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Abstract: The asymptotic robustness of estimators as a function of a rarity
parameter, in the context of rare-event simulation, is often qualified by proper-
ties such as bounded relative error (BRE) and logarithmic efficiency (LE), also
called asymptotic optimality. However, these properties do not suffice to ensure
that moments of order higher than one are well estimated. For example, they do
not guarantee that the variance of the empirical variance remains under control
as a function of the rarity parameter. We study generalizations of the BRE
and LE properties that take care of this limitation. They are named bounded
relative moment of order £ (BRM-k) and logarithmic efficiency of order k (LE-
k), where k > 1 is an arbitrary real number. We also introduce and examine
a stronger notion called vanishing relative centered moment of order k, and
exhibit examples where it holds. These properties are of interest for various es-
timators, including the empirical mean and the empirical variance. We develop
(sufficient) Lyapunov-type conditions for these properties in a setting where
state-dependent importance sampling (IS) is used to estimate first-passage time
probabilities. We show how these conditions can guide us in the design of good
IS schemes, that enjoy convenient asymptotic robustness properties, in the con-
text of random walks with light-tailed and heavy-tailed increments. As another
illustration, we study the hierarchy between these robustness properties (and a
few others) for a model of highly-reliable Markovian system (HRMS) where the
goal is to estimate the failure probability of the system. In this setting, for a
widely-used class of IS schemes, we show that BRM-k and LE-k are equivalent
and that these properties become strictly stronger when k increases. We also
obtain a necessary and sufficient condition for BRM-k in terms of quantities
that can be readily verified from the parameters of the model.

Key-words: Rare-event simulation, robustness, bounded relative error, loga-
rithmic efficiency, importance sampling, zero-variance approximation
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Robustesse asymptotique des estimateurs en
simulation d’éénements rares

Résumé : La robustesse asymptotique des estimateurs en fonction d’un
parametre de rareté, dans le contexte de la simulation des événements rares,
est souvent caractérisée par des propriétés telles que l'erreur relative bornée
(BRE) et Pefficacité logarithmique (LE), aussi connue sous le non d’optimalité
asymptotique. Mais ces propriétés ne suffisent pas & assurer que les moments
d’ordre supérieur a 1 sont bien estimés. Par exemple, ils ne garantissent pas
que la variance de la variance empirique demeure sous contréle en fonction du
parametre de rareté. Nous étudions ici des généralisations des propriétés BRE
et LE pour couvrir ces exigeances. Il s’agit du moment relatif d’ordre k borné
(BRM-k) et de lefficacité logarithmique d’ordre k& (LE-k), ot k > 1 est un
nombre réel arbitraire. Nous introduisons et examinons aussi une notion plus
forte appelée moment relatif centré d’ordre k évanescent (VRCM-k), et donnons
des exemples ou elle s’applique. Ces propriétés peuvent étre intéressantes pour
différents types d’estimateurs, incluant la moyenne empirique et la variance
empirique. Nous développons aussi des conditions de type Lyapunov, suffisantes
pour ces propriétés, dans un cadre ou l’échantillonnage stratégique (IS) est
utilisé pour estimer une probabilité de premier passsage. Nous montrons comment
ces conditions peuvent nous guider dans la conception de bons changements de
mesure pour IS, qui jouissent de propriétés utiles de robustesse asymptotique,
dans le contexte de marches aléatoires dont les incréments ont des lois ont
des densités a decroissance rapide dans un cas, et a decroissance lente dans
I'autre. Comme autre illustration, nous établissons une hiérarchie entre ces
propriétés de robustesse (ainsi que quelques autres), pour un modele de systéme
Markovien hautement fiable (HRMS) ol le but est d’estimer la probabilité de
panne du systeme. Pour ce modele, pour une classe de schémas IS couvrant
les heuristiques les plus connues, nous montrons que BRM-k et LE-k sont
equivalentes, et que ces propriétés sont strictement plus fortes lorsqu’on augmente
k. Nous obtenons aussi des conditions nécessaires et suffisantes pour BRM-£ en
termes de quantités faciles a calculer a partir des parametres du modele.

Mots-clés : Simulation d’événements rares, robustesse, erreur relative bornée,
efficacité logarithmique,échantillonnage préférentiel, approximation a variance
7€éro



Asymptotic Robustness in Rare-Event Simulation 3

1 Introduction

Rare-event simulation is a key tool in several areas such as reliability, telecommu-
nications, finance, insurance, and computational chemistry and physics, among
others [8] [12] 27, 28, [29].  In typical rare-event settings, the Monte Carlo
method is not viable unless special “acceleration” techniques are used to make
the important rare events occur frequently enough for moderate sample sizes.
The two main families of techniques for doing that are splitting [18, 21, 32} 41]
and importance sampling (IS) [12,23, 27, 28].

Suppose we want to estimate a positive quantity v = v(¢) that depends on a
rarity parameter € > 0. We assume that lim,_,g+ v(¢) = 0. We have a family
of estimators Y = Y (g) taking their values in [0, 00), such that E[Y (¢)] = 7(e)
for each £ > 0. In applications, y(g) can be a performance measure defined as a
mathematical expectation, and some model parameters are defined as functions
of € in a convenient way. For example, in queuing systems, the service time and
inter-arrival time distributions and the buffer sizes might depend on e, while
in Markovian reliability models, the failure rates and repair rates might be
functions of e. The convergence speed of y(g) toward 0 may depend on how the
model is parameterized, but the robustness properties introduced in this paper
do not depend on this speed; they depend only on the magnitude of certain
moments of Y () relative to the corresponding powers of v(¢).

A special case of this setting arises when Y (g) is an indicator function:
Y (e) = 1 with probability v(¢) and Y (¢) = 0 with probability 1 — v(e). In this
case, Var[Y (g)] = v()(1—~(g)) = v(e), so the squared relative error (or relative
variance) Var[Y (g)]/7?(¢) ~ 1/v(¢) grows without bound when & — 0. If we
estimate y(¢) by the average of n = n(e) independent copies of Y (g), we have
an estimator with relative variance 1/(n(e)v(g)). This estimator does not have
bounded relative error (BRE) unless the sample size n(e) grows at least at the
same rate as 1/v(g) when € — 0 [27], which means that the computing budget
would have to increase without bound. Viewed from another angle, if we fix
the computing budget to a constant, so n(e) is not allowed to grow indefinitely
when ¢ — 0, then the relative error is unbounded. In this type of situation,
splitting and IS are often used to design better estimators, which may have
the BRE property with a fixed computing budget. There are many cases (e.g.,
in queueing and finance) where the best available estimators do not have the
BRE property, but enjoy the slightly weaker property of logarithmic efficiency
(LE). This often happens when the estimators are constructed by exploiting the
theory of large deviations [1,[20} 27,128, 38]. LE has the intuitive interpretation
that when 7%(¢) — 0 exponentially fast in 1/e, Var[Y ()] — 0 at the same
exponential rate.

To see why the BRE or LE properties are often not sufficient, suppose we
want to compute a confidence interval on v(¢) based again on independent
replicates of Y (). To do this via the classical central limit theorem (CLT),
we need reliable estimators for both the mean v(¢) and the variance o2(e) =
E[(Y () —v(g))?]. We want these estimators to remain robust in the sense that
their relative error remains bounded (or grows only very slowly) when € — 0.
Under the assumption that one uses a confidence interval with a half-width
proportional to the exact (theoretical) variance, the relative half-width remains
bounded if the estimator has BRE [27]. But to realistically implement such
a confidence interval procedure, one needs to estimate the variance from the
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4 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

simulated i.i.d. runs of the model. To obtain such a confidence interval, in which
the relative half-width is estimated properly, one typically needs an estimator of
02 (e) that is accurate to order y2(g) x o(1) as n — oo, uniformly in e. Obtaining
a variance estimator with such a level of relative accuracy (relative to 2 (e))
requires control over the (24 ¢)th moment of Y (¢) for some 6 > 0. In rare-event
settings, reliable (relative) mean and variance estimators are typically difficult
to obtain. In fact, the relative variance is often more difficult to estimate than
the mean (relative to the mean).

A similar problem arises in empirically comparing the efficiencies of two
different estimators for the quantity v(¢), as ¢ — 0. In particular, the efficiency
is typically assessed by comparing the variances of the associated estimators.
Since the exact (theoretical) variances are not available analytically, they must
be computed from the sample variance, as obtained from the simulation runs
used to estimate y(¢). Even if all the estimators to be compared enjoy the
BRE property, a potentially huge number of simulation runs may be required
to compute the ratio of efficiencies between the available estimators, unless the
fourth moment of the estimator scales in proportion to v(g).

This motivates our introduction, in this paper, of asymptotic characteriza-
tions that generalize BRE and LE, namely bounded relative moment of order k
(BRM-k) and logarithmic efficiency of order k (LE-k), where k € [1,00). The
relative moment of order k is the expectation of [Y (¢)/v(e)]*. An estimator has
the BRM-k property if its relative moment of order k remains bounded when
¢ — 0. The LE-k property roughly means that when v*(¢) — 0 at an exponen-
tial rate, the kth moment converges to zero at the same exponential rate. BRE-2
and LE-2 are equivalent to BRE and LE, respectively. We also introduce and
discuss a much stronger property than BRM-k, named vanishing relative cen-
tered moment of order k (VRCM-k), which means that the relative centered
moment of order k converges to 0 when € — 0. As it turns out, this property
implies that the sampling scheme converges to a zero-variance sampling scheme
when € — 0. We give examples where this property holds.

These concepts apply to any estimator that depends on some rarity param-
eter €; it does not have to involve splitting or IS. This includes for instance
the empirical variance and higher empirical moments taken as estimators of the
exact variance and of higher moments of the estimator of interest. For exam-
ple, saying that the empirical variance has the BRM-2 property means that the
variance of the empirical variance, divided by the squared variance, is bounded
when e — 0. This is bounded relative error of the empirical variance (as a vari-
ance estimator). Saying that the empirical mean has the BRM-4 property, on
the other hand, means that its fourth moment divided by the fourth power of
the mean is bounded. These two properties are not equivalent in general.

Lesser-known asymptotic robustness properties than BRE and LE have also
been studied in the literature. For instance, [36] examines a generalization of LE
for central empirical moments of high-order, in a specific large-deviations con-
text where the goal is to estimate the probability that the average of n = [1/¢]|
ii.d. random variables exceeds a given constant. [9] defines a weaker criterion
than LE, motivated by the observation that the large variance sometimes comes
from a set of events with “small” probability relative to the probability of the
rare event itself, uniformly in €. If the restriction of the estimator to the large
set (defined as the complement of this set of small probability) is LE, they say
that the estimator has large set asymptotic optimality. Other properties in-
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Asymptotic Robustness in Rare-Event Simulation 5

clude bounded normal approzimation (BNA), and asymptotic good estimation
of the mean (AGEM) and of the variance (AGEV) (also called probability and
variance well-estimation) [39,[40]. BNA, as defined in [39], implies that if we
approximate the distribution of the average of n i.i.d. copies of Y by the nor-
mal distribution (e.g., to compute a confidence interval), the approximation is
accurate to order O(n~1/2) uniformly in ¢ when ¢ — 0. AGEM and AGEV
have been defined in the context of estimating a probability in a HRMS, and
basically mean that the sample paths that contribute the most to the estimator
and its second moment, respectively, are not rare under the sampling scheme
that is examined.

It is important to underline that all notions mentioned so far completely
disregard the computational work (CPU time) required to obtain the estima-
tor. In general, this computational cost can be random, and its mean or higher
moments, which often depends on €, can be unbounded when € — 0. This moti-
vates the need for work-normalized versions of the BRM-k, LE-k, and VRCM-k
properties. For k = 2, the standard practice for taking the work into account
when comparing estimators is to multiply the variance by the expected com-
putational cost [26, 24|, based on the idea that doubling the computing budget
typically permits one (roughly) to halve the variance. This has motivated the
introduction of concepts such as bounded work-normalized relative error (also
called bounded relative efficiency) in [14] and work-normalized logarithmic ef-
ficiency (or asymptotic optimality) in [9] and [22], simply by multiplying the
variance by the expected computing time in the definitions of BRE and LE.
One could think of straightforward generalizations to any k£ > 1: just multiply
the centered moments by the expected computing time. But this normalization
is not necessarily appropriate, for a number of reasons. For example, if we have
an estimator defined as an average over n independent replications, doubling
the number of replications does not divide the kth centered moment by 2 in
general, for k # 2. Even for k = 2, a concept that considers only the expected
computing time would not guarantee that we can compute a reliable confidence
interval for (e) uniformly over ¢, for a given large computing budget that does
not depend on e. If the (random) computing time has unbounded moments of
order larger than 1 when ¢ — 0, then for any fixed computing budget ¢, the
probability of completing at least one replication within the budget limit may
go to zero when ¢ — 0, for example. Thus, just multiplying by the expected
computing time does not necessarily provide the desired notion of boundedness;
it could even be misleading to some extent. For these reasons, we end our dis-
cussion of work-normalization here and leave this important topic for another
paper.

After defining and discussing the robustness properties, we examine some
specific rare-event settings in which we study the relationships between these
properties and provide easily verifiable conditions for these properties to hold.

Our basic setting is a discrete-time Markov chain (DTMC) model for which
we want to estimate the probability vy(z, ) of reaching B before A in finite time,
where A and B are two disjoint subsets of the state space, and the chain starts
in state x ¢ AU B. We focus on a general class of state-dependent IS schemes
that attempt to approximate the zero-variance IS scheme for this model. The
zero-variance IS scheme simply multiplies the transition probability (or density)
from a state = to another state y by the product v(y,e)/v(x,¢). In practice,
the function () is unknown (otherwise there would be no need to simulate in
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6 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

the first place), but if we replace its use in the construction of the zero-variance
IS scheme by an approximation of good quality as € — 0, a significant accuracy
improvement can often be achieved. The chain is simulated under the modified
probability laws obtained from the approximation, and the original estimator
is multiplied (as usual) by an appropriate weight called the likelihood ratio, to
counter-balance the bias caused by the change of measure. This type of state-
dependent IS has been the focus of substantial research in both heavy-tailed
and light-tailed settings during recent years (see, for instance, [15], [16] and [5]).
The approximation of (-) is usually obtained via large deviations theory or
heavy-tailed approximation. One has to be careful, though: even with a good
approximation in most of the state space, the likelihood ratio may sometimes
exhibit a poor behavior due to the contributions corresponding to areas where
the asymptotic description is not good enough.

In our DTMC setting, we establish general sufficient conditions for the BRM-
k, LE-k, and VRCM-k properties. These conditions can be verified in terms of
a simple Lyapunov inequality that involves the approximation of v(-) together
with some appropriate Lyapunov function. We apply these conditions for the
design of IS estimators that exhibit BRM-k or LE-k, for random walks with
both light-tailed and heavy-tailed increments. We also make the connection
with other results found in the literature, e.g., in [36] and [15], and we extend
the results of the latter authors.

We then examine the robustness properties for an HRMS model studied by
several authors [13,25]27] 33}34,/37,139,40], and used for reliability analysis of
computer and telecommunication systems. In this model, a smaller value of the
rarity parameter € implies a smaller failure rate for the system’s components,
and we want to estimate the probability that the system reaches a “failed”
state before it returns to a state where all the components are operational. This
probability converges to 0 when € — 0. The model fits the DTMC setting
mentioned earlier. For this HRMS model, specific conditions on the model
parameters and on the IS probabilities have been obtained for the BRE property
[34], for BNA [39, 40], and for AGEM and AGEV [40]. It is also shown in [40]
that BNA implies AGEV, which implies BRE, which implies AGEM, which
implies BRE, and that for each implication the converse is not true. In this
paper we extend this hierarchy to incorporate BRM-k, LE-k, and their work-
normalized versions, showing that for these models, these properties are all
equivalent for any given k. We also obtain a necessary and sufficient condition
on the model parameters for these properties to hold, for a given class of IS
measures that covers all interesting IS schemes developed in the literature for
these HRMS models. These conditions turn out to be of strictly increasing
strength as a function of k. That is, if they hold for k + 1 then they hold for k,
but the converse is false for all k. We do this not only for the mean estimator,
but for the estimators of all higher moments as well.

The remainder of the paper is organized as follows. In Section [2] we give
formal definitions of the asymptotic characterizations discussed so far, along
with simple examples. The main results of that section are Propositions [2.19
and 2.21} they prove the equivalence between two definitions of VRCM-k and
the fact that VRCM-k implies convergence toward a zero-variance sampling
scheme.

In Section[3, we define the Markov chain setting in which we want to estimate
the probability of reaching B before A. We discuss the zero-variance approxi-
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Asymptotic Robustness in Rare-Event Simulation 7

mation, we prove an upper bound on the kth moment under an IS scheme based
on this approximation and assuming a Lyapunov condition (Proposition [3.1),
and we use this bound to derive sufficient conditions for BRM-k and for LE-k
in this setting (Theorem [3.2). In Section [4] we use these conditions to study
state-dependent IS estimators in random walks with light and heavy-tailed in-
crements. Sections [4.1 and [4.2 introduce the model and recall what is known
for state-independent IS when estimating the probability that the average of
n = |1/¢] ii.d. light-tailed random variables exceeds a given threshold. One
can obtain LE-k but not BRM-k. In Section [4.3, we define a state-dependent
IS scheme and prove in Proposition that it has the BRM-k property. In
Section 4.4, Theorem 4.6 extends a result of [15] and provides a sufficient condi-
tion for LE-k in the context of multidimensional random walks. In Section [4.5]
we develop an IS scheme for the case of heavy-tailed distributions and show in
Theorem [4.8 that it has the BRM-k property.

In Section [5] we describe the HRMS model and we study the asymptotic
robustness properties for a class of IS estimators applied to this model. For a
large class of IS schemes, Theorem [5.2 gives necessary and sufficient conditions
for BRM-k for the empirical moment of any order g > 1, and Proposition [5.6
shows the equivalence between LE-k and BRM-k. Proposition [5.5 also shows
that this class of IS schemes cannot provide VRCM-k estimators. For a slightly
different class of IS estimators, we prove in Proposition 5.7 that BRM-2 for
the empirical variance implies BNA, then we provide a counterexample showing
that the converse is not true.

We use the following notation. For a function f : (0,00) — R, we say that
f(e) = o(e?) if f(e)/e? — 0 as e — 0; f(e) = O(e?) if |f(e)] < 1 for some
constant ¢; > 0 for all ¢ sufficiently small; f(¢) = O(e?) if | f()| > coe? for some
constant ¢z > 0 for all e sufficiently small; and f(g) = ©(e?) if f(e) = O(e?)
and f(¢) = O(e?). We use the shorthand notation Y (¢) to refer to the family
of estimators {Y (), € > 0}. We also write “— 0”7 to mean “— 0.

2 Asymptotic Robustness Properties

This section collects all the definitions, together with simple examples and coun-
terexamples. The main novel results are in Section [2.6.

2.1 Bounded relative moments

Definition 2.1 For k € [1,00), the relative moment of order k of the estimator
Y (e) is defined as

mi(e) = E[Y*(€)]/4*(e). (1)

The variance is
o?(e) = Var[Y (e)] = E[(Y (¢) — 7(¢))?],

the relative variance is 0(¢)/v%(g), and the relative error is o(e)/v(e).

Definition 2.2 The estimator Y (g) has a bounded relative moment of order k
(BRM-k) if
lim sup myg(g) < 0. (2)

e—0
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8 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

It has bounded relative variance, or equivalently bounded relative error (BRE)
[27], if
limsup o(e)/v(e) < oo. (3)
e—0

When computing a confidence interval on ~y(e) based on the average of i.i.d.
replications on Y'(¢) and the (classical) central-limit theorem, for a fixed confi-
dence level, the width of the confidence interval is (approximately) proportional
to the standard deviation o(e). The BRE property means that this width de-
creases at least as fast as y(g) when ¢ — 0.

It would perhaps seem natural to replace “limsup,_,,” in this definition by
“Supg<.<;” for example. The definition would then be a bit stronger, so VRCM-
k would no longer imply BRM-k, for example. We think that the difference is
just a technicality that is not important in typical applications.

”

Proposition 2.3 BRFE is equivalent to BRM-2.

Proof. This follows from the fact that ms(e) = E[Y2(e)]/v%(e) = 1 +

a?(e)/7?(e)- O
More generally, an equivalent definition of BRM-k is obtained if we replace
myg(g) in (2) by the relative centered moment ci(e), defined by

_ k k
orle) = E[Y(Z)k(g;@' _ . ] "

The equivalence follows from the following proposition:

‘Y@)
v(e)

Proposition 2.4 For any k > 1,

limsupcg(e) < oo if and only if  limsupmy(e) < co. (5)

e—0 e—0

Proof. We have
Y (e) = ()" < [max(Y(e),7(e))]* < Y*(e) +7*(e)
and
Y*(e) < 2max(|Y () — (). 7(e))]* < 2¥[|Y(e) = 7(e)* + (o)),

from which
Y (e) = ()" > 27"V (e) —+"(e).

Combining these inequalities, we obtain that

27 mp(e) — 1 < ep(e) < mp(e) +1
and the result follows. O
Proposition 2.5 For any fixed € and k > 1, my(e) is nondecreasing in k.

Proof. Since Y (¢) > 0, this follows from Jensen’s inequality: if 1 < k' < k,
then
EY¥(9)] _ EBI(Y*E)D*/F _ EY*(e)] P (e)

mEOZTEG ST e e EREE e =

O
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Asymptotic Robustness in Rare-Event Simulation 9

Corollary 2.6 BRM-k implies BRM-k' for 1 < k' <k.

Note that Proposition would not hold if BRM-k was defined using the
centered moment E[(Y () —~(¢))*] instead of the non-centered moment E[Y*(¢)]
or the absolute centered moment E[|Y (¢) — v(¢)|¥]. This is illustrated by the
following example.

Example 2.7 Suppose Y'(¢) has the normal distribution with mean and vari-

ance 1(2) = o%(¢) = =._Then, E[(Y(e) — 1(2))*)/1*(6) = 02()/22(e) = 1/e,
whereas E[(Y (¢) — v(¢))%]/72(¢) = 0.

Proposition 2.8 For any positive real numbers k, £, m, and any non-negative
random variable X (), if Y () = X%(¢) is BRM-mk, then Y'(¢) = X™¢(¢) is
BRM-k.

Proof. From Jensen’s inequality, (E[X*(e)])™* < (E[X™¢(¢)])*. Then,

E[(X™(e)*] _ E[X™H(e)] _ E[(X*(e))™]
(BIX“(e)])m*

IN

(6)

(]

(BIX™E))F  (B[XA(e)])m*

Example 2.9 Suppose Y (e) has a Pareto distribution with density f(y) =
a(e)/y*E) ! for y > 1, and a(e) = kg — ¢ for some integer ko > 2. In this case,
E[Y*(¢)] = ca(e)/(a(e) — k). Then,

E[Y*(e)] (ko —1—¢)"

Ye) (ko —k—e)(ko —e)F~t’
so Y(e) is BRM-k iff k < ko.
Example 2.10 It is shown in [10] that if Y; = X7 /p/ where p; = E[X], j is
a positive integer, and X is a non-negative random variable, then the variance
of Y; is non-decreasing in j. This implies that if Yj(e) = X;(¢)/p,(¢) has the
BRM-2 property, then Yj/ () also has it for all j" < j.

2.2 Logarithmic efficiency

There are several rare-event applications where practical BRE estimators are
not readily available (e.g., in queueing and finance), but where estimators with
the (weaker) LE property have been constructed by exploiting the theory of
large deviations [1, 20}[27, 28] 38]. Often, these estimators turn out to have the
following LE-k property for all k.

Definition 2.11 The estimator Y (¢) is LE-k if

I IE[Y*(e)] _

e—0 klny(e) @

LE-k means that when v*(¢) converges to zero exponentially fast, E[Y*(¢)]
also converges exponentially fast and at the same exponential rate. This is the
best possible rate; it cannot converge at a faster rate because from Jensen’s
inequality, we always have E[Y*(g)] — 7¥(¢) > 0. LE-2 is the usual definition
of LE. In general, LE-k is weaker than BRM-k. But there are situations where
the two are equivalent; this will happen in our HRMS setup in Section[5. The
following examples illustrate the two possibilities.

RR n 6281



10 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

Example 2.12 Suppose that v(e) = exp[—n/e] for some constant n > 0 and
that our estimator has o2(g) = ¢(1/¢) exp[—2n/e] for some polynomial function
q. Then, the LE property is easily verified, whereas BRE does not hold because
ma(e) = ¢q(1/e) — oo when ¢ — 0. We will see concrete examples of this
situation in Section

Example 2.13 Suppose that v%(¢) = qi(e) = &'t + o(e't) and E[Y*(e)] =
q2(g) = €2 + o(e'?). That is, both converge to 0 as a polynomial in e. Clearly,
ty < t1, because E[Y*(g)] — v*(e) > 0. We have BRM-k if and only if (iff)
¢2(€)/q1(e) remains bounded when ¢ — 0, iff t3 = ¢;. On the other hand,
—Ingi(e) = —In(e" (1 +0(1))) = —t1 In(e) —In(1 +0(1)) and similarly for go(¢)
and ty. Then,

lim InE[Y*(e)) — lim talne tﬁ

e—0 k:ln'y(e) e—0 11 Ine t1
Thus, LE-k holds iff 5 = t1, which means that BRM-k and LE-k are equivalent
in this case.

2.3 Bounded Normal Approximation

We mentioned earlier the computation of a confidence interval on «(g) based
on the central-limit theorem. This type of confidence interval is reliable if the
sample average has approximately the normal distribution, so it is relevant to
examine the quality of this normal approximation when € — 0. An error bound
for this approximation is provided by the following generalization of the Berry-
Esseen inequality [3], first proved in [30]

Theorem 2.14 (Berry-Esseen) Let Y1,...,Y, be i.i.d. random variables with
mean 0, variance o2, and third absolute moment B3 = E[|Y1]3]. Let Y, and
S2 be the empirical mean and variance of Y1,...,Y,, and let F, denote the
distribution function of the standardized sum (or Student statistic)

S:L = \/HYn/S'rr

Then, there is an absolute constant a < oo such that for allz € R and alln > 2,

Fala) = B(o)] < 5o

where ® is the standard normal distribution function.

Note that the classical result usually has ¢ in place of S, in the definition of
S [19]. Theorem|[2.14 motivated the introduction in [39] of the BNA property,
which requires that the Berry-Esseen bound remains O(n~'/2) when ¢ — 0.

Definition 2.15 The estimator Y (¢) has the bounded normal approximation
(BNA) property if

ey E V) =)

n st 259 < 00. (8)
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Asymptotic Robustness in Rare-Event Simulation 11

This BNA property implies that /n|F,(z) — ®(x)| remains bounded as a
function of €, i.e., that the approximation of F,, by the normal distribution
remains accurate up to order O(n~'/?), uniformly in .  The reverse is not
necessarily true, however. It may seem more natural to define the BNA property
as meaning that /n|F,(z) — ®(z)| remains bounded, but Definition has
already been adopted in other papers mainly because it is often easier to obtain
necessary and sufficient conditions for BNA with this definition.

If a confidence interval of level 1 — « is obtained using the normal distri-
bution while the true distribution is Fj,, the error of coverage of the computed
confidence interval does not exceed 2sup,cp |Fn(z) — ®(x)|. If that confidence
interval is computed from an i.i.d. sample Yi(e),...,Y,(e) of Y(g), BNA im-
plies that the coverage error remains in O(n~'/?) when ¢ — 0, with a hidden
constant that does not depend on e.

BNA is not equivalent to BRM-3, because we divide by o3 (¢) in the definition
of BNA and by 72(¢) for BRM-3. One can have BNA and not BRM-3 (or BRM-
3 and not BNA) if () converges to zero faster than o(e) (or the opposite). If
o(e) = ©(y(g)), then the two properties are equivalent.

Note that there are more general versions of the Berry-Esseen inequality that
require only a bounded moment of order 2 + ¢ for any § € (0, 1] instead of the
third moment fs; see [35, Theorem 5.7]. However, the bound on |F,(z) — ®(x)|
in that case converges only as O(n~%/2) instead of O(n=1/2).

2.4 Asymptotic good estimation of the mean and of the
variance

AGEM and AGEV are two additional robustness properties introduced in [40],
under the name of “well estimated mean and variance,” in the context of the
application of IS to an HRMS model. Here we provide more general definitions
of these properties. We assume that Y'(¢) is a discrete random variable, which
takes value y with probability p(e,y) = P[Y (¢) = y], for y € R. We also assume
that its mean and variance are polynomial functions of e: v(e) = ©(¢') and
0%(e) = ©(g'2) for some constants t; > 0 and to > 0. AGEM and AGEV
state that the sample paths that contribute to the highest-order terms in these
polynomial functions are not rare.

Definition 2.16 (AGEM and AGEV) The estimator Y(¢) has the AGEM
property if yp(e,y) = O(¢™) implies that p(e,y) = O(1) (or equivalently, that
y = O(e")). It has the AGEV property if [y — v(¢)]?p(e,y) = O('2) implies
that p(e,y) = O(1) (or equivalently, that [y — v(g)]? = ©(g2)).

These properties mean that for the realizations y of Y that provide the
leading contributions to the estimator, the contributions decrease only because
of decreasing values of y, and not because of decreasing probabilities. In a
setting where IS is applied and Y is the product of an indicator function by a
likelihood ratio (this will be the case in Sections[5.2] and [5.3)), this means that
the value of the likelihood ratio when yp(e,y) contributes to the leading term
must converge at the same rate at this leading term when € — 0.
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12 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

2.5 Robustness of the empirical variance

An important special case that we now examine is the stability of the empirical
variance as an estimator of the true variance o2(g). Let X;(¢),..., X, () be an
i.i.d. sample of X (g), where n > 2. The empirical mean and empirical variance
are X,,(e) = (X1(e) + -+ X, (¢))/n and

82(e) = —— 3 (Xie) — Xale))2.

n—1+4
=1

If we take Y (¢) = S2(e) in our framework of the previous subsections, we
obtain definitions of the robustness properties for S2(¢) as an estimator of o2 (g).
Let v(¢) = E[X(¢)] (not E[Y (¢)] for now).

Proposition 2.17 Ifo2(¢) = ©(v2(¢€)), then BRM-2k for X (&) implies BRM-k
for S%(e), for any k > 1.

Proof. Under the given assumption,

E[Si*(e)] . BIX*(E) _ o (E[X%(E)]> .

e =) 75

(]

The BRM-4 property for a given estimator X (¢) and the BRE property for

its corresponding empirical variance S2(¢) are both linked to its fourth moment,

so we might think that they are equivalent. In fact, we know (e.g., [42, page
200] or [31} Exercise 10.13]) that

Varl$2(e)] = (E[(Y(e) CE[Y ()Y - T 3a4<s>) . ©)

n n—1

Therefore,

Var$3(e)] _ (E[(X(e) - v(d)“])

ot(e) - o4(e)

which differs in general from

Thus, BRM-4 for X (g) and BRE for S2(¢) are not equivalent in general. For
example, 0?(g) may converge to zero either at a faster rate or at a slower rate
than v2(¢). If 02(¢) = ©(72(¢)) and E[(Y (e) — v(¢))*] = O(E[Y*(¢)]), then
they are equivalent. A similar observation applies to the equivalence between
LE-4 for X(g) and LE for S2(g) are not equivalent in general.

2.6 Vanishing relative centered moments

There are situations where not only the relative moment of order k is bounded,
but its centered version also converges to zero when ¢ — 0. We will give
examples of that. It turns out that when this happens for any moment of order
larger than 1, we are sampling asymptotically (as € — 0) from a zero-variance
distribution.
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Asymptotic Robustness in Rare-Event Simulation 13

Definition 2.18 The estimator Y () has vanishing relative centered moment
of order k (VRCM-k) if
lim sup ¢k (¢) = 0. (10)

e—0

It has vanishing relative variance, or equivalently vanishing relative error (VRE),

if
: o(e)
limsup —= = 0. 11
e—0 ’Y(E) ( )

Obviously, VRCM-k implies VRCM-%’ for 1 < k¥’ < k, and similarly for the
work-normalized versions. The following gives an equivalent definition of VRCM-
k:

Proposition 2.19 For any k > 1,

limsupmg(e) =1  if and only if  limsupcg(e) = 0. (12)

e—0 e—0

To prove this result we will use the following lemma:

Lemma 2.20 For any k > 1 and 6 € (0,k — 1), there is a constant A(J) > 0
such that for all x > 0,

Sle—1| <z —kz+(k—-1)+A(@5). (13)
Moreover, A (8) can be chosen so that A () = © (62) as § — 0.
Proof. Fix § > 0 and suppose first that > 1. Consider the function
fe@) =a"—(k+d)a+(k—1)+0.
Note that f! (x4 (0)) = 0 implies x4 (0) = ((k +0) /k‘)l/(kfl) > 0. Since f; is

(9)
strictly convex, we conclude that fi (x4 (4)) < 0 is the global minimum of fy.
Therefore, we conclude that for all z > 1

S(x—1)<af —kao+ (k—1)— fy (x4 (9)).

Now, observe that

k/(k—1) 1/(k—1)
o) = (143) 0 —Een(1+) G-+

1) 1)
14—+ 02— (k+6) (14— k—1)49¢
+(k_1)+@( ) (+)<+k(k_1))+( )+
= 0(6)
as 0 — 0. A completely analogous strategy can be applied to the function
fo@)y=aF—(k=8)a+(k—-1)=9

for x € [0,1), in which case we have that the minimizer is

z_ (8) = ((k —0) /&)
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14 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

with © (6%) = f_ (z— (0)) < 0. We conclude that (13) holds with A ()
U (o (0)) + 1 (24 (3)] = © (62).

Proof.[of Proposition 2.19] First we show that limsup,_,, mx(e) = 1 must
imply that limsup,_,,cx(¢) = 0. Applying Lemma 2.20l with z = Y (¢) /v (¢),
taking expectations and € — 0, we find that

O

limsupE[|Y (g) /v (e) — 1]] < A(9) /4.
e—0
Then we let § — 0 and conclude that Y (¢) /v (e) — 1 in the £1 norm and, in
particular, in probability. Since, the random variables Y* (¢) /v* (¢) are non-
negative and their expectation converges to unity as € — 0, then we must have
uniform integrability and therefore convergence of Y (g) /v (¢) in the £; norm
as € — 0 [17, page 260]. For the converse implication, the assumption that
limsup,_, cx(e) = 0 for & > 1 implies both convergence in probability to unity
and uniform integrability of the random variables Y* (¢) /4* (¢). This implies
in turn that limsup,_,, mx(e) = 1. O
Suppose we want to estimate

2(e) = Ep Y ()] = /Q Y (e, w)dP.(w)

for some probability measure P. that depends on € and some non-negative ran-
dom variable Y (), where € is the sample space. We may think of P, as the
probability law that we are using to simulate our model. It could be the law
of a Markov chain, for example, and it may include some variance reduction
strategies such as importance sampling, splitting, and so on. In this context, we
have a zero-variance change of measure with the new measure )7 defined by

aQ* () = Y(e,w)
dP. v(e)

Recall that the total variation distance between two measures P and @ is defined
by |P — Qle = supy |P(A) — Q(A)|, where the sup is over all measurable sets.

Proposition 2.21 IfY(e) is VRCM-(1+4) for some 6 > 0, then |P: — Q%] =
o(1).

Proof. For any measurable set A,

sup [P.(4) = Q:(A) £ sup B, [(4Q2/dP)I(4) ~ B, [L4)]
< By, dQ:/dP. 1|
< BYO [laqz/ap. - 1]
<

ELC [[Y(e)/ae) - 110+
o(1).

O

In the previous proposition, we may have that only P. is a function of € and
not Y, or only Y and not P. = P, or both are functions of €. For example,
P could be the distribution of a sequence w of independent uniform random
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Asymptotic Robustness in Rare-Event Simulation 15

variables over the interval (0,1) for all €, and Y a function of € and w. This would
mean that we can simulate this model by generating a sequence of independent
uniforms, w, and then compute Y (g,w). In this case, the proposition says that
Q% must converge to the distribution P of a sequence of independent uniforms
over (0,1) when € — 0. Another possibility is to have w = Y'(¢), in which case
P. depends on ¢ and is the distribution of Y (¢), whereas Y'(¢) is not a direct
function of €.

Example 2.22 Consider a Markov chain {X;, j > 0} with finite state space
and with transition probabilities

p(z,y,e) = P[X; =y | X; 1 = 2] = a(z,y)"™Y),

where a(z,y) and b(z,y) are non-negative constants (independent of ¢) for all
pairs of states (x,y). Let B be a given set of states and suppose that the chain
starts from some fixed state xg ¢ B. We want to estimate the probability (g)
of reaching B before returning to xg.

Let IIp be the set of all sample paths 7 = (xg, x1,...,x,;) going from z( to
B, where z, € B and z; € B for all j < 7. Suppose that among all the paths
w € [, there is a set II; of paths 7 having probability

T

p(r.e) = [T p(esor.25.0) = (e’ + ofe")

where a(7) > 0 and b > 0, and all other paths have probability p(r,e) = o(e?).
Suppose also that all cycles (paths going from one state to the same state) that
belong to some path m € Iz have probability O(e?), for some constant § > 0.
Then, II; cannot contain paths having a cycle, so it must be finite. It is easy
to see that the paths 7 € Il are the dominant paths within Il when ¢ — 0, in
the sense that

1 ag® + o(e?)
lim — p(me) =lim ————= =1,
e—0 ’y(é‘) 71';1 ( ) e—0 "}/(E)

where a =Y i a(m).

Suppose now that we simulate this chain using importance sampling by
replacing the probabilities p(z, y,€) by new probabilities ¢(z,y,€) such that for
any path 7 € II;, the new probability of that path satisfies

q(me) = [ alwj1,2j.6) = a(m)/a+ o(1) (14)
j=1

when & — 0. This implies that the sum of probabilities of all paths in Iz \ II;
is o(1) under these new probabilities. The IS estimator of v(¢) is the likelihood
ratio Y (¢) = q(m,e)/p(m, €) if we reach B via some path 7, and 0 if we do not
reach B. When we reach B via a path = € Iy, we have Y (¢) = p(w,¢)/q(7,¢) =
a(m)e?/[a(m)/a + o(1)] = ac® + o(e?), and this happens with probability 1 +
o(1). The set of all other paths leading to B has total probability o(1). We
nevertheless need to bound the contribution of those paths to the moments
of order k£ > 1, and this is a bit tricky because these paths could contain an
unlimited number of cycles, so their number is generally infinite.
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16 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

To bound the contribution of those paths 7w € Il \ II;, we assume that for
each such path having original probability p(m,e) = ©(¢*™) for b(r) > b, the
new probability satisfies ¢(,¢) = ©(e°(™), for some constant ¢(r) > 0, and
that these constants satisfy

k[b(r) — b] — (k — De(n) > 0 (15)

if we are interested in the kth moment. Finally, we assume that for any state
T # x9, ¢ ¢ B, and that belongs to a path w € I1z, the probability of returning
to x (i.e., making a cycle) before hitting B or 2y never equal to 1 under the new
probabilities, and the likelihood ratio associated with any such cycle does not
exceed 1, at least for € small enough. Since the number of possible cycles is finite,
this assumption implies that there is a constant p < 1 such that the probability
that there are j cycles or more does not exceed p?. Let Hg) be the set of paths in

IIp that contain no cycle. For any path 7 € IIp that has cycles, let ¢(7) € Hg)
the path obtained from 7 by removing all cycles. Under our assumptions, given
that we have a path 7 for which ¢(7) = 7o € HSBO), the probability that this path
has j cycles does not exceed p’. Therefore, the set ¢~(m) of all paths 7 that
map to 7o has total probability at most q(mo, €)(1+p+p>+- -+ ) = q(m0,2)/(1—p).
And the likelihood ratio associated with any path in ¢~!(m) does not exceed
that of 7y (for € small enough). For the paths 7 for which 7o = ¢(7) € IIy, the
probability of a cycle must be o(1), because ¢(m, e) = ©(1) if and only if 7 € II;.
We can then replace p by o(1) in the above and the set of paths in ¢~!(mg) that
contain at least one cycle has total probability ¢(m,£)o(1)/(1 — o(1)).

With these ingredients in hand, we can bound the kth relative centered
moment of the IS estimator as follows:

ve |
‘we) 1]
= e 7])(77,5) — '
= 2 dm JFee=el
ac® +o(e") F q(m,e)o(1) | p(m,e) g
< W%;Iq(w,e) —@ ! +W§1 ey ‘q(ms)v(e) 1
g(me) | p(me) |
1@(20)\111 1—p [q(m e)y(e) !
= (1+o1)[1+0(1)—1"+ > o(1)
Telly
+ Y O(g(w)+5k[b<w>fb]f<k71>c<w>)
rellO\IT,

= o(1)

when ¢ — 0. So we have VRCM-k. From Proposition [2.21, this implies that
q(m,e) — ¢*(m,e) — 0 for any sample path 7, where ¢*(,e) denote the path
probabilities under the zero-variance IS. Example [2.23 gives a concrete illustra-
tion of this type of situation, in the setting of an HRMS model.
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Asymptotic Robustness in Rare-Event Simulation 17

Table 1: Transition probabilities for Example [2.23} the entry in row x and
column y gives the original transition probability p(x,y,€) from state x to state
y (top) and the modified probability ¢(z,y,e) (bottom, in red).

(0,0) (0,1) 10 (1,1) B
(0,0) el? 1—el?
812 1— 512
0,1) [ 1—e2-¢? et g2
0 g2 1-¢?
(1,0) | 1 —&% &8 €8 el
0 g2 1—¢2
(1,1) 1/2—-¢* 1/2-¢% 2e?
1/4 1/4 1/2

Condition (14) turns out to be also necessary for VRCM-k, since if g(m, &) =
a(m)/a+6(m)+o(1) for some §(7r) # 0 and 7 € Iy, then Y (¢) = a(n)e’/[a(r)/a+
§(m) +0(1)] = ag®/[1 + ad(rw)/a(x)] + o(e®), and the contribution of this path to
the kth relative centered moment is no longer o(1).

Example 2.23 Consider a system with two types of components and two com-
ponents of each type. It evolves as a DTMC whose state X; = (X§1)7XJ(-2))
at step j gives the number of failed components of each type. The system is
down (in failure state) when the two components of any given type are down,
i.e., when its state belongs to the set B = {(0,2),(1,2),(2,2),(2,1),(2,0)}. We
want to estimate the probability that a system starting in state zo = (0,0)
reaches B before it returns to state xo. The relevant transition probabilities are
given in Table[1] in which the five states of B are aggregated in a single state
called B. The table gives the original transition probabilities p(z,y, ) and the
modified ones ¢(x,y,¢€).

Table 2 enumerates all acyclic paths 7 going from zg to B, and gives the
values of b(m) —b, ¢(r), and k[b(mw) —b]— (k—1)c(w) for k = 2 and k = 3, for those
paths. Here we have b = 6 and II; contains the single path 7, = ((0,0), (1,0), B).
For k < 3, all the conditions of Example[2.22 are satisfied, so we have VRCM-k,
but Condition (I5) is not satisfied for £ > 3. The problem is that with our choice
of modified probabilities ¢(x, y, €), the contribution of the path ((0,0), (0,1), B)
to the kth centered moment, £'?|e=* — 1|¥ = ©(¢~*(*=3)), does not vanish for
k > 3. For k > 3, this contribution actually increases with €, so the estimator
is not even BRM-k for k > 3. We can easily solve this problem by changing
q((0,0),(0,1),¢) from £'? to €8, say. Then, c¢(r) decreases by 4 for the first three
paths in Table 2| and the constraint is satisfied for all paths 7 € I \ II;
and all k. The resulting estimator is VRCM-k for all k.

In the following sections, we examine the robustness concepts discussed so

far in some settings that fit under the umbrella of estimating a first-passage
probability for a Markov chain.
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Table 2: Values of b(w) — b, ¢(r), and k[b(w) — b] — (k — 1)c(m) (for k = 2,3) for
each acyclic path in Ilp.

Path 7 € TIp b(m) —b c(m) | 2[b(mw) —b] —c(mw)  3[b(w) — b] — 2¢(m)
((0,0),(0,1), B) 8 2 1 0

((0,0), (0,1), (1,1), B) 14 14 14 14

((0,0), (0, 1), (1,1), (1,0), B) 14 14 14 14
((0,0),(1,0), B) 0 1

((0,0),(0,1),(1,1), B) 6 2 10 14
((070)7(071)7(151)5(150)v3) 6 2 10 14

3 Estimators Based on Zero-Variance Approxi-
mation for first-passage probabilities in a Markov
chain

In this section, we adopt a framework where a rare event occurs when some
discrete-time Markov chain hits a given set of states B before hitting some
other set A, and we want to estimate the probability of that rare event. In
some of these settings, the Markov chain is a random walk on the real line, with
i.i.d. increments, and the rare event occurs when the walks exceeds some fixed
level. We look at situations where the increments have light-tail and heavy-
tail distributions, and we consider both state-independent and state-dependent
IS schemes. Our purpose is to study, in these settings, the different robust-
ness properties defined earlier, and to illustrate the differences between these
properties.

The model is a Markov chain X = {Xj, j > 0} living on a state space S
equipped with a sigma-field F, with transition kernel

K={K(,C):z€85,CecF}.

We use the notation P, () for the probability measure generated by X given

that Xo = z. For C C S, define 7¢ = inf{j > 0: X, € C'}. Given A and B, two

disjoint subsets of S, and some fixed initial state x¢ € (A U B)¢ s \ AU B,

we are interested in estimating y(x), where
V(@) =(2,¢) = Pyrp < 74

is the probability of reaching B before A (in finite time) when starting from
2z € S. In particular, v(x) = 1 for € B and v(z) = 0 for € A. In this model,
K, A, and B may depend on €.

An importance sampling scheme here consists in replacing the kernel K
by another kernel, and multiplying the original estimator by the appropriate
likelihood ratio [23, [28]. It is well-known that in this setting, a kernel K*
defined by

~—

(y
(z

)

K* (z,dy) = K (z,dy)

)
S~—

for all = such that vy(x) > 0, and (say) K*(z,A) = 1 when y(x) = 0, gives
a zero-variance IS estimator [28]. This kernel K* describes the conditional
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Asymptotic Robustness in Rare-Event Simulation 19

behavior of the chain given the event {75 < 74}; see [5], Theorem 1. Unfortu-
nately, one cannot use it in practice to simulate the chain (in general), because
this would require perfect knowledge of the function 7(-). But in view of this
characterization of the optimal change-of-measure, a natural strategy in devel-
oping a state-dependent importance sampling for estimating ~(zq) is to use as
a change-of-measure a transition kernel of the form

v ()
w ()’

K, (z,dy) = K (z,dy)

where v : § — [0,00) is a good approximation (in some sense) of the function
(), and

w<x>:/SK<x,dy>v<y>

is the appropriate normalizing constant to make sure that K,(z,-) integrates
to 1. This w(z) is assumed to be finite for every z € (AU B)“. We shall use
P?(-) to denote the probability measure generated by the chain X under the
kernel K, (), with initial state z. The corresponding IS estimator of v(z¢) is
the indicator of the event multiplied by the likelihood ratio associated with the
change of measure and the realized sample path:

TB ) v 51 w .
Y = V() =Tlrp < 7] [[ “’i&f;) —Tjrp < 74] v((j((())) 11 v((j;?)), (16)
j=1 J B/ j=0 J

Since we know that v(z) = 1 for € B, we can take v(z) = 1 for all z € B.
Note that when v = v, we have w = v and the last product in (16) equals 1.
Ideally, we want v to be a good enough approximation to « for this product to
always remain close to 1; in that case Y will always take a value close to v(xg)
when 75 < 74, which implies that most of the time the event {7 < 74} will
occur. Then, the variance of Y will be very small.

To rigorously prove robustness properties such as LE-k, BRM-k, and VRCM-
k, we may use an asymptotic lower bound on y(xg,¢) and an asymptotic upper
bound on the kth moment of Y under the measure P}, (), for ¢ — 0. The lower
bound may come from a known asymptotic approximation of y(xg,¢), while
the upper bound can be obtained via a Lyapunov inequality as indicated in
Proposition [3.1. This proposition generalizes a result of [5], that corresponds
to the case of £ = 2, and which the authors have used to establish the BRE
property of a state-dependent estimator.

Proposition 3.1 Suppose that there are two positive finite constants k1 and Ko
and a function hy : S — [0,00) such that v(z) > k1 and hi(x) > ko for each
r € B, and

k
() B It < o) a7
for all x € (AU B)°. Then, for all x € (AU B)°,
EY[YF] < w (18)
RiR2
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Proof. Let M = {M,,, n > 0} be defined via

TBA(n—1)

My = hi, (Xrpnn) H (111))(());]))

k
) I(rg An<Ta),
j=0

where aAb means min(a, b). We first show that under P? (), M is a non-negative
supermartingale adapted to the filtration G = {G,, = o (Xo,...,X,), n > 0}
generated by the chain X. Let 7 = min(74,75) = Taup and note that 7 is a
stopping time with respect to G, i.e., {7 > n} € G, for all n.

We decompose

ES Moy | Gn] = B [Myqy - 1(7 > n) | Go] + EL [Myp1 - I(7 <) | Gy
and bound each of the two terms. We have

E} [Myq1 - I(1 > n) | Gn]

=I(r>n,8AN T”_l w (X;) k-”
=I(r>nmANn< A)]l:IO<U(XJ)> E?

i (Xn41) (v

< I(r>n, 78 An <74)hi(X,) 1:[ (1;]((})((];) ’

3=0
where the last inequality follows from (17). On the other hand,

T5—1 )
B3 e 1(r <0016 = e 0 1] (252

Jj=0

k
) I(rg <7a,T<n).

Combining these two inequalities we obtain
E;};O [Mn+1 | gn] S Mn

It then follows from the supermartingale convergence theorem that

. B TB—1 /LU(XJ) k i _
Jim 3, = 06) T (55 v <

almost surely. Fatou’s lemma and the fact that hg (z) > ko for x € B imply
that

T—1 k
Ko EY J];[O (Z‘jgj;) I(rp < 7a)| < hi(z).

From this, we obtain that

k
E[YY = B |Tirs < ra) Ug’)(f’) 11 “’((jf; < ((@) 7
) i J

which yields the result. (|
As a consequence of the previous proposition, we obtain
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Theorem 3.2 Assume that the conditions of Proposition[3.1 are satisfied.

() 1 1
lim Infv(zg, )] + k£~ In[hg(zo, )] _,
e—0 In[vy(xo, )]
then Y (¢) is LE-k.
(ii) If
lim [U(Z’o,{:‘):| ' hi(zo,€) < 00
e—0 | y(z0,¢) 0 ’
then Y (¢) is BRM-k.
(iii) If
lim {v(wo,s)]k hi (g, €) _1
e—0 | y(xg, €) Kb kg ’

then Y (¢) is VRCM-k.

Proof. The three assertions follow immediately from the corresponding def-
initions; for (iii), we use the equivalence given in Proposition O

4 Large Deviation Probabilities in Random Walks

4.1 The Random Walk

Let D1, Do, ... be iid. random variables, S; = Dy + --- 4+ D, (the jth partial
sum), for j > 0. Note that {S;, j > 0} is a random walk over the real line.
Take a constant ¢ > E[D;], put n =n(e) = [1/e], and let

~v(g) = v(g, £) = P[S,/n > 1.

The weak law of large numbers guarantees that () — 0 when ¢ — 0. The
indicator function Y'(¢) = I[S,, > nf] is an unbiased estimator of y(¢) with kth
moment E[Y*(g)] = v(¢), so its relative kth moment is

v(e)/v*(e) = 1/4% 7 (e)

for all £ > 1. Thus, this estimator is not LE-k whenever k > 1.

4.2 State-Independent Exponential Twisting Based on Large
Deviation Theory

For this situation, it is well known that an LE-2 estimator can be obtained
via IS with exponential twisting, under the assumption that D; has a light tail
distribution [38,[11,[12], as we now outline.

Suppose D; has density 7 over R, with finite moment generating function

M(0) = /00 ¥ r(z)de =R [eeDﬂ']

— 00

for 6 in a neighborhood of 0 (this is equivalent to assuming that D; has finite
moments of all orders). Let ¥(#) = In M(6) denote the cumulant generating
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function. Exponential twisting means inflating the density w(z) by a factor
that increases exponentially with x, and normalizing so that the new density
integrates to 1. This new density is

mo(x) = P m(x)/M(0) = 7V O r(2), z € R,

where 6 > 0 is a parameter to be determined and M (6) turns out to be the
appropriate normalization constant. Let Ey denote the mathematical expecta-
tion associated with the new density mg. It is easily seen that Eg[D,] = /() =
M'(0)/M(0) and ¥'(0) = M’'(0) = p. The IS estimator of y(g) under this
density is

Y (0,e) =1[S,, > nl]L(6, S,),

where

L(6,S,) = exp[—0S,] M"(0) = exp[n®(0) — S,].

We now assume that there exists a real number 87 > 0 such that U'(6;) = ¢.
This is typically the case because frequently, ¥’(6) is continuous in 8, ¥/(0) — oo
when 6 — 6 for some 6y > 0 (i.e. ¥'(0) is what is called steep) and we know that
U’ (0) = p < €. Under steepness, the three propositions that follow are direct
consequences of the results of [36]. They imply that for all & > 2, Y'(0},¢) is
LE-k but is not BRM-k. Sadowsky states his results only for integer k, but his
proofs work for any real k > 1. Let I(¢) = £0; — ¥(6;); this function I is known
as the large deviation rate function.

Proposition 4.1 For any k > 1 and any 0 the estimator Y (0,¢) is not BRM-k.
It is LE-k if and only if 0 = 0. In the latter case,

Iny(e) . mE[Y*e)]
=0 n(e) Eh—r% kn(e) 10

Suppose now that we make m(e) i.i.d. copies of Y (0,¢), take their average
fi(e) as an estimator of p and take their sample variance %(g) as an estimator
of the variance of Y (6, ¢).

Proposition 4.2 Suppose that m(e) = m (a fized constant). Then, for any
k> 1, 6%(e) is not BRM-k, and it is LE-k if and only if 0 = 6.

Proposition 4.3 Suppose that 0 = 0}. Then, for all k > 1, fi(¢) is BRM-k if
and only if m(e) = O(e~'/?), and similarly for 5%(). On the other hand, these
estimators have a computational cost proportional to m(e)n(e) = O(e73/?).
Since their relative moments are ©(1) when m(e) = O(e~Y2), their work-
normalized relative variance is unbounded.

4.3 A State-Dependent IS Scheme for Light-tailed Sums

BRM-k for k > 1 cannot be obtained with a state-independent IS scheme as in
the previous section, but it can be achieved with a state-dependent IS scheme,
as we now explain. As a key ingredient, we use the following (asymptotic)
approximation of v(e, ) = P[S,, > nf], taken from [2], page 355:
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Proposition 4.4 Assume that D1 has a density with respect to the Lebesgue

measure. Then, for fized £ and n — oo,
exp[—nlI(¢)]

R (6;)/20;

P[S, > nf] = [1+o(1)]. (19)

The random walk model considered here fits the framework of Section |3 if
we define the state of the Markov chain at step j as X; = (n — j, L;) where
n—j is the number of steps that remain and (n—j)L,; = nl—.S; is the distance

that remains to be covered for S,, to reach nf. We start in state xg = (0, 0), the
set B is {(0,4,) : £, <0}, and we have

Y(n =g, 4;) =P[Sh = 8§ 2 £ = (n = j)t;] = P[Sn—j/(n — j) = 4;].
In view of (19), we can think of approximating vy(n — j,¢;) by

o, exp[—(n—j)I(¢;)]
v(n - ]aej) - [271'(71 _ j)\IIN(GZ-”l/QGZ' (20)

for j < n, and v(0,4,) = I[¢,, < 0]. The latter ensures that we hit B with
probability 1 under this IS scheme, because the last transition is made under
the distribution conditional on hitting B. For j <n—1 and z = (n—j,¢;), the
normalizing constant w(n — j,¢;) is

. expl—(n = j = DI(L+1)]
— i l:)=FEY Lj =1
w(n —j,4;) T 2r(n—j— 1)\P/’(92j+1)]1/292 =

it
where Ljy1 =[(n—Jj)L; —Dj+1)]/(n—7—1). For j =n—1, it is w(l,l,_1) =
P[D,, > 1] = v(1,€5—1). We have

[o(n 4, €;)/v(n = 4, ;)] = [1+o(1)]* =1+ o(1)

when n — oo, for any k& > 1 and for fixed j and ¢;.

Under the assumption that D; has the normal distribution, it is shown in
[4] that w(n — j,¢;)/v(n — j,£;) <1+ (n—j)~2 for all j < n. In that case, to
establish the BRM-k property, we can define

n—j

hi(n—j.4;) = [[(1+i72)*

i=1

for 7 < n, where an empty product equals 1 by convention. Then,

win =5, 6)\* o [hn = =1, Ljpa)
win =) g Llin) gy,
v(n —j,¢4;) hi(n —j, L;)
= (w(n . Ej)>k 1+(n—-5)"F<1
v(n —j, ;) -
so the conditions of Proposition (3.1 are satisfied with x; = ko = 1. Since the
function hy is bounded by K = [[;2,(1 +i~2)¥ < oo, the BRM-k property for
all £ > 1 then follows from Part (ii) of Theorem [3.2; this gives the following
generalization of a result proved in [4] for k = 2:
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Proposition 4.5 Suppose that D1 has a normal distribution. Then the IS
scheme that approrimates the zero-variance estimator as in Section [3 by us-
ing the function v defined in (20) has the BRM-k property.

It is not difficult to see that under the change-of-measure proposed by the
previous result, the Gaussian property is preserved. More precisely, suppose
that under the original (nominal) distribution, the D/s follow a standard normal
distribution. Then, given S; = s for k < n — 1, Dgy1 is normally distributed
with mean (nf — s)/(n — k — 1) and variance 1 + 1/(n — k — 1). This explicit
description reveals why the estimator enjoys BRM-k. In particular, the twisting
of the increments is adjusted at each time-step to direct the process in the right
direction and is turned off as the boundary nf is approached; thereby inducing
a smaller overshoot over the boundary than in the standard i.i.d. exponential
tilting. The behavior of the overshoot contributes significantly to the efficiency
of the estimator. The zero-variance change-of-measure can be shown to yield
an overshoot that remains bounded (in distribution) as n — oo [4]. In contrast,
because of the CLT, under the under the i.i.d. tilting the overshoot is of order
O(n'/?). Under the state-dependent importance sampling discussed here, the
overshoot is of order O(1) and therefore its contribution when computing relative
moments is well behaved. To get VRCM-k via Part (iii) of Theorem [3.2, we
would need hy(z9) = 1+ o(1), which is not the case here. In fact, most of the
contribution to the kth relative moment comes from the last few steps of the
walk, and this contribution remains bounded away from 0 when n — oo.

For the non-Gaussian case, where D; has a general distribution with finite
moment generating function, [6] propose a modification of the IS scheme just
discussed, and prove that it yields an estimator with BRE. Essentially, the
change of measure is modified in the areas where L;v/n—j < 1 (IS is then
turned off for the last n — j steps) or L, exceeds a given constant ¢ (we then
switch to state-independent IS as in Section [4.2 for the last n — j steps). These
modifications are made because the approximation is not good enough in
these areas (the approximation holds uniformly over ¢ only if ¢ is restricted to a
bounded interval bounded away from zero) and the ratio w(n—j, L;)/v(n—j, L;)
could grow out of control.

4.4 A Criterion for Multidimensional Random Walks

In [15], Dupuis and Wang have developed a criterion that allows to design state-
dependent IS estimators that are LE, in the context of a d-dimensional random
walk with light-tailed increments. They restrict their change of measure to
exponential twisting, but allow the twisting parameter to depend on the current
state of the walk. The techniques can be extended to cover more general Markov
processes |[16]. Here we summarize their results and argue that the resulting
estimators are LE-k for all &k > 1. Let S; = Dy + --- 4+ D;, where the
Dj’s are i.i.d. random variables with mean zero, taking their values in R9, and
with cumulant generating function ¥ () = InE[exp (6 - D;)] for § € R¢. For
simplicity, we assume that W (-) is finite throughout R<.

We are interested in estimating Py (S, /n € B), for a set B C R? that does
not contain 0. We assume as in [15] that the Legendre transform of ¥, L(3) =
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Supgegra (0 - B — ¥ (0)) satisfies

inf L(8) = jnf L(3) = inf L(5)

where B and B are the interior and closure of B, respectively. Note that the
one-dimensional setting of Sections 4.1 and [4.2] is a special case of this with
B = [¢,0); things are generally more complicated in the multidimensional case
because we can reach B from many possible directions, whence the parameter
8. We further assume that it is possible to find a function

I={I(zt):zeR,0<t <1},

that solves (in the classical sense) the nonlinear partial differential equation
(PDE)

Ol (z,t) =V (=V,I (z,t)) (21)
subject to I(z,1) = 0 for x € B and I(z,1) = oo for z ¢ B. The algorithm
suggested in [15] proceeds as follows. Let x = S;/n for some j < n; then let
t = j/n and define

0 (x,t) = =V,I(z,t).
Sample the increment D; ;1 according to the twisted distribution Py, 4y defined
via
Poo,t) (Djr1 € dy) =P (Djy1 € dy) exp [0 (z,£)y — ¥ (0 (z,1))].

The estimator takes the form

n—1
Yi=exp | ) [=0(55:3/n) Djr1+ ¥ (0(55,5/n)] | L(Sn/n € B).

I
=

Theorem 4.6 (Extends [15]). Suppose that (21), with the boundary conditions
given above, has a solution I in the classical sense. Let () be the probability
measure generated by the previous state-dependent IS strategy, given Sy = 0.
Then,

1 1
lim —=InPy(S,/n € B) = lim ——klnES[Y’“] =1(0,0),
n n

n—oo n—o0

so this estimator is LE-k for any k > 1.

Proof. We have written the description of the algorithm and the charac-
terization of the solution to the Bellman equation derived in [15] in a slightly
different way. Our description corresponds basically to the PDE approach de-
rived in Section “Further remarks” of [15], pages 495-496. The Isaacs equation
displayed on their page 495 can be solved and yields (2I), which corresponds
exactly to their equation (4.5), with our function I being denoted U in that
paper. The proof that the algorithm verifies LE-k follows the same sequence of
arguments as the proof of their Theorem 3.1 for LE-2, assuming that the Isaacs
equation is satisfied in a classical sense. This equation holds if the solution to
is satisfied in the classical sense. The modifications to the proof are as fol-
lows (in their notation). Replace 2 by k in the definition of their function V'™, in
the theorem’s statement, and everywhere in the proof, including in the exponen-
tial that replaces the indicator in the middle of their page 490. We also multiply
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—({a,y) + H(a) and the function L by k — 1 wherever they appear from the last
line of page 490 up to Equation (3.8). To obtain the modification of (3.6), we
apply their Lemma 7.1 with f(y) = nWi(z+y/n, i+1)+(k—2)[{o, y) — H(a)].
O
As pointed out in Section 3 of [15], in typical circumstances it is difficult (or
impossible) to find a classical solution to the PDE (21). However, one often can
introduce a mollification procedure, applied to a solution of the PDE (21) in
the weak sense (i.e., a solution for which the gradients are not strictly defined
at every single point in time and space). Examples of such implementation
schemes are described in [15] and also, in the case of a path-dependent simulation
example, in [7].

4.5 Heavy-Tailed Increments

We revisit the estimator proposed in [5] for the steady-state delay in a single-
server queue, and show that it can be designed to achieve BRM-k for all k > 1.
The model is again a random walk over the real line.

We have X; = xg + D1 + --- + D; where the D;’s are i.i.d. with mean
E[D;] < 0, and z¢ is some fixed constant. Let B = B(e) = [1/¢,00) and
A = {oo},so g =inf{j > 1: X; > 1/e} and 74 = co. We want to estimate
~v(g) = v(0,¢), where

v(z,€) = Pyt < 0]

and P, represents the probability when xg = x. This v(z,e) may represent
the probability of eventual ruin of an insurance company with initial reserve
—x + 1/e, using an appropriate interpretation of the D;’s in terms of ii.d.
claim sizes and inter-arrival times. It can also be interpreted as the tail of the
steady-state delay in a single-server queue [2, page 260]. This model has other
applications as well.

To keep the discussion simple, we shall assume that D; possesses a regularly
varying tail; that is, for each b > 0,

_ P(D; > bt)
lim 2= )
=00 P (D; > t)

—x

for some @ > 1. The discussion that follows holds in greater generality, for
instance including Weibull or lognormal tails; see [5], Section 3, for a more
general framework.

In [5], the authors propose to approximate «(-) in the zero-variance change of
measure by some function v(-) such that lim._,q v(z,)/v(z,e) = 1, and suggest
a specific selection of v(+) that is later proved to yield an IS estimator with BRE.
More specifically, they introduce a non-negative random variable Z such that

P[Z > t] = min (1, E[—Dlj]/t“’ PlY > s]ds> .

Motivated by a classical result stating that
hH?(l)P[Z > 1/¢e]/7(0,¢) =1,
E—

(see, [2], page 296), [5] suggest using
v(x,€) = vgx(z,6) =P[Z > a* +1/e — x],
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with corresponding normalization constant
w(z,e) = we=(z,6) =P[Z+ D; > a" + 1/e —x],

for some constant a* > 0 chosen to satisfy the Lyapunov inequality of Proposi-
tion[3.1 for k = 2.

As we now show, for each k > 1, it is possible (and not difficult) to find a
constant aj, > 0 that can be proved to yield the BRM-k property via Proposi-
tion For this, we will use the following result, which follows directly from
Proposition 3 of [5].

Proposition 4.7 For each k > 1 and 6 € (0,1), there is a real number aj, > 0

such that . )
e Vg (z,e) — War (z,¢)

22
T PD; >x+ aZ]wsgl(x,s) (22)

forallz <1/e.

The constant a} can be computed numerically, and the pair (4, a},) could
eventually be selected to minimize the upper bound on the relative moment
of order k given by the next theorem. This upper bound implies the BRM-k
property.

Theorem 4.8 Fiz ¢ € (0,1), select af > 0 that satisfies (22), and let k(a}) =
infrep vy (v,€) = P[Z > aj]. Then,

vk, (z,¢)
EjYH < ———
(1= 0)(k (aj))*
and consequently
Ey [Y* 1
lim sup 0 [ ] < 00.

0P 3H0,9) = = 0)(n(a)F
Proof. Define
hp(x) =1(r —ay <1/e)+ (1 =)l (x —aj > 1/e).
For x < 1/¢, the Lyapunov condition in Proposition [3.1 takes the form

(waz (m75))k1 E ['Ua;; (D1 + {E,E) hy (Dl —+ x)]

Vg (7, €) Vg (@, €)

This is equivalent to

E [va; (D1 + ) hy, (D1 + )] Wy (x, €) b
w0y (29) < ( )-

Using the interpretation of v,: (,€) as a tail probability, we have
E [va; (D1 + 2,) (h (D1 + x) — 1)]
W (z,¢)
E[P(Z+ Dy >aj+1/c —x | Dy)-1(Dy > af +1/e — )]
P(Z+ Dy >aj +1/c —x)

= -9

= —0PDy>a;+1/e—x|Z+ Dy >aj+1/e—2x).

RR n 6281



28 Pierre L’Ecuyer, Jose H. Blanchet, Bruno Tuffin, and Peter W. Glynn

Therefore, showing (23) is equivalent to establishing that

vfi; (z,e) — w(’j; (z,¢)

]1;;; (:E,{-:)

—0P(Dy>ap+1/e—z|Z+ Dy >a+1/e—x) <
w

Since Z > 0, this in turn is equivalent to the inequality

k ok
o b -uhEo
T P(Dy>a; +1/5—x)w§7:1(x,5)’

which holds by definition of a}. The conclusion then follows directly from Propo-
sition [3.1 and the fact that lim._ov(0,¢)/v(0,e) = 1. O

The next example underlines the fact that finding an approximation v that
provides BRM-k is not so obvious, and that the approximation must be good
over a very wide range of states. In particular, it shows that even if v(x, &) =
~v(x,€) whenever € is small enough, for any given z, one can still obtain an
estimator that fails to achieve BRM-k or LE-k.

Example 4.9 Suppose we take
v(z,e) =7z, e)l(z <c.)+1(z>c).
This gives

v(,e) < Y(e, )l (z < ce) + (x> ce);
w(z,e) > P(D1+x>c).

We will choose ¢, as a function of £ so that ¢c — oco. Then, for any fixed
z, v(xz,e) = v(x,e) when ¢ is small enough, which means that the function
v(-) converges pointwise to (-) when ¢ — 0. A natural question is if such
approximation would be enough for BRM-k? We are interested in the kth
moment

k
Tsfl
Xk, €)
Ev Yk — Ev w( k> I[
o (Y] 0 jI;IO o(Xp o) (7B < 00)
r ) k—1
T ow(X I
_E, H w(Xk,e) (T < o0)
o v(Xk, €) v(0,¢)
Our bounds on w(x,¢) and v(z, ) imply that
w(z,€) S P(Dy+z > c) ]P’(D1+x>cs)ﬂ( )
v(z,e) T e e)l(w <eo) +1(m>c) V(ce, ) )
Therefore,
1 ot k
. *ﬁ (X, €) I(rs <o0) | o (B(D1>c)\" " Polrp=1)
"I o) v(0,¢) 7(czre) v(0e)
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Suppose we take c. = ¢ for some 3 € (0,1). Then, c. — oo but ec. — 0 when
¢ — 0, and the right hand side of the previous inequality is © ((505)70‘(]671) 52> =

O (e2721=Ak=1)) "which blows up for ¢ — 0 whenever (1 — 3)(k — 1) > 2.

The problem here is the contribution of the likelihood ratio corresponding to
the interval (c., 1/¢] in the state space, due to a bad approximation of the zero-
variance importance sampler in that region of the state space. The contribution
of the likelihood ratio corresponding to this bad approximation is captured,
most importantly, by the normalizing constant w(z,e), which involves a first
transition expectation. This expectation must account for the possibility that
the process jumps to the bad region and this possibility is quantified and added
to the likelihood ratio. The accumulation of all these contributions induces
a poor behavior of the overall importance sampling strategy by inflating the
moments of the likelihood ratio. This problem could be cured by increasing c.
at a faster speed.

5 Highly Reliable Markovian Systems
5.1 The Model

We consider an HRMS with ¢ types of components and n; components of type
i, for i = 1,...,c. Each component is either in a failed state or an operational
state. The state of the system is represented by a vector z = (M, ..., z(%)),
where (" is the number of failed components of type i.  Thus, we have a
finite state space S of cardinality (n; +1)---(n. 4+ 1). We suppose that S is
partitioned in two subsets U and F, where U is a decreasing set (i.e., if z € U
and x > y € S, then y € U) that contains the state 0 = (0, ...,0) in which all
the components are operational. We say that y <  when y < x and y # .

Following [37], we assume that the times to failure and times to repair of
the individual components are independent exponential random variables with
respective rates

A(2) = @i (@)@ and pi) = O(1) (24)

for type-i components when the current state is , where a;(z) > 0 and b;(x) > 1
are real numbers for each i¢. The parameter ¢ < 1 represents the rarity of
failures; the failure rates tend to zero when ¢ — 0. Failure propagation is
allowed: from state x, there is a probability p;(x,y) (which may depend on ¢)
that the failure of a type-i component directly drives the system to state y, in
which there could be additional component failures. Thus, the net jump rate
from x to y is

Aw.y) = 3 N@piey) = O)

Similarly, the repair rate from state x to state y is u(x,y) (with possible grouped
repairs), where p(z,y) does not depend on ¢ (i.e., repairs are not rare events
when they are possible). The system starts in state 0 and we want to esti-
mate the probability v(e) that it reaches the set F before returning to state 0.
Estimating this probability is relevant in many practical situations [27,28].
This model evolves as a continuous-time Markov chain (CTMC) (Z(t), t >
0}, where Z(t) is the system’s state at time ¢. Its canonically embedded discrete
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time Markov chain (DTMC) is {Xj, j > 0}, defined by X; = Z(¢;) for j =
0,1,2,..., where g = 0 and 0 < & < & < --- are the jump times of the
CTMC. Since the quantity of interest here, v(g), does not depend on the jump
times of the CTMC, it suffices to simulate the DTMC. This chain {X;, j > 0}
has transition probability matrix P with elements

P(z,y) =PIX; =y | X;1 = 2] = Az,y)/q(2)
if the transition from x to y corresponds to a failure and

P(z,y) = w(z,y)/q(z)

if it corresponds to a repair, where

@) =Y (M@, y) + p(z,y))

yeS

is the total jump rate out of z, for all x,y in S. We will use P to denote the
corresponding measure on the sample paths of the DTMC.

To fit the framework of Section [3] we must distinguish two cases for state 0:
(1) when we are in the initial state Xy = 0 and (2) if we return to that state
later on. We consider them as two different states; in the second case, we will
call the state 0’ to make the distinction. Then, we have A = {0’}, B = F, and
() = Plrg < 7a]-

Let I’ denote the set of pairs (z,y) € S? for which P(z,y) > 0. Our final
assumptions are that the DTMC is irreducible on & and that for every state
x €8, x # 0, there exists a state y < x such that (x,y) € T (that is, at least one
repairman is active whenever a component is failed). We further assume that
from state 0, the failures with probability in ©(1) do not directly lead to F,
since otherwise () = ©(1) is not a rare event probability. In [37], Shahabuddin
shows that for this model, there is n real number r > 0 such that vy(g) = ©(¢"),
i.e., the probability of interest decreases at a polynomial rate when ¢ — 0.
Nakayama makes in [34] the additional assumption that the b;(x) are positive
integers; in that case, r is always an integer. We also make this assumption for
the remainder of the paper, to simplify the analysis.

5.2 IS for the HRMS Model

Several IS schemes have been proposed in the literature for this HRMS model;
see, e.g., [13], [34], [37]. Here we limit ourselves to the so-called simple failure
biasing (SFB), also named Biasl. Our aim is to analyze the robustness prop-
erties under that scheme, and not to try approaching the zero-variance IS as
in Example SFB changes the matrix P to a new matrix P* defined as
follows. For states x € FU{0} U{0’}, we have P*(z,y) = P(x,y) for ally € S,
i.e., the transition probabilities are unchanged. For any other state x, a fixed
probability p is assigned to the set of all failure transitions, and a probability
1— p is assigned to the set of all repair transitions. In each of these two subsets,
the individual probabilities are taken proportionally to the original ones. Under
certain additional assumptions, this change of measure increases the probability
of failure when the system is up, in a way that failure transitions are no longer
rare events, i.e., P*[tp < 74] = O(1).
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For a given sample path ending at step 7 = min(74, 75), the likelihood ratio
for this change of measure can be written as

- _ P[(Xo,....X7)] 11 P(X;_1, X))
L= LXo, - Xo) = g 50) _HP(XJ—llXj)

and the corresponding (unbiased) IS estimator of v(¢) is given by
Y(e) = L(Xo,...,X,) [t < T4]. (25)

We will now examine the robustness properties of this estimator under the SFB
sampling.

5.3 Asymptotic Robustness for the HRMS Model Under
IS

For this HRMS model, a characterization of the IS schemes that satisfy the
BRE property was obtained in [34] and the equivalence between BRE and LE
for this model was mentioned without proof in [27]. Our first result generalizes
this. Note that under a static change of measure such as SFB, the expected
computing time is O(1).

Proposition 5.1 In the HRMS framework adopted here, with SFB, the two
properties BRM-k and LE-k are equivalent. These three properties are also
equivalent for the g-th empirical moment of Y () and for its empirical variance.

Proof. Recall that it is proved in [37] that v(¢) = ©(e") for some integer

r > 0. Following the same argument, just replacing the likelihood ratio L by LY,

we can show (as done in [39] for the second moment) that there is a constant
54 < gr such that

E[Y?(e)] = ©(c™), (26)

where Y (¢) is defined in (25). Note that s; = r. From Jensen’s inequality, we
also have sp, < ksy. The equivalence between LE-k and BRM-k for the g-th
empirical moment then follows from Example [2.13] The case of the empirical
variance is handled by replacing Y (g) by S2(¢); one can see that each moment
of S%(g) is ©(e") for some v > 0 and the result follows easily from that and
Example 2.13. O

Our next result characterizes BRM-k for the g-th empirical moment in the
HRMS framework. In particular, it gives characterizations of BRM-k for Y (¢),
as well as BRM-k and LE-k for S2(e). It requires additional notation. We
will restrict our change of measure for IS to a class Z of measures P* defined
by a transition probability matrix P* with the following property: whenever
(z,y) € T and P(z,y) = (%), then P*(x,y) = O(*) for £ < d. This means
that the probability of a transition under the new probability transition matrix
is never significantly smaller than under the original one. From now on, we
assume that P* satisfies this property. Note that SFB and all other IS schemes
developed in the literature belong to this class.
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We define the following sets of sample paths:

Am = {(%,"'axn): n21,x0:0,xn6}',
z; {0, F} and (zj_1,2;) €T for 1 < j <n,
and P[(XO7 t 7XT) = (an e 7x7’b)] = @(gm)}’

G A

this A is the set of all paths that lead to the rare event.

A necessary and sufficient condition on P* for BRM-k of the g-th moment
is as follows. This result means that a path cannot be too rare under the IS
measure P* to verify BRM-k for the g-th moment. Special cases of this result
were obtained under the same conditions in [34] for BRE (k = 2 and g = 1),
where it was shown that ¢ < 2m — r is needed, and in [39] and [40] for BNA,
where the necessary and sufficient condition is £ < 3m/2 — 3s/4, where s is
the real number such that o%(e) = ©O(e®). Note that s = sy if and only if
02(e) = ©(Y?(¢)), where s, is defined via (26).

A

Theorem 5.2 For an IS measure P* € 7, we have BRM-k for the g-th empir-
ical moment if and only if for all integers m such that r < m < ksy and all
paths (xg, -+ ,&n) € Ay,

P{(Xo, -+, Xr) = (zo, -+ ,2n)} = @(é.f)
for some £ < k(mg — s4)/(kg — 1).

Proof. For k = g = 1, the interval for m is empty and we always have BRM-1
for the first moment, so the result holds. We now suppose that kg > 1.

(a) Necessary condition. Suppose that there exist m € N and (xg,- - ,x,) €
A,, such that P*{(Xo,---, X,) = (2o, - ,2n)} = O(eFma=50)/(kg=D+t") with
¢ >0 and m < ksg. Then we have

E[(Y(e)*] > L(xo,--- ,20)™ P*[(Xo, -+, X7) = (20,7, 20)]
—  @(cka(m—k(mg—sy)/(kg—1)—C)+k(mg—sy)/(kg—1)+L’ )

(
_ (__)( ksg—(kg—1)¢ )
Thus E[(Y (¢))*]/E[(Y (€))9]* = O(e~*9-D¥), which is unbounded when & —
0.

(b) Sufficient condition. Let (xq,--- ,zn) € Ay, such that m < ksg. Under
the given condition, we have

P* [(Xo, T 7XT) = (1‘0, T ﬂxn)} = @({_:Z)

for some ¢ < k(mg — s4)/(kg —1). Then,

(Lo, o) (Ko, Xo) = (0,0 )] = S O
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Using the fact that |A,,| < oo [34] and the first part of Lemma 1 ii) of [34], we
have

> > (L(@o,- @) P (X0, X)) = (w0, )] = O(").
r<m<ksg (g, ,Tn)EAM
(27)
Also, using again Lemma 1 of [34] (with N the total number of components,
and «, 8 and § constant),

Z Z [L(zo, - axn)]kg P [(Xo,- -+, X7) = (zo, -+, 2n)]

m=ksg (zg, ,&n)EA,

i Z 5m+1aﬁ7n€m

<
m=ksg (xg, ,Tn)EA,
< Z ‘S|(m+1)N(«>‘m+1aﬂm€m
m=ksg
= adlsV Y (|5\<m+1>555)
m=ksg
= O(ck). (28)
Combining (27) and (28) gives E[(Y (¢))*¥9] = O(e**¢), meaning that we have
BRM-£ of the g-th moment. 0

In [39], a different class J of measures P* defined by a transition probability
matrix P* is used, motivated by the fact that absolute centered moments were
considered. This class is more restrictive: for such a P*, whenever (z,y) € T
and P(z,y) = O(c?), if y = x # 0, then P*(x,y) = O(c’) with £ < d, whereas
if z = yorify = o = 0, then P*(z,y) = O(cf) with £ < d. Using this
class of measures, we could show, by similar arguments to those above and
in [39] and [40], that we have BRM-k for the g-th moment if and only if for
all integers ¢ and m such that m — ¢ < r, and all (g, - ,z,) € A,, with
P{(Xo, -, X:) = (20, ,xn)} = O(e*), we have £ < k(mg — s4)/(kg — 1).
The difference in the characterization is then in terms of the set of paths. Note
that the set here is more restrictive (because the class of functions is more
restrictive too). Indeed, if m — ¢ < r = sq, then m < £+ s1 < ks, for all g > 2.

In the specific case of the empirical mean and variance, we have the following:

Corollary 5.3 For an IS measure P* € I, we have BRM-k for Y (¢) if and only
if for all integers m such that r < m < kr and all (zo,--- ,z,) € A,

]P)*{(X()a T aXT) = (x()v T ’mn)} = 6(56)

for £ < k(m —r)/(k —1). We also have BRM-k for Y?(e) if and only if the
same condition holds with £ < k(2m — s2)/(2k — 1) . We have BRM-k for the
empirical variance if and only if £ < k(2m — s)/(2k — 1).

The following additional relationships between measures of robustness were
proved in [40]:

Proposition 5.4 In our HRMS framework with an IS sampling scheme in [J,
BNA implies AGEV, which implies BRE, which implies AGEM. For each of
these implications, the converse is not true.
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The next result implies that IS sampling schemes in Z cannot provide VRMC-
k.

Proposition 5.5 In our HRMS setting, with an IS measure in I, we have
E[(Y(g) — v())*] = O(v*(¢)) for all k > 1. In particular, o%(g) = O(v%(¢)).

Proof. From our assumptions, there is a path = = (0,z,...,0’) that does
not hit F, such that the initial failure leading to the transition from 0 to x has
probability ©(1) (because no repair is possible from state 0), and thereafter has
only repairs until we return to 0. (We must have x ¢ F because otherwise
~v(g) = ©(1).) This path has probability ©(1) under IS. Since

E[(Y(e) = 7(e))"]

E[LI(rp < Ta) — 'yk(e)]

> ’}/k(S)P[(XO7~-',X7—):7T]
= 0(+"(e)),
we get that E[(Y (¢) — v(¢))*] = O(v*(¢)). O

Our necessary and sufficient conditions in Theorem[5.2]lead to the following
results.

Proposition 5.6 For an IS scheme in T, BRM-k and LE-k for the g-th mo-
ment are equivalent. Similarly, for S2(¢), BRE and LE, are equivalent.

Proof. The first part follows again directly from Example [2.13] using the
fact that E[(Y (€))9] = ©(e%) and E[(Y (¢))*] = O(%+9) with s, < ks, from
Jensen’s inequality. For the empirical variance, we use the arguments of the same
examples, combined with the fact that o2(¢) = ©(¢*) and E[S2(¢)] = O(g!) with
t<2s. O

Next we show that BRM-2 and LE-2 for S2(¢) are stronger than BNA when
using the class of measures 7.

Proposition 5.7 Under an importance measure in J, BRM-2 for S2 () im-
plies BNA.

Proof. This is a direct consequence of the necessary and sufficient conditions
over the paths for the BNA and BRM-2 properties. These conditions are that for
all £ and m such that m — £ < r, and such that there is a path (xg, -+ ,2,) € A
for which P{(Xo,---,X;) = (20, -+ ,2,)} = O(e™) and P*{(Xo,---,X,;) =
(w0, -+ ,2n)} = O(e*), we must have ¢ < 4m/3 — 25/3 for BRM-2 for S2(¢)
and £ < 3m/2 — 3s/4 for BNA. But 4m/3 — 2s/3 = 8/9(3m/2 — 3s/4), so the
theorem is proved if we always have 3m/2 — 3s/4 > 0, i.e., 2m > s, which is
true since 2m > 2r > s. O

The following counter-example shows that the converse is not true: there
are systems and IS measures P* for which BNA is verified but not BRM-2 for

S2 ().

Example 5.8 We consider the same system as in Example [2.23] with two com-
ponent types and two components of each type. The original transition prob-
abilities are shown in Figure [1, and those using SFB failure biasing can be
seen in Figure The states in F are colored in gray. For this model, as
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Figure 1: A two-dimensional model with its transition probabilities.

Figure 2: A two-dimensional example with SFB transition probabilities.

can be easily seen in Figure (I, r = 6 and Ag is comprised of the single path
((2,2),(1,2),(0,2)). Moreover, s = s3 = 12 and the sole path in A such that

Pz{(XOv' L X7) = (mo, - x0)}
P*{(X(),"' 7X'r) = ($O;"' ’xn)}

is the path in Ag for which Figure [2] shows that it is ©(1) under probability
measure P*. If £ is the integer such that P{(Xo, -, X;) = (2o, -~ ,z,)} =
O(e™) and P*{(Xo, -+, X;) = (20, ,Tn)} = O(c"), it can also be readily
checked that ¢ < 3m/2 — 3s/4 for all paths, meaning that BNA is verified.
However, the path ((2,2),(2,1),(2,0)) is such that m = 14 and ¢ = 12. Then
12 = ¢ > 4m/3 — 2s/3 = 32/3, so the necessary and sufficient condition of
Theorem 5.2 for k = g = 2 is not verified. So we have BNA but not BRM-2 for
S2(e). It is also easy to verify that for this example, we have BRM-3 but not
BRM-4.

=0(c"?)
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