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I. INTRODUCTION

The ‘'ergodic’ or 'long run average cost’ control problem for
multidimensional diffusions is one of the few classical problems of
- stochastic control that4still eludes a completely satisfactory treatment.
The problem can be formulated as follows: Let U be a compact metric space
called the control set. Let X(°) be an RP-valued controlled diffusion
process on some probability space satisfying the stochastic differential

equation
dx(t) = m(X(t), u(t))dt + o(X(t))dW(t), X(0) = O (1.1)

for t20, where
(1) m(*,*) = [ml(‘,'),...,mn(',‘)]T:RnxU = R® is continuous and
satisfies for all x,y‘e R®, uel,
|mtx,u) - m(y,w)]] £ K]|x-v]]
[Imx,w) ]| £k
for some constant K>0.
(i1) o(*) = [lo;5(*)11:R" 5R™? satisfies for x,yeR",
[lex)-s || £ k]|x-¥|], [|ox) ]| £k
llaTxllz 2 x]|x||?® (uniform ellipticity)
for some constants A>0, K>0,
(iii) Xy is a prescribed random variable,
(iv) W() = [wl(-),...,wn(-)]T is a standard n-dimensional Wiener
process independent of XO, and,
(v) u(°*) is a U-valued process with measurable sample paths

satisfying the following ’'nonanticipativity’ condition: For




and t2s2y20, W(t)-W(s) is independent of u(y).

A process u(*) as above will be called an admissible control. Of
special interest is the case when u(*) = v(X(*)) for some measurable v:RP} =
U. In this case, (1.1) will have a strong solution [29] implying in
particular that u(°) is admissible. X(°) will then be a homogeneous Markov
process., Hence we call such a u(*) or, by abuse of terminology, the
function v itself, a Markov control. A Markov control will be said to be
stable if the corresponding process is positive recurrent and thus has a
unique invariant measure. (The uniqueness is ensured by our uniform
ellipticity condition. See, e.g. [6], [18] or [28], Ch. 30-32), If u(*) =
v(X(*), °*) for some measurable v:R™xRt = U, the corresponding process will
also be a Markov process, albeit not a homogenecus one. Call such a u(°) or
again, by abuse of terminology, the map v itself, an inhomogeneous Markov
control. The admissibility of these once again follows from the existence
of strong solutions for the corresponding s.d.e. as in [29].

Let ¢:R™xU —U be a continuous function called the cost function. We

assume that
C(.’.) ->--K (1.2)

for some constant K. In the ergodic control problem, one typically seeks to

minimize

1 t
lim sup-E-I Ele(X(s),u(s))]ds (1.3)
t 9 0




or a.,s. minimize

L
lim sup + f e(X(s),u(s))ds (1.4)
t 5o © Y

over all admissible controls. An admissible control is said to be optimal
in the mean if it minimizes (1.3) and a.s. optimal if it a.s. minimizes
(1.4). The primary aims of the ergodic control problem are:

(1) to show the existence of a stable Markov control which is
optimal in an appropriate sense (cf. above definitions of
optimality), and,

(ii) to characterize the same via the dynamic programming equation
(the 'Hamilton-Jacobi-Bellman’ equation).

The first attempt in this direction is perhaps [24], Ch. VI, where a
one dimensjional compact state space was considered. Subsequent works
considered the multidimensional case as well. An extensive survey of these
appears in [25]. Here, we shall briefly recall the focus of some recent
works. The traditional appraoch to this problem, inherited from earlier
developments in discrete time and discrete state space situations, is to
start with the Hamilton-Jacobi-Bellman equation and arrive at an existence
result for optimal stable Markov control using this equation, the equation
itself being approached by a 'vanishing discount’ limit argument from the
corresponding H.J.B. equation for the infinite horizon discounted cost
control problem. The most recent development in this direction is [27]
where the H.J.B. equation is studied under a condition on the gradient of

the cost. Another recent work [12] also focuses on the H.J.B. equation, but




treats ‘it as a limiting case of finite horizon problems instead of
discounted cost problems on infinite time horizon. The only direct proof of
existence of an optimal stable Markov control by probabilistic compactness
arguments seems to be [21], which also considers the corresponding maximum
principle.

These works share one or more of the following limitations:

(a) Optimality in the mean and not a.s. optimality is considered.

(b) Optimality is established only within the c¢lass of Markov
controls and not with respect to all admissible controls.

(c) The system model is often more restrictive than the above,
e.g. it is sometimes assumed that ¢ = the identity matrix and
m(x,u) = u.

(d) Either a blanket stability assumption is imposed or a
condition on the cost function which penalizes instability is
assumed.

It is clear that some condition on cost or stability must be necessary
to give the desired existence of an optimal stable Markov control. For
example, consider the case

e(x,uw) = exp(-|[x|]®). "

Then the cost of any stable Markov control is a.s. positive while that of an
unstable Markov control is a.s. zero, making the latter optimal.

In this paper, we extend the approach of [7]1, 1[81, [11], to
multidimensional diffusions. In the one dimensional case, this was
partially done in [5]1, [9]. These works, however, use many specificities of

the one dimensional case in a crucial manner. Here we address only the




first of the two issues mentioned above viz., the existence of stable optimal
Markov controls, thusvsubsuming the results of [9]. The second issue viz.
the dynamic programming equations will be treated in a subsequent
publication [15]. The advantages of our approach are the following:

(1) a.s. optimality (as opposed to optimality in the mean) of a
stable Markov control is established in the class of all
admissible controls.

(2) | The approach has a more probabilistic flavour than the
previous ones and brings out certain features of the problem
(e.g., asymptotics for the empirical measures) not apparent
in the latter.

The main disadvantge of our approach is that we have to work with the

larger class of relaxed controls. This means that we assume U to be of the
form P(V) = the space of probability measures on some compact metrix space V

with the topology of weak convergence and c¢,m to be of the form

e(x,u) = | &(x,y)uldy), m,(x,u) = | & (x,y)uldy), 1£%iln
[, s = 5

for some T:R"xV —>R and @m:R"xV =R, &@(*,*) = [E(*,"), ..., B (",*)], which
satisfy the same hypotheses as ¢, m resp., but with V replacing U. Note
that any V-valued process v(°) can be identified with a U-valued process
u(*) defined by u(t) = the Dirac measure at v(t) for t20. Thus relaxed
controls subsume controls in the ordinary sense, In fact, if ¢ has no
explicit control dependence and m(x,U) is convex for each x, each relaxed

control can be identified with a control in the ordinary sense by a




straightforward application of the selection theorem in Lemma 1.1 [3], as
was pointed out in [9]. In [5]1, it was shown in the one dimensional case -
that the dynamic programming equations allow one to do away with the relaxed
control framework. Analogous development in the multidimensional case will
be reported in [15].

The use of relaxed controls is tantamount to compactifying the space of
control trajectories in a certain precise sense. A nice exposition of this
can be found in [2], Section 1.9, pp. 31-36. The concept of relaxed
controls was first introduced in deterministic control theory in [31]. Its
use in stochastic control dates back to [14].

For a stable markov control v, we shall denote by Ny the corresponding
unique invariant probability measure for X(°*). We assume throughout this

paper that at least one stable Markov control v exists such that

fex,v)m, tax) £ =,

Thus

a = inf I c(x,v(x))nv(dx) (1.5)
v stable Markov

is well-defined. We shall prove our existence result under two sets of
assumptions. In the first one, we assume that ¢ is near-monotone in the

sense that it sétisfies




1lim inf inf ce(x,u) > @ ' (1.5)
[Ix]| == uev

The terminélogy is suggested by the fact that (1.5) is always satisfied when
e(x,u) = k(||x]|) for a monotone increasing k:R* ->R. Such costs discourage
unstable behaviour for obvious reasons and arise often in practice.

The second case we shall consider is a Liapunov-type stability
condition the details of which are left to Section III., For the time being,
we only mention that in particular it implies the stability of all Markov
controls, -

The plan of the paper is as follows: Section II establishes a
characterization of a.s. limit sets for empirical measures of the Jjoint
state and control process along the lines of [9]. This leads to the
existence result in the near-monotone case., Section III gives a full
statement of the Ligpunov condition mentioned above and uses it to prove
certain moment bounds for a class of stopping times to be defined later,
which in turn implies that all Markov controls are stable and the set of
their invariant probability measures is compact.in P(R®). (P(S) will always
denote the space of probability measures on a Polis space S with the
topology of weak convergence.) Section IV proves the existence of an

optimal stable Markov controls under the conditions of Section III.




II. EXISTENCE IN THE NEAR-MONOTONE CASE

The key result of this section is Lemma 2.2, which characterizes the
a.s. limit sets of the process of empirical measures we are about to define.
This immediately leads to the desired existence result for a near—monotone
cost (Theorem 2.1).

Let RB = RAU{=} be the one point compactification of RB and let H =
{AxB]A,B Borel subsets of ﬁn, V resp.} For tZO, define the empirical

measure 7t on H by
1 t
7, (axB) = ¢ IOI{X(s)eA}u(s,B)ds

for X(°), u(*) as in (1.1), with

u(s,B) = Idu(s), B V.
B

For each fixed sample point and fixed ¢, Pt extends uniquely to a ¥y ¢
P(R"xV). This defines the process of empirical measures y., t20, taking
values in P(R™xV). Since the latter is a compact space (because RP®xV is
compact), {y%} converges to a sample point dependent compact subset of
P(RV) as t o=,

Each n ¢ P(RPxV) can be decomposed as

n(A) = 8()n’ (A (R%xV)) + (1-8(q))n"(A ({=}xV)) (2.1)

for A Borel in R™V, where 8(n)el0,1], n’' & P(R™kV) and n” & P({~}xV). This
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decomposition can be rendered unique by imposing a fixed choice of g’ &
P(R™xV) (resp. n" & P({=}xV)) when 8(n) = 0 (resp. 1). Disintegrate n’' as

follows:

b

*
£(x,y)n'(dx,dy) = f(x,y)v_(x,dy)n (dx) (2.2)
RV IR“ Iv n

for all bounded continuous f:R™xV —R, where n* is the image of n' under the
projection R™V - R® and Vp(x,°) e U for xeR® is the regular conditional
law. Then the map x = vn(x,’):Rn —> U can be identified with a Markov

control which we also denote by vn

vn(x,'), the r.h.s. defined as above.) Note that this vy is defined only

n‘—a.s. We pick any one representative of this a.s. - equivalence class.

(i.e., vn(x) e U is defined by vn(x) =

Throughout this paper, this choice of a representative is immaterial
wherever the above decomposition is used.

Thus we have associated with neP(R™V), the objects &(n) e [0,11,
n’ & P(R™V), n" & P({=}xV), n’ e P(RM), v,q:Rn ->U a Markov control. If in
addition v=v7,l is stable, we also have its unique invariant probability
measure 7y . This notation plays an importént role in what follows.

Let C% = the Banach space of twice continuously differentiable maps

R® - R which, along with their first and second partial derivatives vanish

at infinity, with the norm

n n

2
g of af
llel] = supleco] + ) sup bg- o] + ) swp bg (0.

i=1 i,j=1 ¥
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For any feCz, let

n

n
2
_ f o 1 _ a’r
(Lf) (x,u) = E -322-(x)mi(x.u) t3 } “ik(X)°jk(X) ox 0%, %)
im1 1,3,k=1 v

and for any Markov control v,

(L_£)(x) = f (LE) (x,¥)v(x,dy)
v v

where the meaning of the right;hand side is obvious.

Let G be a countable dense subset of C2. Then G is also countable
dense in Cy = {feC(Rn)llim £(x)=0} with supremum norm. In particular,
this implies that it iiXI£+°:onvergence determining class and hence a
separating class for P(R") (i.e., [fdp, = [fdp, for feG, (n,,
n=1,2,...,} C P(R®), implies p, —>u, in P(R") and [fdu = [fdy for feG,

p,yeP(Rn) implies p=p.).
Lemma 2.1. If peP(R®) satisfies
fivfdy = 0 for feG (2.3)

for some Markov control v, then ¥y (Recall that Ny is the unique

invariant probability measure under v, whose stability is thus a part of the

conclusion.)
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Proof. This follows in a straightforward manner from Theorem 9.19, pp. 252~

253, [13], and the density of G in C2.

Lemma 2.2. Outside a set of zero probability, each limit point y of {yf}

for which 8(y)>0, satisfies

¥V =7 . (2.4)

Remarks., Note that we do not claim pathwise tightness of {yt}, which would
correspond to 8(y) = 1 a.s. This cannot be true in general, e.g. for an
unstable Markov control. Thus we must allow for the possibility &(y) < 1,

which necessitates the compactification of the state space as done above.

Proof. For fsG, Ito’s formula gives

£
£(X(£))-£(X(0)) = f j Lf(X(s),y)u(s,dy)ds
o vV

t
+ I CTE(X(s)),0(X(s))dW(s)> (2.5)
0

By standard time change arguments (See, e.g., Sect. 6.1 of [13] or Sections
3.1, 4.4 of [17]), the stochastic integral term above can be shown to be of
the form B(tt) for a standard Brownian motion B(*) and a process of time

change t satisfying
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lim sup ¢, /t ¢ = a.s.

t de
Since
B(rt)
lim — = 0 a.s.on {lim T, = w}
t D= t t D
and { @ a.s. on {lim T, { =},
t Do
we have
B(tt)
lim T =0 a.s.
t D=
Hence
1 t
lim T f I Lf(X(s),y)u(s,dy)ds = lim I Lfdyh =0 a,s.
t D= (1 A t O

Since G is countable, we can find a set N of zero probability outside which
the above limit holds for all feG. Then outside N, each limit point g of
{yp} with 8(y) > 0 must satisfy

!Lf dy’' = 0 for feG.

The claim follows from Lemma 2.1. Q.E.D.
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Lemma 2.3. Under a stable Markov control v,

, t
lim .%.I
0

e(X(s),v(X(s)))ds = j;(x,v(x))nv(dx).
t Do

See [6] for a proof using the ergodic theorem.

Lemma 2.4. For a near-monotone ¢, there exists a stable Markov control v

such that
j;(x,v(x))nv(dx) = a.
Proof. Let {v,} be a sequence of stable Markov controls such that

je (x,vn(x))'qvn(dx) ¢ a.

Define p, & P(R™V) by

f f(x,y)pn(dx,dy) = j f f(x,y)vn(x,dy)nv (dx)
ﬁnxv Rn i n

for bounded continuous £:R%%V =R. Let P, be a limit point of {pn} and let
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For feG, we have

ij fd-qv = ij dpn =0, n=1,2,...
n n

Letting n -~ along an appropriate subsequence,

jifpc = 0,

By Lemma 2.1 and the decomposition (2.1),

)
L]

n, if 8(p) > 0.

©

Now, the near—-monotonicity of ¢ implies that for some ¢>0,

lim inf inf @(x,u) > a + €.
lIx]| 2= usv

Using this, one can construct continuous maps c®:R®xV =R, m21, such that

cm(w,u) = q+e, le,

cm(x,u) + &(x,u) on R" x V.
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Thus
jédpé 2 jémdpn.
Lettings n 9=,
lim |edp! = a 2 (fe"dp2)8(p,) + (1-8(p_)) (a+e)
Letting m =« on the right hand side,
e 2 (Jedp2)s(p ) + (1-8(p_)) (a+e)
If 8(p,) > O,

jédp; = j;(x,va(x))nv (dx) 2 @

by the definition of e¢. Hence we must have 8(p,) = 1 and

j%dp; = fc(x.vm(x))nV (dx) = a. Q.E.D.

As remarked earlier, v, is defined p: - a.8. and it does not matter

which representative we pick.

Theorem 2.1, For a near-monontone ¢, there exists a stable a.s. optimal

Markov control.
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Proof., Using Lemma 2.2 and arguments similar to those employed in the proof

of the above lemma, one can show that

t

lim inf-%-f e(X(s), u(s))ds 2 a a.s.
t 9O 0

The claim now follows from Lemmas 2.3., 2.4. Q.E.D.
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III. TIGHTNESS OF INVARIANT PROBABILITY MEASURES

In this and the next section, we study the situation where the near-
monotonicity condition on the cost is dropped, but instead we impose a
Liapunov-type stability condition which among other things, will be shown to
imply that all the Markov controls are stable and their invariant
probability measures form a compact set in P(R®). This, in fact, is the
principal result of this section (Theorem 3.1, Cor. 3.2), the proof of the
existence of an a.s. optimal Markov control being left to Sebtion Iv.

Before we give a precise statement of this condition, we mention the

following technical lemma:

Lemma 3.1. Let X; = xeR", t>0, u(*) an admissible control. Then the law of
X(t) has a density p(t,x,°) with respect to the Lebesgue measure on R3D,

satisfying

C, exp(-c

L -y ]17t) £ ptt,x, 1) £ eg expl-c,|x-y][*/t) (3.1)

2|

for some constants ey > 0, i=1,2,3,4, independent of x,t,u(°).

Proof. If u(*) is an inhomogeneous Markov control, this is precisely the
estimate of [1]. For arbitrary u(°), the law of X(t) is the same as that
under some inhomogeneous Markov control by the results of [10] and we are
done. ) . Q.E.D.

The Liapunov-type condition we use is the following:
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Assumption A, There exists a twice continuously differentiable function

w:RD SR satisfying:

(1)  1lim w(x) = +o uniformly in ||x]|]|, (3.2)
[lx][ >

(ii) there exist a)o0, eo>0 such that whenever ||x|]| > a,

Lw(x,u) < -2 for all uel, (3.3)
[ve])? > e (3.4)
0’ *
T M
(iii) I I nllcT(x)Vw(x)|]2exp(-c4||x-y[|2/t)dxdt ¢ =, ¥I>O, (3.5)
0°R

where 04 is as in Lemma 3.1,

Remarks. (a) (3.5) is a mild technical condition that ensures (by virtue

of Lemma 3.1) that the stochastic integral

jm(Vw(X(t)), o(X(t))dwW(t)>, T>0,
0

is always we}l—defined.

(b) We have chosen the above formulation of a Liapunov-type condition
because it is easily stated and still quite general. Other variants are
possible (see, e.g., [21] for one). For the general theory of stochastic
Liapunov functions, see [19]. The key consequence of the above assumption
for our purposes is Lemma 3.2 below. Thus any condition th;t implies Lemma

3.2 will suffice. In fact, the crudeness of estimates used in proving the
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lemma shows that there is ample scope for improvement.

(¢) As an example, consider n=1, o(*) = 1, m(x,u) £ -g for x
sufficiently large and-Z g for —-x sufficiently large for some &>0. Then
w(x) = x? will do the job.

Let Bl’ B2 RP be concentric balls centered at zero with radii ry, Iy
and boundaries 8B1, 8B, resp., where we choose ry > rq > a such that for
some a; > 0, x]|wx) ] £ a;} is nonempty and contained in By. Let
Let a, = max |w(x)| and a3 = a; - a,.

X€5B2

Lemma 3.2. Let X, = xe8B, and © = inf{t20|X(t)esB;}. Then

sup E[rzl { = (3.6)

where the supremum is over all xedB, and all admissible u(-°).

Proof. For t>0,

P(v2t) = P( min W(X(s)) 2 a,, v 2 t)

sel0,t] 1

IA

P( min Jy<Vw(X(s)). o(X(s))dW(s)> 2 a

+ eot)
YS[O,t] 0

3

by (3.3). Using the random time change argument we used earlier,

t
f TW(X(s)), o(X(s))dW(s)> = B(&(t))
0

for a standard Brownian motion B(*) with
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£
£(t) = fOHGT(X(s))vW(xm)szs 2 aeyt.

(Recall that A is the ellipticity constant for ccT.) Thus

P(z2t) £ P(B(Aeyt) 2 et +a,)

0 3
= (2nksot)-1lzf exp(—y2/2kaot)dy
ag+eot

It is not hard to verify from this that
I tP(z2t)dt (K ( =
0

where the constant K is independent of the choice of x in 8B2 and of u(*).

The claim follows. Q.E.D.
Now take X, = x & B, and define t©’ = inf{t20]X(t) & 8B,}. We have the

following companion result to the above, which, however, does not need

Assumption A,

Lemma 3.3.
sup E[(t')Z] (= (3.7)

where the supremum is over x & §2 and admissible u(*).

In order to prove this result, we need another technical lemma, Lemma
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3.4 below, which will also be useful elsewhere in this paper. Let {Ft}

denote the natural filtration of X(°).

Lemma 3.4. For any {Ft}—stopping time <, the regular conditional law of
X(t+*) given F. on {t<=} is a.s. the law of a controlled diffusion of the

same type as (1.1).

Proof. The results of [30] (See Theorem 4.3 and the final comments on page
632) allow us to assume without any loss of generality that {Ft} is the

canonical filtration on C([0,=); R™) and u(*) is of the form
u(t) = G(t,X(*))

for some measurable G:[0,*)xC([0,*); RY) = U which is progressively
measurable with respect to {F.}. By Lemma 1.3.3, pp. 33, of [26], a version
of the regular conditional law of X(tv+°) given F_. on {v<=} will be a.s.
given by the law of a controlled diffusion X(*) as in (1.1), but with
initial condition X(t) and control @(°) given by @(t) = G(z+t, X(*)) with =
and the restriction of X(°) to [0,t] being held fixed as parameters. Q.E.D.

From here on, M;(S), S R®, i=1,2, will denote the set of X(*) as in
(1.1) under Markov/arbitrary admissible controls resp. with initial law

supported in S.

Proof of Lemma 3.3. By the results of [10], the law of X(t) for -any t>0

coincides with that under some inhomogeneous Markov control and thus by the

T

uniform ellipticity assumption on oo, is absolutely continuous with respect
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to the Lebesgue measure (Recall (3.1).) Let X(*) e M2(§2), T =

inf{t20[X(t)eBy}. Then for t>0,

P(z=t) £ P(X(t) e 8B,) =0

and thus P(z=t)

0. Fix t>0. Let {XB(*)} be a sequence in Mz(ﬁz) such

that if {t®} denote the corresponding first exit times from §2,

P(<” > t) ¢ sup _ P(t).
X(*) e MZ(BZ)

As in the proof of Theorem 3.1, [20], one can argue that XB(*) = X®(*) in
law along a subsequence (denoted {n} again by abuse of notation) where
X®(*) e Mz(ﬁz). (The only difference with Theorem 3.1 of [20] is the
varying initial law. This can, however, by easily accommodated since the
initial laws are supported on §2 and hence are tight.) By Skorohod’s
theorem ([17], pp. 9), we may assume that this convergence is a.s. on a
common probability space. (See [20] for an analogous argument.) Let t° =
inf{t20|X™(t) e B,} and T = inf{t20]X"(t) e 8B,}. Path continuity of
{X%(*)} and simple geometric considerations show that for any sample point,
any limit point of {t®} in [0,»] must lie in [%¥, <"]. By our uniform
T

ellipticity condition on oo°, %=t* a.s. Thus t® = t® a.s. Since

P(x®=t) = 0, P(z®>t) =P(z>t). Since

P(z™>t) £ P(XT(L) e B,) <1,
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we have

g = sup _ P(e>t) < 1.
X(')st(BZ)

Hence for X(°) & M,(8By)CM,(B,),

P(t)nt) E[I{t)>nt}]

E[E[I{z>nt]/F 1I{z>(n-1)t}]

(n-1)t

A

BE[I{z>(n-1)t}]

by Lemma 3.4. Iterating the argument,

P(x>nt) £ g°

The rest is easy.

Define the extended real-valued stopping times

t, = inf{t20[X(t)esB, }
g, = inf{t2z_|X(t)esB,}
- >
Toep = InF{E2E [X(t)e8B,}

Q.E.D Ll

(3.8)

(3.9)

(3.10)

for n=1,2,..., where as usual the quantity on the left is set equal to += if

the set on the right is empty.
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Let v be a Markov control and X(*) the corresponding process with
initial law supported on dBl. By the above three lemmas, E[§;], Elvj] < =
for all i with ©;=0. Then X(ty), i=1,2,..., is a 8B;-valued Markov chain

having a unique invariant probability measure (say, q) as argued in [18].

Corollary 3.1. The measure neP(Rn) defined by

T
2

jfdn = E[I £(X(t))dt]/Elz,], £, (R,
0

with the law of X(0) = q, coincides with ng. (In particular, v is stable).
For a proof, see [18].
Let {v,} be a sequence of Markov controls and X®(*) the corresponding
diffusions as in (1.1) for some initial laws and suppose that XB(°) =X%(*)

in law for some process X" (°).
Lemma 3.5. X“(°) is a diffusion satisfying (1.1) for some Markov control.

Proof. Let T ., t2s, denote the transition semigroup for XP(*), n21. Let
£ ¢ C2(R®) with c;mpact support and g ¢ Cb(Rannx...Rn (m  times))
for  same m21.  Then for  t2s2t 2t _,2...2ty20, E[(£@X%(t)) -
Tg,tf (X7()))g(X™(tg), ..., X" (ty))] = 0,n=1,2,... For each n, ffj,tf(')
satisfies the appropriate backward Kolmogorov equation. From standard
p.d.c. theory (See [22], Ch. III, or [32]1, pp. 133-134), if follows that
Tg’tf(‘), n=1,2,..., are equicontinuous. Since they are clearly bounded,

they form a sequentially precompact set in C(RB) with the topology of
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uniform convergence on compacts. Let Ts,tf(') be a limit point of the same
in C(RM), Passing to the limit in the above as n ==, it is easily seen
(e.g2., using Skorohod 's theorem) that E((£(X®(t)) -
Ts’tf(x°(s)))g(X”(tl),...,x°(tm))] = 0., Since f,g(t;} were arbitrary, a
standard argument using the monotone claés theorem establishes the Markov
property of X“(*). By Theorem 3.1 of [20], X*(°) satisfies (1.1) for some
u(*). Argue as in [15], pp. 184-5, to conclude that u(°*) must be on the
form u(*) = v(X*(*),*) for some measurable map v:R™xR* - U. Since Tg’tf
depends on t,s only through t-s for each f and n=1,2,..., the same must be
true for Té,tf in view of the above limiting argument. It follows that
X®(*) is a time-homogeneous Markov process and hence u(*) is in faet a

Markov control. QED
Theorem 3.1. The set {nvlv Markov control} is compact in P(R™).

Proof. Let {v,} Dbe a sequence of Markov controls and X2(*) the
corresponding diffusioqs whose initial laws will soon be specified. Define
=1, '{gg} as in (3.8)-(3.10) correspondingly. Let qP® be the unique
invariant probability measure for the chain (x%(<})}. set the law of XP(0)
equal to qP for each n=1,2,... Argue as in the proof of Theorem 3.1, [19],
to conclude that XP(*) =X®(*) in law along a subsequence, denoted {n} again
by abuse of notation. By Lemma 4.5, X*(°) satisfies (1.1) for some Markov
control v_,. Invoke Skorohod’s theorem as before to assume that the above
convergence is a.s. on a common probability space. Define {r;}, {EZ} as in

(3.8) - (3.10) for X®(*). By arguments similar to those used to prove =% —
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<® a.s. in the proof of Lemma 3.3, we can inductively prove that

@©

n n ©
T3 —911 a.s., §i —)&i a.s, for all i. (3.11)
Thus

n n @™, K6
X (ti) ->X (ti) a.s.

n @
Tiv1 . Fi+l
I £(X"(s))ds —éj. £fX (s))ds a.s. for all i (3.12)
n @
®i i

where f ¢ Cb(Rn). By Lemmas 3.2, 3.3,

sup E[(x)?] < = o (3.13)
n

and hence {t§, n21} are uniformly integrable. Thus

n ©
E[tzl —)E[tzl v (3.14)

n ©
T T

2 n 2 n
Eff £&%(s))as] 2EL[ £(x(s))ds], £eCy(R")
0 0

by (3.11), (3.12). By Corollary 3.1,
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n
T

2
E[I £(x™(s))ds
0

Jean, = ——
n E[tzl

-]

T

2‘

Etf £(X°(s))ds]
0

P (3.15)
E[tzl

Since t] = 0 a.s. p=1,2,..., 7¥y=0 a.s. since for each n=1,2,..., {X%(z,),
i=1,2,...} are identically distributed, it follows that (X”(ti), i=1,2,...}
are identically distributed. Thus the initial law of X®(°) equals the
unique invariant probability measure for the chair {X”(ti), i=1,2,...}.
Hence by Corollary 3.1, the right hand side of (3.15) equals fquv . Thus

ny —>ny in P(R®). The claim follows. QED

Corollary 3.2. There exists a Markov control v such that

jé(x,vcs))nv(dx) - a.
Proof. Pick {v,} above so that

j;(x,vn(x))nvn(dx) } a.

Define p, & P(R™xV), n=1,2,..., by
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j}(x,y)pn(dx,dy) = j]}(x,y)vn(x,dy)qv (dx), fst(RnXV).
n

Since V is compact, the above theorem implies that {p,} is tight in P(R™xV)
and hence converges along a subsequence (denoted n again) to some p, e
P(R™V). Argue as in the proof of Lemma 2.4 to conclude that p, is of the

form

P, (dx,dy) = n_(dx)v(x,dy)

for some Markov control v. Then

Ikc(x,v(x))nv(dx) =a

follows from Fatou’s lemma and the definitions of a. Q.E.D.
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IV. EXISTENCE OF AN OPTIMAL MARKOV CONTROL UNDER ASSUMPTION A.

In this section, we shali show that the Markov control in the statement
of Co:ollary 3.2 is a.s. optimal. Before we get down to the main result
(Theorem 4.1), we shall collect together a few minor consequences of the

foregoing that will be used later.

Lemma 4.1. {E[tZJIX(‘)eMl(ﬁBl)] is bounded from above and bounded away from

zerc from below.

Proof. The upper bound foliows from Lemmas 3.2-3.4 in an obvious manner.
An argument similar to that leading to (3.14) can be employed to show the
rest. ¢ Q.E.D.

Lemma 4.2. The set of probability measures n defined by

T

2 n
j fan = E[f  £0X(£))a81/ELT,], £ & C (BT,
n 0
R

for X(*) & M;(8B;) is tight in P(RD).

Proof. This can be proved the same way as Theorem 3.1 by showing that each
sequence has a subsequence that converges in P(RP). Q.E.D.
Let {f,} be a collection of smooth maps R® - [0,1] such that falx) =0

for ||x]|] £ nand =1 for ||x]]| 2 n+l1,

Lemma 4.3. For any 20, there exists NGZI such that for all ﬁigNs and

4
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X(.) e M1(8B1)a

T
2

E[f £_((s)ds] < e.
0

Proof. Let ¥Y(°) = X(§;+°). Let B, denote the first exist time from
{x|||x]|{m}\B; where m is any integer sufficiently large so that ||x]|<m for
xeBy. (We do not specify for which process, leaving that to depend on the
context for economy of notation). Consider the control problem for

X(*) & M,(8B,) with the cost

BIll
E[} £ (X(s))ds]
[,

for some n,m. By the results of [4], Section IV.3, pp. 150-155, an optimal

Markov control exists for this problem. Thus

B By

m
E[I £ (Y(s))ds] £ _ sup E[I £ (X(s))dsl.
o " X()eM;(8B,) 0

For large n, fn = 0 on B, and hence the above is the same as

—

Ym Ym
E[j; £.(X(s)as] £ _ sup  E(f Fa®(e)as]

where v, (resp. 7,) = inf{t2&; |X(t) (resp. X(t)) & {x|||x|| £ m}\By}. Since
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Yptty @.3., we have

T T

2 2
E[_[ £ (X(s))ds] £ _ sup E[f £ (X(s))ds] £ e , (4.1)
0 X(*)eM;(8By) 70 ’
for n sufficiently large, by virtue of Lemmas 4.1, 4.2. Q.E.D.

Lemma 4.4. The set {E[c2]|x(°) e MZ(SBl)} is bounded from above and bounded

away from zero from below.

Proof. The first claim is proved by the same arguments that imply tﬁe first
half of Lemma 4.1. The second claim follows by arguments similar to those
used to prove a similar claim for M1(8B1) in Lemma 4.1 with the following
change: One considers a sequence {XP(*)} in M, (8By) instead of M;(8By),
with initial laws arbitrary in P(8B1). Q.E.D.

We can now prove'the main result of this section:
Theorem 4.1. There exists an a.s. optimal Markov control.

Proof. Let X(*) be as in (1.1). By Lemmas 3.2-3.4, t4¢{= a.s, for all i.

Thus for {fn} as in Lemma 4.3,
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m Ti41

) f £_(X(s))ds

n
1 ¢ i=1 i
lim sup-E-I fn(X(s))ds = lim sup - (4.2)
t 9 0 m—w
2 (ti+1-tl)
i=

By Lemmas 3.4 and 4.3, for any e>0, there exists N821 such that for all
n2N,, i21,

Ti+1
E[f £,(X(s))ds/F_ 1< s a.s. (4.3)
ti i

By Lemmas 3.2-3.4,

2
sgp E[(ri+1 - ti) 1 (=,

Hence one can use the strong law of large numbers for square-integrable

martingales ([23], pp.53) to conclude that

T T

1 BT i+l
1n 2 }[I £_(X(s))ds —E[I £(X(s))ds/F_ 11 =0 a.s. (4.4)
®y
i=1 i Ty
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n

1 _
lim = ) [(v,, =) - El(x,, —v,)/F_11=0 a.us. (4.5)
n —éw‘ i=1 i

From Lemmas 3.4, 4.4 and (4.2)-(4.5) above, we conclude that

t .
lim sup-%-f fn(X(s))ds ¢ C¢ a.s.
t Do 0 _

for n large egough, with.somelconstant C independent of n. Recalling the
definition of {fn}, it is easily deduced from this that in the set—up of
Lemma 2.2, 8(y) = 1 for all limit points y of {y.} outside a set of zero
probability. The claim now follows as in the proof of Theorem 2.1 in view
of Corollary 3.2. | Q.E.D.
Remarks. Let n=1. Pick Markov controls vy, v, such that m(x,vq(x)) =
max m(x,v), m(x,v5(x)) = min m(x,v). Our conditions on m and the selection
theorem of Lemma 1, [3], guarantee the existence of vy, v, as above. Let
X(*) be as in (1.1) for some admissible control u(*) and X;(*), X,(*) be the
diffusions controlled by Vi, Vo resp. with the same initial condition as
X(*). (Recall that a strong solution to Markov-controlled (1.1) exists
[29]. Thus we can construct X(°), Xl('), X,(*) on the same probability
space.) By the well-known comparison theorem for one dimensional Ito
processes ([17], pp. 352-355), it follows that outside a set N’ of zero

probability,




35

X, (t) $xee) £ X, (t) for all t 2 0. (4.4)

Suppose we assume that vq, v, are stable. Then (4.4) implies 1in va
straightforward manner that
(1) all Markov controls are stable,
(ii) 8(%) in Lemma 2.2 can always be taken to be 1 ocutside NUN' (N
as in Lemma 2.2),
(iii) H = {ny]v Maﬁkov} is compact.
Thus in the one dimensional case, we have the conclusion of Theorem 4.1

 under a seemingly more general set—up than that of Assumption A.
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