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Abstract: For the long-run average of a Markov decision process (MDP) with countable state spaces, the optimal (sta-
tionary) policy may not exist. In this paper, we study the optimal policies satisfying optimality inequality in a countable-state
MDP under the long-run average criterion. Different from the vanishing discount approach, we use the discrete Dynkin’s
formula to derive the main results of this paper. We first provide the Poisson equation of an ergodic Markov chain and two
instructive examples about null recurrent Markov chains, and demonstrate the existence of optimal policies for two optimal-
ity inequalities with opposite directions. Then, from two comparison lemmas and the performance difference formula, we
prove the existence of optimal policies under positive recurrent chains and multi-chains, which is further extended to other
situations. Especially, several examples of applications are provided to illustrate the essential of performance sensitivity of
the long-run average. Our results make a supplement to the literature work on the optimality inequality of average MDPs
with countable states.
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1 Introduction

The Markov decision process (MDP) is an impor-
tant optimization theory for stochastic dynamic systems
and has wide applications; see, e.g. [1-10]. In this pa-
per, we study the long-run average MDP with a count-
able state space. It is well known that in this problem an
optimal policy may not exist, and if it exists, it may be
history-dependent, not necessarily a stationary (or else
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called a Markov) policy.

In the literature, conditions have been found that
guarantee the existence of the long-run average opti-
mal policy for MDPs with countable states [7-8,10-12].
The existence conditions are usually stated in terms of
discounted value functions with the discount factor ap-
proaching one. It is also proved that there are average
optimal policies for MDPs with countable states for
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which an optimality inequality, instead of an equality,
holds. The approach is presented in details in [10], and
it is called the “vanishing discount approach” in [7], and
the “differential discounted reward” approach in [8].

In this paper, we use the discrete Dynkin’s formula
(e.g. page 122 in [13]) to derive the average optimal pol-
icy. We observed that the long-run average of a count-
able MDP does not depend on its value at any finite s-
tate, or at any “non-frequently visited” states, which is
an important fact studied in the literature [3—4,6, 8, 14].
We construct several examples about null recurrent
Markov chains, which motivate the derivation of the
strict optimality inequality and optimality equality. We
present two comparison lemmas and the performance
difference formula via the discrete Dynkin’s formula,
which is an important tool to prove the existence of av-
erage optimal policies.

The Poisson equation provides a method to solve
the long-run average cost, where the existence and prop-
erties of its solutions are studied in many literature, for
example, refer to page 269 to 303 in [5] which considers
the Poisson equation with time-homogeneous Markov
chains on a countable state space. Actually, the Poisson
equation is a different view to study the existence of
the long-run average optimal policy. From the Poisson
equation, we derive the optimality inequality/equality
and the existence of average optimal policies of posi-
tive recurrent chains, multi-chains and other generalized
forms such as considering the performance sensitivity.
One of the optimality inequality directions is present-
ed as the sufficient condition for average optimal. The
more general optimality equations are obtained by the
approach of performance difference formulas, which is
a useful approach beyond the dynamic programming
and has been successfully applied to many problems
(e.g. [15-16])).

The remainder of this paper is organized as follows.
In Section 2, we introduce the optimization problem and
derive the Poisson equation of ergodic Markov chains.
In Section 3, we give two examples to demonstrate the
existence of the long-run average optimal policy for t-
wo optimality inequalities with opposite directions. Our
main results are given in Section 4, where the existence
of optimal policies under multi-chains, null and posi-
tive recurrent chains are provided and some examples
and applications are also presented. Finally, we con-
clude this paper in Section 5.

2 Preliminaries
2.1 The problem

Consider a stochastic chain X := {X,, Xy, -}
with a countable state space S = {0, 1,2, -}, where
X, is the system state at time k. Let S := |S| be the

'Instead of P%% | with a double superscript.

*Under some technical conditions, such a policy indeed exists.

number of states in S§; S may be infinity. Let P :=
[P ;]7,—1 be the transition probability matrix, which
may depend on the history of X, denoted as h, :=
{Xo, X1, -+, X} }. If P; ; depends only on the current
state X}, = 7, then X is a Markov chain. The states of
a Markov chain may be classified into transient states,
and null or positive recurrent states. Let (2, F,P) be
the probability space generated by the chain, and E be
the corresponding expectation.

In optimization problems, at any state i € S, we
take an action o € A(i), with A(7) being the set of
all available actions at ¢. The action « determines the
transition probabilities at 7. The action « can be de-
termined by a policy d. We use a superscript to de-
note the policy or action associated with a quantity, e.g.
PiL,ij or P, 1,5 € S. The stochastic chain is denot-
ed by X7 := {XJ, X, - }. A policy may depend
on the history iy, = {xg, ag,T1,a1, -, T} (x; €
S,i=0,1,--- k;a;, € A(z;),i=0,1,---  k—1),
denoted by dy,, and, if necessary, the corresponding
quantities are denoted by a subscript 7y, e.g. Phii LIt
the policy d depends only on the current state, then d
is called a Markov policy. Let I be the space of all
policies, including the history-dependent policies, and
11y C II be the space of all Markov policies. For each
history-dependent randomized policy, we can construct
a randomized Markov policy with the same joint prob-
ablity distribution of states and actions. And for most
Markov decision problems, we can consider determin-
istic Markov policy instead of randomized Markov pol-
icy, see, e.g. [8]. So we mainly consider deterministic
policy in the followings.

At state ¢ with action o determined by policy d, a
cost (or reward), denoted by C'*(4) or C%(7). The dis-
counted cost criterion with discount factor 0 < 5 < 1
under policy d is

my(i) = B S B O =),

The long-run average cost criterion under policy d
is
d; . L a N2 g yrdy vd
n®(7) = limsup NE {Y CUXP|XS =14} (D)
N —o00 k=0
The optimal performance of long-run average cost
isn*(i) = (}n}fj n%(4). The goal of optimization is to find
€
an optimal policy d*, if it exists, that attains the optimal
performance?
* . dy/- .
d = arg{gggn (1), 1 € S}.

2.2 The Poisson equation

Consider a Markov chain { X}, k = 0,1,---} un-
der a Markov policy d (We omit the superscript “d”, for
a generic discussion). Let 7(¢, ) = min{¢t > 0: X, =
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j|Xo = i} be the first passage time from i to j. For an
ergodic Markov chain, the stationary probability distri-
bution exists, the long-run average 7 does not depend
on the initial state 7, and 7(i,j) < oo foralli,j € S.
Furthermore, we have 1 = klgl(r)lo E[C(Xy)|Xo = 1].
We further define

7(4,4)—1

g(ivj) = E{ kE::O [C(Xk) - 77”X0 = i}? ivj €S.

First, we choose a reference state, e.g. state 0, and
define

g(i) :==g(i,0) =
7(¢,0)—1

E{ 2 O() —nllXo =i}, 1€5, )

with g(0) = ¢(0,0) = 0.g(i),i =0,1,---,iscalleda
potential function of the Markov chain®. And we further
assume |g(i)| < o0, i € S.

Let A := P — I be the discrete version of the in-
finitesimal generator, with I being the identity matrix.

g9:=(9(0) g(1) ---)", C = (C(0) C(1) ---)", and
e:=(11---)T.
Lemma 1 The potential function g(i) of a

Markov chain, ¢ € S, in (2) satisfies the Poisson e-
quation Ag + C' = ne.

Proof From (2), we have
g(i) =C(i) —n+

7(4,0)—1
E{E[ >
k=1

C(i)—n+

7(X1,0)

E{E[ > [C(Xk) —nllXi]|Xo =1} =

[C(Xy) — ]| Xu]| Xo =i} =

C(i) =0 + E{g(X1)|Xo = i}, i € S.

On every sample path with X; = 0 (when X; = 0,
Lemma 1 is easy to verify since 7(i,0) = 1,7 € S),
the Markov chain reaches state 0 from state X at time
1 after time 7(¢,0)—1, i.e., 7(X1,0) = 7(¢,0)—1, and
the second equality in the above equation holds. Thus,
this equation is the Poisson equation

Ag(i) +C(i)=n,i €S, 3)
in which Ag is a vector, and Ag(i) is its ith compo-
nent. (|

For multi-chains, 77 depends on ¢ and the Poisson
4

equation is™:
Ag(i)+ C(i) =n(i), i € S.

Obviously, the potential function is only up to an
additive constant; i.e., if g(i), ¢ € S, is a solution to the

Poisson equation, so is g(i) + ¢ for any constant c. Any
state ¢ € S can be chosen as a reference state and we
may set g(i) = 0.

Remark 1 For null recurrent Markov chains,
7(4,j) may be infinity, and ¢(4) in (2) is not well de-
fined. However, in some special cases, there might be
some function g(7) and a constant 77 such that the Pois-
son equation (3) holds, see Example 1.

3 Examples

To motivate our further research, let us first consider
some examples.

Example 1  This is a well-known example [6-8,
10] that shows there is an optimal policy for which the
optimality equation for finite chains does not hold, in-
stead, it satisfies an inequality. As in the literature, we
use the discounted performance to approach the long-
run average.

The state space is S = {0,1,2,---}. At state 4
> 1, there is a “null” action with P;,_; = 1 and cost
C(i) = 1. At state 0, there are actions a and b, with
C%(0) = 0 and C*(0) = 1. The transition probabilities
at state O for both actions are the same as Fy; = p;,
© > 1, where p;, © > 1, be a probability distribution on
i > 1, with > ip; = 0.

i=1
Let f (respectively, d) be the stationary policy that

chooses a (respectively, b) when at state 0. The costs
under d are identically 1, and hence n¢(i) = 1 for all
i. The Markov chain under policy f is null recurrent,
and the number of cost 1 is higher than that of cost 0,
so we have 1/ (i) = 1 for all i. In both cases, the limit
in the long-run average (1) exists, and both d and f are
optimal long-run average policies (among two policies

1= {f,d}).
Next, we have n% (i) = !

) ﬂ 1 o /8
= 0, it is clear that 172; (1) < 15 Thus, f is discount
optimal for all 5 € (0, 1).

Now, we focus on policy f and suppress the su-
perscript “f”. We have n(i) = n = 1 for all ¢, and
by the structure of the Markov chain under f, we have

, and because C*(0)

—_

n(i) = 11__Bﬁi+5inﬂ(0),i > 0. Therefore, fori > 0,
95(1) := ns(i) —ns(0) =
=50 a 0)] =
G50 (- B0 =

(L4 B4+~ (1-B)ms(0)].
“4)

3In the literature, the solution to a Poisson equation is called a potential function; the conservative law for potential energy holds,

see [17] and [4].

“The theory for multi-class decomposition and optimization for finite Markov chains is well developed, see [4, 8] for homogeneous
chains, and [3] for nonhomogeneous chains. The decomposition of countable state chains is similar to that for the finite chains, except

that there are infinitely many sub-chains.
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The Poisson equation for the discounted problem is
ne(i) = C*(i) + B Pims(j), i €S,
J
where « is the action taken at state . We have

(i) —np(0) =
C(i) — (1 — B)ns(0) + 5; P?[ns(5) — ns(0)].

With gg(2) = n5(i) — n5(0), we have
95(1) + (1 = P)ns(0) = C*(2) + B 2 B595(7)-
&)
It has been shown (e.g. [10]) that éﬂ(l —B)ng(7)
=n = 1foralli € S. From (4), we have
g(i) == [lai_rggg(i) =i(l—n)=0,i€S.

However, this convergence is not uniform on S as
68— 1.

When ¢ > 0, there is only one term, P;;_; = 1, in
the summation of the right-hand-side of (5), so we may
take the limit of 5 — 1 on both sides and obtain

g(@)+n=C()+g(i —1),i>0.
Indeed, we have 0 + 1 = 1 + 0. However, when ¢ = 0,
the summation on the right-hand-side of (5) contains

infinitely many terms and we cannot exchange the or-
der of ém{ and ) (Fatou’s lemma for lim inf, non-
o .
J

uniform for lim). Indeed, at ¢ = 0 we have 0 + 1 >
0+> P, x0,ie.
J

9(0) +n > C*0) + > Fy,;90) =

min {C°(0) + 32 Ps9(7)}- ©)
a=a, ]

This is called the optimality inequality for the long-

run average MDP with countable states in the literature.

Example 2 In this example, we show that the
direction of the “optimality inequality” (6) can be re-
versed. Consider the same Markov chain as Example 1,
but with a different cost at state ¢ = 0. Specifically,
there are two actions, a and b, having the same transi-
tion probabilities at all states ¢ € S, and the same costs
C(i) = 1, for all ¢ # 0. However, we set C*(0) = 2
and C*(0) = 3. Policy f takes action a and policy d
takes action b at 1 = 0.

First, we have 77};(2) < n§(i). Thus, d is not dis-
count optimal for all 3 € (0,1). Next, because both
Markov chains under f and d are null recurrent, the cost
change at one state 0 does not change the long-run av-
erage. In general, the long-run average of a stochastic
chain does not depend on its values in any finite pe-
riod or any “zero frequently” visited period [3]. This
is called the “under-selectivity” [3, 14]. Thus, we have
n’ (i) = n%(i) = n = 1 for all i. Therefore f and d are
both long-run average optimal.

Now, we analyze policy f. Similar to Example 1,
we have (dropping the superscript “ ™) (i) = 11 __661
+ B'13(0),i > 0. Therefore (cf. (4)),

95(2) :=np(i) —ns(0) =
Q+B+-+ 8L — (1= Bms(0)]. (D
Similarly, n = égn{(l — B)n;(4) for all i. From (7),

we have g(i) := %irr{gﬁ(i) =i(l—n) =0,i €S.
—
This convergence is also not uniformon S as § — 1.

As in Example 1, when ¢ > 0, we have 0 + 1 =
1 4+ 0, that is, the optimality equation holds:

g(i)+nzc(i)+zpo,,jg(j)7 L= 1727"' :

However, when 7 = 0, we have 0 + 1 < 2 +
Z B,] X O, i.e.,
J

9(0) +n < C*(0) + > Py ;9()) =

min {C*(0) + 2 Fy;90)}- ®)

Compared with the optimality inequality (6), the in-
equality sign is reversed in (8).

Remark 2 1) The two inequalities (6) and (8)
are not necessary conditions. Also, an average optimal
policy may not be the limiting point of discount optimal
policies. In the following, we will see that (8) is a suf-
ficient condition for average optimal, and (6) is neither
necessary, nor sufficient.

2) In the examples, the Markov chain is null re-
current. So the probability of visiting each state is ze-
ro. Therefore, we may arbitrarily change the cost at
any state without changing the long-run average; but it
changes the relation in the optimality condition. The in-
equality (6) is due to the null recurrency of the states
and the under-selectivity of the long-run average, it is
not an essential property in optimization.

4 Optimization in countable state spaces
4.1 Fundamental results

We assume that the transition probability matrix
P = [Pi,]ijes does not depend on time; i.e., the
chain X under a Markov policy is a time-homogeneous
Markov chain.

Letr : S — R be a function on S, with E[r(X,)|
X = z] < 00,7 € 8§, n > 1; and we also denote it
as a column vector r := (r(0) (1) -+ r(z) ---)*.
For time-homogeneous Markov chains, it holds that
Elr(Xo1)| X, = i) = E[r(X1)|Xo = i].

In general, we define an infinitesimal operator A, :
it acts on the function r resulting a function, or a vec-
tor, Ay, r (the subscript 72, refers to history dependent),
with

(A7) (1) = E[r(Xp)| Xy = ] = r(0),
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ieS, n>1. 9)
We have A, r(i) = > P:L‘;T(j) —r(i),i € S,or Ay,
j€s

= P — I, with I being the identity matrix. From (9),
we have

E[Ay, r(X0)[Xo = i] =
E{E[r(Xp1)|Xa] — r(X5)|[Xo = i} =
E[r(Xon41)|Xo = i] — E[r(X,,)|Xo = i].

Adding this equation from n = 0 to N, we get the
following discrete Dynkin’s formula:

3 Eldn (X)X =1 =
Blr(Xns1)|Xo = i — r(i). (10)

Lemma 2 (Comparison Lemma I) Consider
any Markov policy d € II, associated with P¢, which
generates a Markov chain {X/,k = 0,1,---} with
long-run average 11%(i), i € S. Suppose there are a con-
stant J and a function r(i): S — R, such that

Elr(XH|X¢ =il <o0,i€S, nx>1, (11)

.1 . .
]\}13(1)0 NEd[r(X]‘f,)]Xg =i=0,1€S (12
and the optimality inequality

J+r(i) < Ci) + X Plr(d) (13)
=
holds for any ¢ € S, with @ = d(i) being the action
taken at state ¢, then
J<nt),ieS. (14)
Proof By (10) and (12), we have (omitting the su-
perscript “d”)

lim — Z E[Ar(X,)|Xo =14 = 0.

N—)oo

Thus,
(i) —J =
hmsupi Z E[Ar(Xy) + C(Xy) —

N—oc0

J|X0 == Z}

The theorem follows directly from this difference
formula. O

Remark 3 1) Condition (12) can be replaced by
a more general one

1
lim NEd[r(X]‘f[)\Xg =] <0.

N—oo

However, for positive costs, the relation < does not
make practical sense.

2) If (13) changes to J + 7(i)
> P2r(j), then (14) becomes J >
JES

1
can be relaxed to lim —E?[r(X$)|Xd =1] > 0.
N —oo N

3) The Markov chain may be a multi-chain. When

the Markov chain is recurrent, n%(i) = n, i € S, being

C(i) +
n(i), and (12)

a constant.

4) The condition (13) is only sufficient, it is not
necessary as shown in Example 1. It may not need to
hold at some null recurrent states.

Example 3 It is interesting to note that in Exam-
ple 2, condition (8) satisfies the optimality inequality
(13) for both policies d and f, and hence it is a suffi-
cient condition for J to be the optimal average. How-
ever, in Example 1, the inequality (6) is not a sufficient
condition.

For history-dependent policies, it is more conve-
nient to state the comparison lemma for all policies.

Lemma 3 (Comparison Lemma II) Letd € I
associated with a stochastic chain {X¢, k = 0,1,---}
and long-run average n(i), i € S. The action « deter-
mines the transition probabilities P, ,j € S. Sup-
pose there is a function r(i): S — R, satisfying (11)
and (12) for all d € II. If there is a constant J such that
the optimality inequality

J+r(i) < HllIl {C"‘( )+ > Pr(d)y a5)

JES

holds for any i € S, then J < n¢(i),i € Sforalld €

1I.

Proof For a optimization problem with history
dependent randomized policy, we can transform into
considering randomized Markov policy, see [8]. So the
proof can be derived by Lemma 2. O

The performance difference formula may con-
tain more information than the above two comparison
lemmas. For history-dependent chains, the potentials
and Poisson equations are not well studied, and the
“limsup” average does not make sense at transient
states, so we have to assume that the limit in (1) exists.

Lemmad4 Let f € IT and d € IIj, and g% is the
potential of d. Assume that

1
lim NEf[gd(X}:[)\Xg =i =0. (16)

N —oc0

Then, we have
' (i) - nd(i) =

lim — Z EM{{[RB] 9" 1(X]) + CT(x])} -

N—)oo

{[P'g d](Xf) +CUXDNXT =} +

{mfZWHmMEWWMUD

N—oo [V

When lim Ef [n?(X1)| X = 1] exists,

lmfZWHﬁM%ﬂ

N—oo N
in (17) is equal to ]\}lm Ef[n?(X1)|X{ = i]. When
— 00

d is single class, n¢(i) = n? for all i € S, then
Ef[n*(X])|X{ = i] = n*, for all i. The second term
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on the right-hand-side of (17) disappears.

Proof We just need to prove (17). By (10) and the
assumption, we have
' (i) — (i) =
N—

1 1
lim — Y BE{C/(X])|x{ =i}+

N—oo N k=0

lim (B g (XE)IX] =] — (@)} — (i) =

N— o0

N-1
lim S EH{ON(X))X] =i} +
N =

N—oc0

N-1

lim = > BB (X)) - " (XDIX] =i}
—oo N 20

0 (i),

in which the assumption (16) plays an important role in

the first equality, then the Lemma follows directly from

the Poisson equation of g. O

4.2 Optimal policy is positive recurrent or multi-
chain

Many results follow naturally from Lemma 2. First,
we have

Theorem 1  Suppose there is a positive recurrent
Markov policy d* satisfying the Poisson equation

AT ¢t 4 04 = 77d*6, (18)
where 7" is a constant, and

min {C*(i) + Y Pg” (j)} =

a€A(d) jes
C* (i) + 21%?;96‘* G)=n" +g7 (), (19
VIS
EYg" (XH)|X{ =i] <oo, n=1,2,---,
! ) .
Jim NEd[gd (Xp)|Xd =i =0, (20)

foralli € S and d € II, then d* is an optimal policy in
IT 3, and the optimality inequality becomes an equality.

Proof Setr(i) := g (i),and J = n® in the op-
timality inequality (15), and we get n¢ < n?(i) for all
i1€Sandd € II. O

Remark 4 1) In this theorem, d* cannot be a
multi-chain, because J in Lemma 3 has to be a constan-
t. For multi-chain optimal policies, see Theorem 3.

2) d* is usually positive recurrent, but if it is null
recurrent and equation (18) holds for nd* and a function
g%, then the theorem may also hold.

3) All the other policies d € II may be null re-
current, or multi-chain. Condition (19) may not need to
hold at some null states which are null-recurrent at all
the Markov chains under all other policies.

Theorem 2  Suppose all policies in I/, are pos-
itive recurrent, and Markov policy d € Il is long-run

S(n?", g%, d*) is called a canonical triplet in [7].

average optimal in I]y. Then (18) and (19) hold, and it
is optimal in IT.

By the performance difference formula (17), we
have a set of more general optimality equations. The
proof of the following theorem is similar to that in [3]
for time nonhomogeneous Markov chains, see also [4]
and [8] for finite multi-chains.

Theorem 3 Let d* € I, satisfying the Poisson
equation A% g¢ (i) +C? (i) = n? (i), and |n? (i)| <
L < oo, forall i € S. Suppose that for all @ € A(7),
A, == P, — I, there exists a constant // < oo such
that

| 3 A9 (5) + Co )] <
JjES

M| ALgY () +CT ()], i€S, @l

)
JjES

and (20) holds for all i € S, d € II. Then d* is optimal
in IT if
a) 0" (i) = min {3 P5n" ()} i€S, (22
acA(i) jes ?
and there is an € > 0 such that forall i € S, o € A(7),
if n? (i) < Y P2n® (j) then
jes
> P () — 0" (i) > e, (23)
jES
and
b) 7% (i) + g* (i) =
min {C°() + ¥ P!

a€Ao (i) JES
where Ay (i) :={a € A(7) : Zs Pffjnd* (1) =n" ()},
j€
ieS.

Proof Letdbe any policy in II. By (22), we have
Edn? (XD)|X¢ =] = n? (i), for any k, so we have

‘M) ieS, @4

WV

0.
(25)

N e . ) .,
lim & B ()X =] - ()

N—o00

Next, applying the Dynkin’s formula, we have

: 1R d . d* d
I}I_IPN? kZZ:O E {[(Pﬁm )(X5)—

N (XDIXG =i} =0.

Let I be an indicator function. Under condition
(22), the above equation implies

B . T

dim 2 2 BB (XE) — 0" (X))

I(BIn™ ) (X)) — " (X)) = 0| X¢ =i} = 0.
(26)

From A% g% (i) + C% (i) = n? (i), we group the
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terms together

AT g + e ()
)
S OB )X — 7 () > 0
" OB )X — 1 () =0
) @7
The third line of (27) is
K " (X{)
B - ()
(B )(X2) — " (X0
IR )(XE) — ™ (X2) > 0],

By (23) and the finiteness of n¢ (4), the fraction in
the above expression is bounded. From (26), we get

lim — Z E*{[(A?

K—)oo
I[(Byn™ )(Xif) " (X{) > 0]|X§ =i} =0,
and therefore, from (27), it holds that

)X + O (X))

lim —
K—oo

c (Xd)|Xd =i} =

lim — Z E{[(A?

K—oo K

I[(Ban” )(X;?) -

Now, by (21), we have
|Ad 9" (i) + CUD)| < MIAT g% (i) + C* (3)| =
Mn® (i) < ML, (29)

for all © € S and any history A;,. Then similar to (28),
we have

5 B(ATg" )X+

)X + O (X))

(XD <O|X§ =1} (28)

Jim 5 B (AL ") (XD +
CUXIX = i) =
Jim 5 B ")) + C7(X)

I[(Byn® )(XE) — 0 (X}) <O)IX§ =14} (30)
Furthermore, condition b) is equivalent to
(A7.9")) +C) =
(AT ") (i) + C* (i), i € S, dy, € Ao(i). (31
From (31) (28) and (30), we have
1 K—-1
lim —E{ 5 (AL
K—oo k=0
CUXPIXG =i} =

)X+

@&;pqEﬁmafxx@+c%ﬁn

I[(Ban™ )(X3) — " (XF) < 0]|X5 =i} =

Jim ES (49X + CU0x)
"I =" (6f) =03 = 1) >
Jim B (A7 g7 + O (X))
A" =0 () < 0L =) =
Jim CES (A7 g+

o (XPXG = . 62)

Next, setting f := d and d := d* in the perfor-
mance difference formula (17), we get

(i) =" (i) =

lim ~ 3 E{{(BLg")(XE) + O (X)) -

(1P " )(x
(im S B

N—oo [V

Xi) + CT (XX = i}+

XHIX§ =i —n* (i)} (33)

From this equation, (25) and (32), we conclude that
ni(i) = n? (i), i € S,orn? > n, foralld € II.
That is, d* is an optimal policy. O

Remark 5 1) The restriction of (24) to A, is
very important; otherwise, the inequality in (32) may
be false and conditions (22) and (24) may not have a
solution, see also Example 9.1.1 in [11].

2) The technical conditions (21) and (23) indicate
that some kind of uniformity is required for countable-
state problems. They are not very restrictive and can be
replaced by other similar conditions.

4.3 Under-selectivity

Under-selectivity refers to the property that the
long-run average of a stochastic chain does not de-
pend on its value in any finite period, or at any “non-
frequently visited” periods, or states, defined below.

Definition 1 a) A subsequenceof £k =0,1,---,
denoted by ko, k1, - - -, is called a non-frequently visit-

ed sequence, if lim — = 0.

n—oo n

b) A subset of the state space, S C S, is called a
non-frequently visited set of a Markov chain X, if

1 K
[}gnoc? Z I(X, €8y) =0, wp.1, (34)

with I being an 1ndlcator function.

It is clear that non-frequently visited sets include
transient states in multi-chains and finite sets of null re-
current states.

Theorem 4 Theorem 3 holds even if Condition
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(24) does not hold at any non-frequently visited set of
states of a policy.

(n" (1) + ¢ (i) — (C*(2) +
Z ”9 “())], a € Ag(i), i € S, are bounded. Sup-

pose (24) does not hold on a non-frequently visited set
Sy of states of a policy dy. Then by (34), we have

éli%o l z (X € S,)
(B 4 (X0 + ) —
([P g™ (X + O (XD} XE = )] = 0, wp.L.

This cannot change the relation ¢ > 7% in
(33). O
4.4 Null recurrent Markov policies

When the optimal policy is null recurrent, the situ-
ation is a bit complicated. The Poisson equation (3) and
the potential function g(7) may not exist, and it is diffi-
cult to find the function r(7), ¢ € S, in (13), except for
very simple cases, e.g. in Examples 1 and 2, r(i) = 0,
forall; € S.

To further understand the problem, consider a null
recurrent policy f, and let d be any positive recur-
rent Markov policy with the potential function g%(i),
1 € S Assume that (13) (with the > sign) holds for
J = r(i) = g(0). o = £(). C(0) = C*(i). i
n'+g?(i) = C*(i)+ > F 9%(j)- Thenn® > 7/, ie.,

j€

n/ = min{n’ nd} By the Poisson equation for d, we

have C%(i) + Z g%(j) = C7(i) + Z ”9()

Therefore, we have

nt + g'(i) > mln{acC’c()—i-]%;9 (),
(i) + ;Pﬁjgd(ﬂ}. (35)

This is the “optimality inequality” among these t-
wo policies. As explained in Examples 1 and 2, this in-
equality is due to the null recurrency of ¢ and the under-
selectivity of average optimality. In fact, both directions
< and > are possible in (35). When d is also null recur-
rent, the situation is more complicated because there is
no Poisson equation.

The next specially designed examples illustrates the
application of Theorem 1 to a null recurrent policy. We

> 1
need use the zeta function ((s) = > —. It is known

=1 ke
that ¢(1) = oo, c(g) ~ 2.6124, ((2) = %
¢(3) ~ 1.2021.

Example 4 The structure of the Markov chain
is the same as Example 1. The state space is S = {0,
1,2,---}. At state ¢ > 1, there is a null action with
P;,_1 = 1. At state 0, the transition probabilities are
given by F; > 0,7 > 1. We consider two policies f
and d:

~ 1.6449,

1) For policy f, the transition probabilities at state
Ois PJ, = pii > L with Sop; = 1, S ip;, =
i=1 i=1

00, Y, Vip; < oo. For example, we may take p; =
i=1
11

———. The cost function is set C/(i) = 1, for all

¢(2)
i€S.

As shown in Example 1, the Markov chain is null
recurrent, with long-run average ¢ = 1.

2) For policy d, the transition probabilities at s-
v > 1, with iqi =

i=1

tate O is set to be Pé{i = q,,

oo oo
1, Y ig; < 00, 3. Vig < oo.For example, we may
i=1 i=1

1
((2:5) i
is finite and the Markov chain under d is positive recur-
rent.

We define the cost function for d for ¢ > 0 by

take g; = . So the first passage time 7(0, 0)

C(i) = 1, if i = k? for some integer k > 1,
0, otherwise,

and choose a special value for C¢4(0) so that n¢ = 0.
Let m; be the steady-state probability at state 2, 1 =
0,1,---.Thus, we choose

> mCU(i)
ci0) = =L ——. (36)

To
By the structure of the Markov chain, every time it
o0

visits state 0, it has to visit state 7, Y g times (i =
k=i

1,2, -). Therefore, ; = (> qi)mo, and thus,

k=1
1 1
o = o o0 = s > O
T+ > a1+ ) kg
1=1 k=1 k=1

By (36), we have
C(0) = — Zl(kz ) C(i). (37)

Next, we choose z = 0 as the reference state, with
g%(0) = 0. By (2), the potential function at i > 0 is

() = B [CUOXIXG = 1) =

5 (k) = Vil 38)

where | z] denotes the largest integer less or equal .
Now, we are ready to check the Poisson equation
(3). At i = k? for some integer k,

g'(i) = k, gd(i—l)zk—l,
PL =1, C%) =

1,1—1
3)is g?(i — 1) — ¢%(i) + Cd(z) =n’ or(k—1) -
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k + 1 = 0, which indeed holds. Ati = k? + 1, it is
g'(k*) — g*(K* + 1) + C(k* + 1) = 7",
ork —k+ 0 = 0. At 7 > 0 but not one of the above

two cases,

g'(i) = [Vi] = [Vi—1] = ¢"(i - 1),

soitis [vi— 1] — [v/i] + 0 = 0. In all these cases
for z > 0, (3) holds. Finally, we verify that (3) holds at
¢ = 0. Indeed, by (38) and (37), it holds

A0 = é ag (k) = 9°(0) =
ki::l[% Z_szl i) = ;:[ki:o:z axC*(1)] = =C*(0).

We have 7 = 0 < 1 = n/, so d is optimal among
{d, f}. Let us verify the optimality equation (19). First,
we have

Hy = E[g" (X)) X{ = 0] = 3 pig'(i) =

Zf L(\[)ZJ X \Z{ = 2(1) < 0. (39)
Thus,
(ATgD(0)+CT(0)=Hy+1>0=

(A%9")(0) + C(0).
Also, it is easy to check that
(PTg")(@) + C1 (i) = g"(i = 1) + C'(4) >
g%(i — 1) + C3) = (P (i) + C(3), i > 0.
That is, the optimality equation (19) holds at all s-
tates i € S. So we have n/ > n<.
It is a bit tedious to check the condition (12). We

briefly discuss it as follows. First, we define a vector
denoted as W,,, n = 0,1,2,-- -, whose ¢th component

E[g(XD)X{ =], i=0,1,---.
Thus,
Wo=(g%(0) --- g%@) --)"=(01--- |Vi] --)".

By (39) and the structure of sz j» we have W, =
(HyO1 --- |Vi] )" = (Hy W)™, In Wy, the

vector Wy shifts by one step towards right. Then
Wy = (Hi, W' = (Hy, Hy, Wy )"

where

mes o Wi Vi

=1 C2)(i+1)2 I (i+1)?

(Hy Hy Hy WH)*
Vi ShS Vi

i (i+2)?

n=0i=1 (Z—i_n)z.

and we have W3 = , where

H2<H1+H0+Z

In general, we have

Wy = (Hy— Hy_s -~ Hy HoWJ)"

N i
where Hy < > > ——— - Finally, by Stolz theo-
n=0i=1 (1 +n)
rem, we have

2
hm < hm n=0i=1 (’L ) _
N —oc0 N—oc0
lim »° Vi 0

Condition (12) is thus proved.

5 Conclusion

We summarize this paper with the following obser-
vations.

1) The optimality inequality (13) is a sufficient con-
dition for average optimal. The strict inequality may
hold at null recurrent states. When the optimal policy
is positive recurrent, the inequality becomes an equali-
ty.

2) A null recurrent Markov chain visits any state
with a probability of zero, so the cost function at such
a state can be changed without changing the value of
long-run average. Thus, any optimality equality or in-
equality involving the cost may not need to hold at such
a state. In other words, the inequality may be in either
direction at a null recurrent state for the optimal policy
(see Examples 1 and 2). This is purely the consequence
of null recurrency and under-selectivity.

3) The existence of average optimal policies of
countable MDPs is mainly derived by the Dynkin’s for-
mula from a view of performance difference. Example 4
shows the application of the main results, which makes
a supplement to the existing literature work.
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