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This paper studies one-dimensional Ornstein—Uhlenbeck (OU)
processes, with the distinguishing feature that they are reflected on
a single boundary (put at level 0) or two boundaries (put at levels
0 and d>0). In the literature, they are referred to as reflected OU
(ROU) and doubly reflected OU (DROU), respectively. For both
cases, we explicitly determine the decay rates of the (transient)
probability to reach a given extreme level. The methodology relies on
sample-path large deviations, so that we also identify the associated
most likely paths. For DROU, we also consider the ‘idleness process’
L; and the ‘loss process’ U; which are the minimal non-decreasing
processes, which make the OU process remain >0 and < d, respectively.
We derive central limit theorems (CLTs) for U; and L;, using techniques
from stochastic integration and the martingale CLT.
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1 Introduction

Ornstein—Uhlenbeck (OU) processes are Markovian, mean-reverting Gaussian
processes. They well describe various real-life phenomena and allow a relatively high
degree of analytical tractability. As a result, they have found widespread use in a
broad range of application domains, such as finance, life sciences, and operations
research. In many situations, though, the stochastic process involved is not allowed
to cross a certain boundary, or is even supposed to remain within two boundaries.
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The resulting reflected (denoted in the sequel by ROU) and doubly reflected OU
(DROU) processes have hardly been studied, though, a notable exception being the
works by Ward and Glynn (2003, 2003, 2005), where ROU processes are used to
approximate the number-in-system processes in M/M/1 and GI/GI/1 queues with
reneging under a specific, reasonable scaling; the DROU process can be seen as an
approximation of the associated finite-buffer queue. Srikant and Whitt (1996) also
showed that the number-in-system process in a GI/M/n loss model can be approxi-
mated by ROU. For other applications, we refer to, for example, the introduction
of Giorno et al. (2012) and references therein.

Throughout this paper, a probability space (Q,7 ,P) equipped with a filtration
F={7},g. Is fixed. As known, the OU process is defined as the unique strong
solution to the stochastic differential equation (SDE):

dX; = (e —yX,)dt + odB,, X, =xeR,

where a € R, y,0 >0, and B, is a standard Brownian motion. The choice o > 0 is only
made for definiteness; from a distributional point of view, nothing changes if it is
replaced with —o. The OU process is mean reverting towards the value a/y. To
incorporate reflection at a lower boundary 0, thus constructing ROU, the following
SDE is used, where we, throughout the paper, additionally assume « > 0,

dY, = (a —yY,)dt + ¢dB, + dL,, Yo = x>0,

where L, could be interpreted as an ‘idleness process’. More precisely, L, is defined as
the minimal non-decreasing process such that Y,=0 for 7>0; it holds that
I[O,T] 1{y1>0}dL, =0 for any 7> 0.

Likewise, reflection at two boundaries can be constructed. DROU is defined
through the SDE

dz; = (a — yZ,)dt + odB, + dL, — dU,, Z, = x€[0,d],

where U, is the ‘loss process’ at the boundary d, that is, we have | 0.7) l{z;>0ydL; = O as
well as J[O,T] lyz,<4ydU; = 0 for any 7> 0. In the case of DROU, we assume that the
upper boundary d is larger than a/y throughout this paper, to guarantee that hitting
d does not happen too frequently (which is a reasonable assumption for most of
applications). For the existence of a unique solution to the aforementioned SDEs with
reflecting boundaries, we refer to, for example, Tanaka (1979). In the context of
queues with finite capacity, U, is the continuous analog to the cumulative amount
of loss over [0,7], and that explains why we refer to it as the loss process.

The first objective of this paper is to obtain insight into transient rare-event
probabilities. We do so for an ROU process with ‘small perturbations’, that is, a
process given through the SDE

dYs = (a—yY$)dr + VeodB, + dLf,

t
with € >0 is typically small. The transient distribution (at time 7'>0, for any initial
value x>0) of the OU process being explicitly known (it actually has a Normal
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Limit theorems for reflected OU processes 27

distribution), we lack such results for the ROU process. (As an aside, we note that the
stationary distribution of ROU is known (Ward and Glynn, 2003); it is a truncated
Normal distribution.) This motivates the interest in large-deviations asymptotics of
the type

lin(l)elogP(YETZb\YS =x), (1)

for x>0, T>0, and b > E(Y5|Y§ = x) (so that the event under consideration is rare).
We follow the method used for computing blocking probabilities of the Erlang
queue in Shwartz and Weiss (1995), that is, relying on sample-path large deviations.
In our strategy, a first step is to study the aforementioned decay rate for the ‘normal’
(that is, non-reflected) OU process. This decay rate is computed as the solution of a
certain variational problem, relying on standard calculus-of-variations: it minimizes
an ‘action functional” over all paths f'such that f{0) = x and f{T) > b. The optimizing
path /™~ has the informal interpretation of ‘most likely path’ (or ‘minimal cost path’):
given the rare event under study happens, with overwhelming probability, it does so
through a path ‘close to’ /™. In fact, f* does not hit level 0 between 0 and 7. For
ROU, one can compute the cost of staying at the boundary 0, and performing all
calculations, it turns out that the most likely path for ROU stays away from
0 and coincides with the most likely path for OU.

The computations for OU are presented in Section 2. The results are in line with
what could be computed from the explicitly known distribution of X% conditional
on X{ = x but provide us, additionally, with the most likely path. Section 3 then
focuses on the computation of the decay rate for ROU. Earlier, we described the
intuitively appealing approach we followed, but it should be emphasized that at the
technical level, there are some non-trivial steps to be taken. The primary complication
is that the local large-deviations rate function at the reflecting boundary is different
from this function in the interior (Doss and Priouret, 1983). Inspired by Robert
(1976), we derive explicit expressions of the large-deviations rate function for ROU
by properties of the reflection map in the deterministic Skorokhod problem. Unfortu-
nately, calculus-of-variation techniques cannot be used immediately to identify the
most likely path; this is due to the fact that we need to minimize over all non-negative
continuous paths. However, the non-negativity of the optimizing path for the OU
process facilitates the computation of the decay rates for ROU. In Section 4, we
compute the decay rate for DROU by the same strategy as the one for ROU.

The second part of the paper focuses on DROU, with emphasis on properties of the
loss process U, (and also the idleness process L,), for ¢ large. Zhang and Glynn’s mar-
tingale approach, as developed in Zhang and Glynn (2011), is employed to tackle a
problem of this type. With /A(-) being a twice continuously differentiable real function,
we apply Itd’s formula on /4(Z,) and require A(-) to satisfy certain ordinary differential
equations (ODEs) and specific initial and boundary conditions in order to construct
martingales related to U, and L,. The presence of Z, in the drift term leads to ODEs
with non-constant coefficients, which seriously complicates the derivation of exact
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solutions. In Section 5, we use this approach to identify a central limit theorem (CLT) for
U,: we find explicit expressions for gy and 7 such that (U, — g,t)/+/t converges to a
Normal random variable with mean 0 and variance 17%,; a similar result is established for L,.

2 Transient asymptotics for Ornstein—Uhlenbeck

The primary goal of this section is to compute the decay rate (1) with Y* replaced by X=;
in other words, we now consider the OU case (that is, no reflection). Before we attack
this problem, we first identify the OU process’ average behavior. To this end, we first
describe the so-called zeroth-order approximation of one-dimensional diffusion
processes. The SDE (more general than the one defining OU) we here consider is

dJs = b(J5)dt + Vea (J5)dB,,  J§ =x,
and the corresponding ODE is

Theorem 1. ( Freidlin and Wentzell, 1984, Thm. 2.1.2)
Suppose that b(-) and o(-) are Lipschitz continuous and increase no faster than linearly,
that is,

[b(x) = b + [o(x) — o ()] <K = 7,
b?(x) + o () <K (1+af?),
where K is a constant. Then for all t >0 and € >0, we have
EIE — x(1)*<eal(),

where a(t) is a monotone increasing function, which is expressed in terms of | x| and K.
Moreover, for all t >0 and 6 > 0,

lirr(l)IP’(sup ’Jﬁ —x(s)| > 6) =0.

O<s<t

In the specific case of OU processes, the corresponding small perturbation process
X§ (on a finite time interval) satisfies

dXf = (a —yX{)dr + VeodB;,  Xo = x>0. )
It is readily checked that the limiting process x(7) is given by
X(l) =0 yX(l), X(O) =X,

which has the solution

x(t) = % + ( - %) e,
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Limit theorems for reflected OU processes 29

Note that x(r) = EX?. Popularly, as € | 0, with high probability, X? is contained in
any J-neighborhood of x(#) on the interval [0,7]. Assuming that b > x(7), it is now
seen that the probability of our interest, of which we wish to identify the decay rate,
relates to a rare event.

We now recall the Freidlin—-Wentzell theorem (Dembo and Zeitouni, 1998, Thm.
5.6.7), which is the cornerstone behind the results of this section. To this end, we first
define Cjp,71(IR) as the space of continuous functions from [0,7] to R, with the uniform
norm | fl »:=sup,efo,77//7)| and the metric d( f.,g):=Ilf—g | ~. The Freidlin—
Wentzell result now states that X< satisfies the sample-path large deviations principle
(LDP) with the good rate function

L) = { (262) o (F (1) = a9 (1))t it fet
0 if feH,,

where H, == {f : f(t) = x + [y ¢(s)ds, ¢eL([0,T])} . The LDP states that for any
closed set F'and open set G in (Cjo, 71(R), || - [| »).

limsup eloglP (X¢€F) < — infyep 1c(f),

e—0

limi(l)lf elogP (Xf€G) > — infreg ().

These upper and lower bounds obviously match for 7,-continuity sets S, that is, sets
S such that infye o1 5L f) = infrcing s f)-

We now return to the decay rate under consideration. Let us first introduce some no-
tation, following standard conventions in Markov process theory. We write IP (E) for
the probability of an event E in terms of the process X© if this process starts in x. We
will mainly work with a fixed time horizon 7> 0 and write X. for {X,, 1€[0,7]}. Our
first step is to express the probability under study in terms of probabilities featuring
in the sample-path LDP. Observe that we can write P, (X5>b) = P,(X¢€S), with

Si= U Se Sa:={feCon(R) :£(0) = x.f(T) = a}.

Later, we first solve a calculus-of-variation problem to find infycg, I, (f) explicitly.
Second, we prove that S is an /,-continuity set. A combination of these findings gives
us an expression for the decay rate.

Proposition 1. Let a>b > x(T'). Then

PPN (0 W el ol Gt L)
e (T R [ )
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The optimizing path is given by

a—*%+ %eVT —xe T
el — e T

(= (c —%)ew +(x—=C)e™” +%, where C :=

Moreover, f*(z) >0 on 7€[0, «) when the starting point x> 0; f*(¢) €[0,d] on 1 <[0,7]
when the starting point x €[0,d], a€[0,d] and a/y <d.

Proof Obviously,

infI,(f) = inf{%g (F (1) +pf (1) — a)zdt, feHana}.

feSa

According to Euler’s necessary condition (Shwartz and Weiss, 1995, Thm. C.13), the
initial condition, and the boundary condition, we have that the optimizing path
satisfies

"

@) =yft)+oy=0, f(0)=x, f(T)=a.

The general solution of the ODE (unique up to the choice of the two constants) reads
f(t) = Cley’ + Czeﬂ” -I—%

It is now readily checked that the stated expression follows, by imposing the initial
condition and the boundary condition. Hence,

V(7 gy o= G+ =) ?

. 2C,
inf 1,(f) = > [1— e 27T](c?/y)

feSa 20

We proceed with proving that /*(r)>0 and f*(¢) €[0,d] on t<€[0, ) under the two
stipulated assumptions. First, we note that x(¢) = xe~ "+ (1 — ¢~ ) a/y, a convex com-
bination of x and a/y. As both of these are non-negative by assumption, so is x(f). For
f7(?), we have the following alternative expressions with ¢(¢) := sinh(y#)/sinh(yT), as a
direct computation shows:

fH@)

x(1) + (a = x(T))q(1)

= a(f)a+ (7"~ g(e M+ (1 =7 —go)(1 — )",

It follows from the first equality that f™(#) > x(), because a > x( T'), and hence f*(¢) is
non-negative. Moreover, the second equality shows that /*(¢) is a convex combination
of a, x, and a/7y; see succeeding discussion. As all three of these are assumed to be less
than d, the same holds true for f™(¢).
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Finally, we show that we indeed have the claimed convex combination, by showing
that all coefficients are non-negative and sum to one. The latter is obvious, as well as
q(1)€[0,1]. Furthermore e~ — g(£)e "> (1 — q(t))e” " > 0. To prove that the third
coefficient is non-negative, we use the basic equality

(L+e)(1—e)

sinh(x) = 5

Then observe that

(L+e")(1—e™) T
(I+eT)(1— NT)(l —e)

1+e"
— (1 —e _
=(1-e )(1 l+e77)20'

l—e” —qgt)(1—e?)=1—e7 —

This completes the proof. o

Proposition 2. S is an I.-continuity set.

Proof Consider the topological space (Co 71(R), 7), where the topology  is induced by the
metric d(f,g). We next consider S, = { feCon(R) : f(0) = x} with the subspace
topology 5 = {U nS, : U er}. The set S is a closed subset in S because the coordinate
mapping f+ f{T) is z-continuous. By the same property and the fact that the coordinate
mapping is z-open, the 5 -interior of S'is int S={fe Cp 1(R):f0)=x,AT)>b}. We
thus have !

fgcllfslx(f):;gglx(f):;gg;gsﬁlx(f), and féﬁtfsl"(f):fig}?sfalx(f)'

Using proposition 1 and the fact that a>b > x(7),

. o [t =g
) = B D) = )

Consequently, S is an /,-continuity set. O
Now, the decay rate under consideration can be determined.

Proposition 3. Let b > x(T). Then

—\ph—= (e —a)eT)]2
lim elogP(X72b) = i n(j—gﬂ(é)/y) r
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32 G. Huang, M. Mandjes and P. Spreij

Moreover, the minimal cost path is as given in proposition 1 (with a replaced by b).

Proof Apply ‘Freidlin—Wentzell’ to the /.-continuity set S:

lime_,o elogP, (X;Eb) = lime_,( €elogP, (Xf ES)
= — il‘lffes Ix(f) = — infagb il‘lffega Ix(f)

By the computations in the proof of proposition 2, we obtain the desired result. The
minimal cost path is directly obtained from proposition 1. o

We mentioned in Section 1 that there is an alternative method to compute the decay
rate under study. It follows relatively directly from the fact that X5 (with X§ = x) is
normally distributed with mean u; =x(T) =41 —¢7") +xe”’" and variance
o7(e) =< (1 —e "), in conjunction with the standard inequality (Shwartz and

Weiss, 1995, p. 19)

1
y+y!

2 00 2 1 2
eV <[ e di<—e .

We have followed our sample-path approach, though, for two reasons: (i) the resulting
most likely path is interesting in itself, as it gives insight into the behavior of the system
conditional on the rare event, but, more importantly, (ii) it is useful when studying the
counterpart of the decay rate for ROU (rather than OU), which we pursue in Section 3.

We also note that

lim lim elogP, (X$>b) = i Gt
T— e—0 x = 0.2 /V

It is known that the steady-state distribution of X; with X§ = x is normally distrib-
uted with mean a/y and variance € ¢>/(2y). We conclude that this shows that the
result is invariant under changing the orders of taking limits (77— « and € — 0).

3 Transient asymptotics for reflected Ornstein—Uhlenbeck

This section determines the decay rate (1) for ROU. For the moment, we consider a
setting more general than OU and ROU, namely SDEs with reflecting boundary
conditions.

Let D" R be an open interval, and 6D and D denote its boundary and closure. Let
v(x) denote the function giving the inward normal at xedD, that is, v(x)=1if xis a
finite left endpoint of D and v(x) = — 1 if x is a finite right endpoint of D. The reflected
diffusion H® w.r.t. D is defined as the unique strong solution to

AHS = b{HS)dt + eodB, + d&5,  H; = xeD. ®
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Limit theorems for reflected OU processes 33

where |&¢|, = ﬁ) 15[)(H§)d|é’e|‘Y and & = ﬁ)v(HS)d|§€\x. Here, |£€|, denotes the total
variation of &€ by time z. We assume that A(-) is uniformly Lipschitz continuous and
grows no faster than linearly, and o is a non-zero constant. The existence and
uniqueness of the strong solution are proved in Tanaka (1979).

We now recall the sample-path LDP for the reflected diffusion process, as it is
considerably less known than the (standard) Freidlin-Wentzell theorem for the
non-reflected case. We denote by H; the non-negative functions in H, and by w a
function from [0,7] to R.

Theorem 2. (Doss and Priouret, 1983, Thm. 4.2)If b(-) is uniformly Lipschitz continu-
ous and bounded, and o is a non-zero constant, then H® satisfies the LDP in Cyo 11(D)
with the rate function

I(h) = inf ——]" (b, — b(hy) — v(h)wop(hy)) dr.

=0 20'2 !

if heH and = else.

For reflected diffusions with a single reflecting boundary at 0, we can identify w(?)
and have the following explicit expression of the rate function. As usual, we define
x*=max{x,0} and x~ = — min{x,0}.

Proposition 4. Let D= [0, ). When b(0) > 0, H® satisfies the LDP in Cyy )([0, *)) with
the rate function

1

0 =35

I (W, = b(h)) de

if heH! and = else. In short, for heH; and b(0) € R, we have

1

=2 (6(0) )]y Loy () i

I () = 551y (= b)) "de -

202
Proof In this case, D=0, «), 0D = {0}, and v(0) = 1. The rate function becomes

. 1 o, 2
I*(h) = {a}gfo}pjo (B, = b(he) — 1oy ()" dr.

We minimize for each  separately under the integral. If s, — b(h,) < 0, then w, =0 is
optimal. If h; — b(h;)>0 and h,> 0, then 1¢,(%,)w,=0, which means that any value
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34 G. Huang, M. Mandjes and P. Spreij

of w is optimal. If i, — b(h;)>0 and h, =0, then w, = h, — b(h,) is optimal. Hence,
o = (hl — b(h,))+ is the optimizer. It gives the following explicit expression:
1 jT

, / N2
1(h) = 551y (= bl) = 10y () (1 = b)) ")

if heH and « else. For any /e Cjp 71([0, «)), which is differentiable a.e., note that
h, = 0 if h,=0. Then we have

1

1 () = 55l (s = bh) — 10y (h)(0))
- %}({ (h, — b(h,)) dt + 2}71({ L1y () (b(0)™)*dr + %I(f Loy (h)b(0)~b(0) dr.

When b(0) >0, the last two terms are zero, and for 5(0) <0, they sum to

1 2T
— 27217(0) [ Loy (Rr) dt.

This completes our proof. o

Theorem 2 requires b(-) to be bounded, which is a condition that ROU does not
satisfy. But the mapping in (3) from Brownian motion B, to reflected diffusion process
H¢ is continuous because ¢ is a constant and b(-) is uniformly continuous. One can
directly apply the contraction principle (Dembo and Zeitouni, 1998) to the rate
function of Brownian motion. Details can be found in the proof of Theorem 2 on
page 10 in Dupuis (1987). As a result, Proposition 4 is valid for ROU.

Earlier, we observed (i) that the most likely path for OU was non-negative
(Proposition 1), and (ii) the rate functions / and I for OU and ROU are the same as long
as their arguments are non-negative paths on [0,7] (Proposition 4). This suggests that the
decay rates for OU and ROU (and the corresponding most likely paths) coincide.

The idea is now that we find the decay rate (1) for ROU by using the sample-path
results that we derived in the previous section for OU. Recall that the zeroth-order ap-
proximation of OU is x(f)=a/y+(x —a/y)e . It is readily checked that x(f) >0
when the starting point x>0. So we still assume b > x(7) in the decay rate for
ROU. We define S*:= {f'€ Cjo.7([0, <)) : f{0) = x, AT) > b}, corresponding to the rare
event {YfeS*}, so as to compute the decay rate (1); the set S/ is defined as { fe Cjo.7
([0, )): f(0)=x, f(T)=a}. Later, we keep the notation P, for probabilities of events in
terms of Y* when this process starts in x.

Theorem 3. Let b > x(T'). Then, similar to the result of proposition 3,

b=+ (=) P
[1—eT](a?/y)

© 2014 The Authors. Statistica Neerlandica © 2014 VVS.
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Limit theorems for reflected OU processes 35
Moreover, the minimal cost path is as given in proposition 1 (with a replaced by b).

Proof As bH(0)=a>0, by proposition 4, Y* satisfies the sample path LDP in C 7
([0, «)) with the rate function

1
" 202
if heH! and « else. By an argument that is similar to the one used in the proof of
Proposition 2, S* is an I} -continuity set. Then

17 (h)

X

Ig (ht —a+ yh,))zdt

P, (Y3=b) = lim elogP, (YseS") = — inf I} (h) = — inf inf I} (h).

hest a=b hest
We have

1 ,
infjcg I} (h) = inf{ﬁfg (h, +yh, — a)zdt, heHan;}

. 17, 2
>1nf{ﬁfo (ht + yh; — a) dr, hemeSa}

= inffes“ Ix(f)

The optimizer /* of infyes,I,(f) is always positive, for any starting point x>0,
because of Proposition . That is, f*eS}. Conclude that inf s I3 (h) = infyeg, ()
Then the results follows immediately from Proposition and a>b > x(7),

[a — (% + (x— %)e’ﬂ)]2
1= e27](o2/y)

(b - (% + (x— %)e*ﬂ)V
[1—e(a?/y)

lime_,0 elogIP’x(YeT2b) = —inf,>p

This proves the claim. o

4 Transient asymptotics for doubly reflected Ornstein—Uhlenbeck

This section computes the decay rate (1), but now for DROU. The case of DROU
corresponds to choose the set D=[0,d] in thm 2. We can still derive an explicit
expression for the optimal o} and hence have the following simplified rate function.

Proposition 5. Given D=[0,d], the rate function I(h) in theorem 2 can be rewritten
as follows:

P R) = 50y (= ) = 110y (DO + 100 ()b(a)*)

if heH " := {feH, : 0<f<d} and = else.
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36 G. Huang, M. Mandjes and P. Spreij

Proof As 0D = {0,d}, the rate function becomes

. 1 o, 2
I (h) = (};‘Eﬁfo (hy = b(h) = [1q0y (he) — 1yay (he) o) "dt.

Let * denote the optimizer of the preceding problem. We discuss the value of w; in
two cases.

e Case I h, —b(h;) < 0. If h,e(0,d), then w; can be any value; if 4,=0, then
w; =0; if h,=d, then w} = —(h, — b(h,)).
* Case 2: hr — b(h;)=0. If h,€(0,d), then w; can be any value; if /i, = d, then v} = 0;
if h,=0, then @} = h, — b(h,).
As a consequence, we have the following explicit expression:

I (h) = #Iﬁ (1= B() = 110y (1) (= b))+ Tgay (i) (1, b(h,))_)zdt

if heH!" and « else. Also, h€[0,d] and / is differentiable a.e. imply that V< (0,7),
ht = 0 when /,=0 or &,=d. So the preceding expression can be further simplified to

T (0) = 5Ty (1 = D) = 1y () (~b(0))" + 140y () (~b(d)) )

if heH " and = else. O

For DROU, b(+) is bounded, and as a consequence, it fulfills all requirements in
theorem 2, and its rate function can be obtained by proposition 5 directly. Now, by
a similar argument as employed in the last section, we prove that the decay rates (1)
for OU and DROU (and the corresponding most likely paths) coincide. Recall from
Section 1 that we have assumed a/y < d for DROU throughout this paper. Under this
assumption, the zeroth-order approximation x(z) belongs to (0,b) when the starting
point x is in [0,d].

We consider crossing levels d>a>b > x(T). Define

§7 = {feCpn([0.d]) : (0) = x.f(T)=b},

so that our rare event corresponds to Zf€S™"; the set S} is defined as {f'c Cjo 71([0,
d)): f(0)=x, A(T) = a}. Finally, we arrive at the main result for DROU.

Theorem 4. Let d>b > x(T). Then

o O R el )
-0y

Moreover, the minimal cost path is the one given in proposition 3.

lim eloglP, (Z5=b) =
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Limit theorems for reflected OU processes 37

Proof 4s b(0)=a >0 and b(d) = a — yd <0, by proposition 4, Z* satisfies the sample-
path LDP in Cjo 71([0,4]) with the rate function

1 7, 2
1j+(h):27210 (h, — a+ yh,)"dt

if heH ™" and « else. Because of Proposition , it holds that f* = arginf,s I.(f) is in [0,
d] on 1€[0,T], when the starting point x €[0,d], a €[0,d], and a/y < d, that is, f*eS;*.
As an immediate consequence, f*=arginf ¢+I}"(p), and infce I () =
infres,( f). The rest of proof is similar to that of theorem 3. o

5 Central limit theorem and weak convergence of the loss process

The main objective of this section is to derive a CLT for the loss process U,, for ¢
large. We do so by relying on martingale techniques. A similar procedure can be
followed for the idleness process L,.

To prepare for the main result of this section, we start with some preliminary cal-
culations. Let /2 be a twice continuously differentiable function on R and Z be the
DROU process defined earlier. By Ito’s formula, we have

, 0'2
dn(z,) = ((a —yZ)h (Z,) + 5

—h(Z,)dU,.

n (z,)) dt + oh'(Z,)dB; + h'(Z,)dL,

Based on the key properties of L and U, this reduces to

dh(Z,) = (Lh)(Z,)dt + oh (Z,)dB, + K (0)dL, — k' (d)dU;, 4)
where the operator £ is defined through
d o> d
E = (a—yx)a—i—?@
The following lemma provides a key ingredient of the proof of proposition 6. It

gives the solution to a linear ODE whose inhomogeneous term is considered as a var-
iable as well, under initial and boundary conditions.

Lemma 1. Consider the ODE with real variable right-hand side g € R

(Lh)=¢q, 0<x<d,
under the mixed initial/boundary conditions h(0) =0, k' (0) =0, and h'(d)=1. It has
the unique solution (h,q)€ C*(R)x R given by

o2 W(d)
9=qu=—5G3—"—
v 2 fg W(v)dv

dv dv,

) =2

W (u)

where

© 2014 The Authors. Statistica Neerlandica © 2014 VVS.

85U201 ] SUOWLLIOD BAITERID) 3|ed!dde 8L Aq peuAob @2 S3pILe VO 88N JO S3IN. 0} Aeiq 1 8UIUO AB]IA UO (SUORIPUOD-PLR-SWLBY/WIOD" A3 | IM"ARRd] Ul |UO//SURY) SUORIPUOD PUE SWLB L 83 885 *[1202/80/20] UO AXIqIT8UIIUO ABIIM SRSLIOIIGICSIBIS AN BAN AQ TZ0ZT URIS/TTTT OT/I0p/w0d A3 |Im Azl 1|ou |uoj sy wioiy pepeojumod ‘T ‘¥TOZ ‘v2S6.97T



38 G. Huang, M. Mandjes and P. Spreij

W(r) = exp (21 - ﬁ) .

o2 o2

Proof By applying reduction of order, the ODE can be written as a system of first-order
ODEs:

200 — 2yx 2
+ 0_2 f(x) - 0_2 :

K@) =f(x), [

The integrating factor of the second first-order ODE is W(x). Hence,

C

(1)
W(x) d

Ok

2g x W
flx) = +U—(2110W

Then the general solution is

X X 1 2q X (U W(V)
h(x) = C2 + _[Of(bt>d1/t = C2 + CII() Wdu =+ ;j()'[() de dM
Then the initial conditions /4(0)=0,/4'(0)=0 uniquely determine the values of
Cy, Cy, while /'(d) = 1 uniquely determines ¢ Hence, we obtained the desired unique
solution. O

We now present some additional observations. Let X be distributed according to
the stationary distribution of the OU process, that is, X has a N (g,g—y) distribution,

and denote by py its continuous density. We see that up to a multiplicative constant,
the integrating factor W in the preceding proof is equal to py. It then follows that

_o_pxld)
=2 plo<x=d)

We will use the stationary distribution 7, of the DROU process Z. Let, with a light
abuse of notation, Z also denote a random variable with that distribution and let p,
denote its density and F its cumulative distribution function. The density p, of 7 is
obtained in Ward and Glynn (2003, Prop. 1) (see also Linetsky, 2005, Equation 31)

as, with N(m,s?) denoting a Normal random variable with mean m and variance 52,
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Limit theorems for reflected OU processes 39

where ¢ and @ are the density function and cumulative density function of a standard
Normal random variable. In short, for 0 <z <d, we have

o PX(Z)
P2(2) = po<x<a)’
and hence,
2
ag
qu = 5 Pz(d)-

For values of u, v in [0,d], one also has

W0 px() _ pa(v)
W)~ pxlw)  palu)

Hence, the function / in lemma 1 has for x €[0,d] the alternative expressions

du = p,(d)l; % du = p,(d)

) =)y = =)

For the derivative /'(x), we have for x€[0,d]

jo Fz(0)

du.
0 pz(u)

pz(d)

" () = pz(x)

Fz(x).

Proposition 6. The loss process U satisfies the CLT, with n?3, defined in (6),

U —qut
NG

Proof We insert the unique solution /(x) of lemma 1 into (4). As #'(0)=0,4'(d)=1,
and (£ h)(Z;) = qu, we have the following integral expression:

>N (0,77, as t—.

U, — qut + h(Z,) — h(Zo) = olyh (Z,)dB,. )

We then observe that M, := U, — gyt + h(Z,) — h(Z,) is a zero-mean square integrable
martingale. As usual, < M > denotes the quadratic variation process of M. By the er-
godic theorem (Gthman and Skorohod, 1972, p. 134),

1< M>, =6 (2,) ds D o2 i () mz(dx) =: i, ©6)

where 7 is the stationary distribution of Z,.
Then we obtain from lemma 1

2 v 2
i =205 (1 g av) pato) o
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40 G. Huang, M. Mandjes and P. Spreij

By the martingale CLT (Komorowski et al., 2012, Thm. 2.1), t7*M,=>/\ (0, 7},) as
t— ., As Z<[0,d] and 4 is continuous, 4(Z) is bounded. So
h(Zt) — h(ZO)
NG

a.s. as t — 0, which implies the claim. o

—0

The loss process at 0 can be treated analogously. Define

_G_zé 2._0_2d B 1 %xW(v) an
qp = 2 Ig W(V)dv’ np = .[0 ( W) + P .[0 W) dx) ( ) dx. @)

Proposition 7. The loss process L satisfies the CLT

L, —qpt

7 >N(0,77), as t—w.

Let us add some additional observations. The considerations just before proposition 6
enable us to write an alternative expression for 77, as well. Using these, we obtain from (6)

2d Fz (x)z

0 pz(x)

Analogously, one derives that the function % in lemma 1 satisfying the alternative
boundary conditions /#'(0) =1, h'(d) =0 is, for x€[0,d], given by

pZ(O) F(X),

’7%/ = O"zl’z(d)

and for ¢, and »? in proposition 7

2
ag
qr = 7!’2(0)

Fz(x) 2
pz(x)

The duality between the expressions for g, 57, and g;, 7 can be completely
explained by looking at the OU process X' :=d— X, its doubly reflected version,
and the associated increasing processes U’ and L’. One easily shows that Z’, denoting
a random variable having the stationary distribution of this doubly reflected process,
has the property P(Z’ > x) = P(Z<d — x), for all x€[0,d], so that p, (0) = p,(d). Sim-
ilarly, the processes U’ and L’ can be interpreted as U and L swapped.

d
= a2p;(0)];
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Limit theorems for reflected OU processes 41

We proceed to refine the assertions of Propositions 6 and 7 to weak convergence
results. Let C denote the space of real-valued continuous functions on [0,«), endowed
with the topology of uniform convergence on compacts and its Borel o-algebra.

Proposition 8. Let 177, and g be defined in (6) and lemma (1), respectively. The scaled
loss process

U, —q;nt .
u” ;:M converges weakly in C to B,, as n—,

! WU\/’Z

Ly — qynt

nv/n ’

where B, is a standard Brownian motion. Likewise, the scaled loss process L} =
with n? and q; as in (7), converges weakly in C to a standard Brownian motion.

Proof It suffices to give the proof for U!. By speeding up the time and scaling down the
space, the expression (5) in the proof of proposition 6 becomes

U'lt *qu’lt h(ZO) 7h(Znt) g nt
= — Z,)dB;.
T T + \/ﬁfo K (Z,)dB,
By the ergodic theorem (Gihman and Skorohod, 1972, p. 134), for arbitrary
te[0, =),

g G'zt nt 2 P o
< —fo h (Z;)dB;>, = —tfo h'(Z)"ds—nyt, as n—eo.
n n

NG
As Z,,€[0,d] and  is continuous, 4(Z,,) is bounded. So

h(Zy) — h(Z,
ORI
120 Vvn
Then the claim is proved by applying the functional limit theorem for semi-martingales
(Shiryayev, 1981) to U”. ©

—0 a.s. as n—.
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