)>b}.  With the approximation of (3.7), we
now write the event {maxp,  7v'(z)>b} as a function of (w,y,z) with a small correc-
tion term. Recall that the maximum of the strain function is

Tu Loe(2') g
max v'(z) = (max e”g(:’:)> X fOTeidx.
w71 w71 S eot@) da?

Define

s 2o max ).

For any 0 >0, on the set L/, and conditional on (w,y,z), for sufficiently large u, £(z)
achieves its maximum on the set |z —7,| <u~Y/?%9 and

2P ) =) o BE( e 3,2).

Furthermore, E(¢(x)|w,y,z) as a function of z is approximately quadratic and the
maximum is attained at 7, +y/A(u—z). Thus, maxy,, 7 E({(x)|w,y,2) is solved at

r=ux, (for u sufficiently large) when {y<A(d, —&’)u'/?} for any ¢’ >0. Then, we
obtain that

&%5(95) =&(w.) +1n(u),

and further

max v/ (z) ="' (@),
On the set {y < A(8, —&’)u'/?}, max,, 770'(z) >b if and only if e?™v/(z,) > b.
We now take a closer look at v'(z.). Recall that 7. =z, — 8,u~1/2, the expansion
of {(z) in (3.4), and the factor in (3.7). Note that w(u) —w’(u) =n(u). Then we obtain
that

2 ot
v (z4) :e"g(m*)/ Teidz
o, ers@)da!
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ay? o g A5 Acd? }

_ Yy _Tp _
_exp{0u+0w+2A(uz) 25 2 62327 T 24y

X exp{—wélau +o(u_1) —l—n(u)} X {P (X < 01/2/3’(11/,2)) —|—O(y2u_2)

4. < 1/2
+O(y3u_5/2)+AXE(X 7X_U B(y7z)):|

24A20u

The definitions of u,x,d, in Theorem 2.1 give that

2
As2

b:eau+f$:€o—u70 5 P(X§A1/201/25*).

So, on the set {y < A(6, —&')u'/?}, v'(x.) > b holds if and only if

A>n(u)+o(u™), (3.8)
where A is equal to
2 3 4
oy 0 I Aocd; B A
YN s e Ly wre oL Rt Yty e

Ax E(X*% X <0o'?B(y,2))
24A20v,

+log [P (X <0'28(y,2)) + O(y*u™2) + Oy*u/2) +

o AS?

+ —logP(X§A1/201/25*>.

The second row of the above display is the logarithm of the probability
P (X <0%?B(y,z)) plus three small terms. We apply Taylor expansion to those two
small terms. With the notation H(z) defined in (2.9), we have that

oy’ oA Acd? A 1
2Au—2) 6A32Y T 24u T ’A%0u T P(X<0/?B(y,2))
Ax B(X*%X <0'?B(y,2))

24A20u
+H(cY?B(y,2)) — H(c /2 AY25,).

A=ocw+

+0(y*u?)+ O(y?’u_5/2) +o(u™t)

3.3. Evaluating the integral in (3.1). This section needs the explicit form
of the density function h, which is immediate from Remark 2.2.

LEMMA 3.5.  The density function h of (£(0),£'(0),£”(0)) evaluated at (u+
w,y,—A(u—2z)) is

! X {—; [u2+w2+w+2u(w+yz)]}.

(27)3/2\/A(A— A?) “xp A—A2 2Au

The objective is to evaluate the integral in (3.1). We now have an approxima-
tion (3.8) of maxp, 7v'(z)>b, and the previous lemma gives the form of h(w,y,z).
For any ¢’>0 sufficiently small, we now evaluate the integral of (3.1) in three
separate regions: {|y|<u'/?27¢}, {y<—u'/?"FYU{u!/?* <y<A(0, —€)u'/?}, and
{y>A(6, —€')u'/?}. We separate the analysis in each of these three cases because
the handling of the event {maxv’(t) >b} is different for each case.
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Case 1. {|y|<u'/?>~¢}. Recall that Z=—H"(c'/2A/26,) and H'(c'/2A/26,) =
Then,

H(o'2B(y,2)) — H(o"2AY?6,) = —%(ﬁ(yyz) —AY26)2 4 0((B(y,2) — AY268,)°).

By the definition of (y,z) in (3.6), we have the following expansions for 3(y,z) on
the set L/, and the set {|y| <u'/?=¢}:

Y A2,z 2, 2

_AV25 —
Bly,z)—AY25, = O 50 +0(zu"").

So, we have that

2 = 2
y o, 02 Yy 0.yz
A= (w+2Au>+uB 2 <A( ) uy/u— z)
+O0(Pu™ ) + Oy 2u"2) + O(22u2) +o(u™?),

by denoting

s Ast A N Ax BE(X*%X <o'?B(y,2))
24 8A202  24A202x P(X <ol/28(y,z))’

which is the same as the exponent in the constant D of Theorem 2.1.
To calculate the integral in (3.1), we begin by expressing the exponent of the
density function h in Lemma 3.5 in terms of A,

A% (w+2)? y?
L2 2
S(w,y,z) =u”+w*+ 1Az +2u(w+2Au)

—u2+w2+w+2 ‘A 2, Ed .
- A_AZ RTINS L et
723+O(y3u71/2)+0(y ™D +0(22u") +o(1).

—
—

Now, we estimate the integration formula (3.1) by noting the claim (3.8),

A/ P (max v'(x)>b| w,y7z> hMw,y, z) dwdydz
L/ n{|y|<ul/2-<}

[z, T]

ED P(A>n(u)+o(u? e~ 25Ww2) dupdydy.
(277)3/2\/A_A2/;ﬁ{|y|<u1/2E} ( n( ) ( )) Y

Let A'=uA and change the variable (w,y,z)—(A',y,z) so that dwdydz=
L d(A")dydz. For any fixed (A',y,z), it is clear that on the set L], w—0 as u— oco.

Thus, on the set {|y| <u'/?27°}, we have the following point-wise convergence for each
fixed (A',y,z):

2

A
2 / _
S(w,y,z) —u A A2” 2424 Jo+ = :y 2B.

Since n(u)=o0p(u"1), then

P(A>n(u)+o(u™t) = I(A >0), as u— +oo.
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On the region {A <0}, for any number A <0, by the Borel-TIS Lemma, we have the
bound P(A>n(u)+o(u=")) <exp(—e"u? (A+o(u="))?) for some &,” >0. Thus,
the integral on the region {.A< 0} vanishes as u— +oc.

Setting u — +00, by the dominated convergence theorem we have

A/ P (max V' (z)>b| w,y,z) hw,y,z)dwdydz
L, nf{ly|<ul/2=<}

[, T
VA 1
= P .A> uw)+o u_l e_ES(w’y’z)d’wd dz
(271')3/2\/14—A2 Lﬁ{‘y‘gul/Q—s} ( 77( ) ( )) Y

VA4o(1) 1 _p 1/ A? =
__ VETU\Y) t —u®/2+B _ = 2, =,2
e A—Ajue x/exp{ 5 (A—A2Z +Ay >}dydz
1o 1 A5t A AxE<X4;XSU”2A”25*>} (3.9)

2
— _ 2 _
e ueXp{ W S T 8A%07 T 212 P(X <0 ZAT/2S,)

To construct a dominating function to validate the above, we just need to notice that

A(w+2)2  (VAw+A2A/22)2 A2 A2
2 2 2
w* + 1Az = 1-AZ + 1 z4> I z°. (3.10)

Then, for some C* sufficiently large,

- S(wy.c) gC*e*“2/2exp 74715227 EJ+O(1)y2 .
o 2 A 2

Case 2. {y<-—u!/?c}u{ut/?=¢<y<A(d.—<")ut/?}. On this set, the distance

|B(y,2) — AY25,] is no less than the order O(u~%). Note that H(z) is monotone
decreasing in |z — A'/2¢1/2§,|, therefore there exists some A >0 such that

H(c'?B(y,2))— H(c/2AY%6,) < —%uﬂs.

Therefore

2 3
Aﬁﬂéa(w—k Yy ) o A5 o

A 3, -2 —1
A (u—2) B—=u"**4+0yu"")+o(u"").

N AT

With exactly the same calculation as in Case 1 and the bound in (3.10), we have that

S(w’y72)
A (w+2)? y?
2 2
= 2
u”+w"+ A—A +u<w+2Au>
A% (w+2)? A A AS3
_ .2 2 —2¢ * - 3, —1
u Wt —— +2u(0+20 +y6Au3/2) 2B+0(y°u™")+o(1)

A2 A
>u?+ 722 +2% + (1+0(1));u1_2s.
Therefore

/ P (max v (z) > bw,y,z) h(w,y,z)dwdydz
L/ n{y<—ul/2—<} [z, T
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g/ 1(A>n(u) +o(u™1))e™ 25 ¥ duwdydz
L' n{y<—ul/2-¢<}

:e—u2/2—>\u1726/2o x 1 (-AZ n(u) +O(U_1))
L,n{y<s—ul/2-¢}

2 2 1
X exp{—; {wZ —Aod2z+ = xglw _FAZ) + 2UA] }dwdydz
- o

<O(1)e ! 2oy emut/2, (3.11)

Similarly, we have

/ P (max U’(m)>bw,y,z> h(w,y,z)dwdydz
LN {ul/2—e <y<A(5. —')ul/2} [2.,T]

< O(1)6—Au1*25/2ou—1e—u2/2.

Case 3. {y>A(d,—¢')u'/?}. In this case, we bound max, rv'(z) by
= maxe"f(x) x/ et
f 6‘75(“”)da7’
Recall that the normalized density
)
i ert@ da

is approx1mately a Gaussian density in Section 3.2 with mean 7, + m — 0+

and variance m. Therefore, on the set L), N{y > A(0. —&")u 1/2}7 we have

ot (@)
/ <(1+o(1)P| X <AV 25, - T Y
fo eoé(@’) dz’ Au—2)
§P<X§A1/201/25’).

A(u—z)

Note that the constant x =max H (z) is strictly larger than H(0)=log P(X <0),
so we can choose a constant x’ € (log P(X <0),x) so that the corresponding &’ defined
by log P (X < A'Y/251/2¢") = ' is positive and small enough. Let v’ 20~ (logh—r') =
u+(k—«'")/o. Thus

p (maxv’(x) >by> A6, —)u/?; L;)
<PV >by>A(6, —&)u/ L))
<P (maxt(r) > )
O(e™ ) (u_le_“2/2).

With the above estimate, together with the results in (3.9) and (3.11), we conclude
that

P(maxv/(z) > b) = (1+0(1)) Du~'e ™"/,

where D is as defined in the statement of the theorem.
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3.4. Proof of Proposition 3.2.  The proof needs a change of measure, which
is described as follows. For each v, let A, ={z € [r. +u~1/2*¢ T]:{(x) >~} be the
excursion set (a subset of the domain |7, +u~/2%% T)]) over level v and let P be the
underlying nominal (original) probability measure. Let Z be a standard Gaussian
random variable and define Q- (-) via

A A) mes(A-)
Q. 2 mes(A, dP — gl dP
v E(mGS(A'y)) f§+u71/2+s P(§(x) >v)dx (3.12)
_ mes(A,) AP

(T—7.—w V2 P(Z>7)

where E(-) is the expectation under P and mes(A,) is the Lebesgue measure of the

excursion set above level 7. Note that under @, almost surely max &(x)>.
[Tetu—1/2+e T

In order to generate sample paths according to the measure @, one first simulates
7 with density function {h(7):7€[r. +u_1/2+5,T]},

_ P(E()>7) _Lrsumrszee (1)
M= Bmes(a, ) et = i

(3.13)

For this special case, T follows the uniform distribution on the set [r, +u~/2+¢ T7.
With the realization of 7, simulate £(7) from its conditional distribution (under the
original law) given that {(7) > ; lastly simulate {{(x):x # 7} given (7,£(7)) according
to the original distribution. For more detailed discussion of this change of measure,
see [12, 22]. A discrete version is thoroughly discussed in [3].

If ~ is suitably chosen, @) serves as a good approximation of the conditional
distribution of {(x) given that max,¢(, y,-1/2+c 71§(z) >logb. In what follows, we
use E9(-) to denote the expectation under the change of measure )., for a properly
defined v below.

The conclusion of Proposition 3.2 is an immediate result of the following two
lemmas. First define two sets for ease of notation:

T o&(x’)
Eb:{ max U'(m)>b}: max e"f(r)/ Teidx’>b ,
©€[0,T) z€[0,T) o [, ert@)da"

sz{ max f(x)>10gb}

TE[Tutu—1/2+ T o

LEMMA 3.6. Under conditions in Theorem 2.1, we have that
P (Ey, Fy) zo(u_le_“Q/Q).
Proof. [Proof of Lemma 3.6.] Let v= hiTgb —1/logb. Then, considering the corre-

sponding change of measure () defined above and noting that u= (logb—«)/0, there
exists a constant ¢ (depending on x and o) such that

logb P(Z>u—c)
P —— By |=0(1)E°? | —————.F},,F
<ze[n+rfa52+em]g($>> o’ b) Q) { mes(A,) U
T
P(Z —
:O(l)/ Ef? [W;FmEb] dr.
Tetu—1/2+e mes(A.y)
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where @ is the measure Q. defined above and E9(-)=E®(-|7). By the Borel-TIS
Lemma, we obtain that mes~1(A,) on the set Ej, is Op(u) on the set F},. The detailed
proof of the bound for mes™!(A,) is rather tedious and elementary and can be found in
[2]. Therefore, we omit it. Select an arbitrary 7 € [7, +u~'/27 T and let £(7) = +w,
&'(r)=y, and £’ (1)=—A(y—2z). Note that given a particular realization of 7, (y,z)
follows a binary Gaussian distribution with mean zero and fixed variance. By this
fact, we have that

0 [P(Z>u—c)

2
mes(A ) ,‘Z| 2”1/2+E/27Eban:| :o(uflefu /2)
y

and

P(Z>u—c 1 2
E° {fnes(A ) )§y|ZU1/2+€/27Eb7Fb:| =o(u™le™"/?).
Y

Recall the definition of process g(z) in (3.3). By the Borel-TIS Lemma, for some A
sufficiently large, we have that

P(Z>u—c) _
QI \2—" */). 1/2 . 2
E ( mes(AL) \zfr|2%%/2+25|g(x)|>/\u or \w77|g?§/2+2e|g(z)| oux >O>

:o(ufle*“2/2).

Thus, we only need to consider the situation that |y| <wu'/?2*¢/2 and |z| <u!/?+¢/2,
With the same calculation as in the proof of the theorem, we obtain that, for some

A>0,
(") N
/ f (@) dy!! x/:O(e . )

To see the above bound, note that the above factor can be approximated by the c.d.f.
of a Gaussian distribution with mean 7+y/uA and variance A=™lo~tu~! evaluated

at x,. Therefore, we have that

EQ{PE?ij(Z—)C);y|<u1/2+e/2,|z<u1/2+s/2’
¥

max g(e)|<du”M?  max 9($)|—5ux2<0,Fb,Eb}

|z—7|<u—1/2+2¢ |z—7|>u—1/2+2¢

P(Z>u—c)
<EQ|——_—~
- { mes(A-) 1[101,%’)](5( ) >+ Au

—1€—u2/2>_

e/2

=o(u
Thus, we conclude the proof. ]

LemMA 3.7. Under the conditions of Theorem 2.1, we have that
P (G, Ff, Ey) =o(u™le " /?),
Proof.  Note that the factor in (2.12) is in (0,1) and thus

logb
FbCﬁEbC{ max E(x)>£}.

[y, Ttu—1/2t2] o
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Furthermore, we have that
P (|w\ >u1/2+45,Fb“,Eb) = P(w>ul/2™ F¢ Ey) + P(w < —ul/2T FE By).
Since w=¢(7.) —u, then for the first item on the above right hand side we have
P(w>u'/?™ Ff By < P(r[g?](g(x) > —|—u1/2+45) = o(u_le_“2/2).
For the second item, we have that

logb
P(w<—u1/2+457Fbc,Eb) <P(w<—u1/2+4s, max £ x)>0g>

[T, Tatu—1/2+e] o

zo(u_le_“z/Q).

For the last step of the above display, we apply the Borel-TIS Lemma on the condi-
tional field &(x) given &(7,) =u+w <u—u'/?+4. Also,

P(|w| <u1/2+457|2| >u1/2+857Flf’Eb)

logb logb
SP( max f(m)>70g )P(|z|>u1/2+85| max f(a:)>70g )
(@, T Fu—1/2F2] o [0s 7o Fu—1/2+¢] o
:O(u—le—u2/2),
and
P(juw]<ul/27, |y > ul /275 B By)
logb logb
gp( max  £(z)> 27 )P(|y|>u1/2+85 | max  £(z)> 20 )
[Tw,Ttu—1/2+¢] o [T, T tu—1/2+¢) o

zo(u_le_“z/z).

Since € can be chosen arbitrarily small, we can redefine € and conclude the proof. 0O
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