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Abstract

This paper concerns controlled Markov-modulated diffusions. Our
main objective is to give conditions for the existence of optimal
policies for the limiting average variance criterion. To this end,
we use the fact that the family of average reward optimal policies
is nonempty. Then, within this family, we search policies that
minimize the limiting average variance.
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1 Introduction

Using the fact that the family of average reward optimal policies is
nonempty (see [5] for details), in this paper we study the existence of
stationary policies that minimize the limiting average variance in the
class of average optimal policies. Under our assumptions we extend to
controlled switching diffusions the results in [6] on discrete-time Markov
control processes.

A diffusion with Markovian switchings (also known as a piecewise
diffusions, switching diffusions, or Markov-modulated diffusions) is a
stochastic differential equation with coefficients depending on a continu-
ous-time irreducible finite-state homogeneous Markov chain. The moti-
vation to study switching diffusions is that recent studies suggest that

*The research of the first author (BAET) was supported by CONACyT scholar-
ship 167588.
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such processes are more general and appropriate for a wide variety of
applications not covered by standard Markovs diffusion models. For
related references see [1, 4, 5, 12, 14, 15, 16].

The existence of optimal policies for Markov-modulated diffusions
with the average reward criterion has been previously studied in the
literature; see, for instance [3, 4, 5|. But, as is well known, this criterion
is very underselective because an average reward optimal policy may
have an arbitrarily bad behavior for large but finite lengths of time. To
avoid this situation, many authors consider more sensitive criteria such
as the limiting average variance criterion; see |6, 7, 9, 10, 11, 13].

The paper is organized as follows. Section 2 introduces our assump-
tions, which lead to the notion of w and w?—exponential ergodicity, a
crucial tool for our results. In Section 3 we define the average optimality
criterion we are interested in, and we summarize some results from [5] on
the existence of solutions to the average reward problem, which is essen-
tially our point of departure to analyze variance optimality. In Section 4
we define the variance optimality criterion and we prove the existence of
variance optimal policies. In Section 5 we prove the Theorem 4.4 which
states that the limiting average variance equals a constant independi-
ent of the initial state. Our results are illustrated with an example in
Section 6.

2 Model Definition and Ergodic Properties

The control system we are concerned with is the controlled Markov-
modulated diffusion process

(1) da(t) = b(x(t), (), u(t))dt + o(x(t), (1)) dW (1),

for t > 0, (0) = =z, and ¥(0) = 4, with coefficients depending on a
continuous-time irreducible Markov chain () with a finite state space
E =1{1,2,..., N}, and transition probabilities

(2) P(i(s +1t) = jli(s) = i) = qiit + o(?).
For states ¢ # j the number ¢;; > 0 is the transition rate from ¢ to j,
while ¢;; = —Zj# ¢ij. Moreover, in (1), b : R" x E x U — R" and

o :R" x E — R™ are given functions, and W(-) is a d-dimensional
standard Brownian motion independent of ¢(-). The stochastic process
u(+) is a U—valued process called a control process, and the set U C R™
is called the control (or action) space.
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Notation.

e For x € R” and a matrix A, we use the usual Euclidean norms
2 ._ 2 2 ._ 2
|x|* = Z:ck and |A]° = ZAM‘
k k.l

We will also denote by A’ the transpose of a square matrix A.

e We use P*%%(t,-) to denote the transition probability of the pro-
cess (2(), $(), i

P&t B x J) = P((x(t),(t)) € B x J|z(0) = z,¢(0) = 1)

for every Borel set B C R™ and J C E. The associated conditional
expectation is written E**%(.).

Assumption 2.1.
(a) The control set U is compact.

(b) b(x,i,u) is continuous on R™ x E x U, and x +— b(x,i,u) satisfies
a Lipschitz condition uniformly in (i,u) € E x U; that is, there
exist a positive constant K1 such that

max  |b(z,i,u) — by, i,u)| < Ki|lz —y| forallx,y € R™.
(i,u)e ExU

(¢) There ezists a positive constant Ko such that, for each i € E and
z,y € R,
|o(,7) = o(y, )] < K|z —yl,

(d) There ezists a positive constant K3 such that the matriz a(x,i) =
o(x,i)o'(x,1) satisfies that, for each i € E and xz,y € R™,

a(y, i)z > Ks|z|>  (uniform ellipticity).

Remark 2.2. The Lipschitz conditions on b and o in Assumption 2.1
imply that b and o satisfy a linear growth condition. That is, there exists
a constant C > K1 + Ko such that for all x € R™

sup  (b(z,4,u)]) + |o(,1))| < C(1 + |]).
(u,i)eUXE
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Control policies. For our present purposes, we can restrict our-
selves to consider stationary Markov policies, defined as follows.

Definition 2.3. Let F be the family of measurable functions f : R™ x
E — U. A control policy of the form u(t) := f(x(t),¥(t)) for some
feF andt > 0 is called a stationary Markov policy. Actually, by an
abuse of terminology, f itself will be referred to as a stationary Markov
policy.

Infinitesimal generator. Let C?(R™ x E) be the space of real-
valued continuous functions v(z,i) on R™ x E, which are twice contin-
uously differentiable in z € R™ for each i € E. For v € C2(R" x E) and

u € U, let
N
i) = qyv(z,j),
j=1

where Q = [g;5] is the generator of the Markov chain #(-), and

. ‘ ov O*v ;
Lo = 3 P lri) g oo (0
k=1
+Qu(w, 1),

where by, is the k—th component of b, and ay; is the k,[—component of
the matrix a(-,-) defined in Assumption 2.1(d).
For each f € F and (z,7) € R" X E let

(3) Llv(x,i) .= 7@y ().

Under Assumption 2.1 for each stationary Markov policy f € F there
exists an almost surely unique strong solution of (1)-(2); see |12, page
88-90]. On the other hand, even though z(t) itself is not necessarily
Markov, it is well known that the joint process (x(-),(-)) is Markov;
see, for instance, [12, pp. 104-106]. The infinitesimal generator of the
Markov process (z(t), 1 (t)) is £/ in (3) for each stationary Markov policy
f € F; see |12, page 48|.

Recurrence and ergodicity. For the variance optimality crite-
rion, we require the following second order condition (a Lyapunov-like
condition) that ensures the positive recurrence of the controlled Markov-
modulated diffusion (1)-(2) (see [5], [14] and [15].)

Assumption 2.4. There exists a function w € C?>(R" x E), with w > 1,
and constants p > q > 0 such that
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(1) lim, oo w(z,i) = +00 for each i € £, and
(i) for each u € U and (x,i) € R" x E

(4) ,C“w2(a:,i) < —qwz(:z:,z') + p.

Under the Assumption 2.4, for each f € [, the Markov process
(z(-),%(+)) is Harris positive recurrent with a unique invariant probabil-
ity measure ¢ (dx,i) (see [15]) for which

13 e <.

Definition 2.5. Let B,(R"™ x E) be the normed linear space of real-
valued measurable functions v on R™ x E with finite w—norm, which is
defined as

Remark 2.6. A consequence of Assumptions 2.1(d) and 2.4 (ii) states
that the condition of second order (4) implies the following first order
condition:

(5) LYw(x, i) < —qw(z,i) + p1,

for constants q1 = % and p1 = , where p and q are the constants given
in Assumption 2.4. For detazls see [7, Proposition 2.3].

Under Assumptions 2.1 and 2.4, Theorem 2.8 in [3] ensures that the
controlled Markov-modulated diffusion (1)-(2) is uniformly w—ezponen-
tially ergodic, that is, there exist positive constants C' and  such that

(©)  sp Y a0) (O] — s )] < Ce v i)

for all (z,i) € R" x E, v € By,(R" x E), and t > 0, where ps(v) :=
Yo 1fRn (x,9)pp(de,i).
3 Average Optimality Criteria

Let r : R" x E x U — R be a measurable function, which we call the
reward rate. It satisfies the following conditions:
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Assumption 3.1.

(a) The function r(x,i,u) is continuous on R™ x E x U and locally
Lipschitz in x uniformly with respect to i € E and u € U; that is,
for each R > 0, there exists a constant K(R) > 0 such that

sup |r(z,i,u) —r(y,i,u)| < K(R)|z —y| for all |z[,[y| < R.
(i,u)eEXU

(b) r(-, - u) is in By(R™ x E) uniformly in u; that is, there exists
M > 0 such that for each (z,i) € R" x E

sup |r(z,i,u)| < Mw(z,1).
uelU

Notation. For each Markov policy f € F, z € R™ and i € E, we write
r(x7 Z” f) = r(x7 7:7 f(x7 Z))'

The following definition concerns the long-run average optimality
criterion.

Definition 3.2. For each f € F, (z,i) e R" x E, and T > 0, let

T
Jr(a,i, f) o= B /0 F(a (), 0(t), f)dt].

The long-run expected average reward given the initial state (x,1) is

T—oo

1
(7) J(x, i, f) := liminf TJT(x,i, f)-
The function

J*(x,1) :=sup J(x,i, f) forall (x,i) e R" x E
feF

1s referred to as the optimal gain or the optimal average reward. If there
is a policy f* € F for which J(xz,i, f*) = J*(x,i) for all (x,i) € R x E,
then f* is called average optimal.

Remark 3.3. The following important results were proven in [3].
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The w—exponential ergodicity (6) gives that the long-run expected
average reward (7) coincides with a constant g(f), which is defined

by
N
O o) =gl ) =3 [ e e

for every f € F. This is,
g(f) = J(x,1, f).

Under Assumptions 2.1, 2.4, and 3.1, Theorem 4.2 in [3] ensures
the existence of optimal average reward policies. Denoting by g* the
optimal average reward and by Fy, the family of average optimal
policies, we have:

g* = Supg(f) = sup J(:L’,’L,f) fOT’ all (27,1/) S R" x E.
fer fer

We define, for each f € F, the bias of f as the function
(9)
(o) i= [ TP ale), w(e). £) — gt for (2.i) € R X B,

Note that this function is finite-valued because (6) and the Assump-
tion 3.1(b) give, for all t > 0,
(10) | E“Hr(x(t), (1), f) = 9(f) |< e CMuw(z),
Hence, by (9) and (10), the bias of f is such that

\hy(x,3)| <0 'CMw(x), andso || hy(z,i) [|o< 6 'CM.
This means that the bias hy is a finite-valued function and, in fact,
it is in By (R™ x E).

In addition, by Proposition 5.2 in [3] we known that for each f € F,
the pair (g(f),hy) is the unique solution of the following Poisson
equation

(11) g(f) = r(z,i, f) + L h(x,i) for (z,i) €R" x E.
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4 Variance Optimality

In this section we study the existence of a stationary policy that mini-
mizes the limiting average variance in the class Fg, of average optimal
policies.

Remark 4.1. We define the normed linear space B,2(R™ x E) of real-
valued measurable functions v on R™ x E with finite w?—norm, similarly
to the normed linear spaces By, (R"™ x E), with w? in lieu of w.

Remark 4.2. Under the Assumptions 2.1, 2.4, and 3.1, the process
(x(-), () is uniformly w?—exponentially ergodic, i.e, there exist posi-
tive constants C and § such that

o B [w(a(t), ()] = npw)] < Ce™® || v e w?(z,1)

for all (x,i) e R" x E, v € B2(R" x E), and t > 0. The proof of this
result is similar to that given in [3, Theorem 2.8] with w? in lieu of w.

Definition 4.3. For each f in F, the limiting average variance of f
given the initial state (x,1) € R™ x E, is the function

) 2
(12) o*(x,1, f) : .

_T—>ooT

i 47 ([ (0,000, )it~ e 1)

The following theorem, which is proved in Section 5, states that the
limiting average variance equals a constant.

Theorem 4.4. Under Assumptions 2.1 and 2.4, for each f in F and
an arbitrary initial state (x,i) € R™ x E, the limiting average variance
o%(z,i, f) equals the constant

The following definition concerns the variance optimality criterion.

Definition 4.5. We say that a stationary policy f* is variance optimal
if f* € Fqo and, moreover,

(14) o*(f*) = min a*(f).
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We define for each (z,7) € R” x E the set
U(z,i) :={ueU|g=r(x,iu)+ L N(x,i)},

with ¢ € R and h € C%(R" x E) N B,(R™ x E). By [3, Lemma 6.2] for
each (z,7) € R" x E, U*(x,1) is a nonempty compact set.

Proposition 4.6. Suppose that Assumptions 2.1, 2.4, and 3.1 are sat-
isfied. Then

(i) There ezist g,0? € R, h € C*(R" x E) N By,(R" x E), and ¢ €
C2(R™ x E) N B,2(R™ x E), that satisfy the system of equations

(15) g= Iileal}({r(:v, iyu) + LY (x,1)},

(16) 0% = ueg{ki&’i){Q(r(z,i, u) — g)h(x, i) + LYP(x, i)}

for all (xz,7) e R" x E.

(1) A policy f* in F is variance optimal if and only if f* attains the
mazximum and the minimum in (15) and (16), respectively. The
minimal limiting average variance o*(f*) equals 02 in (16).

Proof. (i) The existence of a constant g and a function h € C?(R™ x
E)NBy(R™ x E) that satisfy (15) follows from Theorem 4.2 in [3]. The
latter theorem also yields the existence of a stationary policy f € [F that
attains the maximum in the right-hand side of (15), i.e

g=r(z,i,f)+ L h(x,i) for all (z,i) € R x E.

Now suppose that f is in Fy,. Then by Proposition 5.3 in [3| the
bias of f satisfies that

(17) hy(z,i) = h(x,i) — psp(h) for all (z,i) € R" x E.

Thus, using (8), the limiting average variance of f verifies that

) = 22 e = ot )

(18) = 22/ (x4, f) — g)h(x,i)ps(de, ).
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This implies that o2(f) is the expected average reward of the policy f
when the reward rate is the function

" (x,i,u) == 2(r(z,i,u) — g)h(z,i) for all (z,i) € R" x E.

Hence, to find a solution of (16) we need to solve a new average reward
control problem. This problem has the following components: the dy-
namic system (1), the action sets U*(z,4), and the reward rate r”(z, 4, u).
Note that

2|(r(x, i, u) — g)h(z, i)l
2(Mw(z,i) + g)|h(z,1)]
2(Mw(z,7) + g)|[h(z,)||ww(z, 1)
20 (,4)| |l (M + g)-

7" (@, i, )]

ININ A

where the first inequality is by assumption 3.1(b) and the second in-
equality holds since h € By, (R" x E).

Therefore r”(x,i,u) verifies the assumption 3.1(b) when w is replaced
with w?. The control problem with the above components satisfies the
assumptions 2.1, 2.4 and 3.1 replacing w with w?. Hence, by [3, Theorem
4.2], there exists (02, ¢), with 02 € Rand ¢ € C?*(R"x E)NB,,2(R"x E),
that satisfy the equation (16).

(73) By [3, Theorem 4.2] there exists a policy f* € F that attains the
maximum in (15). Note that a stationary policy f* is in Fg, if and only
if f*(z,4) is in U*(z,1) for all (z,7) € R™ x E. Moreover, by [3, Lemma
6.2 (a)|] , U*(x,1) is a compact set for each (z,i) € R x E. Hence, by |[3,
Theorem 4.2] , f* is variance optimal.

Now, by (16) we have

(19) 02 < 2(r(z,i, f) — g)h(x, i) + LS p(x, 7).

Then, by Dynkin’s formula for diffusions with Markovian switchings [12,
p. 48], for each T' > 0 we obtain

T
E* o(a(T), $(T)) = olw,i) + B | / L (a(s),(5))ds]

and using (19)

Bt [ 2000061, 006) )~ h(a(s), 05|
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> 0%t + (x,i) — BV p(2(T), (7).

Replacing (17) in the latter inequality gives

Bl | 20 a(s), 9(5). 1) ol w(s)ds]

T
+1y (B[ [ 200(a5), 009, ) = )]
> 0T + ¢, i) — E* g (a(T), (1))

Thus, multiplying by 7! both sides of this inequality and letting 7" —
00, it follows from (13) and the w—exponencial ergodicity (6), that for
all f € Fgo,
2 2
o"(f) z 0.

Hence, inf fep,, 02(f) > 0. Now let us consider f* in F,, that minimizes
(16) and proceeding as above we obtain that o?(f*) = 02, and so

(20) o(f) = o* < inf ().

This completes the proof of part (ii). O

Remark 4.7. Equation (15) is called average reward Hamilton-Jacobi-
Bellman equation, which is also known as the Bellman equation or the
dynamic programming equation.

5 Proof of Theorem 4.4

To prove Theorem 4.4 first note that the Dynkin’s formula applied to
hy, the equation Poisson (11), and the ergodicity exponential (6) given
that the total expected payoff of f € F over the time interval [0,7],
when the initial state is x € R™ (recall Definition 3.2) can be write as

Jr(x,i, ) = Tg(f) + hy(x,i) + O(e™")

where O(+) is a residual term converging to zero as t — oo. Replacing
this last equation in the limiting average variance (12), we obtain that

T
@) sy g S [ a0 00 o)

61
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We define, for f e Fand T >0

T
(22) VD) i= [ rta(s). i) £)ds = To(r).
Then, replacing (22) in (21) we have
(23) o (w,i, f) = lim %Ex’@f [Yf(T)]Q.

Seeing the equation (23) the first that comes to mind for of the
Theorem 4.4 is to use the moment generating function associated to
the process Y/ (T). However, a key problem with moment generating
functions is that moments and the moment generating function may
not exist. By contrast, the characteristic function of the process Y/(T)
always exists, and thus may be used instead.

Hence, the main idea in the proof of Theorem 4.4 consists to use the
characteristic function, C*(T") := Y (1) - € R, of the process Y/(T).
To show, using Ito’s formula, Poisson equation (11), and integration by
parts that C*(T') satisfies a certain integral equation. Then, consider the
Taylor series of the C*(t) and substitute into of the integral equation

, 2
obtained to find a expression for E®f {Yf (T)} which gives the result.

To begin, we need the following lemma.

Lemma 5.1. Let Y/(-) be as in (22), and let h; be the bias function
defined in (9). Then

(24) i B [y (a(T), $(T)Y (T)] = 0.

Proof. By Ito’s Lemma for semimartingales (see [8] section 8.10, page
234, or [12] section 1.8, page 48),

T
he(x(T),(T)) = hy(x,i /0 ‘thf (), (s))ds
- / > Guewen s (@(s) ¥ (sH)
0 0<s<T
- (5) ¢(S))])d8
ahf 2(8). BN (2(s). hls .
+ /0 2 183%( (5),0(s))owi(2(s), ¥ (s))dWi(s)
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On the other hand, by Theorem 1 in [1] we obtain that

T
S [hy(a(s), 9(5H) — hp(a(s), (s)] = /0 S kg (a(s), )

0<s<T JEE
T
hp(e(s), 9(5)) (g0 — v)(ds, )+ / T CON)
0 jeE
(26) — hp(a(s) w(s))ds,

where ¢q is the jump measure of 1) and v is the compensator of ¢q.
Replacing (26) in (25) and noting that hy(x,) satisfies the Poisson
equation (11), we have

T n d
" / S5 (489, 9(5))ra(5), () AW (5)
0 j—q =1 9Tk
T
(27) [ S sa(9).9) = hyla() wl))an ~ 0)(ds. )
0 jer

For notational ease we define

ahf
Vo= 13 33 G ale) ¥ owle() v{saWi(s)
and
My = / 3 lhs(a(69,5) = hylas) ean = o). )
je

Next we multiply by h¢(x(T),1(T)) on both sides of (27) and taking
expectations we find that

E" by (D), (DY (D)) = E" (W ((T),4(T))
— E" by (@(T), (1)) ()
— E" by (@(T), $(T))Nr)
(28) — " [y (a(T), (1)) My,

From the w?-exponential ergodicity, we have that
(29) ‘
E"M B3 (2(T), (T)]/T =0 and  E" [hs(x(T), ¢(T))]/T — 0.



64 B. A. Escobedo-Trujillo and C. O. Rivera-Blanco

Now, by Remark 2.2 and Remark 3.3(3) we obtain that Np is square
integrable martingale and, moreover

B[ 3 hslals),é(s) — hy(als). v(s)] < oc.

0<s<T

Then, it follows from Theorem 26.12 in [2] that M7 is a martingale and,
furthermore, it can shown that My is also a square integrable martingale.
Then, applying the Cauchy-Schwarz inequality to the third and fourth
summand of the right-hand side of (28) we get

IN

(55 [y (@), w@)Nr]) < B e (), 0(T))
(30) : Ex’i’f[N%L

(B [hstem ompan] ) < B3 o)
(31) - BT ME].

Finally, the orthogonality property of martingale differences of Np
and My yields

(32) E*INE] = O(T),
and
(33) E™ [M7] = O(T).
Therefore, (24) follows from (29)-(33) O

Proof of the Theorem 4.4. For z € R we define the characteristic
function of process Y/ (t) defined in (22) as

(34) C*(T) = =Y (D),
Note that
(35) dC*(T) = izdY ! (T)C*(T) = iz[r(a(t), ¥(1), ) — g()]C*(T)dt.

This implies

T
(36) CA(T) =1 +iz/0 [r(z(t),9(2), f) — g(f)C*(t)dt.
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As the bias function hy of f € IF satisfies the Poisson equation (11), from
(36) we obtain

T
(37) CHT) =1 — iz / £y (a(t), (1) C7 () dt.
0
Applying Ito’s formula to Ay in the interval [0, 7] we obtain

dhy(x(t),¥(1) = Lhy(a(t), (1))
= D duan) (@), v(ET)) = hy(x(t), v ()

0<t<T
Ohy
EZEZaMZ 0)ow (1), $(£) dWi(t)
k=1 =1
(38) + Y (), w(t) — hy(a(t), (1)),
0<t<T

and multiplication of (38) by C*(t) gives

£lhy(e ( ): Y(0))C(t) = dhy(z(t), (1)) C*(¢)
+ () D apmywen b (x(t), 9 (7)) = hy(a(t), (1))

0<t<T
033 P () (0 o0, w0
k=11=1
(39) = C*W) X Islal0). (%) = hylal) B(O)).
0<t<T

Replacing (39) in (37) we have

T
CH(T) = 1—iz{/0 dhy(x(t), () C* (t)dt
# [ OO S avten sl 64) ~ hytalo) )]

0<t<T

/ Z Z gz t))or(x(t), (t))dW;(t)dt
k=11=1

/ CH(t (g (), 9 (t7)) — hf(a;(t),z/;(t))]dt}_

0<t<T

65
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Using integration by parts we get
T
[ dhstaterwenC @t = halD) w(T)CT) = hy(o.

T
(41) + /O iy (2(8), $(8))dC (1),

Therefore, replacing (41) in (40), taking expectations, and using the
arguments in the proof of Lemma 5.1 we obtain

E2/[0A(T)] = 1— izE® [h $(@(T), (T))C(T) — hy(x,4)
(42) + /0 ' hf(x(t),q/;(t))dCZ(t)dt].
Finally, substituting (35) in (42) we obtain
E*H/[C*(T)) = 1—i2E%%f [hf(z(:r), W(T)C*(T) — hy(x,i)
+ /OT hy(a(t), ¥ (t))izlr(x(t), ¥ (1), f) — g(f)]C*(t)dt].
Consider now the Taylor series of C(t) in the last equality

T (1Y (T))k
. X (izY /] k
N GG IRty EWE

k

[e=]

o

! - = (i2Y ! (T)")
+ [ et v )izttt 60,5 - o) (3 o ar.

k=0

Equating second order terms in z we have
EZH [V (T)?) = 2B% [hy(2(T), (1)) Y (T)]
T
@) 2 [0 O) ), 000).5) )it

It is easy prove that hy¢(z,1)[r(x,, f(x,4)) — g(f)] is in B,2(R" x E)
and also that x(-) is w?— exponentially ergodic (recall Remark 4.2).
Hence multiplying (43) by 1/t and letting ¢ — oo the result (13) follows
from Lemma 5.1 and the w?—exponential ergodicity of z(-). U
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6 An Example

Now we give an example to illustrate our results. This example is an
extension of the one presented in [3|. Consider the scalar linear system

(44) dx(t) = [b(y(t))x(t) + Pu(t)]dt + cdW (t), z(0) ==z, ¥(0) =1,

where b : E — R and the coefficients 3, o are given positive constants.
The control u(t) takes values in the compact set U := [0, a], with a > 0.
The controlled Markov-modulated diffusion (44) satisfies the Assump-
tion 2.1.

Now let 7(z,4,u) := u be the reward rate. Choose a function w(x, 1)
that satisfies Assumptions 2.4 and 3.1, respectively. Our goal is to find
stationary policies u(t) := f(z(t),(t)) that minimize the limiting aver-
age variance. To this end, first, we find stationary policies that optimize
the long-run expected average reward and within this set we search vari-
ance optimal policies. To do this, we will use the equation (15), which
in the present case takes the form

1

(45) g = m[%x}{u + hy(x,4)[b(i)z + Bu] + iozhm(a:, i) + Qh(x,1)}.
ue|0,a

For the particular case when h,(z,i) < —1/f for all i € E and z €

R™, the control policy f*(z,7) = 0 is the unique policy that attains

the maximum in (45) (hence, it is the unique average optimal policy).

Consequently, by uniqueness of f*, f* it is also variance optimal.
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