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Abstract

This paper considers buffer overflow probabilities for stable queue-
ing systems with one server and different classes of arrivals. The ser-
vice priority is given to the class of customers whose current weighted
queue size is the largest (weighted-serve-the-longest-queue policy). We
explicitly identify the exponential decay rate for the rare-event prob-
abilities of interest, and construct asymptotically optimal importance
sampling schemes for simulation.

1 Introduction

It is common for communication and manufacturing systems to have differ-
ent classes of customer arrivals. A popular service discipline in such situa-
tions is the serve-the-longest-queue policy or its natural generalization, the
weighted-serve-the-longest-queue (WSLQ) policy. Under the WSLQ policy,
each class is given a prefixed weight, and the class of customers with the
largest weighted queue length is assigned the service priority.

This paper studies efficient rare-event simulation techniques for stable
WSLQ systems with one server and multiple classes of arrivals. Service
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policies such as WSLQ fall into the general category of systems with dis-
continuous dynamics and are difficult to analyze [1, 4, 8, 9, 10, 12, 11]. A
general sample path large deviations result for WSLQ systems was only
recently established [5].

The present paper concentrates on a class of individual buffer overflow
probabilities and resolves two questions: (1) the explicit identification of the
exponential decay rate of such overflow probabilities; (2) the construction of
asymptotically optimal importance sampling schemes for fast simulation of
such rare events. These two questions turn out to be intimately connected
in the following sense. To build efficient importance sampling schemes, we
use the game/subsolution approach [7] and construct suitable subsolutions
to the associated Isaacs equations. Not only do these subsolutions lead to
asymptotically optimal importance sampling schemes, they also play an es-
sential role in explicitly identifying the exponential decay rate of the overflow
probabilities via a verification argument.

The serve-the-longest policy has been studied in the context of wireless
communications, see for example [13, 2| and their references. There are
differences between the stochastic processes used in the wireless literature
and the processes used in our work, the most significant of which is that the
dynamics in the wireless context are not Markovian, but rather modulated
by an exogenous Markov process. However the methods used to deal with the
discontinuous interfaces in our paper can be combined with those presented
in [7] for Markov modulated rates to analyze such models.

The paper is organized as follows. In Sections 2 and 3 the model dy-
namics and problem formulation are described. Section 4 presents the large
deviations result regarding the overflow probabilities. A brief review of
importance sampling is conducted in section 5, and the associated Isaacs
equation is formally derived in Section 6. A classical subsolution to the
Isaacs equation and the corresponding importance sampling scheme are con-
structed in Section 7. In Section 8 we derive the exponential decay rate of
the overflow probabilities and establish the asymptotic optimality of the said
importance sampling scheme. Numerical results are presented in Section 9.
Many technical proofs are collected in an appendix.

2 Problem Formulation

The system model consists of a single server and d classes of customers.
Customers of class ¢, buffered at queue i, arrive according to a Poisson
process with rate A;. The service time for a class ¢ customer is exponentially



distributed with rate p;. Upon the completion of service, the customer leaves
the system. We will assume that the system satisfies the stability condition
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Figure 1: WSLQ system

The service policy is determined according to the following WSLQ dis-
cipline. Let ¢; be the weight associated with class i. If the size of queue 17 is
@i, then the weighted length for queue 7 is defined as ¢;q;. Under the WSLQ
policy, the queue with the maximal weighted length is assigned the service
priority. When there are multiple queues with the maximal weighted length,
the assignment of priority among these queues is non-essential and can be
arbitrary. We adopt the convention that when there are ties, the priority
will be given to the queue with the largest index.

Denote the system state at time ¢ by Q(t) = (Q1(t), ..., Qa(t)), where
Q; is the size of queue 7. The process () is a continuous time Markov jump
process defined on some probability space, say (2, F,P). The quantities of
interest are the buffer overflow probabilities

pn = P{the process @ exits domain nD before returning

to the origin, starting from the origin}, (2.2)
where n is a large integer and D is the domain
D= {z=(x1,...,24) € RL : c;x; <1 for all i}. (2.3)
We also define the vector
c=1/c1,1/cay ... 1/cq), (2.4)
which is a corner of D, and denote the boundary of D in le_ by

aiaD:{:EEle_::EED,ci:Ei:lforsomei}.
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Figure 2: System dynamics with d = 2.

See Figure 2 for illustration of the case of dimension d = 2.
Throughout the analysis, it is often convenient to consider the scaled

process

X(t) = Q(nt) /n.
Note that we can now rewrite the overflow probability as

pn = P{X" exits domain D before returning to the origin,

starting at the origin}.

3 System Dynamics
The collection of possible jumps for the process ) is denoted by
V=A{te:5=1,2,...,d},

where e; is the canonical unit vector with the i-th component 1 and other
components 0. For v € V, let r(z,v) be the jump intensity of the process @
from state z to state x + v. For z = (z1,...,74) € RL and z # 0, let 7(x)
denote the indices of queues that have the maximal weighted length, that

is,

m(z) = {1 <i<d:cxy= maxcjznj}.
j



Then
A ifv=eandi=1,...,d,

r(x;v) =< p; if v =—e; where i = maxw(x),
0  otherwise.

For = 0, there is no service and the jump intensities are

P(0; ) = AN ifv=eandi=1,...,d,
71 0 otherwise.

We also set
m(0)={0,1,2,...,d}.

The dynamics of the process () can be described by a stochastic transition
kernel, say O[dt, v|x]. To be more precise, define the total intensity by

R(z) = Y r(a,v), (3.1)
veV
and let 11,75, ... be the random times at which the process @ jumps with
convention Ty = 0. Then for any z € le_ and n € N such that nz € Zjl_,
Oldt,v|z] = P{Tj+1 -Tj € dt, Q(Tj+1) =nr + ’U|Q(TJ) =nz}
= r(z,v)e @it (3.2)

4 Large Deviations

One goal of this paper is to explicitly identify the exponential decay rate of
pn. Our approach is to reduce it to a calculus of variation problem using
the sample path large deviations principle established in [5]. In order to
explicitly solve the calculus of variation problem, we will use a verification
argument based on essentially the same subsolution that we will use to build
asymptotically optimal importance sampling schemes.

To ease notation, we will also denote by A the collection of non-empty
subsets of {1,2,...,d}. That is

A={A:AcC{1,2...,d}, Ais non-empty}. (4.1)

4.1 The rate functions

For each i = 1,...,d, let H% be the convex function given by

HO () = e — 1)+ 3 Ay(e® — 1),



for all & = (a, ..., aq) € R%. We also define for i = 0 and o € R?

d

HO(a) = "X —1).

j=1
For each non-empty subset A C {1,...,d} or A = {0,1,...,d}, let L* be
the Legendre transform of max;c 4 H¥, that is,

LA3) = sup | (@, 6) ~ max (o)

for each € R% Clearly L* is convex and, since H()(0) = 0, it is also
non-negative. When A is a singleton {i}, we simply write L* as L(). A
useful representation of L4 [4, Corollary D.4.3] is

LAB) = inf Y pW L (30), (4.2)
i€EA
where the infimum is taken over all {(p(®, 3)) : i € A} such that
p >0, > p0 =1, > pp" =g (4.3)
€A €A

Furthermore, for z € le_ let L(z, ) = L™ (B). It turns out that L is the
local rate function associated with the scaled processes { X"}, see [5].

4.2 The exponential decay rate

In this section we first identify a collection of important roots associated with
the Hamiltonians H®, ¢ = 1,...,d. The motivation for such roots will be
discussed in Remark 4.4. These roots will be used to construct subsolutions
and identify the large deviation rate for p,,.

For each A € A, thanks to the stability condition (2.1), there exists a
unique constant, say 24, such that

Aj
A : ) J
0<27 < min u;, E — A= 1. (4.4)
JEA Hj

Define the vector a4 € R% by

ZA
. log|{1—— ifi € A,
aff = % ( m> (4.5)
0 otherwise.

We have the following result, whose proof is elementary and thus omitted.



Lemma 4.1. For each A € A, o is the unique vector that satisfies
1. a{‘zOforiQA,
2. aft <0 foric A,
8. HO(—a?) =0 for alli € A.
4. HO(—a?) >0 foralli g A.
Recall the definition of ¢ as in (2.4) and define
v = min{(—ozA, oy:AcA}. (4.6)

The following result identifies v as the value of the calculus of variation
problem that is associated with the large deviations of {p,}. The proof is
technical and deferred to the appendix.

Theorem 4.2. We have the representation

y = inf /0 " L((1), (1)) dt.

where the infimum is taken over all absolutely continuous functions ¢ : Ry —
R4 such that $(0) =0 and 7 = inf{t > 0: $(t) € 9} < occ.

Remark 4.3. It will be shown later on that v is the exponential decay rate
of {pp} [Theorem 8.3], that is,

1
v = — lim — log py,.
non

Remark 4.4. Large deviations rate functions are closely related to con-
trol problems and thus are also related to the solutions of appropriate
Hamiltonian-Jacobi-Bellman (HJB) equations [4]. Due to the homogene-
ity of the state dynamics, it is natural to conjecture that the large deviation
optimal trajectory leaving the domain will be a straight line, and the so-
lution to the HJB equation is piecewise affine. If the optimal trajectory
leaves the domain through interface {z : w(z) = A}, then it corresponds
to an affine piece whose gradient, say v, should satisfy the HJB equation
H®(v) = 0 for all i € A. Furthermore, v should satisfy (v,e;) = 0 for all
i ¢ A since the value function to the corresponding control problem will
take the same value 0 on the boundary {x : w(z) = A} N 0. Solving these
equations about v yields v = —a.



5 Importance Sampling

We are interested in efficient importance sampling schemes for estimating p,,
when n is large. Importance sampling simulates the system under a different
probability distribution, i.e., change of measure.

5.1 Asymptotic optimality

Denote by A, the event of buffer overflow, and rewrite p, = P(A4,). An
importance sampling scheme generates samples from a new probability mea-
sure, say Q,, such that P <« Q,,. The estimator is then given by the average
of independent replications of

L, P
pn— AndQna

where dPP/dQ,, is the Radon-Nikodym derivative or likelihood ratio. Clearly
Pr is unbiased for any such Q,,.

The goal of importance sampling is to choose ,, to minimize the vari-
ance, or the second moment of p,. An obvious lower bound follows from

Jensen’s inequality and the large deviations properties of p,, [Theorem 4.2
and Remark 4.3],

1 2 2
lim inf = log E9» [ﬁi] > lim inf = log E®" [p,,] = lim inf = log p,, = —2~.
n n n n n n

An importance sampling scheme, or the change of measure Q,,, is said to be
asymptotically optimal if this lower bound is achieved, i.e., if

1
lim sup — log E@" [ﬁi] < —27.
n n

For future analysis, it is worthwhile to note that the second moment equals

E% [pr] = E¥ [p] - (5.1)

5.2 State-dependent importance sampling schemes

In this paper we will consider state-dependent changes of measure for im-
portance sampling. Such changes of measure will be described by stochastic
transition kernels, say ©"[dt, v|z], on Ry x V given R%. Thus in contrast to
(3.2), the dynamics of the state process ) are now determined by

QuATj1 — Tj € dt, Q(Tjv1) = nx +0|Q(T}) = nax} = O"[dt, v|z]



for all j > 0, where {T},T5, ...} are the jump times for the process @) with
convention Ty = 0.

In order to explicitly identify the importance sampling estimator, let
s; =T; —Tj—1 and v; = Q(T};) — Q(Tj-1). Define the hitting times

N" = inf{k>1:Q(Tx) €nD}, (5.2)
N = inf{k>1:Q(T}) =0}. (5.3)

Recall the original stochastic transition kernel © as in (3.2). Then a single
sample of the the importance sampling estimator is

o 1 O ds;, v;|Q(T;-1) /7]
Pn = ) 1] 6" [dsj, vj|Q(Tj-1)/n]

(5.4)

In practice we simulate a number of iid copies of p,,, and use the sample
mean to estimate p,,.

6 The Isaacs Equation

The connection between importance sampling and differential games/Isaacs
equations was explored in [7]. Since we are now dealing with continuous
time processes as opposed to the discrete time setup in [7], we will formally
derive the associated Isaacs equation in some detail. While the derivation
is formal, the analysis of importance sampling schemes that are based on
subsolutions to the equation will be rigorous.

Let R be the collection of functions mapping V to [0, 00) that are not
identically zero. Each element in R represents a set of jump intensities. We
will restrict our attention to those alternative stochastic transition kernels
that take the form

6" [dt,v]z] = 7(w,v)e @t dt, F(z,) € R, R(z) =Y F(w,v). (6.1)
veV

Consider the stochastic control problem of minimizing the second moment
of py, [see equation (5.1)] among such transition kernels, and define the value
function

Vi(z) = iélnf E¥[pn]Q(0) = nx]. (6.2)

Clearly V,,(x) satisfies the boundary condition V,,(z) =1 for all =z ¢ D.



Note that for ©" defined as in (6.1), one can rewrite the likelihood ratio
term in the importance sampling estimator p,, (5.4) as

Tran Nn
B r(Q(T;—1)/n,v))
exp /O [R(Q(s)/m) — R(Q(s)/n)]ds + ; g {001

Therefore, by the dynamic programming principle, the value function V,
should satisfy the dynamic programming equation (DPE)

_ R-R@)t  T(@:V) VY . oR@)
Va(z Tuelgz/ Z ) Vi (:E—I—n> e r(x,v)dt.

Here instead of the fixed state dependent rates we minimize over 7(v) and let
R =73 ,cy7(v). In order to write down a limit partial differential equation,
we introduce the following result, which is indeed a special case of the relative
entropy representation for exponential integrals [4]. The proof is deferred to
the appendix. Note that the function ¢ : R — R U {oc} is defined as

. | xlogz —x+1, ifz >0,
ta) = { o0 otherwise.

with convention 0£(0/0) = 0 and 04(z/0) = oo if z # 0.

Lemma 6.1. For any 6 € R let

s[0] = > 0(v)

veV

Then for any 0 € R, any constant ¢ and function h : V — R

—log/ Ze [ct+h(v)] —s[O]te( )d
veV
e+ 3 h)iw) + 3 0(v) ( Z)]

veV veV

= inf —
bex s[0]

We combine Lemma 6.1 with the DPE of V,, and a transform motivated by
the large deviation scaling

Wale) = —logVa(a)

10



to obtain

nWy(z) = supinf — 1 R($)_R+Zf(v)log 7(v)
[ ] =t r(z,v)

FeRTER S|T

+Zan<x+Z> )+ r(z,0) ( 2))>]

veV veV

To formally obtain a limit PDE, we assume that
Wyo(x) — W(x), n[Wy(z+v/n)—W,(x)] — (DW(x),v). (6.3)

Observing that

the limit function W satisfies the equation

0 — supinf [1] [wa (0)+2)  r(w,v) (72( i))

FER S
TERT cv veV

S o (%)] . (6.4)

veV

Define for every € R, and o € R?

H(z,a) = sup inf [Z (v, a) +2 3 r(z,v) (f( 2}))

R
reRTER |1 vev

o] e

veV

It is not difficult to argue by the existence of saddle points for H [Proposition
6.2] that the equation (6.4) for W can be reduced to

H(z, DW (z)) =

This is the Isaacs equation associated with a differential game of two players.
It should be mentioned that the 7player chooses the change of measure used
in the importance sampling scheme and the 7-player is an artificial player
introduced by the representation formula.

11



Proposition 6.2. For any z € R% \ {0} and o € RY,
1. H(z, o) = Hj(a) = —2HU) (—a/2), where j = max{i : i € 7(x)}.

2. The saddle point is given by

(z, a)[v] = 7 (z, a)[v] = r(z, v)e @/2,
Remark 6.3. The Isaacs equation H(xz, DW(x)) = 0 should not be inter-
preted literally at the points of discontinuities, that is, points x such that
|m(z)| > 1. This is easy to understand from the above formal analysis since
the second part of the approximation (6.3) will not hold at such z. Instead,
a natural interpretation at such points is [3]

lim inf H(y, DW(x)) =0,
€l0 {yeRd :[ly—z| <e}

which amounts to
min H;(DW(z)) = 0. (6.6)
jen(x)
The intuition for this interpretation is that the behavior of the controlled
state process on a discontinuity interface is the asymptotic characterization
for the collective behavior of the process around the neighborhood of . This
observation is also essential in the construction of classical subsolutions to
the Isaacs equation [that is, replace H(z, DW') = 0 by H(x, DW) > 0], since,
owing to the infimum operation in (6.6), the subsolution property at x will
imply that it holds, at least approximately, for all nearby points of = in the
prelimit. See Lemma 7.3 for the precise statement.

7 Classical Subsolutions

A continuously differentiable function W : le_ — Ris a classical subsolution
to the Isaacs equation if

1. H(z, DW(z)) >0 for all x € D
2. W(z) <0 forall z ¢ D.

Classical subsolutions are the means by which the explicit representation for
~ in Theorem 4.2 is shown and asymptotically efficient importance sampling
schemes are built. We will construct the subsolutions by mollifying piecewise
affine subsolutions as in [7]. In order to achieve asymptotic optimality it is
necessary that the value of the subsolutions at the origin is maximal, i.e.,
W(0) = 2.

12



7.1 Piecewise affine subsolutions

Recall that A is the collection of all non-empty subsets of {1,2,...,d}, the
definition of the roots {a?} in (4.4) and (4.5), and the definition of 7 in
(4.6). For each A € A define

G (7.1)

Note that v < (—a?,¢) for all A € A. Thanks to Lemma 4.1, the convexity
of H®_ and that H®(0) = 0, we have
Lemma 7.1. For every A € A,

1. at=0forigA,

2. alt <0 foric A,

8. HO(—a*) <0 for all i € A,

4. (—at,e) =~.

Also define a sequence of positive constants {Cy, Cs, ..., Cy} by

Cy =0, Crp1 =aj - (14 Cy), (7.2)
where
abB
aZ:l\/maX{ﬁ:Z'EACB,|A|:k‘,|B|:k‘—|—1} (7.3)
a;

for 1 <k <d—1. Fix an arbitrary 0 > 0. Define the affine function
Wi(z) = (26, ) + 27 — Cjad. (7.4)
for each A € A. Their pointwise minimum is denoted by
Wo(x) = min{Wi(z): A € A}. (7.5)

Note that W?° is a continuous piecewise affine function.

Lemma 7.2. The function W° satisfies Wo(x) <0 for all z ¢ D. Further-
more, given any x € R\ {0}, if Wi(z) — W(zx) < § then n(x) C A.

13



The proof of Lemma 7.2 is deferred to the appendix. This lemma implies
that W9 is a piecewise affine subsolution, i.e., H(z, DW?(z)) > 0 at all those
x where DW?(z) is well defined. Indeed, for any such x, there is a unique
A* € A that attains the minimum in (7.5) and whence DW?(z) = 2a".
Let j = max{i: i € w(x)}. It follows from Lemma 7.2 that j € w(z) C A*.
It is now immediate from Lemma 7.2 and Proposition 6.2 that

H(z, DW’(z)) = H;(2a") = —2HY (—a?") > 0.

7.2 Mollification

The construction of asymptotically optimal importance sampling schemes
requires smooth subsolutions with bounded second derivatives. To this end,
we consider a mollified version of W using ezponential weighting [7, 6]. Let
€ be an arbitrary small positive number, and define

Wed(z) = —clog 3 exp {-éwj(m)} .

AeA

The function We9 is smooth with

£,0 ) = £,0 x _A £,0 ) = eXP{—Wg(JE)/f'?}
DW&( )—%2@;( )at,  pi(x) = S ew W)/

Furthermore, for every =z,
—clog|A| < W0 (z) — Wo(z) <O0. (7.6)

The following Lemma 7.3 shows that W9 is approximately a subsolution.

Lemma 7.3. The function W9 satisfies W (z) < 0 for all x ¢ D. Fur-
thermore, for every x € R \ {0} and j € w(z),

H;(DW(z)) > > p0(x) - Hj(2a%) > —Ke /%,
A€A

where K is a positive constant that only depends on the system parameters.
In particular,
H(z, DW(z)) > —Ke %/,

14



Proof. We first note that W& (x) <0 for all x ¢ D is trivial from Lemma
7.2 and inequality (7.6). Now let z € R% \ {0} and j € m(z). Thanks to
Proposition 6.2 and the concavity of H,

H; (DW= (x)) > > o5 (x) - H;(264).
AcA

For all those A € A such that W4(z) — W°(x) < &, Lemma 7.2 implies
m(z) C A, in particular j € A, and therefore H;(2a?) = —2HW(—a%) >0
by Lemma 7.1. On the other hand, for those A € A such that W{(z) —
W9(x) > 4, it is not difficult to see that pzé(:n) < exp{—d/e}. [ |

Remark 7.4. In general, the parameters € and § can depend on n, and we
will write them as g,, and 9,,.

7.3 Importance sampling algorithm

For each A € A, the vector 2a“ through Proposition 6.2 defines a new set
of jump intensities of form

(2, 26 o] = r(z, v)e~ @),

The change of measure used in our state-dependent importance sampling
scheme corresponds to a stochastic transition kernel of form

O"[dt,v|z] = R™(z)e ™ @V,
where for x # 0

(a,v) = Y p (@) (@ 2aY) ], RMx) =Y 7 (a,v).

A€A veV

The values at x = 0 are unimportant, and for simplicity we use the original
jump intensities, that is,

7(0,v) = r(0,v), R"(0)=)_r(0,v).

veV

The corresponding importance sampling estimator p,, is just as defined in
(5.4). Under this change of measure, the state process @ is again a contin-
uous time Markov jump process with jump intensity 7" (x,v) from state nz
to nz+v whenever nx € Zﬁl_. Note that the calculation of ©” is simple since

peA”’J” and 7* can be easily obtained.

15



Remark 7.5. The estimator p,, described here is not exactly the one that
will be used in the numerical experiments. Indeed, we will use a closely re-
lated, easier-to-implement, discrete time version of p,,, say p,. The precise
definition of p,, can be found in Section 9. It turns out that p,, is the expec-
tation of p,, conditioned on a suitable o-algebra, and therefore p,, is unbiased
and has smaller second moment than p,,. The motivation for focusing so far
on p,, is that it is more suitable for the asymptotic analysis.

8 Asymptotic Efficiency

In this section we show that the importance sampling estimator p,, is asymp-
totically optimal under suitable conditions. We will need the following re-
sult, which essentially says that the return time to the origin is exponentially
bounded. Recall that {7}, 75, ...} are the random jump times of the process
Q@ and Tyo by (5.3) is the first time the process returns to the origin.

Lemma 8.1. There exist positive constants ¢ and k such that for every
q € Zi
log E” [exp{cTxo}|Q(0) = q] < k(1 + [lgl)-

The proof is deferred to the appendix.

Proposition 8.2. Suppose that 6, — 0, €,/0, — 0, and ne, — o0o. Then
for any sequence {q,} C Zjl_ such that g, /n — 0, we have the upper bound
on the second moment of the importance sampling estimator

. 1 .
lim sup —log B [pn|Q(0) = ga] < —27.

Proof. Let z, = g,/n. Then z, — 0. Throughout the proof, to ease
notation, we denote W (x) = Wendn(z), pa(z) = pEA”’J”(:E), and EY [] =
EP[|Q(0) = nx,]. Furthermore, note that all we need to show is that the
upper bound holds for z,, # 0 since we can write

d
by .
Eq [py] = ; mEP[pn|Q(0) = €]

We will make use of Lemma A.1, which identifies certain saddle points
and is a generalization of Proposition 6.2. Assume from now on that x,, # 0.
Fix an arbitrary s > 2. Since eventually we will send s to 2, we assume

16



without loss of generality that s € (2,3]. Consider Ly as defined in (A.1).
We have, for every 7 € R,

Lo(w, DW (@) 7" #) = 5 3 Fu){DW(a),v) +5 3 r(z,v) ( )>>

veV veV

(5= 1) (v (f:é:,)v)> .

veV

Note that by definition

= pal) - 267, = 3 pa(a) - 7 (x, 26" o].

AcA AeA

It follows by the concavity of the logarithmic function that

Ly(z, DW (x ZpA s(z, 284 7 (x, 2a™), 7).
AeA

In particular,

rlgzL s(z, DW (z AEG%pA 1nfL (z, 28 7 (x, 2a), 7).

By Lemma A.1,

1nf L(z, 2a 7 (z, 2a), #) = gHj(QdA)
reER

where j = max{i : ¢ € w(z)}. Therefore, it follows from Lemma 7.3 that
inf Ly(zx, DW (2); 7", #) > — > e 0n/en
PER 2

for some constant K that only depends on the system parameters A;, u;, etc.
However, by straightforward calculation (we omit the details)

1nf Ly(z, DW (z);7",7) = (s—1)[R(z)— R"(z)]

+ZT’(:E,’U) [1 — e~ s(DW(2),0)/2 (7;(?,1))08_1] )

veV

Furthermore, by straightforward calculation it can be shown that every com-
ponent of the Hessian matrix D?W (z) is uniformly bounded by C/e, for

17



some constant C that only depends on the system parameters. It follows
from Taylor’s expansion that

°

nen

(DWW (x),v) =n[W(x+v/n) = W()]| <

for some constant C, which again depends only on the system parameters.
Observing that r(z,v)/7"(x,v) is uniformly bounded, it follows easily that,
for all s € (2,3] and z € R%,

ha) = (s — DIR@) — B'(2)
(oo |1 s Watom-wiy/e (@) N7
P! (Fe5) ]

»Nn
= (v

_ﬁna

Y

where _
On = 2K e On/en 4 ¢ [ec/(zmn) — 1}

for some constants K and K that only depend on the system parameters.
Let J™(t) = min{j : T; > t}, and let

J7(t)

Pn(t) = exp /0 [R(Q(s)/n) — R(Q(s)/n)lds + Y _ log ;(Q(Tj—ﬁ/m v))
j=1

(Q(Tj-1)/m,v5) |

so that p, = pn(Tnn). Note that two types of jump processes appear in
the exponent, namely @ and the sum of log terms up to J"(¢). Although
the sum is slightly non-standard in that the size of the jump depends on
several factors (including the state of @ at the time of the last jump), one
can construct a generalized It6 formula for p,(t).

Now consider the nonnegative process

Mn(t) - e‘ﬁnt_S"W(Q(t)/")/zﬁfL_l(t). (81)
By the definitions of M™ and p,, and the generalized It6 formula, the process
¢
M)+ [ M) QU /) + ] d
0

is a local martingale. Since h,(z) > —f,, it follows that M™(t) is local
supermartingale, whence a true supermartingale due to its non-negativity.

18



Consequently, the optional sampling theorem implies that, with N = N™ A
NO,

EE [M*(Ty)] < M™(0) = e~V (@)/2,
Observing that Q(T)/n € D on the set {N"™ < N°}, while p,, = 0 on the
set {N™ > N}, and that the boundary condition W(z) < 0 holds for all
x ¢ D, it follows that w.p.1

M™(Ty) > e Prinps=t,

Therefore,
Pn

Eg’n |:e—6nTN As—l} < e—an(mn)/2‘

Using Holder’s inequality
e Bu_ =
Efn[ﬁn] < (EE’[ 6nTN]§S 1}) (EIP’ |:6872TN1{NTL<NO}i|> 1
s—2
< e (g2 [oma]) 5

Note that the above inequality is true for all s € (2, 3]. In particular, let ¢
be the constant given by Lemma 8.1, and let s = s,, where
B Bn

= =924 7
5 2 c or s, —I—C

Note that by assumption 3,, — 0, thus s, € (2, 3] for n large enough. Hence
by Lemma 8.1

sn72

ES [pn] < e~ 2o 0" (Ef [eCTNOD w1 W en) SR ()

Therefore,

Wiaa) + 2572 0

1
ZloeEX 1< ——
n o8 ralPal < 2(sp — 1) n s, —1

Note that s, — 2 and ||z,| — 0 as n — oo, and that
W™ (0) > 2y —logl|A| - &, — Cygdy,.

Now letting n — 0 we have
. 1 P .
limsup —log E,. [pn] < —27.
n n
This completes the proof. |
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Theorem 8.3. The exponential decay rate of {p,} is v, that is,

1
lim —log p, = —7.
n n

Proof. It follows (5.1), the unbiasedness of p,,, and Jensen’s inequality that
E§[pn] > p2. Therefore, by Proposition 8.2 the upper bound

. 1
lim sup — log p, < —v
n n

holds. It remains to show the lower bound. Thanks to Theorem 4.2, it
suffices to show that

liminf log p, > - /0 " L(6(1), 6(0)) dt (8.2)

for any absolutely continuous ¢ : Ry — le_ such that ¢(0) = 0 and 7 =
inf{t > 0 : ¢(t) € 0} < co. Note that due to the non-negativity of L it
suffices to consider ¢ such that ¢(t) # 0 for all ¢t € (0,7]. For any T"> 0
denote by D[0, T the collection of cadlag functions on [0, T] taking values
in R, equipped with the Skorohod topology. Let 1 = (1,1,...,1) and

(1) ift <,
(’D(t)_{ o(r)+(t—7)-1 ift>r.

For any ¢, > 0, define
B (;0) ={¢p € D0, 7] : |[9(t) — p(t+¢e)|| < forall 0 <t <7}

Observing that ¢(t) = 1 for t > 7 and that L4(1) is finite for any A C
{1,...,d}, it follows that

T+e

lim L(p(t), p(t)) dt = /OT L(¢(t), o(t)) dt. (8.3)

e—0 J.

For every ¢, there exists a § = () such that for every ¢ € B%(p;d), ¥ (t) #0
for all t € [0, 7] and ¥ (7) & D. Now for each n define

1
o=~ |ng(c)
where the integer part is applied component-wise. Then

pn > Po(X™ hits x,, before 0)P,, (X" exits D before hitting 0).

20



However, note that B(p;d) is open under the Skorohod topology [12, Ap-
pendix A] since ¢ is continuous, and that ¥ (t) = ¢(t + ¢) for ¢t € [0, 7] is
an element of B¢ (y; ). Moreover x,, — ¢(¢), and { X"} satisfies the sample
path large deviation principle with local rate function L [5]. It follows that

lirr;inf % logP,,, (X™ exits D before hitting 0) (8.4)
> lirr;inf%log[?mn(Xn € B (¢:6))
> —inf {/OTL(qﬁ(t),qL(t)) dt : 1 € Be(w;é)}
> [ Lt e gt e ar

Furthermore, it is easy to see that

(nxn)q
i
Py (hitting z,, before 0) > T — .
H Sy (N )

i=1
Therefore
1
lim inf — log Py (hitting x,, before 0) (8.5)
non
d
1 A
> lim —(nxy,); log —————
ZZ:; n ST N+ i)
d
Ai
= D _(8(e))ilog —g——
; Sy (N )
Combining (8.3), (8.4), and (8.5), and letting ¢ — 0, we arrive at the desired
inequality (8.2). [ |

The following result is immediate from Proposition 8.2 and Theorem 8.3.

Corollary 8.4. Suppose that 6,, — 0, £,/0, — 0, and ne,, — oo. Then the
importance sampling estimator p,, is asymptotically optimal. That is,

1
lim — log Eg [p,] = —27.
non
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9 Numerical Experiments

For ease of computation the numerical results are obtained using the em-
bedded discrete time Markov chain Z = {Z(j) = Q(Tj),j > 0}. This means
that given that the current state Z(j) is nx, the next jump Aji; is chosen
according to

Q(Aj11 =v) =7"(z,v)/R"(x).
The actual importance sampling estimator is then

N-1

L P(20)/m, A1)/ BZG) )
p =t sz m s maam O

where

N =inf{k > 1: Q(T}) € 0 or Q(T}) = 0}.

By referring to the definition (5.4), a simple calculation shows that

EQ[ﬁn|Q(T1)7 .- 7Q(TN)] = Pn.

Therefore the asymptotic optimality of p,, follows from the asymptotic op-
timality of py,.

In the tables below we present results from three different systems in 2,
4, and 6 dimensions. For each system we consider n = 20, 50, and 80. All
results are achieved using 20, 000 samples.

n =20 n = 50 n = 80
Theoretical value 1.90 x 10—° 436 x 10~ 13 8.31 x 10— 21
Estimate 1.94 x 10°° 4.36 x 10— 13 8.18 x 10— 2T
Std. Err. 0.04 x 10~ ° 0.12x 10~ 13 0.32 x 10~ 21
95% C.I. [1.86,2.02] x 10~° | [4.12,4.59] x 10~ 13 | [7.55,8.81] x 1052

Table 1. (A1, A2) = (1,2), (p1, p2) = (3,4), and (c1,c2) = (1/2,1)

n =20 n = 50 n = 80
Theoretical value 5.62 x 10~° 1.54 x 10~ 1% 7.01x 1023
Estimate 5.52 x 1079 1.51 x 10~ 1% 6.91 x 10~
Std. Err. 0.27 x 107? 0.09x 10~ ™ 0.33x 1072
95% C.IL. [4.99,6.04] x 109 | [1.33,1.69] x 10~ | [6.26,7.56] x 1023

Table 2. ()‘17)‘27)‘37)‘4) = (1727 274)7 (H17H27H37H4) = (57 12,10, 15)7 and (61762763764) =

(1/2,1,1,1)
n =20 n = 50 n = 80
Theoretical value 2.1x 1078 42x10" 13 3.7x 10720
Estimate 221 x 1078 4.21 x 10~ 13 3.75 x 10~20
Std. Err. 0.08 x 10-8 0.15x 10— 13 0.14 x 10=20
95% C.I. [2.05,2.37] x 10~ 3 | [3.91,4.50] x 1013 | [3.48,4.02] x 102V
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Table 3. (A1, A2, A3, A1, As, Ae) = (1,2,2,3,1,8), (1, 2, ps, fa, ps, fi6) =
(10,15,16,16,15,24), and (c1,c2,c3,ca,¢5,06) = (1/2,1,1,1,1,1/3)

For all cases the values of the constants C|,| are determined using the
formulas in (7.2) and (7.3). The constants ¢,, and &, are determined by the
formulas ¢, = @ and 9, = ¢, loge,. The results are robust with respect
to the choice of the parameters ¢, and ¢,. For example £, = ¢//n yields
similar quality results for varying values of c.

For the two and four dimensional systems the exact values are obtained
by solving the linear system that arises from a first step analysis. This ap-
proach is computationally infeasible for the six dimensional system, thus for
that system the exact value is obtained by running the importance sampling
algorithm for 2 million iterations.

A Appendix. Collection of Proofs

A.1 Proof of Lemma 6.1
We will consider two cases separately.

Case 1. ¢+ s[0] < 0. It is not difficult to see that the integral on the
left-hand-side (LHS) is co. Therefore, it suffices to show that the infimum
on the right-hand-side (RHS) is —oco. Fix an arbitrary ¢ > 0 and consider
95 € R such that

0-(v) = ee Mg (v).
Then simple algebra yields

RHS = ¢+ sl +loge — 1.

€ Zvev e~ ho(v)

Letting ¢ — 0, since ¢+ s[f] < 0, we conclude that the infimum on the RHS
does equal —oo.

Case 2. ¢+ s[f] > 0. Abusing notation, for each § € R, we define the
probability measure induced by # on Ry x V by

Py(dt,v) = e *10(v)dt.

Then we can write

LHS = —log/ Ze_[Ct"'h(”)]IP’g(dt, v).
Ry

veV
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Further abusing the notation, let P denote the collection of all probability
measures on Ry x V. Then by a slight extension of [4, Proposition 1.4.2],
namely [7, Lemma A.1], we have

LHS = inf
Qe

| Slet + hwit, o) + RE) |

veV
with the minimizing Q* given by

dQ — ket~ h(v)
dPy

where £ is the normalizing constant. It is not difficult to see that the mini-
mizing Q* is an element of {P; : & € R}. Therefore,

LHS — inf / S et + h(v)]By(dt, v) + R(P;|Py)
feR R+ vev ]

But it is straightforward to verify that

/ th—l—h dtv -
R 9]

+ eV

c—l—Zh

veV i

<5>

and

R(Py|[Py) =

A.2 Proof of Proposition 6.2

We will prove a stronger version of Proposition 6.2, which will be useful
in the asymptotic analysis of the importance sampling estimators. Fix an
arbitrary s > 1. We define, for any x € le_ and 7,7 € R,

Lo(z, 057, 7) = ng(v a,v) —I—sz r(z,v) ( 2))>

veV veV

—(s=1)> F(v)t (%) (A1)

veV

and

Hs(z, o) = sup inf Lg(z, a; 7, 7).
TGRT‘GR
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Note that H is the special case of Hg with s = 2. The following result
subsumes Proposition 6.2.

Lemma A.l. Assume that s > 1. For any v € R%\ {0} and o € R,
1. Hy(z,a) = —sHY(~a/2) = sH;(a)/2 where j = max{i : i € n(x)}.

In particular, for every x, Hy(x,-) is concave.

2. The saddle point of L is independent of s and takes the form

(z, a)[v] = #*(z, a)[v] = r(z, v)e @/,

Proof. We first argue that (7*(x, ), 7*(x, ) is a saddle point, that is,
LS(:Ea Qa; Fa ’f'*("Ev Oé)) S LS(:Ev Qa; f*("Ev Oé), ’f'*(:E, Oé)) S LS(:Ev Qa; F*("Ev Oé), ’f')

for all 7,7 € R. The first inequality is trivial due to that s > 1, the non-
negativity of 7 and function ¢, and that ¢(z) = 0 if and only if z = 1. As for
the second inequality, straightforward calculation yields that

Ly(x, ;7 (z,0),7) = 12?(1})(@,1}}—1—27"(@1})5 (v)
2

veV veV T(:E’ U)
— (s = 1)HY) (—a/2).

By elementary calculus, the right-hand-side is minimized at 7 = 7*(z,v).
Therefore, the second inequality holds, and (7*(x, ), 7*(z, ) is a saddle
point. In particular,

H,(z, ) = Ly(z, a; F(z, @), 7 (2, ) = —sHY (—a/2) = sHj () /2.
This completes the proof. |

A.3 Proof of Lemma 7.2.
Fix an arbitrary x € R% \ {0}. Let w* = max{c;z; :i=1,...,d} and
f =w'e= (w"/er,w [eq, . ., w eq) .

Then z; — z; < 0 for all ¢ with equality if and only if ¢ € m(z). Moreover,
for any nonempty subset F' C {1,...,d}, the definition (7.1) and Lemma
7.1 imply that

(2af' z) = (2af" z*) + (2a", z — z*)
= 2w* (28", 0) + > 20 (¢ — )
= —2w'y+ Z 2al (z; — x¥).
ieF\n(z)
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It follows that for any A C {1,...,d}

Wilz) = Wi(z) = Y 2aiei—af) = Y 2af(z;—a7)
i€ A\ (z) ieF\n()
Since W (x) > W(z) for any F, we have by assumption

Wi(z) — Wi(z) < Wi(z) — Wo(z) < 6.

In particular, the above inequality holds for F' = 7(x) and FF = AU 7(x)
and (A.2) then becomes

o > Z 25[@-4(1171' —z;)+ (C|7r(m)| — C|A|)5, (A.3)
i€eA\n(z)

5> 3 2@t - @) (@i — ) + (Clavs)| — Cla)d. (A4)
i€eA\n(z)

We now argue by contradiction that |[AUw(x)| = |A| or m(x) C A. To this
end, assume that |A| = m and |[AU7(x)| = m + j with j > 0. It follows
easily from the definition of {a}} that for every i € A

a?UW(m)

* * *
A S Ol Qg
@;

Note that a} > 1 for all k, and a! <0 and 2; —xf <0 foralli € A\ n(x).
Therefore, it follows from (A.4) and (A.3), that

_A T — E3
(Clavm) = Cla =18 < Y 26" — ag) (@i — )
ieA\n(z)

* % * _A *
< (amam—l—l Qg1 T 1) Z 2a; (‘/El B ‘/El)
ic A\m()
< (@i = D(Cla) = Clag)) +1)0
(am i1~y — 1)(Cla + 1)4,

IN

or
Cintj = Cm =1 < (g1 -+ g1 — 1)(Cr + 1),

or
Crtj < gy Gy 1 (O + 1),
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But this is impossible since
Cm+j = o1 (14 Cpgjon)
> Oy 1O

* *
= i j10mpj—2(1+ Cpji2)

_ * ok *
= ApQpmyr 'am+j_1(0m + 1)7

a contradiction. Thus j = 0 and |A U w(z)| = |A|, and whence 7(z) C A.
For every = ¢ D, observe that z; > 1/¢; for all i € w(z). Therefore, by
Lemma 7.1 and the definition of W7,

Wo(x) < WS, . (x) < (26" z) + 2y < (2a™®) &) 4 2 = 0.
w(z)

We complete the proof. |

A.4 Proof of Lemma 8.1

Assume for now that Q(0) = ¢ # 0. To ease notation, unless specified, we
simply denote

E°[] = E"[1Q(0) = q].
We first show that Tyo is finite with probability one. Define a vector

= (1/p, 1/ p2, - - - 1/ pa)

and let
d

e=1- ; 2— > 0.
Consider the process Y = {Y(¢)} where
Y (t) = (Q(t),d) + et.
It is easy to check that the compensation process for {(Q(t),d)} is

d

t d
/0 > Ai{d, ) Z el {j=maxr(Qu)y | 45 = —

J=1

Therefore, Y is a local martingale. Since Y is a non-negative, it is a super-
martingale. In particular, by the optional sampling theorem

eE" [Tyvo] < EF[Y(To)] < Y(0) = (g, d).
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This implies that To has finite expectation. In particular, it is finite with
probability one.

The proof for the exponential bound is based on a similar argument and
the existence of a strict smooth subsolution. Fix an arbitrary v € (0,1) and
for ease of notation let a* = all4. We claim that there exists a ¢ > 0
such that the process M = {M(¢) : t > 0} with

M(t) = expet — (Q(t), va™)} (A.5)

is a supermartingale. Indeed, by the generalized It6 formula the process

Mo~ [ M@ ds
is a local martingale with
h(z) =c+ Zr(z, v) (exp{—(va*,v)} — 1) = c+ HD (—va*)
veV

with ¢ = max{m(z)}. It follows from Lemma 7.1 and the strict convexity of
H® that '
HY(—va*) <0

for all 4. Therefore there exists a ¢ > 0 such that h(z) < 0, which in turn
implies that M is a local supermartingale. But M is nonnegative, whence a
true supermartingale. By the optional sampling theorem,

exp{—(q,va*)} = E¥[M(Iyo)] = E* [exp{cTyo}].

In particular, this implies that there exists some ki1 > 0 such that for any
q#0, .
log E" [exp{cTyo }|Q(0) = q] < Falql-

It remains to show for the case where (0) = 0. By conditioning on the
first jump of @, it follows that

d
Ai
EF[exp{cTno}|Q(0) = 0] = > mEP[eXP{CTNOHQ(O) = €] < o0,
i=1
where A = \{ + - - -+ A\yg. Letting
k = max{k, log E¥ [exp{c¢Tno}|Q(0) = 0]},

we complete the proof. |
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A.5 Proof of Theorem 4.2

The proof of Theorem 4.2 is essentially a verification argument, utilizing the
smooth subsolution W&,

We first argue that, for any absolutely continuous function ¢ : R, — le_
with ¢(0) =0 and 7 = inf{t > 0 : ¢(t) € I} < oo, the inequality

)< /0 " L(B(t), (1)) dt (A.6)

holds. To this end, fix arbitrarily €,0 > 0, and to ease notation denote
W = W9, Then by the definition of L,

L(e(t), o(t)) = L™ (1)) = sup [<a,<i5(t)>— max H(a)] .

acRd en(o(t))

In particular, thanks to Lemma 7.3 and that H;(a) = —2H®(—a/2),
L(9(1), 6(t)) = (=DW(e(1))/2, é(t)) + emin, H(DW(6()))/2
> (=DW(g(t))/2, (1)) — Ke /% /2.

Integrating both sides from t = 0 to ¢t = 7, it follows that
T . 1 B
| 2ot a0y at = 5 [Wio(0) - Wor) ~ K]

Observe that the boundary condition W(z) < 0 holds for all z € 0, and
that by inequality (7.6)

W($(0)) = W(0) > W’(0) — elog |A| = 2y — elog |A| — Cud.
Therefore,

/ T L(¢(t), (1)) dt > v — % (z—: log |A| + Cy6 + Ke_5/57-> '
0

Letting €, — 0 but 6/ — oo, we arrive at the desired inequality (A.6).

In order to show the other direction, it suffices to construct an absolutely
continuous function ¢* : Ry — R% such that ¢*(0) = 0 and 7* = inf{t > 0
¢*(t) € 0} < oo with

/0 L), () dt = . (A7)
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This ¢* is actually an optimal trajectory for the calculus of variation prob-
lem. To this end, fix arbitrarily

A* € argmin{(—aA, oy:AcA}.
Consider the set valued function F™ : le_ — R? defined by
F*(z) = the convex hull of {DHW(—a?") :i € 7(z)}

for every x € le_. Clearly F™* is upper semicontinuous since 7 is so. It follows
the classical theory of differential inclusions that there exists an absolutely
continuous solution to

o(t) € F*(o(t),  ¢(0) =0. (A.8)

With ¢* denoting this solution, we will argue that ¢* satisfies all the desired
properties. Note that by definition, we can write for almost every ¢

()= Y pit)DHY(~a™) (A.9)
ien(¢*(t))
where p}(t) > 0 and
o) =1. (A.10)
ien(¢*(t))
Since

AF

d
DH®W(—o?") = —,uiea? e + Zx\je_ai €5,
j=1

it follows that

it —aA* * aA*
0] (t)zzx\je 7oej — Z pi(t)piet e;. (A.11)

j=1 ien(¢*(t))

Define for each t > 0,

h(t) = i ci(¢™ ()i,
I(t) = argmin;;<4ci(¢"(t)):-
Obviously h is absolutely continuous. We claim that there exists a constant
a > 0 such that .
h(t) > a (A.12)
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for almost every ¢. We first assume that I(t) # {1,...,d}. It follows that
I(t)Nm(p*(t)) = 0. Therefore for any j € I(t) (A. 11) 1mphes that

*

(6°(1))y = Aje ™7

Note that there exists a small neighborhood of ¢, say U, such that I(s) C I(¢)
for every s € U. The claim (A.12) follows readily. It remains to show for
the case where I(t) = {1,...,d}. In this case, I(t) = w(¢*(t)) ={1,...,d}.
Since the Lebesgue measure of the set

{t >0:m(* (1) = {1,...,d}, 7(6*()) £ {1, .. .,d}}

is zero [4, Theorem A.6.3], we can further assume that 7 (¢*(t)) = {1,...,d}.
In other words, there a exist constant b such that

b:Ci((J.S*(t))i, ’iZl,...,d.
Thanks to (A.11) and (4.5),

Nift . o
b 7k Jij*_p*(t)(lu_zA ) lfJGA*v
(@)= e Y

] Aj = pj () if j ¢ A”.

Since the summation of {p7(t) : j = 1,...,d} is one, it is not difficult to
solve for b to obtain that

1 J/‘J
B PSP oy M ' E YO e /A
JEA* CjHyj jEA* INFI ng* jGA*
However, by the definition of z4™ of (4.4),
Mo L1 N2 A"
jea- Wi ==7) jear i =7

It follows that b > 0 and the claim (A.12) again holds.
The inequality (A.12) implies that the trajectory ¢* stays in the positive

orthant le_ and the corresponding exit time 7* is finite. It remains to show
the equality (A.7). Note that by (4.2), (A.9), and (A.10),

L"), ") < > pi)LD(DHD(—a™)).
iex(6"(1)
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By Lemma 4.1 and the conjugacy of —a” and DH®(—a4"),

LYDHD(—a")) = (=™, DHY (")) - HD(—a™")
< (=a™, DHD(—a™"))

Therefore

L(¢*(1), 6" (1) < (—a™", 6"(1)).

Integrating both sides from 0 to 7* and using ¢*(0) = 0, we have

*

/OT L(¢*(t)v ¢*(t))dt < <—OZA

* *

L5 () < (=8 = .

Since the inequality (A.6) holds for every ¢, in particular for ¢*, the equality

(A.7) follows readily. [ |
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