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Reflected diffusions in polyhedral domains are commonly used as approximate models for stochastic processing
networks in heavy traffic. Stationary distributions of such models give useful information on the steady state
performance of the corresponding stochastic networks and thus it is important to develop reliable and efficient
algorithms for numerical computation of such distributions. In this work we propose and analyze a Monte-
Carlo scheme based on an Euler type discretization of the reflected stochastic differential equation using a single
sequence of time discretization steps which decrease to zero as time approaches infinity. Appropriately weighted
empirical measures constructed from the simulated discretized reflected diffusion are proposed as approximations
for the invariant probability measure of the true diffusion model. Almost sure consistency results are established
that in particular show that weighted averages of polynomially growing continuous functionals evaluated on the
discretized simulated system converge a.s. to the corresponding integrals with respect to the invariant measure.
Proofs rely on constructing suitable Lyapunov functions for tightness and uniform integrability and characterizing
almost sure limit points through an extension of Echeverria’s criteria for reflected diffusions. Regularity properties
of the underlying Skorohod problems play a key role in the proofs. Rates of convergence for suitable families of test
functions are also obtained. A key advantage of Monte-Carlo methods is the ease of implementation, particularly
for high dimensional problems. A numerical example of a eight dimensional Skorohod problem is presented to
illustrate the applicability of the approach.

Key words: Reflected Diffusions, Heavy Traffic Theory, Stochastic Networks, Skorohod Problem, Invariant Mea-
sures, Stochastic Algorithms.
MSC2000 Subject Classification: Primary: 60J60; Secondary: 60J70, 60K25.
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1. Introduction Reflected diffusion processes in polyhedral domains have been proposed as approx-
imate models for critically loaded stochastic processing networks. Starting with the influential paper of
Reiman(29], there have been many works[28, 12, 26, 36, 24, 35] that justify approximations via reflected
diffusions rigorously by establishing a limit theorem under appropriate heavy traffic assumptions. Many
performance measures for stochastic networks are formulated to capture the long term behavior of the
system and a key object involved in the computation of such measures is the corresponding steady state
distribution. Although classical heavy traffic limit theorems only justify approximations of the network
behavior through the associated diffusion limit over any fixed finite time horizon, there are now several
results[18, 8, 9] that prove, for certain generalized Jackson network models, the convergence of steady
state distributions of stochastic networks to those of the associated limit diffusions. Such limit theorems
then lead to the important question: How does one compute the stationary distributions of reflected
diffusions? Indeed, one of the main motivations for introducing diffusion approximations in the study
of stochastic processing systems is the expectation that diffusion models are easier to analyze than their
stochastic network counterparts. Classical results of Harrison and Williams [22] show that under certain
geometric conditions on the underlying problem data, stationary densities of reflected Brownian motions
have explicit product form expressions. However, once one moves away from this special family of models
there are no explicit formulas and thus one needs to use numerical procedures.

The objective of the current work is to propose and study the performance of one such numerical proce-
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dure for computing stationary distributions of reflected diffusions in polyhedral domains. For diffusions in
R™ there are two basic approaches for computation of invariant distributions: PDE methods and Monte-
Carlo methods. PDE approaches are based on the well known basic property that invariant densities of
diffusions can be characterized as solutions of certain stationary Fokker-Planck equations. For reflected
Brownian motions in polyhedral domains the papers[13, 23, 11] develop similar characterization results.
The characterization in this case is formulated for the invariant density together with certain boundary
densities and is given in terms of the second order differential operator describing the underlying un-
constrained dynamics and a collection of first order operators corresponding to the boundary reflections.
Using this characterization as a starting point Dai and Harrison[11] develop an approximation scheme
for the stationary density by constructing projections on to certain finite dimensional Hilbert spaces that
are described in terms of the above collection of differential operators. Although PDE methods such as
above are quite efficient for settings where the state dimension m is small, one finds that Monte-Carlo
methods, based on the use of the ergodic theorem, have advantages in higher dimensions. With this in
mind, we will propose and study here a Monte-Carlo method for the computation of stationary distribu-
tions. Approximations of invariant distributions of diffusions in R™ using simulation of paths have been
studied in several works [2, 27, 32, 31, 25]. One of the key difficulties in using simulation methods is that
paths of diffusions cannot be simulated exactly and so one has to contend with two sources of errors:
Discretization of the SDE and finite time empirical average approximation for the steady state behavior.
In particular, the long term behavior of the discretized SDE could, in general, be quite different from that
of the original system and thus a performance analysis of such Monte-Carlo schemes requires a careful
understanding of the stability properties of the underlying systems.

The Monte-Carlo approach studied in the current work is inspired by the papers [2], [27], [25] which
have analyzed the properties of weighted empirical measures constructed from a Euler scheme, based on a
single sequence of time discretization steps decreasing to zero, for diffusions in R™. For multi-dimensional
diffusions with reflection one first needs to describe a suitable analog of an ‘Euler discretization step’. In
order to do so, we begin with a precise description of the stochastic dynamical system of interest.

Let G C R™ be the convex polyhedral cone in R™ with the vertex at origin given as the intersection
of half spaces G;, 1 =1,...,N. Let n; be the unit vector associated with G; via the relation
Gi={zx eR™: (z,n;) > 0}.
Denote the boundary of a set S C R™ by 95. We will denote the set {x € IG : (x,n;) = 0} by F;. For
x € 0G, define the set, n(x), of unit inward normals to G at = by
n(x)={r:|r|=1,(rz—y) <0,Vy € G}.

With each face F; we associate a unit vector d; such that (d;,n;) > 0. This vector defines the direction
of constraint associated with the face F;. For x € 9G define

dz) ={deR™:d= > aidia; > 0;]d =13,
i€In(z)
where
In(z) ={ie{1,2,--- ,N}: (z,n;) = 0}.

Roughly speaking, the set d(x) represents the set of permissible directions of constraint available at a
point z € OG. In a typical stochastic network setting this set valued function is determined from the
routing structure of the network and governs the precise constraining mechanism that is used. This
mechanism specifies how a RCLL trajectory 1 with values in R™ is constrained to form a new trajectory
with values in G, through the associated Skorohod problem, which is defined as follows.

Let D([0,00) : R™) denote the set of functions mapping [0,00) to R™ that are right continuous and
have left limits. We endow D([0,00) : R™) with the usual Skorokhod topology. Let
D¢ ([0,00) : R™) = {9 € D(]0,00) : R™) : 9)(0) € G}.

For n € D([0,00) : R™) let |n|(T) denote the total variation of  on [0, 7] with respect to the Euclidean
norm on R™.

DEFINITION 1.1 Let ¢ € Dg([0,00) : R™) be given. Then the pair (¢,m) € D([0,00) : R™) x D(]0,00) :
R™) solves the Skorokhod problem (SP) for ¢ with respect to G and d if and only if $(0) = (0), and for
all t € [0, 00)
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(i) ¢(t) = 9(t) +n(t);
(ii) 6(t) € G;
(iii) |n|(t) < oo;
(i) Inl(t) = oy L1o(s)cocydInl(s);
(v) There exists Borel measurable v : [0,00) — R™ such that v(t) € d(4(t)), d|n|-almost everywhere and

n(t) = /[ RICLIIO!

In the above definition ¢ represents the constrained version of ¢ and 7 describes the correction applied
to ¢ in order to produce ¢. On the domain D C D¢([0,00) : R™) on which there is a unique solutions
to the Skorokhod problem we define the Skorokhod map (SM) T" as T'(¢)) = ¢, if (¢, 9 — ¢) is the unique
solution of the Skorokhod problem posed by ¥. We will make the following assumption on the regularity
of the Skorokhod map defined by the data {(d;,n;);i =1,2,--- ,N}.

Condition 1.1 The Skorokhod map is well defined on all of Dg(]0,00) : R™), that is, D = Dg([0, 00) :
R™) and the SM is Lipschitz continuous in the following sense. There exists a K < oo such that for all

¢1,¢2 € D([0,00) : R™),
sup [T(¢1)(t) = T(g2)(t)] < K sup [§1(t) — pa(t)]-

0<t<oo 0<t<oo
We will also make the following assumption on the problem data.

Condition 1.2 For every x € 0G, there is an € n(x) such that {(d,n) > 0 for all d € d(z).

The above condition is equivalent to the assumption that the N x N matrix with (i,7)"" entry (d;,n;) is
complete-S (see [15, 30]). When G = R and N = m, it is known that Condition 1.1 implies Condition
1.2 (see [33]). An important consequence of Condition 1.2 that will be used in our work is the following
result from [3] (see also [14]).

LEMMA 1.1 Suppose that Condition 1.2 holds. Then there exists a g € CZ(R™) such that
(Vg(z),d;) >1 VYeeF, ie{l,..,N} (1)

We remark here that the function constructed in [3] is defined only on G, however a minor modification
of the construction there gives a C? extension to all of R™.

We refer the reader to [20, 15, 16] for sufficient conditions under which Condition 1.1 and Condition 1.2
hold. For example, the paper [16] shows that if G = R’*, N = m and the square matrix D = [dy, ..., d},]
is of the form D = M(I — V), where M is a diagonal matrix with positive diagonal entries, V' is off
diagonal and the spectral radius of |V| is less than 1, then both Conditions 1.1 and 1.2 hold. Here |V
represents the matrix with entries (|Vj;|), where V;; is the (7, j)-th entry of V.

We now describe the constrained diffusion process that will be studied in this paper. Let (2, F,P)
be a complete probability space on which is given a filtration {F;};>0 satisfying the usual hypotheses.
Let (W (t), F¢) be a m-dimensional standard Wiener process on the above probability space. For x € G,
denote by X* the unique solution to the following stochastic integral equation,

X*(t) =T (:1: + / (X7 (s))dW (s) + / | b(X””(s))ds) (1), (2)

0 0
where o : G — R™*™ and b : G — R™ are maps satisfying the following condition.

Condition 1.3 There exists a1 € (0,00) such that
lo(z) = a(y)| + [b(z) = b(y)| Carle —y| Vo,yed (3)

and

lo(x)] < a1, |bx)] <ai, VzeGq. (4)
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Unique solvability of (2) can be shown using the above condition and the regularity assumption on the
Skorokhod map. In fact, the classical method of Picard iteration gives the following:

THEOREM 1.1 For each x € G there exists a unique pair of continuous {F:} adapted process
(X*(t),k(t))i>0 and a progressively measurable process (y(t))i>0 such that the following hold:

(i) X*(t) € G, for allt >0, a.s.
(i) For allt >0,
X*(t) == —l—/o a(X*(s))dW (s) —l—/o b(X*(s))ds + k(t), (5)

a.s.

(1ii) For all T € [0,00),
|E[(T) < oo a.s.

(iv) Almost surely, for everyt >0,

t
K1) = / Tixereocydkl(s),

k(t) = [y (s)d|k|(s), and v(s) € d(X*(s)) a.e, [d|k]].

In this work we are interested in the invariant distributions of the strong Markov process {X*}. One of
the basic results due to Harrison and Williams[21] (see also [6]) on invariant distributions of such Markov
processes says that if b and o are constants and o is invertible, then X* has a unique invariant probability
measure if b € C° (the interior of C), where

N
Ci{—zaidiiaizoﬂ'e{lv'” =N}}'
=1

This result was extended to a setting with state dependent coefficients in [1] as follows. We introduce
the following two additional assumptions. For ¢ € (0, c0), define

C() = {v e C: dist(v,9C) > 6).

Condition 1.4 There exists a 6 € (0,00) such that for all x € G, b(z) € C(9).

Condition 1.5 There exists o € (0,00) such that for all x € G and o € R™,

o (o(x)o’ (z))a > gda.
The following is the main result of [1].

THEOREM 1.2 Assume that Conditions 1.1-1.5 hold. Then the strong Markov process {X*(-);x € G} is
positive recurrent and has a unique invariant probability measure.

We remark that in [1] a somewhat weaker assumption than Condition 1.4 is used, which says that
b(x) € C(¢) for all x outside a bounded set. In the current work, for simplicity we will use the stronger
form as in Condition 1.4. Conditions 1.1-1.5 will be assumed to hold for the rest of this work and will
not be explicitly noted in the statements of various results.

We now summarize some of the notation that will be used in this work. For a Polish space S, P(5)
will denote the space of probability measures, and Mp(S) the space of finite measures on S endowed
with the usual topology of weak convergence. For a closed set G C R™, we say f € CZ(G), [respectively
f € C*@)] if f is defined on some open set O D G and f is a twice continuously differentiable on

O with bounded first two derivatives [respectively compact support]. For v € P(S) and a v-integrable

f S — R, we write fs fdv as (f,v) or v(f) interchangeably. We will use the symbol “=" or «Lyn

to denote convergence in distribution. Let R™ denote the set of m-dimensional real vectors. Euclidean
norm will be denoted by |- | and the corresponding inner product by (-,-). The symbols, f—), L%, denote
convergence in probability and LP respectively. Denote by || - || the supremum norm. A vector v € R™
is said to be nonnegative (and we write v > 0) if it is componentwise nonnegative.



hal-00622153, version 1 - 12 Sep 2011

A. Budhiraja, J. Chen and S. Rubenthaler: Numerical Scheme for Invariant Distributions of Constrained Diffusions 5
Mathematics of Operations Research xx(x), pp. xxx—xxx, ©200x INFORMS

1.1 Numerical Scheme and Main Results Throughout this work, the unique invariant measure
for the Markov process {X*} will be denoted by v. The goal of this work is to develop a convergent
numerical procedure for approximating v. We now describe this procedure.

Let {A\x}x>1 be a sequence of positive real numbers such that

A — 0, as k — oo and letting A, ::Z)"“ A, — oo asn — oo. (6)

k=1
Note the condition is satisfied if A, = -5 with 6 € (0,1]. Define the map S : G x R™ — G by the relation
S(z,v) =T (x + vi)(1), (7)

where i : [0,00) — [0, 00) is the identity map. The map S will be used to construct an Euler discretization
of the stochastic dynamical system described by (5). We now introduce the noise sequence that will be
used in the Euler discretization of (5).

Let {Uk,;;k € N,j =1,...,m} be an array of mutually independent R valued random variables, given
on some probability space (2, F,P), such that EUy ; = 0 and EU,f)j =1, forallkeN,j=1,...m. We
denote the R™ valued random variable (Uy 1, ..., Ug,m )" by Ux. We will make the following assumption
on the array {Uy ;}.

Condition 1.6 For some a € (0,00),

EeUk.i < ea)‘z fOT’ all k € N, J=1,..,m, AeR.

The above condition is clearly satisfied when Uy ; ~ N(0,1). Also, using well known concentration
inequalities it can be checked that the condition also holds if supp(Uy, ;) is uniformly bounded (see
Appendix for a proof of the latter statement). Condition 1.6 will be assumed to hold throughout this
work.

The Euler scheme is given as follows. Define iteratively, sequences { X }reny, {Yx}ren, of G and R™
valued random variables, respectively, as follows. Fix xg € G.

Xo = o,

Yirr = X + 0(Xk) M1 + 0(Xk) v/ At 1Uk11, (8)
Xit1 =S(Xk, Yier1 — Xi)

Note that {X}} is a sequence of G valued random variables. The last equation of the above display
describes a projection for the Euler step that is consistent with the Skorohod problem associated with
the problem data.

Define a sequence of P(G) valued random variables as
1 n
Uy = o Z)\kékau n € N.
" k=1

The above random measures define our basic sequence of approximations for the invariant measure
v. In particular, they yield an approximation for any integral of the form fG f(z)dv(z) through the
corresponding weighted averages:

1 n
A_nz/\kf(Xk—l)- (9)
k=1
The following is the first main result of this work.

THEOREM 1.3 Asn — oo, v, converges weakly to v, almost surely.

The above result ensures that (9) gives an almost surely consistent approximation for v(f) for any
bounded and continuous f. In fact we have a substantially stronger statement as follows:

THEOREM 1.4 There exists a ¢ € (0,00) such that for all continuous f : G — R satisfying
limsup, . e ¢l f(x)| = 0, we have v, (f) — v(f), a.s.
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The key ingredient in the proof of the above almost sure limit theorems is a certain Lyapunov function
that was introduced in [7] to study geometric ergodicity properties of reflected diffusions. Using this
Lyapunov function we establish a.s. bounds on exponential moments of v,, that are uniform in n. These
bounds in particular guarantee tightness of {v,,(w),n > 1}, for a.e. w. Then the remaining work, for
proving the above theorems, lies in the characterization of the limit points of v,(w). For this we use
an extension of the well known Echeverria criterion for invariant distributions of Markov processes that
has been developed in [13, 23] (see also [3]). Verification of this criteria (stated as Theorem 2.1 in the
current work) for a typical limit point vy of {v,} requires showing that, vy along with a certain collection
{ud,i =1,--- N} of finite measures supported on various parts of the boundary of G satisfy a relation
of the form in (27). The measures {u}} are obtained by taking weak limits of certain finite measures
constructed from the Euler scheme. Although these pre-limit measures may place positive mass away
from the boundary of the domain, we argue using the regularity properties of the Skorohod map (a key
ingredient here is Lemma 1.1), that in the limit these finite measures are supported on the correct parts
of the boundary.

Under additional assumptions, one can obtain rates of convergence as follows. For o > 0, set
Al = 2¢ 4 Al

Denote the normal distribution with mean a and variance b2 by N (a,b?). For ¢ € C3(G) (space of three
times continuously differentiable functions on G) and v € R™, let D3¢ (x)(v)** = 3=, ., D}, d(x)vivjuy.

For f € C?(G), define Af : G - Rand D;f: G —-R;i=1,..,N as
1
Af(z) = b(z) - Vf(z) + 50’ (2) D*f(2)o(z), @€,

Dif(z) = di-Vf(z), z€G,

where V is the gradient operator and D? is the m x m Hessian matrix.

THEOREM 1.5 Assume that U;’s are i.i.d with common distribution p. There exists a ¢ € (0,00) such
that whenever ¢ € C*(G) satisfies lim,| o e~ 1% Vp(2)|? = 0, we have the following:

(3/2)
(a) Fast-decreasing step. Suppose limy,_, oo A"T =0, D?¢ is bounded and Lipschitz, and

{<V¢(x), diz: 0, Yz e FiVi: (10)

D%*¢(z)d; =0, Vaxc F;,Vi.
Then the following CLT holds:

VA (Ad) i>/\f(0,/ |0TV¢|2du).
G

(b) Slowly decreasing step. Suppose that 1imnﬂoo(1/\/An)A513/2) =X e (0,+x], ¢ € C3(@) and D3¢
is bounded and Lipschitz. Further suppose that
(Vo(x),d;) =0, Va e F;,Vi;
)d; = 0, Vo € F;, Vi, (11)
D3, ¢(z)-d; =0, Vx € F;,Vi,j,k.

Then we have

VAo (Ad) £ N <)\m/ | TV¢|2dy> if A < o0, (12)
G
Ag’;?) Vn(Ad) 25 1 if A = +00, (13)

where
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Note that when A, = &, A513/2)/\/An converges to 0 [resp. 0o, A € (0, +00)], if @ > 1/2 [resp. a < 1/2,
a = 1/2]. Also note that if ¢ is a smooth function supported in the interior of G then it automatically

satisfies (10) and (11).

Proof of Theorem 1.5 is quite similar to that of Theorem 9 in [25], the main difference is in the
treatment of the reflection terms for which once more we appeal to regularity properties of the Skorohod
map and an estimate based on Lemma 1.1 (see proof of (33) which is crucially used in proofs of Section
3).

A key step in the implementation of the Euler scheme in (8) is the evaluation of the one time step
Skorohod map S(z,v). In Section 4.1 we describe one possible approach to this evaluation that uses
relationships between Skorohod problems and Linear Complementarity problems(LCPs). There are many
well developed numerical codes for solving LCPs (for example in MATLAB) and we will describe in Section
4.2 some results from numerical experiments that use a quadratic programming algorithm for LCPs (cf.
[10]) in implementing the scheme in (8). As remarked earlier, one of the advantages of Monte-Carlo
methods is the ease of implementation, particularly for high dimensional problems. To illustrate this, in
Section 4.2 we present numerical results for a eight dimensional Skorohod problem.

The paper is organized as follows. In Section 2 we prove Theorem 1.3 and 1.4. Theorem 1.3 is proved
in two steps. Section 2.1 shows the tightness of the random measures {v,}, and Section 2.2 characterizes
the limit of the measures {v,,} as the invariant measure of the constrained diffusion in (2). Section 2.3
gives the proof of Theorem 1.4. Rate of convergence theorem (Theorem 1.5) is proved in Section 3.
Finally we conclude by describing some numerical results in Section 4.

2. Proofs of Theorems 1.3 and 1.4 The proof of Theorem 1.3 proceeds by showing that for a.e.
w, the sequence of random probability measures {vy,(w)}n>1 is tight and then characterizing the limit
points of the sequence using a generalization of Echeverria’s criteria. Tightness is argued in Section
2.1 while the limit points are characterized in Section 2.2. Finally in Section 2.3, we give the proof of
Theorem 1.4.

2.1 Tightness We begin by presenting a Lyapunov function introduced in [1] that plays a key role
in the stability analysis of constrained diffusion processes of the form studied here (see [1, 7, 8, 9, 3, 5, 4]).
Throughout this work we will fix a § > 0 as in Condition 1.4.

For z € G, let A(x) be the collection of all absolutely continuous functions z : [0,00) — R™ defined
via

z(t) =T (w + /0' v(s)ds) (t), te]0,00), (14)

for some v : [0, 00) — C(J) which satisfies

t
/ [v(s)|ds < o0, for all ¢t € [0, 00). (15)
0

Define T': G — [0,00) by the relation

T(x) = esz]? )inf{t €[0,00): 2(t) =0}, ze€G. (16)

The function T has the following properties (see [1]).

LEMMA 2.1 There ezist constants ¢, C' € (0,00) such that the following hold:

(i) For all z,y € G,
T(x) = T(y)| < Clz —y|.

(i) For all x € G, T(x) > c|z|. Thus, in particular, for all M € (0,00) the set {v € G : T'(z) < M} is
compact.
(1ii) Fiz x € G and let z € A(x). Then for all t > 0,
T(z(t) < (T(x) =) ",
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We next present an elementary lemma that will be used in obtaining moment estimates. For k € N,

let ]:k = U(Ulu "'7U/€)' Set ]:0 = {@79}

LEMMA 2.2 There exist ¢1,co € (1,00) for which the following holds. Let {v; }ien be a sequence of R™

valued random variables such that v; is F;—1 measurable for all i > 1 and
esssup |v; (w)] = |vi|oo < 0.
w
Let S, =Y. 1 vi-U;, n € N. Then for everyr >0 andn > 1,

E max "5 < 61€C2T2 S lvild
1<i<n =

Proor. We will only give the proof for the case m = 1. The general case is treated similarly.

From Doob’s maximal inequalities for submartingales, we have

E max e"5i < 4Ee"I5n
1<i<n

<4 (Ee™ + Ee ")

From Condition 1.6, it follows that for every r € R,

E (STSn|]:n,1) < ersyl,lear2vi

< erSn—1g0r?|vn|3,
The result now follows by a successive conditioning argument.
Define A : [0,00) — [0,00) and j : [0,00) — Ny as
As)=Ag; j(s) =k, if Ay <5< Agy1, k € No;
where we define Ay = 0. Define piecewise linear R™ valued stochastic process as follows,

2 t— A\t
Wi(t) = Z \/)‘—iUi‘Fi()U'(t)Jrlu t>0.

J
i<i(t) VAi©+1

Let X (t) be the solution of the following integral equation
X(t)=T (:170 +/ b(X (\(s)))ds +/ U(X()\(s)))dW(s)) (t), t>0.
0 0
Clearly, X (\(t)) = X(;) for all ¢ > 0.
Fix p € (0, 1]. Define
1
=—", A=4)+16LI
TS 0+ 161 In(ey),
where L = ¢a7C?K? and Ao = sup;>; Ai. Let V : G — R be defined as

V(z)=e"T@  gzeq.

LEMMA 2.3 There exist € (0,1) and ¢ € [0,00) such that for each ¢ € [0, p] and for all t >0,
E(V (X)) Fj) < 0= BVIT(X ) + ¢

PrOOF. Fixt >0 and ¢ € [0, p]. Define € : [A(t),0) — G as

A()+-
5(5) =T (Xj(t) + /)\(t) b(X](u))du> (S — )\(t)), s > )\(t)

Using the Lipschitz property of the Skorokhod map (Condition 1.1), we have

sup | X(s) —&(s)| <K sup

A <sEA(0)+A+20 A(H<sEAMD+A+A0
=:Kv(t,A).

| etxoai
At
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Note that
A =X < AE+A) = A1) <A+ N

Using this observation along with Lemma 2.1 (i) and (iii),
T(X(A(t+A)) STENE+A)) + CEp(t, A)
S(T(X (A1) = (At +A) = M) " + CKo(t, A)
S(T(X (A1) = (A= Xo))" + CK(t, A).
From the above estimate and the definition of V(x), we now have

BV ONT0) < g (explan +€) (20K O0) — (& = o)) + CH(e. ) |

V(X (A@))+e
x exp(—w (1 + Q)T (X (A1) (20)
Letting, for g € Ny, 04 = 0(X), we have, for any s € [A(¢), A(t) + A + Ao],

. ) Effi}(w g/ Ag1Ugp1,  if 05 Ujs) 20
/ o (X (M)A (u) < ,
A() i(5)—1 .
E;(:;(t) 09y Aqr1Uqs1, i 055 Uj(s) <0

which can be bounded by

max E 09V Aq+1Uqy1.

J(#)<j<j S) )

Similarly,

- [ @) () < Y verr A

) =it a=j(t)

And therefore

(t,A) = sup
A(t)<s<A(t)+A+Xo

| o) <
At

max g O'q\/ Ag+1Uqg+1]

t)<-7<.7t

where jf = j(A(t) + A+ Xo).
Using Lemma 2.2, we now have that, with mo = w(1 + ¢)CK,

E [emoﬁ(t,A) ‘]:j(t)j| < cleczmgaf Z;t:j(t) Agt1 < CleCngaf(A—iﬂ)\o)' (21)

In the case T(X(\(t))) > A — Ao, we have from (20) and (21) that
E(V (XAt + A)) | Fj0)) < VIXA@)HoemEHO@=20) o ¢ geampar(A+220),
Recalling the choice of w and A, we now see that
E(V(X(A(t+A)|Fjm) < (1= HVX A,
where B =1— e 3ner,
In the case T(X(A(t))) < A — Xg, we have
E(V(X(A(t + A)) | Fp) <E (emoﬂ(tvﬁnﬁ(t)) < 01e2moai(A+20) < o ar(A+2)00) = g
Combining the two cases, we have (19). O
The following lemma follows from Lemma 2.3 through a recursive argument.

LEMMA 2.4 There ezists az € (0,00) such that
Sup B(V(X(A(0)) ) < 05 (22
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PROOF.

For any t € (A, o0), we can find ¢’ € (0, A] and j € N such that ¢t =’ + jA. By a recursive argument
using (19), we then have

E(V(X(A\(1)*) < BV(X(AE)) + %

Thus

sup E(V(X(A@®)'*) < JSup E(V(X(A1)))'*7) + %

The supremum on the right side is bounded by max;<;(a1,) E(V(X;)'*?), which is finite using Condition
1.6, boundedness of b, o and the Lipschitz property of I'. O

Now we can prove the following lemma.
LEMMA 2.5 For a.e. w, sup,, (V,v,(w)) < co. Consequently, the sequence {v,(w)}n>1 is tight for a.e. w.

PrOOF. Let ng be such that A,,, > A. Then it suffices to consider the supremum in the above display
over all n > ng. For i € Ny, define s(i) = inf{j € Ng : A; > iA}. Then s(|A,,/A]) < n and therefore, for
n 2 no,

1 & 1 (A
(V) =5 oMV (i) = 1= [ vEOo)a
no n

! / IR R

“Asan/an Jo

Using Lemma 2.3 with ( = 0, we have

) (An/AJ+DA
el VX))t
S(I.AH/AJ) 0

1 ([An/Al4+DA R
< / VX)) ~ BV RN+ D) F

~ Asan/a) Jo
1 ([An/AJ+DA
b / VXA - B) + .

S(I.AH/AJ) 0

Thus, rearranging terms,

3 (LAn/AJ4DA
S / V(X (A(1))dt
As(an/a) Jo

1 ([An/A]+D)A . A
= m/o V(X (A1) — E(V(X (At + Q)| Fjq)))dt
IRDNE

Aslan/a))
Next note that Aya,/a)) > [An/AJA, and, for n > ny,

As(an/a)) = Mgy = A1
Thus
An/A]+ 1A
oy pLA/ALEDA A
nzno As(lansa)

To prove the lemma, it is now enough to show

) (A/AJ+DA )
sup Ai/ VROA®) - BV (XA + AN Fy)ldt < 00, ac w.  (23)
n>ng s(|An/A]) JO
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The above expression can be split into two terms:

1 ([An/A]+D)A R A
KITZ;A V(X)) = B(V (X (A + &) Fj)ldt
1 ([An/A]+1)A R A
- Ai/ [V(X(A(#))) = V(X (At + A)))]dt
s([An/A]) JoO
1 /(LAn/AJH)A
As(an/a)) Jo

ET1+T2

+ VXAt + A)) = E(V(X (At + A)|Fj)]dt

Consider the first term:

1 ([An/AJ+1)A 1 ([An/Al4+DA
T :Ai/ V(X (A(1)))dt — Ai/ V(X (At + A)))dt
S(I.AH/AJ) 0 S(I.AH/AJ) 0
1 ([An/AJ+1)A . 1 ([An/A]+1D)A+A .
:7/ V(X (A\#)))dt — 7/ V(X (A())dt
Asan/a)) Jo Asa,/a)) Ja
1 A 1 ([An/AJHDAFA
:7/ V(X()\(t)))dt—if V(X (A(®)))dt
As(an/a)) Jo As(an/ap) J((an/a)+1)a
1
SA )\kV(Xk—l)-
s(LAn/A]) kihp_1<A

Let Z = > pa, ,<a MV (Xg-1). Then from (22), we have EZ < az(A + Xo). Combining this with
the fact that for n > ng, Ay, /a]) = A1, we have that

sup T1(w) < 00, a.e. w. (24)
n>ngo
Next, consider T:
1 ([An/AJ+DA . .
- | VXA + A)) — BV A+ A))IF)dt
s(lAn/A]) Jo
1 [An/Al i41)A . .
= / VXAt +A4)) = E(V (XAt + A)))|Fje))dt.
s([An/A]) o Jia

From Kronecker’s Lemma (see page 63 of [17]), the last sum is bounded in n a.s. (in fact converges to 0)
if the following series is summable a.s.

s (i+1)A R A
; Ay /m VXAt 4+ A))) = E(V(X(A(t+ A))|F;j))ldt.

Consider the sum over even and odd terms separately. For even terms, the sum can be written as

oo

1 (2k+1)A A A
Avieb) /M VXAt +A))) — E(V(X(At+ A)))|Fj)dt. (25)
k=19

Let

1 (2k+1)A . .
o= [ VOROG+ A) BV RO+ )1 )

and Gy = Fjaka), then we have E(&;11]/G;) = 0. Also note that &1 is Gi11 measurable. Thus S, =
i, & is a martingale with respect to the filtration {G,}. Consequently, by Chow’s Theorem (see
Theorem 2.17 of [19]), the series in (25) is a.s. summable if > 7 | E(|&|' ) < co. Now note that

1+p

El&|'t? =E

1 (2k+1)A . A
Ammlm V(XA +A)) = E(V (XA + 2)))|Fj)))dt

9l+p AL +P . 21+ Al+0g,
< —a SWEVEXO)Y) € — 5 —
s(2k) s(2k)
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where the last inequality follows form Lemma 2.4. Since Ay > kA, we have that

oo

1 1 < 1
< < Q.
E : I+p = Al+ Z 1+
k=1 As(kl)) Alfe k=1 ki

This proves that the series in (25) is summable. The odd terms are treated in a similar manner. Thus
we have proved

sup Th(w) < 00, a.e. w. (26)
n>ngo
Now (23) is an immediate consequence of (24) and (26), which proves the lemma. O

2.2 Identification of the limit In this section we will complete the proof of Theorem 1.3 by arguing
that for a.e. w, every weak limit point of v, (w) equals v. For this we will use the following extension of
the Echeverria Criteria (see [23, 34], see also Theorem 5.7 of [3]).

THEOREM 2.1 Let vy € P(G) and uly € Mp(F;), i =1,...,N be such that for dall f € C*(G),

N
vo(Af)+ > us(Dif) = 0. (27)

i=1

Then vy = v.

In order to apply the above theorem to show convergence of v, to v, we will consider a sequence of
finite measure {yf, }nen; i = 1, ..., N, which, roughly speaking, correspond to the prelimit versions of the
measures {uj} that appear in the theorem above. We now describe this sequence.

For u e R™, v € G, r € (0,00), define, for ¢t € [0, 1],

z(u,v,7lt) = z(t) =v+ (b(v)r +o(v)Vrut,
x(u,v,7t) = x(t) =T(z)(¢),
Ylworlt) = y(t) = x(t) - u(t).

Then, one can represent the trajectory y as

N t
y@—ZmA%@mthQML (28)

where «;(s) = a;(u, v,7|s) € [0,1] and «;(s) > 0 only if x(s) € F;. Also, let, for ¢t € [0,1]
I (u, 0, 7) = 2(1) + t(x(1) — (1)),
1
Li(uavaT):/ O[Z(t)d|y|(t), 7’:155N
0
Finally for k € Ny, let
I} = I (Upg1, Xy Met1)s L = LN (Ukg1, Xy M)

For k € Ny and i = 1,..., N, define a M p(R™) valued random variable m, by the relation

1
o) = [ B0z, v € BMR™), (29)
0
where Ex[Z] denotes E[Z|X], and BM(R™) is the space of nonnegative bounded measurable functions
on R™.

Forn € Nandi=1,.., N, let ui, be a Mp(R™) valued random variable defined as

n

1
) 1 .
p(A) = — Y mi(A) A€ BR™).
" k=0

el
Il

The following lemma relates the above family of random measures with our approximation scheme.
Recall the definition of the filtration {F}} in Section 2.1.
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LEMMA 2.6 For every f € CZ(R™), there exists a sequence of real random variables {&] }nen such that

LS Bl (Xer) — FOGIF] = 3 D) + AT+ (30)
" k=0

i=1

and sup,, & (w) < 0o a.s. Furthermore if f has compact support then & — 0 a.s. as n — 0o.

PrROOF. Fix (u,v,r) € R™ x G x (0,00). Using the notation introduced above, we have from Taylor’s

theorem,
F) = F0) = (V7)) + g D2 (o) + Balv, 2(1))
where
Ro(x,y) = f(y) — f(2) = (Vf(z),y —z) - %(y —2)"D*f(z)(y - )
and
n=n(u,v,r) =b(v)r + o(v)\/ru.
Define

1
r2(z,y) = 5 o) 1D? f(z +t(y — ) = D f(a)ll,

then we have |Ra(z,y)| < ra2(x,y)|z — y|?.
Also

[ ) £ i) — 5(1))
(1) = Flal1) = | x dt

= /0 Vf(z(1) + t(x(1) — z(1))) - (x(1) — =(1))dt
N 1 1
:Z}/O Vf(z(1)+t(x(1)—z(l)))dt-di/o o (0)d)y|(t).

Fix a k € N and let v = X, u = Ug41 and 7 = Agq1. Then
E[f(Xk41) = f(Xp)|Fe] = E[f(x(1)) — f(2(1)) + f(z(1)) — f(v)[Fk]-

From the definition of m} in (29) and observing that {X}} is a Markov chain (with respect to the
filtration {Fx}) and Ugy; is independent of Fy, it follows that

E[f(x(1)) = f(2(1)|Fx] = Zmi (Dif),

hal-00622153, version 1 - 12 Sep 2011

Using independence of U1 from Fj once more,
E[f(2(1)) — f(v)|Fk] :Ak+1<Vf(Xk), b(Xk)) + %Amlff(Xk)’DZf(Xk)a(Xk)
+ = A,m (X1) D? f(Xi)b(X%) + E[Ra( Xy, X5 + n1) | F
=/\k+1Af(Xk) + &0 (k),

where
&k )* A2 1b(Xk) D? f (X3 )b(X1) + E[Rao( X, X, + m1) | Fi]

and ny = N(Ur+1, Xk Aet1)-

Thus we have
1

E[f(Xg+1) — f(Xk)[Fr]
0

S
|

1
An

>
Il

N

i D mi(Dif) + M1 Af(Xi) + € (k)
k=0 Li=1

n—1

H(Dif) + vn(AF) + 5= ng

N
Il
-

'MZ >|~



hal-00622153, version 1 - 12 Sep 2011

14 A. Budhiraja, J. Chen and S. Rubenthaler: Numerical Scheme for Invariant Distributions of Constrained Diffusions
Mathematics of Operations Research xx(x), pp. xxx—xxx, ©200x INFORMS

Zo & (k).

We now show that sup,, &/ (w) < oo a.s. Write

Equality in (30) follows on taking ¢/ = Al

¢ (k) = %)‘i+lb(Xk)/D2f(Xk)b(Xk) + E[Re(Xk, X + ni)|Fi] = & (k) + &5 (k).

The term - EZ;& 5{ (k) converges to zero because of the boundedness of b and D?f. Consider now the
contribution from 55 (k). Let for p € Ry,

1
hp) =5 sup ||D*f(w2) = D*f ()]
111126]1{771
|z1—z2|<p

Then
|Ra (X, Xk + me)| < h(mw)|nel®

and so for some x1 € (0, 00),

&] (k)] < Blh(m)|nel?|F]
< |||cck1 Aks1-

Thus sup,, &/ (w) < oo a.s. This completes the first part of the lemma.

Finally if f in addition has compact support, we have h(p) — 0 as p — 0. Fix ¢ > 0. Since b, o are
bounded, we can find for each 6 € (0,00), kg € N such that for every k > ko,

|h(b(zk) Akt1 + o (2r) v/ Mt 1Uk11) L0,y <0 < €
Also, for some [,, € (0,00), for all k € N,

E[|n* 1,1 >0/ Fk] < L + ME[UL 1y, 50])  as.,

E[[ni?|Fe] < lyAe as.
Choose o € (0,00) such that E[|U1|*1jy,|>g,] < €. Then

- Z €2 (k |<elnA Z Ak + ([ looln Z N Z Ak).

™ k=ka, k=ko, ™ k=ka, ™ k=ke,
Thus,
1 n—1 1 k90_
T W< 1 Y )+ ely(1+ o) + [0ty S
" k=0 " k=0 k=ke,

Sending n — 0o and then € — 0, we now see that - Z;é €] (k)] — 0 as n — co. The result follows.
O

The following lemma shows that the left side of the expression in (30) converges to 0 as n — oo.

LEMMA 2.7 For every f € CZ(G),

n—1

1

A—ZE (Xk+1) — [(Xe)|Fr] = 0 a.s., asn — .
k=0

n

PrROOF. We can split the sum into two terms:

1

E[f(Xk+1) — f(Xk)[Fi]
0

S
|

1
An

el
Il
|
—_

1 n—1 1 n
= Z F(Xper )| Pl = f (K1) + 5

=T + T2.

(f (Xk41) = f(Xk))

" k=0

E
Il



hal-00622153, version 1 - 12 Sep 2011

A. Budhiraja, J. Chen and S. Rubenthaler: Numerical Scheme for Invariant Distributions of Constrained Diffusions 15
Mathematics of Operations Research xx(x), pp. xxx—xxx, ©200x INFORMS

Note that,
1
T>| = A—|f(Xn) = f(Xo)| = 0,

as n — 0o, since f is bounded and A,, — co. Also, using Kronecker’s Lemma,

n—1
1
=+ > B (K1) Fe] = f(Xnt))
" k=0
will converge to 0 once the martingale
n—1
1
M=) A—k(E[f(Xk+1)|-7:k] — [(Xk+1))
k=1

converges a.s. Finally observing that E(f(Xg+1)|Fx) minimizes the L? distance from f(Xy41) among Fy
measurable square integrable random variables,

E(M ) = Y (5B (F (Y1) — BU (Xu)|1F2)°
E>1

< Z(iPE (f (Xxs1) = F(X0))?

k>1

1
< IDfllos Z(A—)2E (Xkg1 — Xi)”
>1 Ok

Akt1
S"“Z A2
k>1 Ok

< 0

for some constant k1, where the last inequality follows from the observation that for a positive sequence
Moy Dopsq Met1/AZ < oo. The lemma follows. O

Next we consider the limit of the first term on the right side of (30). We can regard p!, to be a finite
measure on the one point compactificaion of R™, denoted as R™. In order to show that {ui} is a.s. a
precompact sequence in Mg (R™), it suffices to show that pf (R™) is an a.s. bounded sequence of R
valued random variables. This is shown in the following lemma.

LEMMA 2.8 Fori=1,...,N, }
sup pp, (R™) < 00,  a.s.

PROOF. Let g € CZ(R™) be as in Lemma 1.1. Then for fixed (u,v,r) € R™ x G x (0,00) and with
notation as introduced above Lemma 2.6,

1 N 1
g9(x(1)) —g(v)Jr/0 [Vg(x(s)) - (b(v)r+a(v)\/?u)]ds+_2/o di - Vg(x(s))ai(s)dly|(s)  (31)

Since «;(s) is nonzero only when x(s) € F;, and (Vg(z),d;) > 1, for all z € F;, i € {1,..., N}, we have
N N o
S L) =3 [ aio)dyle)
i=1 i=1"0

N 1
< Z / d; - Vg(x(s))ou (s)dly| () (32)

< lg(x(1)) = g(0)] + [IVglloo|[b(v)r + o (v)V/rul
< IVgllsolx(1) = v + [[Vgllos[b(v)r + o (v)V/rul
< |IVglloo (K + 1)[b(v)r + o(v)Vrul,

where the second inequality uses (31), and the last inequality uses the Lipschitz property of the Skorokhod
map.
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Let k1 = [|V9||oo(K + 1)ay, then from (32) we have for i € {1,..., N},

L}, < Ky (\/ et 1 U1 + )\k+1) : (33)
Also note that,

SFP] 2% () — Xi| < K[b(Xp)Aks1 + 0(Xi) vV Mer1 Unr1] < Kary/ N1 |Unsr| + Kar Ay, (34)
tefo,1

and for ¢ € [0, 1],

T — Xp| < tz®(1) — o] + (1 = 8)|2"(1) — v| < (K 4+ Daider1 + (K + Daiv/ st |Upsals (35)
where 2% (t) = x(Ugy1, Xk, Mt 1[t), 25(t) = 2(Ug11, Xk, Aiy1]t). Combining (33)-(35) we have that
Ex, (0}, — 2"(s})|L}) < 2K + DaikimAesr + @(Aks1) Aot (36)

where ¢ : (0,00) — (0,00) is a bounded function satisfying ¢(a) — 0 as a — 0.

Next note that L is not equal to 0 only if there exists s € [0, 1] such that af(s) > 0, i.e., 2¥(s) € F},
where of (t) = a;(Ugs1, X1, Mer1|t). And in that case,

Dig(I1;) > Dig(a™(s)) = [1D?gl|c |1}, — 2*(s)] > 1 = [|D?g[oo| 1T}, — 2 (s)].
Let Al = {w : there exists s € [0,1] such that o¥(s) > 0} and
; inf{s € [0,1] : ¥ (s) > 0} ifwe A,

sp(w) = . ;

1 itwée Aj.
Then, from (36),

Ex, [Dig(I) Li1a;] > Ex, [Li1a;] — [ D?gllocBx, [T, — 2* (s})[ L 147

> Ex, [Li] = [ID?glloc (2K + DarkimArsr + @(Aer1) A1)

Thus we have
1
(Dig.mi) = / By, [Dig(IT,)Li]dt

1
- [ Bx Doz
0
> (1,my) = ||D?glloc (2K + Darmei g1 + @A) A1) -
Rearranging the terms, we have
(1,my) < (Dig,my) + ||D?glloc (2K + Darmei g1 + @A) A1) -

Summing over k from 0 to n — 1 and 4 from 1 to N, we obtain

N N
Y (Lph) <D (Digp) + NI|ID?gllc (2K + Darkim + |o]oo) - (38)
=1

i=1

Using Lemma 2.6
N n—1
i L g
> tn(Dig) = 5= > Elg(Xe1) — 9(X) | Fr] = vn(Ag) — €.
i=1 " k=0

Since g € CZ(R™), the second term on the right side is bounded. Also from Lemma 2.7, the first term
converges to 0 as n — oco. Finally from Lemma 2.6, the third term is bounded, a.s.

From this it follows that v

supZufz(Dig) <00 as.
o=l

Result follows on using this observation in (38). O

The following lemma will be used to show that for a.e. w, any limit point of ! (w) is supported on F},
i=1,..,N.
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LEMMA 2.9 Fiz i € {1,...,N}. Let ¢ € C2(R™) be such that ¢ (x) > 0 for all x € R™. Suppose that
there is a € > 0, such that ¢(x) =0 if dist(x, F;) <e. Then

/1/)(17)#:1(61117) — 0, a.s. as n — oo.

PrROOF. We have

n—1
<"/17/1'n> = A_n <w7mk>
k=0
1 n—1
A—Z/O Ex, [¢ (%) Li]dt
" k=0
B (39)
- L /Exk/wﬂt syl dt
" k=0
< []o N 1 d dt,
A, : Ex, (I —ak ()] >3 % (8)d]y" s

where, recall that of(s) = ozl-(UkH, Xi, Aer1ls) and 2%(s) = x(Ugs1, X, Mey1ls), yF(s) =
V(Uks1, Xk, Aks1/s). The last inequality in the above display follows from noting that af(s) > 0 only
when 2% (s) € F; and if for such a s, |II}, — 2*(¢)| < e,we have by our choice of ¢ that 1(II%) = 0.

Next note that
{(t,s,0) : I —2"(s)] > e} € {(t, 5,w) ¢ [2"(1) — 2" (s)| > e} U{(t,5,0) : [2"(1) — 2" (s)] > e},
where recall that 2¥(t) = z2(Ug11, Xk, Aey1]t)-
Also, from the Lipschitz property of the Skorokhod map,
¥ (1) = 2*(5)] < KarAesr + Kary/ N1 [Up,

and
|25(1) =2 (s)] < 12M(1) = Xl + [ Xk — 2 (s)] < (K + Dardesr + (K + Dary/Aeg Ul
Thus
{w: |t — 2% (s)| > € for some t,s € [0,1]} C {w : |Upy1(w)| > pr},
— /((KH1)a) —Mes1 : : Lo
where pj, = e . Using this observation in (39), we have

(W, i) <

|w|oo = ! ! k k
A kZ_OExk/O /0 Liju|speyoy (8)dly™|sdt
9]0 S !
<2 B (1{U|m} / a§<s>d|yk|s)
k=0

/‘Moo — (E ( 1ak )2>
< ; F(s)dly*ls | ) POUL = p).-
2y (B / .

2
From (32) it follows that for some k1 € (0,00), sup;, Ex, (fol af(s)d|yk|s) < k1. Also using Condition
1.6, E|U|7 < oo for all j > 1. Choose ko large enough so that A\p11 < for all k > k.

€
2(K+1)a;

Fix j > 4, then

<1/},‘u;> < |w|oo |w|oo Z \/— E|U|g)1/2 7]/2
An k=ko
The result now follows on observing that for some k2 € (0,00), p 3/ < mgx\kﬂ for all & > kq. o

We are now ready to complete the proof of Theorem 1.3.
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PROOF. [Proof of Theorem 1.3] Fix f € C%(G). Then such a function can be extended to a function
in C2(R™). We denote this function once more by f. Then from Lemma 2.6,

n—1 N
=SB (Xen) — SXOIF] = 3 i (Dif) + va(AD) + €], (10)
" k=0 i=1

From Lemmas 2.5, 2.6, 2.7 and 2.8, there exists Q¢ € F such that P(Q) = 1 and for every w € Qo,

{vn(w)}n is precompact in P(G),

{p,(w)}n is precompact in Mp(R™), for every i = 1,..., N,
Left hand side of (40) converges to 0,

&1 (w) converges to 0.

Fix aw € Qg and let voo (w), (W), i =1, ..., N, be a subsequential limit of v, (w) and u?, (w), respectively.
Then from (40) and the above observations, we have ( suppressing w )

N
Vo (Af) + Y b (Dif) = 0.
i=1
To complete the proof, in view of Theorem 2.1, it suffices to argue that
[t dn) <o, (41)
By convergence of u?, to ul_, we have for every ¢ as in Lemma 2.9,

(@) (W) (dz) = 0.

Rm™

Therefore
/ Lper (z)u (dz) =0 Ve, r >0,
]Rm

where F" = {z € R™| dist(z, F;) > € and |z| < r}. The equality in (41) now follows on sending € — 0
and r — o0. O

2.3 Proof of Theorem 1.4 Recall ¢ from Lemma 2.1 and @ from (17). Fix ¢ € (0,wc). We will
prove the theorem with such a choice of (. Consider an f as in the statement of the theorem. Then there
exists constant s, such that |f(x)] < k1e¢l®l Without loss of generality, we assume f > 0.

From Theorem 1.3, for any L > 0, we have
/(f/\L)an — /(f/\L)dV a.s.
In order to prove the theorem, it suffices to show that
/(f/\L)dl/n — /fdun, and /(f/\L)dl/ — /fdu, as L — oo.

First, consider

sup [/ fdv, — /(f /\L)dun} < sup/lf>Lfdl/n
<sup (1/7(f > Dlva(7)Y7)

where p, q € (1,00) are such that p~ + ¢~! = 1 and the last inequality follows from Holder’s inequality.
Choose g > 1 such that (g < we, then from Lemma 2.5 we have

sup[vn (f9)]M < Ky sup[/ S92y, ()] < gy sup v/ U(V) < 0o,  as. (42)

Using Markov’s Inequality, we have

1/p
1/p Un (f)
vaP(F > L) < =577
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which using (42) converges to 0 as L goes to infinity. Combining the above three displays, we have
sup [/ fdv, — /(f A L)dl/n] —0, as. as L — oo. (43)

Also, from Fatou’s lemma we have, for a.e. w,

/fdu—/(f/\L)dy:/(f—f/\L)du

< limninf/(f — [ A L)dv,
< sup/(f — f A L)dvy,.

Using (43) the last expression converges to 0 as L — oo. The result follows.
3. Proof of Theorem 1.5 We begin with a few preliminary lemmas.

LEMMA 3.1 If ¢ € C?*(G), then

4

n 4
Anva(Ad) = 3" NAG(Xio1) = 20 — (N, + 3 280 + 3 ¥ )
k=1 =1

= ] i=1

with
70 = $(X,) - 6(Xa),
N = D VM(VO(Xi1), 0(X51)Us),
k=1
zMn = %Z/\ib(kal)TD2¢(Xk71)b(kal)a
k=1
z? = 3 N b(Xp-1) " D*¢(Xi-1)0(Xi—1)Ur,
k=1
20 % Me[(0(Xk1)Ui)T D2 (X1 )(o(X_1)Uk)
k=1
—E((0(Xk-1)Ur)" D?*¢(Xp—1)(0(Xp—1)Us) | Fr-1)],
ZW = ZR2(Xk71;Xk)7
k=1
and

(VO(Xk—1)s Yr—1),

S5
=
Il

bl

[ M:

1
n

1

Y7§2) — 5Zyg_lD2(J5(kal)yk—17
k=1

Y = Neb(Xpo1) DXk 1)yk-1,
k=1

YO = SVl D*6(X1)o(Xp-1)Us,
k=1

where Ry(x,y) = ¢(y) — ¢(x) — (Vo (x),y —x) — 5(y — )" D?*¢(2)(y — =), and y, = y(Up11, Xk, Aey1/1).
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PROOF. Denote 0¢(Xy) = ¢(Xi) — ¢(Xp_1) and 6 X = X — Xs_1. We deduce from (8) that
§O(Xk) =(Vo(Xp_1),0Xy) + %5X,{D2¢(Xk,1)5xk + Ro(Xp1, Xz)
—(VO(Xk1), yh—1) + MASXp 1) + VA(VO(Xp1), 0(Xp—1)Uk)
+ U DPO(Xk )1 + AN )T D20(Xi)b(X)
+ %)\k[(U(Xk—l)Uk)TD2¢(Xk—1)(U(Xk—l)Uk) — E((0(X3-1)Ux) " D*$(Xpo—1)(0(Xi—1) Uk )| Fie—1)]
+ Ab(X 1) D2 Xk 1)yt + A2 26(Xp )" D2¢( Xy 1) o (Xi—1)Us
+ VA1 D*G(Xp-1) o (Xp—1)Uk + Ra(Xp—1, Xp).

The lemma follows by summing the above equality over £ = 1, ...,n and rearranging the terms. O

LEMMA 3.2 Let W : G — R be a continuous function such that sup,,cy vn(W) < 00, a.s. Let ¢ € C*(G),
be such that im |, [Vo(z)|*/W(x) = 0. Then

1 — - ,
ﬁ;\/)\—k<v¢(Xk71),U(Xk,1)Uk> —>/\/<0,/G|O—Tv¢| dy> .

PROOF. This lemma follows from Theorem 1.3 using the martingale central limit theorem, along the
lines of Proposition 2 of [25]. Details are left to the reader. O

LEMMA 3.3 Under the assumptions of Theorem 1.5(b), we have,

AN 1
T Bog [ preen atduyvtas)

as n — Q.

PROOF. The proof is similar to that of Lemma 10 of [25] except for the treatment of reflection terms.
Using the notation above Theorem 1.5 and in Lemma 3.1, we have

Ro(ar.y) = ¢D*6(@)(y — 2)% + Rale. ), (44)

with I
(Ra(a )] < gly— ol

where L is the Lipschitz constant for D3¢. Hence
1
Ro(Xp—1, Xi) = 6D3¢(Xk_1)(5Xk)®3 + 7, (45)

with I
7| < g|5Xk|4 < kA 1+ |UklY), k€N,

for some k1 € (0,00). Since E|Ug|? := p4 < 0o from Condition 1.6, we have

EZ 7| < k1(1+ faa) Zx\i
k=1 k=1

From the assumption limy, .0 (1/v/A,) Sr_, AY? = X € (0,400, we deduce that lim, o0 Y7, )\2/2 =
+00 and

n—r00

lim Y " AR/AL = 0. (46)
k=1

Therefore,

1 o Lt
n k=1
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Now consider the first term on the right side of (45).
D3¢(Xpu—1)(6X%)®® =D3p(Xpom1) Meb(Xio—1) + VA0 (Xi—1) Uk + ypo—1)®?
=N DXk 1) (VARD(Xo-1) + 0 (XU + () (X1, U)
=X 2D (X 1) (0(Xim))UR)® + £ (Kimr, Un) + £ (X1, Ui,
where f,gl) (Xk—1,Ug) and f,§2) (Xk—1,Uyg) are defined through the second and third equalities, respectively.
Next observe that
e From the assumptions, we have
INeb(Xk—1) + VAo (Xe-1)Uk| < a1/ Ak (|Uk] + Vo).
e From (28) and (33), we have y_1 = Zﬁl d;Li_, and for some ks € (0, 00),
Li_ 1 < ko MUk + 1), forall k e N

e The term L | is non zero only if there exists s € [0, 1] such that z_1(s) € F;, where z_1(s
x(Ug, Xr—1, M\k|s). And in that case, we have from (34), the Lipschitz property of D3¢ and (
that, for some k3 € (0, 00),

D33 d(Xp—1) - di|l < ks AUkl +1), V5, k.

):
11)

Combining these estimates, we see that E>")'_, |f,51)(Xk,1, Ur)| < k1Y p_y Af. Using (46) we now have

1 & :
AG2) Zflgl)(xk—l, Uk) Lo, (48)
n k=1

For the term f,§2) (X%_1,Uy), using the boundedness of D3¢, b, and o, it can be easily checked that
E|f?(Xi_1,Us)| < ksA2. Thus

EZ | fo(Xk—1,Uk)| < ks Z)\i,

k=1 k=1

and so using (46) once again, we have

n

1

P
WZfb(Xk_l,Uk) — 0. (49)
n k=1
Let @(kal,Uk) = Dg(b(Xk,l)(O'(Xk,l)Uk)@B. Since Supyg E|@(Xk71,Uk>|2 < oo and
limp oo A /(A/?)2 = 0, we have

1 - L?

NeEl SN O(Xk-1,Uk) — B(O(Xi—1, Up)|Fi1)] = 0. (50)
n k=1

Observe that E(©(Xy_1, Ug)|Fr—1) = J(Xk—1), where J is given by

J(2) = - DPp(x)(o(2)u)®* pu(du).

Since AS/” — 00 as n — 0o, we can apply Theorem 1.3 to the measure v, = ﬁ Y oheq /\2/25ka1.

Since J is continuous and bounded, we have lim, o 7, (J) = [ Jdv a.s., and the lemma follows on
combining this fact with (44)-(50). O
We are now ready to prove Theorem 1.5.

Proof of Theorem 1.5 The proof is similar as the proof of Theorem 9 of [25], once again the main
difference is in the treatment of reflection terms. Using the notation of Lemma 3.1, we first observe

that, for any sequence of positive numbers {a, }nen such that lim, o a, = 0o, we have Z,(ZO)/an — 0
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in probability. This is because, from Lemma 2.4, the sequence {X,, },en is tight, and consequently so is
{¢(Xn) tnen as well.

We also derive from the definitions of Z,(ll), Z,(f) and Z,(f) the inequalities

E[Z]] <k ZAiIID%IIm, (51)
k=1
and .
E|Z0P <k Y MDD, i=23 (52)
k=1

for some k1 € (0,00), for all n > 1.

(a) Now assume that limnﬂoo(l/\/An)ASf/m = 0. We then have lim, 0 Y p_; A7/VA, = 0, and it
follows from (51) that Zr(Ll)/\/An L 0. We also deduce from (52), that Zflj)/\/An z, 0, for j = 2,3.

Consider now Z7(14). Denoting the Lipschitz norm of D?¢ by L, we have

L L
|Ro(Xp—1, Xi)| < §|AXk|3 < ga?K%Ak + VAR UR)3,

where the second inequality follows from the Lipschitz property of the Skorokhod map (Condition 1.1).
Thus, there exists ko € (0, 00) such that, for all n > 1,

Bz <k Y N2 (53)
k=1

and therefore Zr(;l)/\/An L—1> 0.
We now, consider Yn(j), for j=1,2,3,4.

n

Y = Z<V¢(kal)7yk71> = Z Di¢(Xp-1)Ljy-

k=1 k=1

From (33), we have |L¢ || < rk3v/Ak(|Ux| + 1). Also, for any fixed i, L, is not equal to 0 only if there
exists x € F;, such that || Xx—1 — || < a1 K\g + a1 K/ Ak |Uk|; and in that case, using Taylor’s theorem
and the Lipschitz property of D?@, there exists x4 € (0, 00), such that,

| Dip(Xp—1) — Di(x) — (Xp—1 — )" D?*¢(@)di| < kal[ Xp—1 — 2.
Combining this with (10), we have
1Dip(Xp—1)| < Kall Xp—1 — | °.

Thus we have

n
3/2
B,V < rs Y A7 (54)
k=1
for some constant k5. Using similar arguments as above, we obtain:

BV, <rs Y N2 j=23.4 (55)
k=1
Thus we have that Y, /v/Ay 5 0, for j = 1,2, 3, 4.

From Lemma 2.5, and recalling the definition of V' (see (18)) we have that, for every ¢ € (0, cw),

sup/ e*l7ly, (dz) < o0,  aus.
neNJ G
For such a ¢, under the assumption that lim,|_,o e~ ¢I?l|V¢(x)|? = 0, applying Lemma 3.2, we now have

\jVAL,, i>N((),/G|chv(;5|2du).
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This completes the proof of part (a).
(b) Assume now that 1imnﬂoo(1/\/An)A513/2) = X € (0,400]. We then have that

i (3/2) — i 2 /A(3/2)
lim A};/# = 400 and nhﬂngo ]; A /AT = 0.

n—oo

As before, Z,SO)/A513/2) 2y 0. It follows from (51) that Z,(})/AE?/?) z, 0, and from (52) that

. 2
29 AP L0, for j = 2,3,

Under the assumptions of part (b) (i.e. that D3¢ is bounded, Lipschitz and (11) holds), we have, using
similar arguments as in part (a), for some kg € (0, 00),

B9 <rg3 N =14 n>1 (56)
k=1
. 1

Thus we have that Y,gj)/AS?/m L, 0, for j =1,2,3,4.

Applying Lemma 3.2 once again, we have, for ¢ satisfying lim ;| eIl Ve(x)]? =0,

Nn L T 2
NI —>./\/'(O,/G|a V| du). (57)

Also from Lemma 3.3

(4)
% 5 % /G - D3¢(x)(0(x)u)®® p(du)v(dz) = —n. (58)

Now, if A\ < +o0o, we have from the above observations that Z,(Ij)/\/An P, 0, for j = 0,1,2,3,
Y\ 1A, 250, for j =1,2,3,4 and

Z

VA,

The statement in (12) now follows on combining this with (57).

L, . (59)

Finally, if A\ = 400, we have Z$) /AL 250, for j = 0,1,2,3, v, /A 250, for j = 1,2,3,4 and
Nn/AS/m 2,0, and (13) follows from (58). This completes the proof of Theorem 1.5. O

4. Numerical Results

4.1 Evaluation of the Euler Time Step. A key step in simulating the sequence {Xj} in (8) is
the evaluation of S(Xj, Yi+1 — Xi), where § : G x R™ — G is the time-1 Skorokhod map defined in (7).
In this section we describe a procedure for computing S(x, v) that uses well known relationships between
Skorokhod problems and linear complementary problems (LCP). We restrict ourselves to a setting where
N = m and G = RY}". We begin by recalling the basic formulation of the LCP (see [10]). For j € N, a
j X j matrix R and a j-dimensional vector 8, the LCP for (R, 0) is to find vectors u,v € R7 such that

u>0,v>0;

v =0+ Ru;

u-v=0.
It is well known (see [16] and [6]) that with R = [d1, ..., d,,], under Condition 1.1, for every 6 € R™,
the LCP for (R, ) admits a unique solution (u,v) = (£}, (R,0), £L2,(R,0)), and furthermore £2,(R,0) =
S5(0,0). Thus the evaluation of §(0, #) reduces to solving the above LCP for which numerous algorithms
are available. In the examples considered in the current work we used a quadratic programming algorithm.
Evaluation of S(x, ) for x # 0 can be carried out using a localization procedure as follows.

Fix z € G and let J =1In(z) = {j € {1, ..., m}|(z,e;) = 0}. Let P; = {z € R™|(z,e;) =0, Vj € J°}.

Let my : R™ — Pj be the orthogonal projection:

wy(z)=2— Z (z,e5)e;.

jeJe
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Suppose that |J| = p and J = {i1,...,ip}. Define a p x p matrix R; be the relation R;(k,l) =
(mydi))ip,, for k,0 = 1,..p. Let uy,v; € RP be the solution of LCP for (Ry,w;0), ie., (ujvy) =
(Ly(Ry,m10), L2(Ry,ms0)). Once again unique solvability of LCP for (R, ;0) is assured from Condi-
tion 1.1. Denote uy = (11, ...,7,) and define z1(t) =z + 0t +¢3°5_, 1;d;;. Let

71 = inf{t > 0|In(x1(t)) # In(z)}.
We define 71 = oo if the above set is empty. Then I'(z + 0i)(t) = z1(¢) for all t < 7. If 71 < oo set

the initial point to be z1 = z1(71) and define the trajectory {z2(t)};>0 in a similar way as {z1(¢)} by
replacing = with z1. Set 7o = inf{t > 0|In(z2(¢)) # In(z1)}. Then

D(x+0i)(m1 +1t) =T(x1 4+ 0i)(t) = z2(t), for all t < 7.

Define now recursively trajectory {z;(¢)} with time points 7; and end points x;(7;), 7 = 3,4, .... Let jo
be such that > 70, 7 <1 < Zf‘;{l 7;. Then

Jo
S(x,0) =T(x +0i)(1) = T(xj, + 0i)(1 = Y _ 7).
i=1
Thus the evaluation of S(x,0) can be carried out by recursively solving a sequence of LCP problems.

One difficulty in implementing the above scheme is the possibility that > =, 7; < 1. However using
regularity property of the Skorokhod map, we see that this occurs only when S(x, ) is zero. Thus in the
practical implementation of the algorithm we fix a finite threshold L and carry out the above recursive
procedure at most L times and set S(zx, ) = 0 if Zle T < 1.

4.2 Results.

4.2.1 A 3-d Example with Product Form Stationary Distribution. Let m = 3 and suppose
that the reflection matrix is of the form R = I + @, where [ is the identity matrix, and @ is given as

0 01 -0.2
Q=] -01 0 0
02 0 0
It can be checked that the spectral radius of @ is less than 1, and so Conditions 1.1 and 1.2 hold. Take
the drift function b(z) = [-1/2,-1/2,—1/2|" and o(z) = I, = € R3. The stationary distribution v

for this example is of product form (see [21]): exp(1.1667) ® exp(1.0938) ® exp(0.8537), where exp(u)
is the exponential distribution with parameter p. In implementing the above numerical scheme, we set
our initial point to Xo = [1,1,1]7, and simulate { X }7_, defined by equation (8), taking Uy ~ N(0,I),
A = 1/ Vk and n = 107. Figure 1 shows the comparison between the exact distribution with the
first-coordinate marginal of the measure v,.

4.2.2 Effect of Choice of {Ar}. Consider a two-dimensional SRBM with covariance matrix o(z) =
I, drift vector b(z) = [—1,0]7 and reflection matrix

ne (1, 9)

This example was considered in [11]. We consider the first moment of the x;-coordinate. The exact value
for this moment is known to be 0.5. We consider A\, = k=% and examine the influence of the choice of
« on the numerical performance. The results are given in Figure 2. We find that o = 0.5 gives the best
numerical convergence.

4.2.3 An 8-d symmetric SRBM. A SRBM is said to be symmetric if its covariance matrix I, drift
vector 1 and reflection matrix R are symmetric in the following sense: I';; =I'j; = pfor 1 <i < j < d,
i =—1for1<i<dand R;; = Rj; = —r for 1 <i < j <d, where r > 0. The positiveness of I" implies
—1/(d—1) < p < 1 and the completely-S condition of R implies r(d — 1) < 1. In this case, It is known
(see [11]) that, the first moment of each of the component is the same, and is given by the following
formula
1= (d=2)r+(d—1rp
B 2(1+47) '

my
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Figure 1: Comparison between the nnumerically computed distribution with exact distribution. The left
figure shows the comparison between the empirical cumulative distribution function (cdf) and the exact
cdf. The middle figure makes a comparison between the estimated density function and the exact density
function. And the right figure is the qqg-plot of the empirical quantiles versus the exact quantiles.

14r

l.ZT
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Figure 2: We consider time step sequence \,, = n~ with different choice of a and study the influence of
« on numerical convergence. The thin solid line, the dotted line, the thick solid line, the dash-dot line,
and the dashed line correspond to a =0.1, 0.3, 0.5, 0.7, and 0.9 respectively. The x-axis shows the value
of n while the y-axis corresponds to [ v, (dz).

Here we take d = 8. Then the conditions on the data yield —1/7 < p < 1 and 0 < r < 1/7. Letting p
range through {—0.1,—0.05,0,0.2,0.9}, and r take value 0.1, we obtain estimates of m; using algorithm
in this work. We take A\, = k=%, o = 0.5 and n = 107. The results are shown in Table 1. The results
show that as the correlation coefficient p approaches 1, the performance of the algorithm deteriorates.
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Table 1: Estimates for m; when d = 8.
P -0.1  -0.05 0 0.2 0.9
Estimated Val. 0.131 0.137 0.163 0.414 3.205
True Val. 0.150 0.166 0.182 0.246 0.468

Appendix A. Appendix

LEMMA A.1 Let U be a random variable with bounded support. Suppose that EU = 0. Then there exists
a € (0,00), such that
EelV < eo"\2 for all A € R.

PrOOF. Without lots of generality we assume that |U| < 1.

Az

Using the convexity of the function e**, we have

U+1 1-U
e)‘Ug + N+ e .

2 2
Taking expectations in the above inequality and using Taylor’s expansion, we have
PN
BN < 1T o ¥
< 5 <
The lemma then follows on taking o = % O
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