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Abstract

The contribution of this paper is to introduce change of measure based techniques
for the rare-event analysis of heavy-tailed stochastic processes. Our changes-of-measure
are parameterized by a family of distributions admitting a mixture form. We exploit
our methodology to achieve two types of results. First, we construct Monte Carlo es-
timators that are strongly efficient (i.e. have bounded relative mean squared error as
the event of interest becomes rare). These estimators are used to estimate both rare-
event probabilities of interest and associated conditional expectations. We emphasize
that our techniques allow us to control the expected termination time of the Monte
Carlo algorithm even if the conditional expected stopping time (under the original
distribution) given the event of interest is infinite — a situation that sometimes occurs
in heavy-tailed settings. Second, the mixture family serves as a good approximation
(in total variation) of the conditional distribution of the whole process given the rare
event of interest. The convenient form of the mixture family allows us to obtain, as
a corollary, functional conditional central limit theorems that extend classical results
in the literature. We illustrate our methodology in the context of the ruin probabil-
ity P(sup,, S, > b), where S, is a random walk with heavy-tailed increments that
have negative drift. Our techniques are based on the use of Lyapunov inequalities for
variance control and termination time. The conditional limit theorems combine the
application of Lyapunov bounds with coupling arguments.

1 Introduction

Change-of-measure techniques constitute a cornerstone in the large deviations analysis of
stochastic processes (see for instance [16]). In the light-tailed setting, it is well understood
that a specific class of changes-of-measure, namely exponential tilting, provide just the right
vehicle to perform not only large deviations analysis but also to design provably efficient
importance sampling simulation estimators. There is a wealth of literature on structural

*Research supported in part by DMS-0902075 and CMMI-0846816
tResearch supported in part by Institute of Education Sciences, U.S. Department of Education, through
Grant R305D100017



results, such as conditional limit theorems, that justify the use of exponential changes of
measure in these settings (see for instance [1, 7] in the setting of random walks and [19] in
the context of networks).

Our contributions in this paper is the introduction of change-of-measure techniques for
the rare-event analysis of heavy-tailed stochastic processes. Our general motivation is to put
forward tools that allow to perform both, large deviations analysis for heavy-tailed systems
and, at the same time, construction of efficient Monte Carlo algorithms for estimation of
rare events, in the same spirit as in light-tailed settings. To this end, we introduce a family
of changes of measures that are parameterized by a mixture of finitely many distributions
and develop mathematical tools for their analyses. We concentrate on a class of problems of
interest both in queueing theory and risk theory, namely first passage time probabilities for
random walks, which serve as a good stylized model for testing and explaining techniques
at the interface of large deviations and simulation. For instance, the first paper ([23]) that
introduced the notations of efficiency together with the application of light-tailed large de-
viations ideas and exponential changes-of-measure, focused on this class of model problems.
Such notations are now standard in rare-event simulation. In the heavy-tailed setting, first
passage time problems for random walks also serve as an environment for explaining the
challenges that arise when trying to develop efficient importance sampling estimators (see
[3]). We will provide additional discussion on those challenges and contrast our methods here
with recent approaches that have been developed for first passage time problems for heavy-
tailed random walks. We will illustrate the flexibility of our method in terms of simulation
estimators that have good variance performance and good control on the cost per replication
of the simulation estimator. The proposed change of measure also satisfies structural results
(in the form of conditional limit theorems) in the spirit of the theory that has been developed
in light-tailed environments. Let us introduce the setup that will be the focus of our paper.

Let S = {S, : n > 0} be a random walk with independently and identically distributed
(ii.d.) increments, {X,, : n > 1}, that is, S,.1 = S, + X1 for all n > 0 and Sy = 0. We
assume that © = EX,, <0 and that the X,,’s are suitably heavy-tailed (see Section 2). For
each b € RT, let 7, = inf{n > 1:5,, > b}. Of interest in this paper is the first passage time
probability’

u(b) = P(1, < 00), (1)

and the conditional distribution of the random walk given {7, < oo}, namely
P(S € |1 < 00). (2)

This paper introduces a family of unbiased simulation estimators for « (b) that can be
shown to have bounded coefficient of variation uniformly over b > 0. The associated sam-
pling distribution approximates (2) in total variation as b — oo. Unbiased estimators with
bounded coefficient of variation are called strongly efficient estimators in rare event simula-
tion.

The construction of provably efficient importance sampling estimators has been the focus
of many papers in the applied probability literature. A natural idea behind the construction
of efficient importance sampling estimators is that one should mimic the behavior of the zero

'Tf Sy = 0 we use P (-) and E () to denote the associated probability measure and expectation operators
in path space, respectively. If Sy = s, then we write Ps () and Ej (+).



variance change of measure, which coincides precisely with the conditional distribution (2).
As it is well known, heavy-tailed large deviations are often governed by the “principle of the
big jump", which, qualitatively speaking, indicates that asymptotically as b — oo the event
of interest (in our case {7, < c0}) occurs due to the contribution of a single large increment
if size Q(b). 2 Consequently, the principle of the big jump naturally suggests to mimic
the zero variance change of measure by a distribution which assigns zero probability to the
event that ruin occurs due to the contribution of more than one large jump of order 2(b).
However, such an importance sampling strategy is not feasible because violates absolute
continuity requirements to define a likelihood ratio. This is the most obvious problem that
arises in the construction of efficient importance sampling schemes for heavy-tailed problems.
A more subtle problem discussed in [3] is the fact that the second moment of an importance
sampling estimator for heavy-tailed large deviations is often very sensitive to the behavior
of the likelihood ratio precisely on paths that exhibit more than one large jump for the
occurrence of the rare event in question. We shall refer to those paths that require more
than one large jump for the occurrence of the event 7, < co rogue paths.

In the last few years state-dependent importance sampling has been used as a viable
way to construct estimators for heavy-tailed rare-event simulation. A natural idea is to
exploit the Markovian representation of (2) in terms of the so-called Doob’s h-transform. In
particular, it is well known that

u(b— S, — )

P(X,41 € dx|S,,n < < 00) = (b= 5.

F (dx), (3)
where F' is the distribution of X, ;. In [9], a state dependent importance sampling esti-
mator based on an approximation to (3) is constructed and a technique based on Lyapunov
inequalities was introduced for variance control. In particular, by constructing a suitable
Lyapunov function, in [9], it is shown that if v(b— s) is a suitable approximation to u(b — s)
asb—s / oo and w(b—s) = Ev(b— s — X) then simulating the increment X, given S,
and 7, > n via the distribution

v(b— S, —x)

P (Xpyy € dz|S,) = o=

F(dx) (4)

provides a strongly efficient estimator for u (b). This approach provided the first provably
efficient estimator for u (b) in the context of a general class of heavy-tailed increment distrib-
utions, the class S*, which includes in particular Weibull and regularly varying distributions.
Despite the fact that the importance sampling strategy induced by (4) has been proved to
be efficient in substantial generality, it has a few inconvenient features. First, it typically
requires to numerically evaluate w (b — S,,) for each S,, during the course of the algorithm.
Although this issue does not appear to be too critical in the one dimensional setting (see
the analysis in [11]), for higher dimensional problems, the numerical evaluation of w (b — S,,)
could easily require a significant computational overhead. For instance, see the first passage
time computations for multiserver queues, which have been studied in the regularly varying

2For f(-) and g(-) non-negative we use the notation f(b) = O(g(b)) if f(b) < cg(b) for some ¢ € (0, 00).
Similarly, f(b) = Q(g(b)) if f(b) > cg(b) and we also write f(b) = o(g(b)) as b — oo if f(b)/g(b) — 0 as

b — oo.



case in [10]. The second inconvenient feature is that if the increments have finite mean but
infinite variance we obtain E (7|7, < 00) = oo. The strategy of mimicking the conditional
distribution without paying attention to the cost per replication of the estimator could yield
a poor overall computational complexity. Our proposed approach does not suffer from this
drawback because our parametric family of changes-of-measures allows to control both the
variance and the termination time.

We now proceed to explicitly summarize the contributions of this paper. Further dis-
cussion will be given momentarily and precise mathematical statements are given in Section
2.2.

1. We provide a strongly efficient estimator (i.e. bounded relative mean squared error as
b /* o0) to compute the rare event probabilities u(b) and the associated conditional
expectations, based on a finite mixture family, for which both the simulation and
density evaluation are straightforward to perform (see Theorem 1). Several features of
the algorithm include:

(a) The results require the distribution to have an eventually concave cumulative
hazard function, which includes a large class of distributions including regularly
varying, Weibull distribution, log-normal distribution and so forth (see assump-
tions in Section 2).

(b) One feature of the proposed algorithm relates to the termination time. When the
increments are regularly varying with tail index ¢ € (1,2), E(n|n < 00) = oc.
This implies that the zero-variance change of measure takes infinity expected
time to generate one sample. In contrast, we show that the proposed importance
sampling algorithm takes O(b) expected time to generate one sample while still
maintaining strong efficiency if + € (1.5,2) —Theorem 3.

(c) For the case that ¢ € (1, 1.5], we show that the (1++)-th moment of the estimator
is of order O(u'™ (b)) with v > 0 depending on ¢. In addition, the expected
termination time of the algorithm is O(b) (Theorem 4). Therefore, to compute
u(b) with € relative error and at least 1 — § probability, the total computation
complexity is O(b).

2. The mixture family approximates the conditional distribution of the random walk given
ruin in total variation. Based on this strong approximation and on the simplicity of
the mixture family’s form, we derive a conditional functional central limit theorem of
random walk given ruin which further extends existing results reported in [8] (compare
Theorems 2, 5 and 6 below).

As mentioned earlier, the simulation estimators proposed in this paper are based on
importance sampling and they are designed to directly mimic the conditional distribution
of S given 7, < co based on the principle of the big jump. This principle suggests that one
should mimic the behavior of such a conditional distribution at each step by a mixture of two
components: one involving an increment distribution that is conditioned to reach level b and



a second one corresponding to a nominal (unconditional) increment distribution. This two-
mixture sampler, which was introduced by [17] in the context of tail estimation of a fixed sum
of heavy-tailed random variables, has been shown to produce strongly efficient estimators for
regularly varying distributions [17, 14, 13, 12]. However, two-component mixtures are not
suitable for the design of strongly efficient estimators in the context of other types of heavy-
tailed distributions. In particular, two-component mixtures are not applicable to general
semiexponential distributions (see [15] for the definition) including Weibull and log-normal.

As indicated, one of our main contributions in this paper is to introduce a generalized
finite-mixture sampler that can be shown to be suitable for constructing strongly efficient
estimators in the context of a general class of heavy-tailed distributions, beyond regularly
varying tails and including lognormals and Weibullian-type tails. Our mixture family also
mimics the qualitative behavior mentioned above; namely, there is the contribution of a
large jump and the contribution of a regular jump. In addition, one needs to control the
behavior of the likelihood ratio corresponding to rogue sample paths. Depending on the
degree of concavity of the cumulative hazard function (which we assume to be eventually
strictly concave) we must interpolate between the large jump component and the nominal
component in a suitable way. At the end, the number of mixtures is larger for cumulative
hazard functions that are less concave.

Our mixture family and our Lyapunov based analysis allow to obtain an importance
sampling scheme that achieves strong efficiency and controlled expected termination time even
if the optimal (in terms of variance minimization) change of measure involves an infinite
expected termination time. More precisely, if the increment distribution is regularly varying
with tail index ¢ € (1,2) it follows using the Pakes-Veraberbeke theorem (see Theorem 7)
that

_iP(Tb>n,Tb<OO)

E(my|m < 00

(e[ < o) £ P(n < o)
>iP(7—b;m/2<OO)P(|Sn+nM|§n|l‘|/2) —
_n:I P(Tb<OO)

Nevertheless, as we will show, if ¢ € (1.5, 2] we can choose the mixture parameters (which are
state-dependent) in such a way that (using E¥ (-) to denote the probability measure induced
by our importance sampling strategy assuming Sy = 0)

E°7, = O (b) (5)

while maintaining strong efficiency. We believe this feature is surprising! In particular, it
implies that one can construct a family of estimators for expectations of the form F(H (S :
k <m)|m < 00) that requires overall O (b) random numbers generated uniformly over a class
of functions such that 0 < Ky < H < K; < o0, even if E(7|m < 00) = co. We shall also
informally explain why ¢ > 1.5 appears to be a necessary condition in order to construct an
unbiased estimator satisfying both strong efficiency and (5).

In addition, for the case that ¢ € (1,1.5], we are able to construct an estimator whose
(1 + 7)-th moment (for 0 < v < (¢ —1)/(2 —¢)) is of order O(u'™ (b)) while the expected
termination time is O(b). We will also argue that the bound on + is essentially optimal.



Consequently, as it is shown in Theorem 4, to compute u(b) with € relative error and at least
1 — ¢ probability, the total computation complexity is O(b).

In addition to providing a family of strongly efficient estimators for w (b), our finite-
mixture family can approximate the conditional measure (2) in total variation as b /" co.
This approximation step further strengthens our family of samplers as a natural rare-event
simulation scheme for heavy-tailed systems. Moreover, given the strong mode of convergence
and because the mixture family admits a friendly form, we are able to strengthen classical
results in the literature on heavy tailed approximations, see [8]. For instance, if a given incre-
ment has second moment, we will derive, as a corollary of our approximations, a conditional
functional central limit theorem up to the first passage time 7,. Thereby, this improves the
law of large numbers derived in [8]. Another related result in the setting of high dimension
regularly varying random walk is given in [21]. We believe that the proof techniques behind
our approximations, which are based on coupling arguments, are of independent interest and
that they can be used in other heavy-tailed environments.

A central technique in the analysis of both the computational complexity and our con-
ditional limit theorems is the use of Lyapunov functions. The Lyapunov functions are used
for three different purposes: First in showing the strong efficiency of the importance sam-
pling estimator, second in providing a bound on the finite expected termination time of the
algorithm, and finally in proving the approximation in total variation of the zero-variance
change of measure. The construction of Lyapunov functions follows the so called fluid heuris-
tic, which is well known in the literature of heavy-tailed large deviations and has also been
successfully applied in rare event simulation, see [14, 13, 12].

This paper is organized as follows. In Section 2, we introduce our assumptions, our family
of changes of measures and we provide precise mathematical statements of our main results.
Section 3 discusses some background results on large deviations and Lyapunov inequalities
for importance sampling and stability of Markov processes. The variance analysis of our
estimators is given in Section 4. The results corresponding to the termination time of our
algorithm can be found in Section 5. Then we have our results on strong conditional limit
theorems in Section 6. We provide numerical experiments in Section 7. Finally, we added
an appendix which contains auxiliary lemmas and technical results.

2 Main Results

We shall use X to denote a generic random variable with the same distribution as any of
the X;’s describing the random walk S, = > " | X;, for n = 1,2,... with Sy = 0. We write
F(z) = P(X < 2), F(z) = P(X > z) and EX = p € (—00,0). Further, let A(-) be
the cumulative hazard function and A(-) be the hazard function. Therefore, F' has density
function, for x € (—o0, 00)

f(z) = Mx)e™@ and F(z) = e 2@,

Of primary interest to us is the design of efficient importance sampling (change of measure
based) estimators for
u(b) = P(max S,, > b) = P(n, < 00), (6)

n>1



as b — oo when F' is suitably heavy-tailed. In particular, throughout this paper we shall
assume either of the following two sets of conditions:
Assumption A: F has a regularly varying right tail with index ¢+ > 1. That is,

F(z)=1-F(x) = L(x)z™",
where L(-) is a slowly varying function at infinity, that is, lim, .., L(zt)/L(z) = 1.
Or

Assumption B: There exists by > 0 such that for all z > by the following conditions
hold.

B1 Suppose that lim, . zA(z) = oco.
B2 There exists 3y € (0,1) such that dlog A(x) = A (z) /A (z) < Box™! for z > by.

B3 Assume that A (-) is concave for all x > bg; equivalently, A (-) is assumed to be non
increasing for x > by.

B4 Assume that
P(X>z+t/A(x)|X >z)=exp(—t)(1+0(1))

as x /' oo uniformly over compact sets in ¢ > 0. In addition, for some a > 1,
P(X >z +t/MNz)|X >z) <t for all t,x > by.

Remark 1 The analysis requires A (-) to be differentiable only for x > by. The reason for
introducing Assumptions A and B separately is that the analysis for reqularly varying distri-
butions is somewhat different from (easier than) the cases under Assumption B. Assumption
B1 implies that the tail of X decays faster than any polynomial. Assumptions B2 and B3
basically say that the cumulative hazard function of F is “more concave” than at least some
Weibull distribution with shape parameter 5y < 1. Typically, the more concave the cumula-
tive hazard function is, the heavier the tail is. Therefore, under Assumption B, F is basically
assumed to have a heavier tail than at least some Weibull distribution with shape parameter
Bo < 1. Assumption B4 is required only in Theorem 6 which states the functional central
limit theorem of the conditional random walk given ruin. Note that the Assumptions A and
B cover a wide range of heavy-tailed distributions that are popular in practice, for instance,
reqularly varying, log-normal, Weibull with 3y € (0,1) and so forth.

In our random walk context, state-dependent importance sampling involves studying
a family of densities (depending on “current” state s of the random walk) which governs
subsequent increments of the random walk. More precisely, we write

gs (@) = 7o () f (),

where 7,(-) is a non-negative function such that Ers (X) = 1 for a generic family of state-
dependent importance sampling increment distributions. If we let @ (-) represent the proba-
bility measure in path-space induced by the subsequent generation of increments under g (+),
then it follows easily that

u (b) = E9[I (1, < 00) Ly),

7



with

Ly= 15, (S; = 8j-1). (7)
j=1
We say that
Zy =1 (1, < ) Ly (8)

is an importance sampling estimator for u (b) and its second moment is simply
E9[I (1, < 00) L] = E[I (1, < 00) L.

If we select @ () = P (:|m < 00), or equivalently we let rs (x) = u(b — s — x)/u (b — s), then
the corresponding importance sampling estimator would yield zero variance. Hence, we call
it zero-variance importance sampling estimator; and we call P (-, < 0o0) the zero-variance
change of measure or zero-variance importance sampling distribution.

One of our main goals in this paper is to show that we can approximate the zero-variance
change of measure quite accurately using finitely many mixtures whose parameters can be
easily computed in advance. As a consequence, we can use Monte Carlo simulation to not
only accurately estimate u (b) but also associated conditional expectations of the random
walk given 7, < oo. In fact, we can improve upon the zero variance change of measure
in terms of overall computational cost when it comes to estimating sample-path conditional
expectations given 7, < 0o in situations where F (7,7, < 00) = co. The precise mathematical
statements are given later in this section. Future sections are dedicated to the development
and the proofs of these statements.

Before stating the main results, we would first introduce the family of change of measures
which is based on a mixture of finitely many computable and simulatable distributions.

2.1 The mixture family

We start by describing the precise form of the mixtures that we will use to construct efficient
importance sampling schemes. The family is constructed to consider the contribution of a
“large jump” which makes the walk reach level b in the next step, a “regular jump" which
allows the random walk to continue under (nearly) its original dynamics, and a number
of “interpolating" contributions. This intuition is consistent with the way in which large
deviations occur in heavy-tailed environments.

If b — s > n, for n, > 0 sufficiently large and to be specified in our analysis, we propose
to use a finite mixture family of the form

k

05(2) = pufu(2]s) + psfun(zls) + D pifi(als), (9)

J=1

where p., P, pj € [0,1), Dy + Pus + Zlepj =1,k e N, and f,, fu,and f; for j =1,..k
are properly normalized density functions, whose supports are disjoint and depend on the
“current” position of the walk, s. We will give specific forms momentarily. The choice of k
depends on the concavity of the cumulative hazard function, but otherwise is independent
of b and s. We will ultimately let p,, p.. and the p;’s depend on s. In addition, we will also

8



choose not to apply importance sampling if we are suitably close to the boundary level b. In
other words, overall we have that

0 (1) = [pofel@ls) + ponfun(als) + D pifilals)| 16 =5 > )+ f (@) I (b= s <n.). (10)

j=1
We next specify the functional forms of each mixture distribution. First,

I(x<b—s—AYAD-5)—a,))

f*($|8) = f(x>p(X <b-—s— Afl(A(b — 5) - a*»’

where a, > 0. So, f, represents the mixture component corresponding to a “regular” incre-
ment.
Further, for a,, > 0, let

I(z > A Y A(b — 8) — a44))
P(X > A1 (Ab—8) — au))

fr(]s) = [ ()

[« Tepresents the mixture component that the rare event occurs because this particular
increment is large. Note that

P(X>b—s/X>A"(AD—5)—a.)) =exp(—au).

Therefore, if the “next increment”, X, given the current position, s, is drawn from f,,, there
is probability 1 — exp (—a.) > 0 that the next position of the random walk, namely s + X,
is below the threshold b. This particular feature is important in the variance control. It is
necessary to introduce such a positive a,, to achieve strong efficiency if we want to consider
the possibility of rogue paths in our sampler.

As we mentioned before, the choice of k depends on the “concavity” of the cumulative
hazard function A(:). The more concave A(-) is, the smaller k£ one can usually choose. In
the regularly varying case, for example, a two-mixture distribution is sufficient (i.e. k£ = 0).
The analysis of importance sampling algorithms in this case has been substantially studied
in the literature (see [17, 14, 13, 12]). We can see that this feature is captured in our current
formulation because in the regularly varying case one can find a,, a.. > 0 such that

b—s—AYAD—5)—a,) > A AD—5) — ays), (11)

for all b — s large enough so that one can choose k = 0. Indeed, to see how (11) holds for
the regularly varying case, just note that for any a € (0,1), for each ¢, the inequality

at > AN (A () — )

is equivalent to
P (X > at)

m < exp (Qus) - (12)

Similarly,

t—AY(A(t) —a,) > at

9



holds if and only if
P(X > (1—a)t)
P(X >1)
Karamata’s theorem for regularly varying distributions ensures that it is always possible to
choose @y, a. > 0 given any a € (0,1) so that (12) and (13) hold for uniformly in ¢ and
therefore we have that (11) holds. If Assumption A holds, we choose a., and then select a.
(possibly depending on b — s) such that

< exp (a.). (13)

b—s—AYADb—5)—a,) =AY AD—5) — Gu). (14)

This selection is slightly different from the two-mixture form that has been analyzed in the
literature (see [14, 13, 12]) which involves a “regular” component with support on (—oo, a(b—
s)] and a “large jump” component with support on (a(b—s), 00), for a € (0,1). Our analysis
here also applied to this parameterization. Nevertheless, to have unified statements in our
results, under both Assumptions A and B, we opted for using equation (14).

When (11) does not hold (for instance in the case of Weibull tails with shape parameter
B € (0,1)), we will need more mixtures. In particular, we consider a set of cut-off points
¢y < ... < ¢ depending on b — s. Ultimately, we will have

ci=a;(b—s) forj=1,2,...,k—1.

where a1 < ... < ag_1. The a;’s are precomputed depending on [y (from Assumption
B3) according to Lemma 9 (Section 4). We let ¢ = b — s — A"Y(A(b — s) — a,)) and
cr = AH(A(b — s) — a4)). Given these values we define for 1 < j <k —1,

I(z € (¢j-1,¢])

(1) = €T .
f]( ) f( >P(X€<CJ71,CJ])
For j =k,
I(z € (ck1,ck))
pu— b _ _— .
Jelw) = (b= I)P(X eb—s—cpb—s—ci1))
In our previous notation, we then can write
T's ("L‘)il

(pl@<e) | pele>a) Zp] leone)) ,__f0—s—aplle€ ()
P(X < ) P(X > ¢) (¢cj-1,¢])  fl@)P(X € (b—5s—cp,b—5—cp1])

xI(b—s>n)+I1(b—s<mn).

With this family of change of measures, we are ready to present our main results which
are based on appropriate choices of the various tuning parameters.

2.2 Summary of the results

Our first result establishes that one can explicitly choose 7., ¢;’s, @, G, Ps, Dsr and the
p;’s in order to have a strongly efficient (in the terminology of rare-event simulation, see [4])
estimator.

10



Theorem 1 Under either Assumptions A or B1-3, there exists an explicit selection of 1.,
the ¢;’s, Qx, Qu, Dx, Dux and the p;’s so that the estimator Z, (defined as in (8)) is strongly
efficient in the sense of being unbiased and having a bounded coefficient of variation. In
particular, one can compute K € (0,00) (uniform in b > 0) such that

EQZl? o EL,I (Tb < OO)

2 2 <K
(EZy) u (b)

for b > 0.

The proof of this result is given at the end of Section 4. The explicit parameter selection
is discussed in items I) to IV) stated in Section 4. A consequence of this result is that,
by Chebyshev’s inequality, at most n = O (¢726~!) i.i.d. replications of Z, are enough in
order to estimate u (b) with e-relative precision and with probability at least 1 — ¢ uniformly
in b. Because the estimator 7, is based on importance sampling, one can estimate a large
class of expectations of the form uy (b) = E(H (S, : n < 1,) |7 < 00) with roughly the same
number of replications in order to achieve e-relative precision with at least 1 — § probability
(uniformly in b). Indeed, if K; € (0,00) is such that K;' < H < K, then we have that
ug (b) > K;'. We also have that Lyl (1, < 0o) H (S, : n < 1) is an unbiased estimator for
E(H (S, :n<m);7 < 00) and its second moment is bounded by K?u (b)*. Therefore, we
can estimate both the numerator and the denominator in the expression

E(H(S,:n<1);7 <o)
u (D)

ug()=E(H (S, :n<mn) | mn<o0)=

with good relative precision (uniformly in b). Naturally, the condition K;' < H < K| is just
given to quickly explain the significance of the previous observation. More generally, one
might expect strong efficiency for uy (b) using an importance sampling estimator designed
to estimate u (b) if uy (b) € (K;', K1) uniformly in b.

Given that nothing has been said about the cost of generating a single replication of 7,
strong efficiency is clearly not a concept that allows to accurately assess the total compu-
tational cost of estimating u (b) or ugy (b). For this reason, we will also provide results that
estimate the expected cost required to generate a single replication of Z,. However, before
we state our estimates for the cost per replication, it is worth discussing what is the perfor-
mance of the zero-variance change of measure for the regularly varying case. The following
classical result ([5]) provides a good description of (S, : n > 0) given 7, < 0.

Theorem 2 (Asmussen and Kluppelberg) Suppose that X is reqularly varying with in-
dex v > 1 and define a (b) = [,° P (X > u)du/P (X >b). Then, conditional on 1, < co we
have that

T Slum,| S, —b
—_ 0 < 1 — (Y; 0 < 1).Y;
<a(b)’< - 0<u< ), 5 (Yo/ |p|, (up: 0 <u<1),Y),

where the convergence occurs in the space R x D[0,1) x R, P(Y; >t) = (1 +t/(t —1))~**!
fort >0 andi=0,1 and P (Yy > yo,Y1 > vy1) = P (Yo > o + 1) -

11



Remark 2 The previous result suggests that if Assumption A holds, the best possible perfor-
mance that one might realistically expect is E9T, = O (b) as long as (very important!) v > 2.
The full statement of Asmussen and Kluppelberg’s result (Theorem 1.1 in [5]) also covers
other subexponential distributions. For instance, in the case of Weibull-type tails with shape
parameter By, their result suggests that E(ty|7, < 00) = O(b1~=).

As the next theorem states, for the regularly varying case with ¢ > 1.5, we can guarantee
E97, = O (b) while maintaining strong efficiency as stated in Theorem 1. We will also
indicate why we believe that this result is basically the best possible that can be obtained
among a reasonable class of importance sampling distributions.

Theorem 3

o [f Assumptions A holds and v > 1.5, then there exists an explicit selection of 7., the
Cj’S; Gy s, Ds, Psx SUch that strong efficiency (as indicated in Theorem 1) holds and

E°7, < py + p1b
for some pg, p1 > 0 independent of b.

o [f Assumption B1-8 holds, we assume there exists 6 > 0 and 5 € [0, o] such that
Mz) > 6281 for o sufficiently large. Then, with the parameters selected in Theorem
1, there exists pg and p; independent of b, such that,

E%7, < po + pib* P

Remark 3 The results in this theorem follow directly as a consequence of Propositions 6
and 7 in Section 5. For the regularly varying case (Assumption A), in addition to the
explicit parameter selection indicated in items I) to IV) in Section 4, which guarantee strong
efficiency, we also add item V) in Section 5, which explicitly indicates how to select the
parameters to obtain O (b) expected stopping time while maintaining strong efficiency. We
assume that it takes at most a fized cost ¢ of computer time units to generate a variable
from qs (+) (uniformly in s). The previous result implies that if X is reqularly varying with
index v > 1.5, then our importance sampling family estimates u (b) and associated conditional
expectations such as ug (b) in O (e72571b) units of computer time. This is in some sense
(given that we have linear complexity in b even if v € (1.5,2)) better than what one might
expect in view of Theorem 2. We will further provide an argument, see Remark 6 in Section
5, for why in the presence of regular variation v > 3/2 appears to be basically a necessary
condition to obtain strongly efficient unbiased estimators with O(b) expected termination
time.

Remark 4 For the second case in Theorem 3, note that when Assumption B1 holds, one can
always choose 5 =0 and § arbitrarily large. This selection actually results in o(b) estimate
for the expected termination time. It is desirable to choose 3 as large as possible because this
yields a smaller (asymptotically) the termination time. However, there is an upper bound,
namely [y, which can be derived from Assumption B2 (Lemma 1).

12



For the regularly varying case, we provide further results for all © > 1. If © > 1, we are
able to construct an importance sampling estimator Z, such that for some v > 0 we can
guarantee F9(Z, ™) < Ku (b)'"" and at the same time E97, = O (b). The next result,
whose proof is given at the end of Section 5, allows us to conclude that this can be achieved
with our method as well.

Theorem 4 Suppose that Assumption A is in force and ¢ € (1,1.5]. Then, for each v €
(0,(t—=1)/(2—=1)) we can select K > 0, and a member of our family of importance sampling

distributions such that
EO(ZE) < Ku ()™

for all b > 0 and E° (1) < po + p1b for po, p1 € (0,00). Consequently, assuming that each
increment under qs (+) takes at most constant units of computer time, then O (5_2/ r5—1/ 7b)
expected total cost is required to obtain an estimate for u (b) with e-relative error and with
probability at least 1 — 9.

Remark 5 Similar to the case of controlling the second moment, we believe that the upper
bound (1—1)/(2—1) is optimal within a reasonable class of simulation algorithms. A heuristic
argument will be given in Section 5.

Finally, the proposed family of change of measures and analysis techniques are useful not
only for Monte Carlo simulation purposes but also for asymptotic analysis. We provide the
following approximation results which improve upon classical results in the literature such as
Theorem 2. By appropriately tuning various parameters in our family we can approximate
P(S € -1, < 00) by Q (S € -) asymptotically as b /" co. We will explicitly indicate how to
do so in later analysis.

Theorem 5 Under either Assumptions A or B1-3, there exists an explicit selection of 1.,
the ¢;’s, Gy, Qyi, Px, Pex and the p;’s so that

lim, o sup |P(S € Alm, < 00) — Q (S € A)| =0.
A

The previous result is an immediate consequence of Lemma 10 combined with Theorem
8. It further shows that our mixture family is an appropriate vehicle to approximate the
conditional distribution of the random walk given 7, < co. Moreover, due to the convenience
of the mixture form, as a corollary of the previous theorem and using a coupling technique,
we can show, without much additional effort, the following theorem which further extends
Theorem 1.1 in [5] by adding a central limit theorem correction term. This theorem is proven
at the end of Section 6.2.

Theorem 6 Suppose that either Assumption A or Assumptions B1-4 are in force. Let 0% =
Var (X;) < oo anda(b) = [ P(X > u)du/P (X >b). Then

T Ster,] — tUT S, —b
R e YOI 20 R )
a(b) 0<t<1 -

VT a(b)
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in R x D[0,1) x R. {B(t) : 0 <t < 1} is a standard Brownian motion independent of
(Yo, Y1). The joint law of Yy and Yy is defined as follows. First, P(Yy > yo,Y1 > y1) =
P (Y1 > yo+ 1) with Yy £ Y and

o [f Assumption A holds then

1
(1+t/(t—1))

P(Y1>1t)=

o [f Assumptions B1-4 hold, then Y; follows exponential distribution with mean 1 and
consequently Yo and Y, are independent.

3 Preliminaries: Heavy tails, importance sampling and
Lyapunov inequalities

3.1 Heavy talils

A non-negative random variable Y is said to be heavy-tailed if Eexp (0Y) = oo for every
6 > 0. This class is too big to develop a satisfactory asymptotic theory of large deviations and
therefore one often considers the subexponential distributions which are defined as follows.

Definition 1 Let Y7, ..., Y, be independent copies of a non-negative random variable Y. The
distribution of Y (or Y itself) is said to be subexponential if and only if
P(Y1+..4+Y, >u)

I -
wiee  P(Y > ) "

Actually it is necessary and sufficient to verify the previous limit for n = 2 only.

Examples of distributions that satisfy the subexponential property include Pareto dis-
tribution, Lognormal distributions, Weibull distributions, and so forth. A general random
variable X is said to have a subexponential right tail if X is subexponential. In such a
case, we simply say that X is subexponential.

If X is subexponential, then X satisfies that P (X >z + h) /P (X >z) - 1l asz — o0
for each h € (—o0,00). A random variable with this property is said to possess a “long tail".
It turns out that there are long tailed random variables that do not satisfy the subexponential
property (see [20]).

In order to verify the subexponential property in the context of random variables with
a density function (as we shall assume here) one often takes advantage of the so-called
cumulative hazard function. Indeed, a sufficient condition to guarantee subexponentiality
due to Pitman is given next (see [20]).

Proposition 1 A random wvariable X with concave cumulative hazard function A(-) and
hazard function A (-) is subexponential if

/000 exp (z\ (z) — A (z)) dr < 0.
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A distinctive feature of heavy-tailed random walks is that the rare event {sup,, S, > b}
is asymptotically (as b — oo) caused by a single large increment, while other increments
behave like “regular” ones. Therefore, one can obtain the following approximation, often
called fluid heuristic, for the probability u(b):

u(b) = P(m, < 00) = > P(n, = k) (15)
wgP(Xk >b—(k—1)u) ~ —%/booP(X > s)ds.

For notational convenience, we denote the integrated tail by
Glz) = / P(X > s)ds. (16)

The previous heuristic can actually be made rigorous under subexponential assumptions.
This is the content of the Pakes-Veraberbeke theorem which we state next (see page 296 in

2])-

Theorem 7 (Pakes-Veraberbeke) If F is long tailed (i.e. F(z+h)/F(x) — 1 asx / oo
for every h > 0) and fot P (X > s)ds/EXT is subexponential (as a function of t) then

u(b) = —(n™" +0(1))G(b), (17)
as b — oo.
We close this subsection with a series of lemmas involving several properties which will
be useful throughout the paper. The proofs of these results are given in Appendix A.
Lemma 1 If B2 holds then A (z) = O (z%7) — 0 as z — .

Lemma 2 Under Assumption B3 there exists a constant 1 (depending on a,) and by, such
that for all v < b — A" (A(b) — a.) and b > by, the integrated tail satisfies

G(b—x)/G(b) < k.
Lemma 3 Suppose Bl and B3 are in force. For each g > 0, there exists by > 0 such that
ey F(b) < G(b) < gobF (D),

for all b > by. In particular, F'(b)/G (b) = o(1) as b — oo. If Assumption A holds then for
each oy > 0 we can select by > 0 sufficiently large so that

G(b) < (1 — 1)(1 + 6)bF (D).

for b > by, where v is the tail index of F' defined in Assumption A.
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Lemma 4 Suppose B2 holds, for all x > by and y > 0 we have

%Z (xi?)ﬁo’

Lemma 5 Suppose B2 is satisfied. Then, we can choose by > 0 sufficiently large such that

z— A A(z) — a,) > (17502

for all x > by.

The following lemma allows us to conclude that the Pakes-Veraberbeke theorem is ap-
plicable in our setting.

Lemma 6 Under either Assumption A or B1-3, both F(x) and [ P(X > s)ds/ (EX™) are
subexponential as a function of x.

3.2 State-dependent importance sampling for the first passage
time random walk problem and Lyapunov inequalities

Consider two probability measures P and () on a given space X with o-algebra F. If the

Radon-Nikodym derivative %(w) is well defined on the set A € F, then

dP
P(A) = [ G50 ) Q).
We say that the random variable %(w)] 4 (w) is the importance sampling estimator associ-
ated to the change of measure / importance sampling distribution Q. If one chooses ()" such
that for each B € F,
Q'(B) = P(BN A)/P(A),
P

then, 5—5, = P(A) almost surely on the set A and therefore the estimator o (w) has zero
variance. This implies that the best importance sampling distribution (with zero variance
for estimating P(A)) is the conditional distribution given the event A occurs.

Certainly, this zero variance estimator is not implementable in practice, because the
Radon-Nikodym derivative involves precisely computing P(A), which is the quantity to com-
pute. Nevertheless, it provides a general guideline on how to construct efficient importance
sampling estimators: try to mimic the conditional distribution given the event of interest.

In the context of this paper, we consider a random walk (S, : n > 0) with Sy = 0 and
therefore

P(Xn+1 S dlElSh ,Sn) = F(dl’)

A state-dependent importance sampling distribution ) is such that
Q(Xni1 € dz|Sy, ..., Sp) = 5} (z)F(dx), (18)

where, the function (75 (z) : s,z € R) is non-negative and it satisfies

/_ i (@) Fda) = 1.

o0
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Now, consider the stopping time 7, = inf{n > 0: S, > b} and set A, = {7, < oo}, then
it follows easily that

P(Ab) = EQ {IAb f[’l“sil (Sz — Si—l)} .

i=1
Notational convention: throughout the paper we shall use E€ () to denote the expec-

tation operator induced by (18) assuming that Sy = s. We simply write E€ (-) whenever
So = 0.

We will work with the specific parametric selection of r¢(z) introduced in Section 2. In
proving some of our main results we will be interested in finding an upper bound for the
second moment of our estimator under E€ (-), namely

EQ {IAHTgi—l(Si - Si—l)} =F {]AHTSi—l(Si - Si—l)} .

i=1 i=1

In general, the (1 4 v)-th moment (v > 0) of our estimator satisfies

Th
FE {[A HTSiq(Si — Sil)’y}

=1

The next lemma provides the mechanism that we shall use to obtain upper bounds for these
quantities. The proof can be found in [9].

Lemma 7 Assume that there exists a non-negative function g : R — RT, such that for all
s <b,
9(s) = E(g(s + X)ry(X)7),

where X is a random variable with density f(-) and suppose that for all s > b, g(s) > e.
Then,

g(O) Z ) {[A ﬁrsi_l(Si — Si_l)v} . (19)

Most of the time we will work with v = 1 (i.e. we concentrate on the second moment).
The inequality (19) is said to be a Lyapunov inequality. The function g is called a Lyapunov
function. Lemma 7 provides a handy tool to derive an upper bound of the second moment
of the importance sampling estimator. However, the lemma does not provide a recipe on
how to construct a suitable Lyapunov function. We will discuss the intuition behind the
construction of our Lyapunov function in future sections.

If r4(x) has been chosen in such a way that the second moment of the importance sampling
estimator can be suitably controlled by an appropriate selection of a Lyapunov function g,
we still need to make sure that the cost per replication (i.e. E97,) is suitably controlled as
well. The next lemma, which follows exactly the same steps as in the first part of the proof
in Theorem 11.3.4 of [22], establishes a Lyapunov criterion required to control the behavior
of E97,.
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Lemma 8 Suppose that one can find a non-negative function h(-) and a constant p > 0 so
that
EZ(h(s + X)) < h(s) = p,

for s <b. Then, E9(1|So = s) < h(s)/p for s <b.

Most of the results discussed in Section 2 of the paper involve constructing suitable
selections of Lyapunov functions g and h appearing in the previous lemmas. The construction
of these functions is given in subsequent sections.

4 Lyapunov function for variance control
Our approach to designing efficient importance sampling estimators consist of three steps:

1. Propose a family of change of measures suitably parameterized.

2. Propose candidates of Lyapunov functions using fluid heuristics and also depending on
appropriate parameters.

3. Verify the Lyapunov inequality by choosing appropriate parameters for the change of
measure and the Lyapunov function.

Our family has been introduced in Section 2. This corresponds to the first step. The
second and third steps are done simultaneously. We will choose the parameters 7., the ¢;’s,
@y, Gsxy Piy Pex and the p;’s of our change of measure in order to satisfy an appropriate
Lyapunov function for variance control by means of Lemma 7. Some of the parameters, in
particular the ¢;’s, can be set in advance without resorting to the appropriate Lyapunov
function. The key element is given in the next lemma, whose proof is given in the appendix.

Lemma 9 For each 5y € (0,1) and o1 > 0 (sufficiently small), there exists oo > 0 and a
sequence, 0 < a; < ag < --- < ap_1 < 1 such that aj11 —a; < o01/2 foreach1 < j <k —2,

afo +(1- aj+1)5° > 1+ o9.
and ap_1 > 1— 01, a1 < o1.
Given [y in Assumption B2, from now on, we choose
co=b—s—ANTAb—-35)—a.), cx=A"(ADb-35)—aw), c;=a;(b-—s), (20)

for j = 1,...,k — 1, with oy chosen small enough and a; = a;_; + 01/2 according to the
previous lemma.

We continue with the second step of our program. We concentrate on bounding the
second moment and discuss the case of (1 + v)-th moment later. The value of the Lyapunov
function at the origin, namely, g (0) in Lemma 7 serves as the upper bound of the second
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moment of the importance sampling estimator. In order to prove strong efficiency, we aim
to show that there exists a constant ¢ < oo such that

ECZ} < cu®(b),

where
Tb
Zy =1(7, < 00) [ [ rs,_ (Si = Sic1) (21)
i=1
is the estimator of u(b). Therefore, a useful Lyapunov function for proving strong efficiency

must satisfy that
9(0) < cu’(b).

It is natural to consider using an approximation of u?(b — s) as the candidate. Exactly the
same type of fluid heuristic analysis that we used in (15) suggests

g(s) = min{kG?(b — s),1}, (22)

where G is the integrated tail defined in (16) and « is a non-negative tuning parameter which
will be determined later.

It is important to keep in mind that g(s) certainly depends on b. For notational simplicity,
we omit the parameter b. The function g (s) will also dictate when we are close enough to
the boundary level b where importance sampling is not required. In particular, using our
notation in (10) and (18) we propose choosing 7, = G~! (k~'/?) which amounts to choosing

Ts (x)fl

[ pd(z <) | pud(r>cp) - pil(z € (¢cj-1,¢4)) fb—s—x)ppl(x € (ckp_1,ck])
- (P(X o) TP sa) T P el T FOPXEh s b5 ckl])>

xI(g(s)<1)+1I(g(s)=1).

j=1

Now we proceed to the last step — the verification of the Lyapunov inequality. The
Lyapunov inequality in Lemma 7 is equivalent to

E(ry(X)g(s + X))
9(s)

<1 (23)

The interesting part of the analysis is the case g(s) < 1 because whenever g (s) = 1 the
inequality is trivially satisfied given that 0 < g (s + X) < 1. Hereafter, we will focus on the
case that g (s) < 1.
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The left hand side of (23) can be decomposed into the following pieces,

E(rs(X)g(s + X))  PX <b—s— A A(b—s) —a))

g(s) a Pa
X E(%;X < b—s—A_l(A(b—s)—a*))
P(X > AYAD—s) —aw) . (9(s+X) LA(h—$) —a
+ o E( M@,X>A (A(b— s) WO
— P(X € (¢;1,¢1]) , ((g(s +X) o
LT, B (25 X < tenal)

N Pb—s—X € (ck_l,ck])E <gg(s+X)f(X)

Dr @ﬂww—Xer@*”D‘

We adopt the following notation

Jo=P(X<b-—s—AYADb~-s)—a,))E (%;X <b—s—AYAMb—-5s)— a*)>
(24)
o= P(X > A{(A(b— 8) — au)) E (% X > AV A®D—5) — a**)) (25)
_ e enE (98X v e 1) fori— _
Jz = P(X - ( i—1, z])E( g(S) ,X - ( i—1, z]) , f 1, ,]{3 1 (26)
Jp=Pb—s—X € (o1, E (gé]s()sf;rb)f)j(_x))()ﬁ( € (Ck—1,0k]) ; (27)

so that inequality (23) is equivalent to showing that

J* J** - Jz Jk
+ 24y S+ =<
P+« Pax i=1 Di Pk

We shall study each of these terms separately.

At this point it is useful to provide a summary of all the relevant constants and parameters
introduced so far:

t > 1 is the regularly varying index under Assumption A.

by > 0 is introduced in Assumption B, Lemmas 3 and 5 to ensure regularity properties.

Bo € (0,1) is introduced in B2 to guarantee that the distribution considered is “heavier”
than a Weibull distribution with shape parameter [,

® a,, a,, > 0 are introduced to define the mixture components corresponding to a “reg-
ular jump" and a “large jump" respectively.
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® a1 < .. < ag_1 are defined according to Lemma 9.

o ¢jfor j =0,1,....k are defined in (20) and correspond to the end points of the support
of the interpolating mixture components.

e k, 1, are parameters for the Lyapunov function. They are basically equivalent since
n. = G7' (k71/?), k appears in the definition of the Lyapunov function. It is important
to keep in mind that by letting x be large, the condition g (s) < 1 implies that b—s > 7,
is large.

® £, 0g are arbitrarily small constants introduced in Lemma 3.

e The parameters p,, p« and p; for i = 1,...,k are the mixture probabilities and will
depend on the current state s.

Other critical constants which will be introduced in the sequel concerning the analysis of
Ju, Juxy and J;, i =1,..., k are:

e 05 > 0 is a small parameter which appears in the analysis of .J,. It will be introduced
in Proposition 2.

e 47 > 0, a small parameter, appears in the definition of p; and the overall contribution
of the J;’s. It will be introduced in step III) of the parameter selection process.

e 05 > 0 is introduced to control the termination time of the algorithm. It ultimately
provides a link between a,. > 0 and d5 > 0 in Section 5.

e Parameters 6, ¢ and £; which are introduced to specify the probabilities p,, and the
pi’s respectively. Their specific values depending on ¢} and d7 will be indicated in steps
I) to IV) below.

Throughout the rest of the paper we shall use €, > 0 to denote arbitrarily small positive
constants whose values might even change from line to line. Similarly, K, ¢ € (0, c0) are used
to denote a positive constants that will be employed as generic upper bounds.

Now, we study the terms J,, Ji, and J;, 2 =1, ..., k.

The term J,.:

Jowo = P(X > AHA(b—5) — a,4))E (%, X >AYAb—s) - a**))
Pz(X > A’l(A(b —8) — Uys)) _ 20 FQ(b —3)
< o(5) =TS (28)
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A bound for J,:

Proposition 2 Suppose the distribution function F' satisfies Assumption A or Assumption
B1-3. Then, as b — s — o0,

g(s +X). e A YA— ) a o1, 296)
Eﬂjﬁrﬂxgb AHA(b — 5) *0§1+u+(mu .

Therefore, for any o5 > 0, we can select n,. > 0 such that for allb— s > n,,

g(s+ X) 1 ) £ 99(s)
EFEl=—=— 5 X<b—s—A"(Ab—5s)—ay) | <14+ u(l-4 .
Proof of Proposition 2. By Taylor’s expansion,
o5+ X) |, Ouls+8)
9(s) 9(s)

where ¢ € (0, X) (or (X,0)). For all s and X such that g(s) < 1 and g(s+ X) < 1,

X0g(s+6)/9(s) = 2X F(b—5—)Gb—s—6) /G2 (b—s) — 2x 0~ 8= G0 =5 = &) F(b—s)

Fb—s) Gb-s) Gb-—s)

Then,
%E (Xg(s +€)/gls): X <b—s— AN AB—5) — a,))
<9F (XF<b_S_£)G(b_S_§);Xgb—s—A1(A(b—s)—a*))

F(b—s) G(b—s)
Note the following fact,

Fb—s—=¢) -
Fb—s) — 7
and by Lemma 2,
Glb—s-¢& _
Gb—s) —0

and by Lemma 3 and the fact that F' is subexponential (Lemma 6),

Flb—s-§G0b—s-¢)
Fo—s) Gh—s) O

as b — s — 0o. By the dominated convergence theorem,

b_lir_r}oo %E (X0g(s+€)/g(s); X <b—s—A"(A(b—s) —a.)) =2p. (29)

Therefore, we can always choose the constants appropriately such that the conclusion of the
proposition holds. m

As remarked in equation (11), the terms J;, i = 1, ..., k, do not appear in the context of
Assumption A. We consider them in the context of Assumption B.
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Bound for J;, 2 <:<k—1:

Proposition 3 Suppose that Assumptions B1-3 hold. Then, for each 2 < i < k — 1, we
have that for any o > 0

“ flx)g(s + )

=) TR0

f(x)dz = o((b—s)"),

as b—s— o0.

Proof. Thanks to Lemma 4, for each x, y, z sufficiently large, we have

rT+y+z rT+y+z

A@)+A(y) =AMz +y+2) > Az +y+2) ((L)ﬁ + (Lf - 1) . (30)

We first note that by repeatedly using results in Lemma 3

/Cj f(@)g(s + x)
cj—1 Hfj(x)CTQ(b - 8)

_P(XG(Cj—bcj]) “ 2(hb — s — ) f(x)dx
 G2(b—s) / GO

Cj—1

f(z)dx

€0 eA(b_S)_A(Cj—l)

< Gh—s) /cj ]1 G2(b— s — x)\(z)e M dx
AB—8)—Ale1)
806 = 2
< Flc;_ _s—¢
< Glb— ) (¢j-1)G7(b— s —¢)
4€A(b—s)—A(c]-_1) B 5 =
< 5OWF(%—1)(5 =) (b —s—¢)

_ gé(b . S)262A(b—5)—2A(0j_1)—2A(b—s—cj-)
<ed(b—s)exp {—2A(b —5) <a§21 +(1—a;) — 1)} —o(1) (b— )",
as b — s — oo for each @ > 0. The last inequality is thanks to (20), (30). The last

step (equality) follows from Lemma 9 and Assumption B1 which implies that the tail of X
decreases faster than any polynomial. m

A bound for J;:

Proposition 4 Suppose that Assumptions B1-3 hold. Then, for each o > 0 we have

- f@)gls+ )

AT AB-s)-an) J1(T)g (5) f(@)dz = of(b =),

as b— s — oo.
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Proof of Proposition 4. Use Lemma 3 and lim,_,., A(x) = 0 and obtain

“ f(x)g(s + x)
f(x)dx

/bsAl(A(bs)a*) kf1(x)G2(b— s) (@)

P(X>b—s— A1 AD-s)—a.)) /C1 )
< G°(b—s—x)f(x)dx

G2(b - S) b—s—A—1(A(b—s)—ax) ( ) ( )
<egb—s)P(X >b—s—AN1A(b—5)—a.)) / 2 (b=8)—2A(b—s—2)=A(@) 7.
b—s—A—1(A(b—s)—a)

Also note that by Lemma 4,

A@) +A(b—s—a) — A(b—s) > A(b— s) <(&)B + (bzs%)ﬁ - 1) . (31

and,
Ab—3s)—=Ab—s—2) <AD—5)(1—(1—z/(b—5))P).
Therefore, for all z € [b — s — A" (A(b — s) — a.),01(b — 5)], with o; small enough,

T Po 2P0
2Ab—s) —2A(b—s—x) — Alx) < A(b— ) (2_2<1_E) —m) <0.

Together with Lemma 5, P(X > b— s — A '(A(b— s) — a.)) decreases to zero faster than
any polynomial rate. The conclusion of the lemma follows. m

A bound for J:
Proposition 5 If Assumption B holds then for each o > 0

[ f@gl )
Je= [ W = ol ),

as b—s — oo.
Proof of Proposition 5. Note that

[F Lorn FO),
o1 KG2(0—5) ila)

:P(Xe(b—s—ck,b—s—ck—l])/

Ck

* glstr)  fAx)
_, KG2(b—s) f(b—s5—x)

dx

o
<egF(b—s—cp) / (b— 5)°X2(2)A 7L (b — s — x)e2Ab=9) 720 @) =Ab=s=2) g

Ck—1

We note that oy is small enough and x > (1 — 01)(b — s) so that we can apply Lemma 9 to
conclude

2A(b—s)—2A(w)—A(b—s—a¢)§2—2( ’ )60— (b—s_—x>ﬁ°§0.

b—s b—s

By Assumption B1, 1/\(z) grows at most linearly in = and also we have that F'(b — s — ¢;)
decays faster than any polynomial rate. We then have the conclusion of the proposition. m
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Summary of estimates and implications for the design of the change of measure
selection. The previous bounds on J,, J., and J;, i = 1,..., k imply that we can choose
parameters and setup the algorithm as follows.

I If Assumption A holds, we choose a, and a.. such that (14) holds. If Assumption
B holds, given a.,a.. > 0, oy > 0 (sufficiently small), and a; = a;_; + 01/2, chosen
according to Lemma 9, let

co=b—5—AAb-5)—a,), =AY ADb-5)—a.),
cj=ua;(b—s)for j=1,...k—1.

IT Select 6§ € (0,1/4) and let 7, > 0 be large enough so that if b — s > 7, then

Jo_ 1 (1105 9g(s)
p.m T ;M) (32)

III Choose 07 € (0,05u%(1 — 65)%(1 + 65)71°/(k + 1)?) such that if b — s > 7, for 7, large

enough
59(8))2
J; <670y | ——
o ( 9(s)

for all e = 1, ..., k. Note that the J; terms are all zero for the regularly varying case.

The choice in III) is feasible because dg(s) /g (s) = 2F(b — 5)/G (b — s) decreases at
most a polynomial rate and J; terms derived in Propositions 3, 4, and 5 are smaller than any
polynomial rate. Both II) and III) can be satisfied simultaneously by choosing 7, sufficiently
large. Now, with the selections in IT) and III) we have that

1 (=5) 09(8) | a0 F(0—s) | s (09(5)) g L
< e S e () )

Pi
Now we must select p., p. and the p;’s so that (33) is less than unity in order to satisfy (23).
Recall that p,. represents the mixture probability associated to the occurrence of the rare
event in the next step. Therefore, it makes sense to select p,. of order O(F(b—5s)/G (b — s))
as b — s — 0o. Motivated by this observation and given the analytical form of the equation
above we write

i=1

pux = min{00g(s)/g(s), &} = min{20F (b — 5)/G(b — s), &} (34)
for some 6,2 > 0 (the precise values of § and £ will be given momentarily) and let

for each i = 1,...,k for some £; > 0 small enough to be defined shortly. This selection
of p;’s also makes intuitive sense because the corresponding mixture terms will give rise to
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increments that are large, yet not large enough to reach the level b of the random walk and
therefore they correspond to “rogue paths" — as we called them in the Introduction. In
addition, one can always choose 7, large enough such that p,, < € for all b — s > n,. Given
these selections we obtain

Pe = 1 = Puse — KE1Pus (36)

We then conclude that if p..(1 + k1) < 05/2 < 1/4 and & < §%/2, then

k
£+J**+Z£

Px D i—1 Dk
~ x\—1 (1 - 56) 20 Dsx *A* Prex
S T pu (L kE) (1= 00) o Hpen €7 -+ K010 o
. B T e e
o |k (1)t L% b
+p {( + ke1) ( o)+ 0 B 402k N 022,

Now choose £; = &;/(k+1) and then select § = —pu(1—03)/(1+d;)°. Then we note that our
selection of &7 guarantees 67 < 6?2k, Finally it is required that £ > e**+/[46%5]. Note
that the selection of dj,d7 > 0 requires that b — s > n, for n, > 0 sufficiently large, which
is guaranteed whenever g (s) < 1 and & is sufficiently large. So, the selection of x might
possibly need to be increased in order to satisfy all the constraints. All this selections in
place yield (using the fact that §5 < 1/4)

k

J
T +Zp—‘“ 1A poe (L4 65) = (1463)° +265) < 1+ pai (55— 1) < 1.
* *k i=1 k

J* J**
_|_

The various parameter selections based on the previous discussion are summarized next.

IV Select €, = 405/(k + 1), € = (65)? (this guarantees p..(1 + k€1) < d0g/2) and 6 =
—p(1—=05)/(146%)°. Set pux, p; for i = 1,..., k and p, according to (34), (35) and (36)
respectively. Then, choose k large enough so that xk > e2®+ /[46?5}] and at the same
time ¢ (s) < 1 implies b — s > 7, with 7, also appearing in II) above.

We now can provide a precise description of the importance sampling scheme. Assume
that the selection procedure indicated from I) to IV) above has been performed and let
So = 0. Suppose that the current position at time k, namely Sk, is equal to s and that
Ty > k. We simulate the increment X} according to the following law. If g (s) < 1 then we
sample Xy ; with the mixture density in (9). Otherwise, if g (s) = 1 we sample X;,; with
density f (). The corresponding importance sampling estimator is precisely

Tb

Zb = I(Tb < OO) HTSi—l(Si — Si—l)‘ (37)

=1

Note that we have not discussed the termination of the algorithm — the expected value of 7,
under the proposed importance sampling distribution. Indeed, this is an issue that will be
studied in the next section. Here we are only interested in the variance analysis of Z.
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Proof of Theorem 1. We must show that the estimator Z, defined in (37) is strongly
efficient for estimating u(b). Our discussion summarized in the selection process from I) to
IV) above indicates that g (-) is a valid Lyapunov function. Therefore we have that

EPZ2 < ¢(0).

Hence, according to (17),

5 Controlling the expected termination time

As mentioned previously, if Z,, is a strongly efficient estimator for u(b), in order to compute
u(b) with ¢ relative error with at least 1 — § probability, one needs to generate O(e~25!)
(uniformly in b) i.i.d. copies of Z,. The concept of strong efficiency by itself does not
capture the complexity of generating a single replication of Z,. In this section we will
further investigate the computational cost of generating Z,. We shall assume that sampling
from the densities ¢s(-) or f(-) takes at most a given constant computational cost, so the
analysis reduces to finding a suitable upper bound for E?7.

We first assume that F' is a regularly varying distribution. We will see that if I) to IV)
and also V) below are satisfied then the expected termination time is O (b). The key message
is that we can always select a..,d3 > 0 sufficiently small in order to satisfy both Lyapunov
functions in Lemmas 7 and 8.

V If Assumption A holds, let 7, be large enough so that if g (s) < 1 (i.e. b—s > n, =
G~' (k71/2)) then )
F(b—s) - (t—1)(1—95)
Gb—s) — b—s '

We also have that a..,d; > 0 are sufficiently close to zero such that

(1— &)

0s =21 —1

e —1—2(1—e 2/ (, —1) >0

with ¢ > 1.5.

Proposition 6 Suppose that Assumption A holds and ¢ > 1.5. Then, the selection indicated
in I) to V) yields both Theorem 1 and

E®(m) < po+ p1d,
for po, p1 € (0,00) independent of b.
Proof of Proposition 6. We will use Lemma 8 to finish the proof. We propose

h(s)=[p+b—s|I(s <b),
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for some p > 0. First we note that

E9b—s—X;X e (AT (A(b—5)—a),b—s]) (38)
P(Xe(MNYA(—8) —au),b-
TP T P (X S AT (A(b—5) —an))

s]) x E(b—s—X|X € (A’l(A(b—S)—a**%b_S])'

Recall that
20t —1)

b—s
asb—s / oo, where 0 = —u(1—45)/(1+ ;). Therefore, we can select 7, > 0 large enough
so that if b — s > n,

Pax = Min{20F (b — 5)/G(b — 5),&} = (14+0(1)) (39)

(s — (1= ) (s~ 1)
TThos(rey =P T Ty

Now, note that 7, can be chosen sufficiently large so that if @ = e=2*+/*, then

P(X>b—s)

exp (A (b —s)+Ala(b=s)) =5 XS a(h_s) =P (—0.)
as long as b — s > .. Therefore,
X>AT (A~ s) — aw)
implies X > a(b— s) and we have that
Eb—s—X|X (A (A(b=s)—aw),b—s]) <(1—a)(b—s). (40)

Together with (38), (39), and (40), if b — s > 7. we obtain
E9b—s5—X;X € (A (A(b—5) —au),b—5]) <2u| (1 —a)(t—1).

The previous estimates imply that by choosing 7, > 0 large enough we can guarantee that
for all b — s > n, we have

E9(h(s + X))
=E°p+(b—5—X);s+X<b)
<(1-Q(X >b—5)[po+b—s— -+ 2ul(1 - a)(i—1)]
= (L= pue ™) [h(s) —p+2|p[ (1 —a) = 1)].
By noting that 6 < |ul, if b — s > 7, and 7, is selected large enough we obtain that
E9(h(s + X))
< h(s) =t pue R () + 20l (1 — @) (1 = 1) + o(1)
(= D=5 ..
(1+05)°

271(:531))5(119 52; e p—2u(l—a) (e —1) +o(1).

< h(s) —p+
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The above inequality holds for all p > 0 provided that b — s > 7, = G} (/(1/ 2) so that

b—s > n, if and only if ¢ (s) < 1. Since ¢ > 1.5, one can choose a,, and Jj sufficiently small

such that .
(1—05)°

gy =2(1 — 1)m

e _ 1 — 2(1 72(1**/L) (L _ 1) >0
we conclude that
E9(h(s + X)) < h(s) + ud;

as long as g (s) < 1. Now, if g(s) =1 (i.e. if 0 < b — s < 7,) we do not apply the change of
measure and therefore

E°Mh(s+X)=E[p+b—s5—X;X <b— g
< h(s) — B(X|X <0)— pP(X >n,).

Given the selection of £ (and therefore of . = G~! (k71/2)), we can choose p large such that
CB(X|X <0) — pP (X >1.) < ud; < 0.

Hence,
E9m, < h(0)/ || 8.

Thereby, the conclusion of Lemma 8 follows by redefining the constants. =

Remark 6 The previous result concerning the condition ¢+ > 1.5 raises a couple of natural
questions. First, what is special about a tail index 1 = 1.52 What would be required in order
to obtain both strong efficiency and E9m, = O (b) assuming only 1 > 1?2 We believe that
the previous result is basically optimal. We do not pursue this claim with full rigor here but
provide an argument showing why we expect this to be the case. First, Theorem 2 implies the
approrimation

P (bon <1, < bd(n+ 1)b|m, < 00) = [P (Yo > Sluln(t —1))—P (Yo > o|lp|(n +1)(t — 1))](1+0(1))

asb / oo for any 6 > 0. Ewven if we could apply importance sampling directly to 7, (rather
than doing it through the X;’s) it would be reasonable to select Q) () so that

Qbon <1, <bd(n+1))=c (§)n " (1+0(1))

as b / oco. Since we wish to have E9T, < oo we should impose the constraint v; > 2. Now,
we have that

P (Yo > dluln(e = 1)) = P (Yo > 0|p|(n + 1) = 1)) = 8|p|( = 1) (1 + 6|uln) " (1 + 0 (1))

asn /" oo. On the other hand, strong efficiency imposes the constraint that

M

( (Yo >d(n+1)) — P (Yy > dn)

2
Qo < <Bi(n + 1)) ) Q (bon <7, <bj(n+1)) < o0 (41)
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which suggests
Zn’z“ﬂl < 00. (42)
n=1

Consequently, we also must have 21 > ~; + 1. Combined with the previous constraint (i.e.
T > 2), it yields v > 3/2.

We will show that if © > 1 we can control 1+ relative moments (for v small enough) and
still keep E97, = O (b). However, before we do so, in order to complete the argument for

the proof of Theorem 3 we will continue working with v = 1 in the context of Assumption
B.

Proposition 7 If Assumptions B1-3 hold, we assume there exists 6 > 0 and 3 € [0, Bo] such
that A(x) > 62°~1 for x sufficiently large. Then, there exist G, Gu, Ps, Duxs Dis J = 1y .oy ki,
such that Theorem 1 holds and, in addition,

ECr, < po + plbl’ﬁ.
for po and py sufficiently large.
Proof of Proposition 7. Let 8 € (0, 5y) and consider the Lyapunov function,
h(s) =[p+ (b—s)""P|I(s <b).
For all € > 0,
E°(h(s + X))
< Q(X <(1—e)b— s))EQ(p+ (b—s— X)) 91X < (1—e)(b— s))
T+ - ) )Q((1-2)b—s) < X <b—s3).

With Assumptions B1-3, if § = 0, using L’Hopital rule on a subsequence, we have

, cF(z) —F(2) + 2)\(z)F(z) .
I M e Y TR
if B € (0, Bo), .

There exists ¢, > 0 small enough and 7, sufficiently large such that for all b — s > 7, and
all p > 0,

E°(h(s + X))
< (120000~ 5)" ) (p+ (b= )" = (1+8) (1= B)b—5)"n)
+206(p+ P (b —8)P)(b—5)"!
< (1=208(b — 5 (h(s) = (1 +8)(1 = B)(b — 5) "n)
)

+205(p+e"P(b— 5)P) (b — 5)7
< h(s) — 06.
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The above derivation is true for all § > 0 satisfying conditions in the proposition. When
B = 0 due to Assumption B1, one can always choose § large such that 205 > 3|u|. Therefore,
this derivation is true for all 5 € [0, 5].

On the other hand, if b — s < 7, and we select 7, = G~'(xk71/2) so that g (s) < 1 if and
only if b — s > 7,, we obtain that
Eh(s + X)
—Eh(s+X)<p+b—-8)"""—pP(X>n)+E(b—s—X)""—(b—5)"";X <b—5s).

Clearly, once 7, has been selected we can pick p large enough so that

—pP (X >n)+ sup E((b—s—X)""—(b—s)""" X <b—s)<—5/2.

0<b—s5<m«

Therefore,
E9(h(s + X)) < h(s) — /2

and we conclude the result by applying Lemma 8. =
Proof of Theorem 3. The conclusion follows immediately from Propositions 6 and 7. m

Finally, we come back to the problem of controlling (1 4+ v)-th moments in order to
guarantee E97, = O (b) when F is regularly varying with ¢ > 1. This corresponds to
Theorem 4. The next proposition is central to the proof.

Proposition 8 Suppose that Assumption A holds and that v € (1,1.5]. Then, we can choose
Uiy Qusy Psy ANA Dy, sSuch that for each v € (0, (¢ —1)/(2 — 1)) there exists a K > 0,

ECZY < Ku ()"
and E97, = O (b) as b — oo.

Remark 7 With a very similar argument as in Remark 6, we believe that the bound 1 +
(t = 1)/(2 — 1) is the highest moment that one can control while maintaining O(b) expected
termination time. An analogous constraint to (42) is that

Zn*(lJr’Y)(L*’Yl)*’Yl < 00.

n=1

This implies that v < (v —1)/(y1 —¢) < (¢ —1)/(2 — ). Note that it is necessary to have
7 > 2 to have O(b) expected termination time.

Proof of Proposition 8. The strategy is completely analogous to the case of v = 1. We
define
gy (s) = min{xkG (b — s)""7 1}

We need to verify the Lyapunov inequality only on g, (s) < 1 (as before the case g, (s) =1
is automatic). We select

Pve = min{#0g, (s) /g, (s) , €}
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for & sufficiently small. Applying Lemma 7 we need to show that

J* J**

—p) i

where J, and J,, are redefined as

<1, (43)

97(5 + X)
94(s)

X > AHA(b - 5) — a**)) .

J,=P(X<b—s—ANYA(b—5)—a.))FE ( X <b—s—ANYADb—s)— a*))

Joo = P(X > A YA(b— 5) — a,.)'E (gv(g«iz;)X)

Note that the J; terms analogous to (26) and (27) are all zero. At the same time, we need
to make sure that we can find p > 0 such that if

h(s)=1[p+(b—39)]I(b—s>0)

then
ECh(s+X)<h(s)—¢ (44)

for some € > 0 if b > s.

Inequality (43) can be obtained following the same steps as we did in I) to IV) in the
previous section. First we note that if n, = G~1 (Kfl/ (”7)) is large enough (or equivalently
r is sufficiently large)

Joo  P(X > A Y A(b—5) — a,.)) e TV (b — s)

< = ‘
P g (s) pis K(L+ ) 0G (b - s)

Also, for any 6 > 0 we can ensure that if 7, is large enough and if b — s > 7, then

01+ (-1D(1=0) _ _60+NFb—s) _0(1+9)(—1)(1+9)

b—s S Pax = G(b—s) - b—s

and we also can ensure that

(:l_l]ﬁ < (T+9(1+0)pa) E <

A similar development to that of Proposition 2 yields that 7, can be chosen so that if
b— s> n,,

g-(s +X)

o) X <b—s—A" (A(b—s)—a*)>.

E (M;X <b—s—AYA(b-s) - a*)) <14 p(1—5)208)

9:(5) g ()
Therefore,
J* 8g7(8)
T < (1 + p(1—9) o, () ) (1 4+ 7(1 +6)psx)
B B 09,(5) 009 (s)
= (10 -0 3) (1000 D)
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and then
J* J**
1—8)(1+7)F (- (1 14+~)F (b—
< (1400 +NEG=9)) () 01+ )A+NF b s)
G (b—s) G (b—s)
ca(H)  F(h— )
+ X .
K(1+~)0"  G((b—s)
We then can select 6 = |u| (1 — 0)?/[y(1 4 d)], awx < ¢ and « sufficiently large such that the
right hand side the above display is less than one. At the same time, the analysis required
to enforce (44) is similar to that of Proposition 6. We, therefore, omit the details. The key

fact is now that 5
(1 +y)u(—1)1-0) »
v(b—s)(1+9) -

and now we need to enforce

(141D =067
_ a1 (1+9)(1-a) (-1
52 7(1_’_5) e ( +’7)( a)(L >>Oa
where a = e~2+/*, This can always be done if we choose 7 < (1 — 1)/(2 — ¢) and 6, ., > 0

sufficiently small. m

Now we provide the proof of Theorem 4.
Proof of Theorem 4. From the result in Proposition 8, the (1 + 7)-th moment of the
estimator and E%T, is properly controlled. We need to bound the total computation time
to achieve prescribed relative accuracy. Let Wi, Ws, ... be a sequence of non-negative i.i.d.
random variables with unit mean and suppose that EWiH” < K for v > 0. Define R, =
(Wy + Wy + ...+ W,)/n and note that

P(|R,—1]>¢)<P (\Rn— 1| > &, max W; < n> +P (m<aXW'i > n) :

Now using Chebyshev’s inequality we have that

1<n

K
P<maxVVi >n) <nP(W;>n)< —.
n

On the other hand, given max;<, W; < n, W;’s are still i.i.d. and

AW, < 2 <
max W, < n) < EWEAW: < m) +0() _ EWZIW: < ) +o(1)
i<n ne? ne?P (W; < n)
The o(1) term in the above display is in fact (E(W;|WW; < n) — 1)?. Then, we have that for

v€(0,1)

P(\Rn—uzs

E(W2I(W; <n))=2E (I (W; <n) /OWi tdt)
2K

1—y
1 _’yn .

n nl
gz/ tP(Wi>t)dt§2K/ Lo -
0 o U
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Therefore, for n sufficiently large we have that

3K

P (|Rn_ 1] Zs,r%%xm < n) = (1=7)e2nr
Thus, we have that

3K K 4K

P =1l >+ — < —
(IR [ze)s (1—7)52n“f+m ~ (1—n)eny

Applying these considerations to W,, = Z,/u (b) and letting 4K /[(1 — v)e?n"] < § we obtain
the conclusion of the theorem. m

6 Approximation in total variation and conditional limit
theorems

6.1 Approximation of the random walk up to 7,

We will need the following lemma for the proof of approximation in total variation.

Lemma 10 Let QQy and Q1 be probability measures defined on the same o-field F such that
dQ, = M~'dQq for a positive r.v. M > 0. Suppose that for some ¢ > 0, E? (M?) =
EQM <1+¢. Then,

sup [Q1 (A4) — Qo (A)] < e'/2,
AeF
Proof of Lemma 10. Note that
Q1 (4) = Qo (A)] = [E% (1 - M; 4)]
< B (M — 1) < [B9 (M — 122 = (B9 M2 — 1) < 2
n
Also, it is not hard to verify that by letting P®)(-) = P(-|7, < 0o) we have
aP® 7z,
dQ N P(Tb < OO)

Then, it is sufficient to show that for ¢ arbitrarily small there exists b sufficiently large
depending on ¢,
E9Z2 < (1+e)u?(b).

Theorem 8 Suppose that Assumption A or B1-B3 hold. For any ¢ > 0, there exists n. > 0
such that for all b > n,, there exists a choice of p«, Pw, Dj, 7 = 1,...,k such that the
corresponding estimator Ly satisfies,

E9Z2 < (1+¢e)u?(b). (45)

Therefore, the importance sampling distribution converges in total variation to the conditional
distribution of the random walk given {m, < oo}, as b — oo.
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Proof of Theorem 8. Given ¢,¢’ > 0 small, we consider £ > 0 and functions

145¢,5<0
g(s) = min{1, >y (s)G*(b — s)}.

1+ 5e + kst /M s >0
V(s) =

Let n. = sup{b — s: g(s) = 1}. We can easily see that 7, — oo as k — oo. Also,
1+5e <v(s) <Kk +1+5e,

for all s < b. We proceed with a similar development as in the previous section. We adopt
the same notation as in (24), (25), (26), and (27). Since 7y(s) is bounded, results as in
Propositions 3, 4, and 5 still hold. In addition, we can choose a.,, small enough such that

P3(X > A YA — 5) — aw))
e

F%(b—s)
Pesg(s)

J** S

< (l1+¢)

There is one last term, namely .J,. Note that

gs+X) G*s+X)  G(s+X) (vs+X)
OO0 ( ) 1)'

According to the proof of Proposition 2 (more specifically (29)),

G*(s+X) . _
E (GQ—(S)’X <b-—s—A (A(b—s)—a*)) <14+ 2u+o0(1))F(b—s)/G(b—2s).

as b — s — oo. Now, we consider the term

H(C50 (152 )ox e -

For all b> s > b and s + X > 0,

G*(s+ X) (’y(s + X)
G2(s) 7(s)

G*(s+ X)
G2(s)

- 1) = ky H(s)st T ((1 +X/s)E - 1)

Therefore, for b > s > b°', by dominated convergence,

b+ G2(s + X) [y(s + X)
”(S)E(sf' () ( )

as b— s — oo. For s < b°,
(R ()b
_ O(b—1—€/+5’2) _ 0(p<b —5)/G(b—9))

- 1) X <b—s— AT A(D—s)— a*)) — k(1 + &),
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as b /" oo uniformly over s < b*'". Consequently, it follows that

M' —s5— A1 —S)—a 0 (b — s — S
E( P R L *))§1+(2u+ ()F(b— )/G(b —5).

as b — s — 0o. We choose,

Pax = min{e, —(1 — e)uF (b —5)/G(b—5)}, pj = Pus

Then,
g(s + X) e O - o Elb—9)
B8] < (1 - ro@mgy =2 ) [1+ oy =)
-2 F pE' (b — s)
+o()ke™F(b—3s)/G(b—s)— (1+¢) HGh-—5)1—9)
When s < b/2,
g(3+X)T B ole F(b—s) ) F(b—s)
BT 00] <1- @ o= + Gt oG
L EF(b—s) pE(b—s)
+O(1)l€€ m - (1+3€)m
Because 7y(s) > 1+ be, for b large enough, £ [%TS(X)] <1, when s < b/2. For s > b/2,
V(s) = /4.
Then
g(s+X) F(b—s) F(b—s)
E {WLOQ} <1-(1+ 0(5))um + (21 + 0(1))m
( 4(1+ 3¢) uF'(b — s)

F(b—
+0(1)k;5_2G Z_

®» | »

) _
) K Gb—s)’

(

For any € > 0 one can always choose x large enough such that F [g(;zg()rs(X )] < 1 when
s > b/2 and ¢(s) < 1. Therefore,

EQL% < g(0) = (1 + 5e)u~2G(b)?,

for b large enough. The conclusion then follows from Lemma 10 and Theorem 7. m
Proof of Theorem 5. The conclusion is a direct application of Lemma 10 and Theorem 8.
|

Here we emphasize that the choices of parameters of the mixture family in the current
section are different from those in Section 5. Especially for the regularly varying case with ¢ €
(1.5,2), in order to have finite expected termination, we will have the importance sampling
distribution deviate from the zero-variance change of measure.
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6.2 Conditional central limit theorem

The goal of this section is to provide a functional approximation to the joint distribution of

{ (7, Stur,)>Sr) s uw € [0,1)},

conditional on {7, < oo} as b — oo. To make the discussion smooth, we postpone some
technical proofs to Appendix B.

For all the theorems so far, we assume either Assumption A or Assumptions B1-B3. In
this section, in the setting of Assumption B, we will further impose Assumption B4.

The approximation will be obtained based on a coupling of two processes governed ac-
cording to a probability measure which shall be denoted by @*. Our importance sampling
distribution induces a process that behaves most of the time like a regular random walk,
except that occasional large jumps occur with probability p... We will couple this process
with a regular random walk and argue that with high probability as b /' oo we have that 7,
coincides precisely with the first of such large jumps.

We now proceed to formalize this intuition. Consider the process S = {Sn :n > 0},
where S, = X1 + ... + Xn, Sy = 0, and we have that

Q" (Xnp1 € dz|S, = ) £ g, (v) dw = v, (2) f (x)da. (46)
The function r;*(z) is chosen to satisfy the conditions of Theorem 8. We shall slightly abuse
notation by letting 7, = inf{n : S, > b}.

We further introduce a random walk S = {Sn :n > 1} such that S, =X, +..+X, and

with the property that the X,’s are i.i.d. under Q* and have density

Q*(X; € dz) = f(z)dx. (47)

The joint law of S and S will be described next.
We first define

pel (b—s>n,)
P(X<b—s—AT(A®b-s)—a))

p(s) = +I(b—s<mn). (48)

Note that by possibly increasing the selection of x and 7, = sup{b—s : g(s) = 1} in Theorem
8, we can always guarantee that p (s) € [0,1]. Actually p(s) — 1 as b — s — oco. Next define

a:(z) =1(p(s) <1) (1 —p(s)) " (as(x) — p(s)f(2)). (49)

The next lemma shows that ¢;(-) is a density function and provides a decomposition of g; (z)
that will allow us to describe the joint law of S and S. The proof of the lemma is given in
Appendix B.

Lemma 11 Ifp(s) < 1 we have that ¢(-) is a density function provided that r (and therefore
N« ) are chosen large enough. We thus have the mixture decomposition

¢s(x) = p(s)f(x) + (1 = p(s)) g5 (x)- (50)
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The processes S and S evolve jointly as follows under Q*. First simply let S evolve
according to (47). Now, at any given time n + 1 the evolution of S obeys the following rule.
Given that S, = s, XnH is constructed as follows. First, we sample a Bernoulli random
variable to choose among f(-) and ¢(-) according to the probabilities p(s) and 1 — p(s)
respectively. If f(-) has been chosen, we let Xn+1 = X,.1. Otherwise, we construct Xn+1
from the ¢*(-) and X,,,; from f(z) independently. We further let

N, =inf{n>1:X, # X,},

which is the first time that f(z) is not chosen. We intend to show that P(N, = 7,) — 1 as
b — oo. The result is summarized in the following lemmas and propositions whose proofs
are given in Appendix B.

Lemma 12
lim Q*(N, < o0) = 1.

b—o0

Lemma 13 Let € be chosen as in Theorem 8. There exists by > 0 (depending on a.. and €)
and Y( s, €) > 0 such that (G, e) — 0 as aw — 0 and ¢ — 0, satisfying that

Q" (1 = Np) > 1 — Y(us, €),
for all b > by, where 7, = inf{n > 1: S > b}.

Now, we are ready to present the result which uses S to approximate the process S up
to time 7.

Proposition 9 There exists a family of sets (By : b > 0) such that P(B,) — 1 as b — oo
and with the property that for all S € By

Q*(Ny > ta(b)|S) = P(Zs > t|ul)(1+ o(1)),

as b — oo, where a(x) = G(x)/F(x).

~—

o Under Assumption A,

_20(e—1)

P(Zg>t)_(1+ t) "

t—1
for allt > 0.

e Under Assumptions B1-/,

20t

P(Zg>t) = e Tl
Proof of Theorem 6. Thanks to Theorem 8, the distribution of {S’n : 1 <n <7} under

@Q* converges in total variation to the distribution of {S,, : 1 <n < 7} given 7, < co under
P. Tt is sufficient to show the limit theorem of {5, : 1 <n < 7,} under Q*.

38



Thanks to Proposition 9, we are able to construct a random variable Z, following the
distributions stated in Proposition 9 such that Zj is independent of S and

N 2o
a(b)  |ul

almost surely as b — oo. Thanks to Lemma 13, we have that

( N {S‘th—tuNb} 5'N,,—b) B < Ty {Sm _tlﬁb} Sfb —b> -0
a(b) VN f ald) a(b) Voo o o)
in probability as b — oo (in fact, the convergence holds for almost every S in the sequence

By). Further, as b — oo, we can let § — —u/2. So it is possible to construct a random
variable Yj independent of S and following distribution stated in the theorem such that

0,

ZQ_>}/E)5

almost surely as b — co. Now, using a standard strong approximation result (see for instance
[20]) we can (possibly by further enlarging the probability space) assume that

Sl =t + 0B (t) +e(t) (51)
where e () is a (random) function such that
e (xt)
11/2 — 0

with probability one uniformly on compact sets on x > 0 ast  oo. Therefore, we have that

Sth - t,uNb 1
= B (tbYy + tb&) + ey (1),
N Worag Pt el

where & — 0 as b — co. We now verify that for each z > 0

B (ubz + ub&) — B (ubz)

h1/2 —0

sup
0<u<1

Given z > 0 select b large enough so that & < e. Then, it suffices to bound the quantity

B (ubz) — B (sbz)
bL/2 '

sup
u,s€(0,1):|u—s|<e

However, by the invariance principle the previous quantity equals in distribution

sup  |B(u) = B(s)[,

u,s€(0,1):|u—s|<e

S1/2

which is precisely the modulus of continuity of Brownian motion evaluated €. By continu-
ity of Brownian motion, its modulus of continuity goes to zero almost surely as ¢ — 0.
Consequently, we obtain

Ny S‘th — tuNy ng —b _ ﬁ gta(b)Y0/|M| + ta(b)Yb SN’) —b =0
a(b)’ VN, 0<t<1 " a(b) ul’ a(b)Yo/|u| 0<t<1 - ald)
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Because Yj is independent of S, using the invariance principle for Brownian motion, we have

that
Yy, [ S ta(b)Y, Sy, —b Y,
_0’ ! (b)Y0/|M| il a( ) Y ) Nbb = (_07{UB(t)}O<t<1 ,Yi) .
| a(b)Yo /|l N0 |

Now, we figure out the joint distribution between Yy and Y;. Note that the overshoot S’Tb —b
clearly satisfies with high probability as b " 0o

ng —b _ XN(b) + S’N(b)—l —b
a(b) a(b) '

In turn, we have, 3
SN(B)-1
a (b)

in probability. In addition, the conditional distribution of X N(v) given S N(b)—1 Is asymptoti-
cally (as b — oo) that of X given that X > b—gN(b)_l and §N(b)_1, where X is a random vari-
able with density f (-) independent of S’N(b)_l. Therefore, the law of (XN(b) +S’N(b)_1 —b)/a (b)
given Sy(,)_1 can be approximated by that of X /a (b)—Yy—b/a (b) given Y and X —Ysa (b) >
b.

In the setting of Assumptions B1-B4, we establish in the proof of Proposition 9 that
a() =(14+0(1))/A(b) as b / co. Because of Assumption B1 we have that a (b) = o (b).
Because of Assumption B4 we have that for each y > 0

+Y,—0

P(X > ya (b) 4 Yoa (b) + 0| X > b+ Yoa (b),Yy) — P (Yy > y) = exp (—y) (52)

as b / oo. Hence, Y] is an exponential random variable with expectation one and is inde-
pendent of Y.

Now, suppose that Assumption A holds. We have that a (b)) =b/(: —1)+o0(b) asb /" cc.
Therefore,

P(X — (Yoa (b) +b) > ya (b) |X > Yya (b) + b, Y)
:(1+0(1))P<X—(Y0+L—1)a(b) > ya (b) |X > (Yg—l—L—l)a(b),Yo)
— P(W >y/(Yo+¢—1)[Yo),

where
PW>t)=0+1¢t""

for ¢ > 0. Now we need to verify that the law of (Yp,Y]) as stated in the theorem coincides
with that of (Yy, W[Yo + (¢ — 1)]). First we note that the joint density of (Yp, Y1) is given by

82
0YyoOy1

P (Yo > yo,Yi > y1) = —— (14 (o +91)/ (e = 1))

Therefore,
P (Y1 € dyi|Yo = yo)

o 1 —1—1
m x (¢ + Yo + yl)
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On the other hand,

PWlyo + (¢t — 1)] € dys)

a, /o =) e = g )

The independence between B(t) and (Yp, Y]) are straightforward. This concludes the proof
of the theorem. m

7 Implementation and examples

We implemented the algorithm and compare the performance with other existing algorithms
in literature. In particular, we investigated two cases: regularly varying distribution and

Weibull like distribution.

Regularly varying distribution. We consider the increment has the following represen-

tation.
X =V; = T,

where V; are i.i.d. with distribution that P(V; > v) = (1 +v)™2® for v > 0 and Tj’s are
i.i.d. exponential random variables with expectation 4/3. It is not hard to verify that
E(X;) = —2/3. In fact, this corresponds to the tail probability of the steady-state waiting
time of an M/G/1 queue. There are a few provably efficient algorithms in literature including,.
Asmussen and Kroese (2006) (AK) [6], and Dupuis, Leder and Wang (2006) (DLW) [18]
proposed efficient rare-event simulation estimators for geometric sums of regularly varying
random variables. Blanchet and Glynn (2008) (BG) [9], and Blanchet, Glynn, and Liu (2007)
(BGL) [14] proposed estimators for the tail of the steady state G/G/1 waiting time. Table 1
compares the performance of these algorithms. We use BL to denote the algorithm proposed
in the current paper, with one cut-off point ¢y = 0.9(b — s).

[Estimation] 2 R i
Std. Brror] b =10 b=10 b=10

BL 1.047e — 03 3.175e — 05 9.877e — 07
3.76e — 05 2.602e — 07 8.187e¢ — 09
AK 1.199¢ — 03 3.145e — 05 9.980e — 07
1.479¢ — 05 2.186e — 07 6.945e¢ — 09
BG 1.079¢ — 03 3.146e — 05 9.980e — 07
5.968¢e — 06 9.725e — 08 2.073e — 09
BGL 1.022e — 03 3.167¢ — 05 1.128e — 06
3.835e — 05 1.598e — 06 7.280e — 08
DLW 1.046e — 03 3.163e — 05 9.905e — 07
5.195e — 06 1.694e — 07 2.993e — 09
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Weibull-type distribution For the Weibull-type case, we consider the increment to have

the following distribution,
P(X > 1) = e 2VH1

for t > —1 and EX; = —3. Table 2 compares the algorithm in this paper (BL) and that

of Blanchet and Glynn (2008) (BG). For the implementation, we choose that ¢y = v/b — s,
c1=010b—-5),ca=050b—5),c3=090b—5),c4=b—5—+Vb—s.

[Estimation]
Std. Error] b =250 b = 500 b =650
BL 6.985¢ — 13 1.778e — 18 3.900e — 21
5.639¢ — 14 1.936e — 19 5.696e — 22
BG 7.076e — 13 1.897e — 18 3.971e — 21
1.20e — 14 5.083e — 20 7.95e¢ — 23

Table 2: Estimated tail probabilities of the Weibull-type distribution

A Technical proofs in Sections 3 and 4

Proof of Lemma 1. Observe that B2 implies log(A (z) /A (b)) < log((x/by)™). In other
words, A () < A (by) by . Consequently, substituting into B2 we have that for z > by

() < Bol (z) [z < Bolk (bo) by Paot = O (2% |
[
Proof of Lemma 2. First, since G (-) is decreasing then for z < b — A~} (A(b) — a,)

G(b—x)
G(b)

A (A (B) — a.))

= G(b)

By continuity of G (+) it suffices to show that the right hand side is bounded for all b suffi-
ciently large. Using L’Hopital’s rule we conclude that
G (A(B) —a)  exp(-A(b)+a,) d

e " ep(cAp) dt A@—ae)

Now, note that for all x > by

d

a Ao) @
dx

NATA@) —a) S AATA@)

A (A(2) —a,) =

The inequality follows from the fact that A (-) is non increasing and a, > 0. This allows to
conclude the statement of the lemma. =
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Proof of Lemma 3. The second part assuming that F'(-) is regularly varying follows from
Karamata’s theorem. Now, for non-regularly varying part, we simply note using L’Hopital’s
rule and Lemma 1,

F
Jim g = Jim o) =0
The lower bound follows immediately. Again, using L’Hopital’s rule, the upper bound then
follows from the fact that

lim v F(x) ~ lim zA(z) Ex — F(x)
MG AR P

~—

= Q.

The last step is thanks to Assumption B1.
[

Proof of Lemma 4. This is a direct application of condition B2. Indeed, if z > by > 0 and
y=>0

Tty z+y z+y
log A(z +y) —log A(x) = / Odlog A (t)dt < / Bot*dt = By log (—) ,
x x x

which is equivalent to the statement of the lemma. m
Proof of Lemma 5. Equivalently, we must show that for = sufficiently large
a, > Ax) — A(x —2%),

where oo = (1 — fy) /2. Now, note using Lemma 4 that

Az) — Az —2%) < A(z — 2%) (%_1) <Az — 2% ((m_xwa)ﬁoJ).

For all x sufficiently large, using a Taylor expansion, the right hand side is bounded by
A (x — %) (2802~ 1). Consequently, once again applying Lemma 4 we conclude that

A(CU) —A (;p — :L-O‘) S A(I . l,oz) (2601;&_1) S 450[\ (bO) lﬁo—l-',-a

The right hand side goes to zero as x " oo given our selection of o and therefore is less than
ay for all x sufficiently large as required. m

Proof of Lemma 6. If Assumption A is satisfied then it is well known that both F and G
are subexponential. Let us then assume that B2 holds, and then we obtain z) (z) < SoA (2)
for all x > by and 3y € (0,1). Applying Pitman’s criterion (Proposition 1) and the fact that
(by Lemma 1 in particular A (x) = O (1) for x > by) it suffices to verify that

/00 exp (zA (z) — A (x)) dz < o0.

bo
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Nevertheless, combining B1 and B2 we have that there exists ¢ € (0, 00) such that

o0

/ exp (zA (x) — A(x)) de < / ePo=DA@) g < c/ a7 2dr < 0o
bo bo bo

and we conclude the lemma.
For the subexpontentiality of the integrated tail, it is sufficient to show that

F
lim sup vF(z)

1
oo —G(2)1log G(2) <5

and apply the same analysis for the subexponentiality of F. By L’Hopital’s rule (possibly
on a subsequence),

lim sup vk(z) < lim sup —M < limsup — TAlz) —1

<
v—oo  —G(7)log G(7) r—oo 1 +4log G(z) oo loge+logr — A(z) — fo

The second inequality is due to Lemma 3. The last inequality is from the fact that logz =
o(A(z)) and Assumptions B1 and B2. F(z)/G(x) and —log G(z) are the hazard function
and cumulative hazard function of the integrated tail. The proof is completely analogous
and therefore is omitted. m

Proof of Lemma 9. Let 5 € (0,1) be given and fix o; > 0 small. Note that there exists a
0 > 0 such that forall oy <2 <1 -0,

P+ (1—2)? >1+56.
So, by continuity and with o; small enough, we can find o5 > 0 small enough so that
P+ (1—2—01/2)° >1+0,.
Therefore, we know that we can select
aj =aj_1+01/2,

as long as 01/2 < aj_1 < 1—07/2. Now select k = [2(1—01)/01]| and we have aj, > 1—07/2.
]

B Technical proofs in Section 6

Proof of Lemma 11. First it is straightforward to verify (50) out of definition (49). By
integrating both sides of (50), it is also immediate to see

/Oo ¢ (z)dz = 1.

o0

Now, we just need to verify that if p(s) < 1 then (1 — p(s))¢i(x) > 0. We concentrate on
the case in which Assumption B prevails (if Assumption A is in force the arguments carry
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over in very similar forms). When b — s > ,, using the definition of ¢, (x) given in Section
2.1 we obtain

00(2) = P (0) s + ol +mex

_ pf(@)

P(X < ¢)

Pasf () (2 > ) et () I(z > c)

P(X > ¢) P (X <c¢)

N prf(b—s—x)I(x € (cp_1,ck]) Cpf () I(z € (cr_1,ck))

P(Xe(b—s—ck,b—s—ck_l]) P(X <)

pif € (¢—1,6])  pf (2) I(x € (¢j-1,¢])

+Z< (¢j-1,¢]) P (X < ¢) )

Therefore,

puf (@) (x> cr)  puf (@) I(x > cp)

P(X > ¢) P (X < c¢)
prf(b—s—x)I(x € (cp_1,ck]) et (x) I(z € (cp_1,cx))
P(Xe(b—s—ck,b—s—ck_l]) P (X <)

pif € (¢-1,6])  pof (@) (@ € (¢j-1,¢])
*Z( oy Faea ). o

(1=p(s)) g (2) =

_|_

To verify that (1 — p(s))qi(x) > 0, the most interesting part involves the second line in the
above display corresponding to the interval x € (¢x_1, cx]. The reasoning for the rest of the
pieces is similar and therefore is omitted. On the interval (cx_1, ¢x] we have that b—s—z < x
assuming that b — s > n, and 7, is sufficiently large. Since f (-) is eventually decreasing (a
consequence of Assumption B3), then

fb—s—x)> f(x),

when z € (c¢x_1, ¢x]. Consequently

pef(b—s—x)I(x € (g1, Ck)) of (@) (2 € (ch1, ck])
PXe(b—s—cpb—s—cpa]) P(X <)

pef (@) I(x € (v, a])  pof (2) I(@ € (cro1, ca))
“PXeb—s—cpb—s—ck1]) P (X <) '

Further, we have that py = €%p.. decreases to zero at most linearly in (b — s)~!, whereas
P(X € (b—s—c,,b—s— cp_1]) goes to zero faster than any linear function of (b — s)~.
Therefore, (1 —p(s)) ¢ () (z € (cg-1,ck]) > 0. The remaining pieces in (53) are handled
similarly. =
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Proof of Lemma 12. Note that

kb1
Q" (Ny > kb) = E | [ p(5)) |, (54)
j=0

where p(s) is defined in (48). In addition, for some ¢ > 0,

[Kb] [kb]
EY | [I»S) | < E|]p(S)I(1S; — nil < emax{j,b})
=0 §=0
L (IR & . .
+Q <Sup |Sj — pj| — e max{j, b} > 0) : (55)
j=1

Notice that for any € > 0,
. « [ [Fb] 0 5 . )
bhm Q (sup[|5'j — pj| — emax{j,b}| > 0) = 0.
— 00 j=1
Then, for some K sufficiently large (using an argument similar to that given in the proof of

Proposition 9) we conclude

[kb]
E [ p(S)1(15; — pjl < emax{j,b}) | < Kk,
7=0

for some gy small enough. Thereby, we conclude the proof applying the previous two esti-
mates into (54) and (55). m
Proof of Lemma 13. Let

/ " g (@)dw = R(s).
Note that for b — s > 7, we have thati
R(s) =0 (g) + e . (56)
Let
7 =inf{n>1:S5, > b}

Now observe that

Q (N, =k, Sy > b1, >k—1)

M8

Q" (1o = N)

k=1

Q (Ny =k, S > b7y, >k—1).

N

B
Il

1
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Because of (56) we obtain that

WE

Q* (Ny =k, Sy > b7, >k—1)

£
Il

1

| V

Y Q Ny =k, 7, > k—1)
k=

(O(e) + e*“**)Q*(T >N, —1,Ny < 0)
> (O(e) +e ™ + 0(1)) (75, = 0).

The term o(1) — 0 as b — oo comes from Lemma 12 which shows that Q*(N, = 00) = 0(1)
as b — oo. Finally, we observe

Q" (7hy. =00) =1—u(b—n,) — 1,
as b — o0o. The conclusion of this lemma follows. =
Proof of Proposition 9. For §, = 1/logb, define
By ={5:|S; — ju| < max(é, ", 8j),1 < j < ta(b)}.

It is clear that lim;_.., P(By) = 1.

If F is regularly varying, note that for all S € B,
[ta(b)] — ~ [ta(b)] — .
Fb-S5; F
Q" (Nb > ta(b)| ) B H (1 — 29%) = (1+o0(1)) exp ¢ — Z 29—(b+‘7, )
j=

By Karamata’s theorem we have that

[ta(b)
Z Fb+jlp)  20(—1) log< |t )
G+ jlul) |1l t—1

If Assumptions B1-B4 hold, We clearly have that

a(x) = (57)

F
:/ P(X > o+ 1|X > 2)dt
0

m/o P(X > 2+ t/Mz)|[X > 2)dt.

Now we can invoke Assumption B4 together with the dominated convergence theorem to
conclude that

/OO P(X >z +t/ANz)|X > z)dt — /OO exp (—t)dt =1
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as r — 00. In addition, by the fundamental theorem of calculus we have that

Az +y/M(2) —A(2) = ﬁ/g A(z + yu/A (2)) du

and, in view of this representation, Assumption B4 is equivalent to stating that for each

K € (0,00)
y/Az) ya(z) 1
lim su / AMx+2)dz —y| = lim su / —dz—y| =0. 58
£ 02yek |Jo ( ) N7tk al@+2) Y (58)

Observe that, since A (+) is eventually non-increasing,

[t/20)] AG) [t/20)]
S AC+GHODS [ Al Y A@+ilaD.
=0 0 j=0

We then conclude that

1 [t [t/ A(0)]
A Ab+alu)dr = Y Ab+(G+1)|u) < AB) —0
=0

as b /" oo. Therefore, applying (57) and (58) we conclude that

Ltab)J t/A(b)
Fo+jlp) B
lim § j CoH5lal blﬂ’élo/o A+ |u) de =t

as b / oo and consequently we have that for all S € B,
[ta(b)]

* g F(b+jlu)
Q (Nb>ta(b)]S> = (L+o(1))exp q - ; XG0+ )

We then conclude that )
lim Q" (Nb > ta(b)|S> = e 2,

b—oo
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