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Abstract

Semi-Markov decision processes on Borel spaces with deterministic kernels have many practical applica-
tions, particularly in inventory theory. Most of the results from general semi-Markov decision processes
do not carry over to a deterministic kernel since such a kernel does not provide “smoothness.” We develop
infinite dimensional linear programming theory for a general stochastic semi-Markov decision process.
We give conditions, general enough to allow deterministic kernels, for solvability and strong duality of
the resulting linear programs. By using the developed linear programming theory we give conditions for
the existence of a stationary deterministic policy for deterministic kernels, which is optimal among all
possible policies.

1 Introduction

A semi-Markov decision process (SMDP) on Borel state and action spaces is said to have a Dirac’s transition
law if the state at the next decision epoch is uniquely determined by a given function evaluated at the
current state-action pair. Such models are simple to state but turn out to be even more difficult to study
and analyze than their true stochastic counterparts. They have many practical applications, for example in
inventory routing ( ( )). In a companion paper, ( ) provide a new
SMDP formulation for a widely studied, classical inventory control problem. This problem generalizes the
classical economic order quantity problem to a multi-item setting. Most existing SMDP theory does not
apply to Dirac’s transition laws.

Nearly all approaches to the question of whether there exists an optimal policy require the transition law
to be strongly continuous, but a Dirac’s transition law is at best only weakly continuous. Strong continuity
ensures that “smoothness” is maintained in the optimality equations. For example, existing approaches

are either based on the vanishing discount rate methodology, ( ),
( ), or policy iteration, ( ),
( ) (see also the series of monographs ( ),
( , )). An alternative approach presented in ( ) is to allow weak



continuity of the kernel but to impose equicontinuity of the discounted value functions. Unfortunately,
Dirac’s transition laws do not provide equicontinuity.

A recent approach in the literature that assumes weak continuity of the transition law is infinite linear

programming, developed for the discrete-time case, i.e. Markov decision processes, by

(1998), ( ), and
( ). However, existing theory also requires that the expected transition times between decision epochs be
lower bounded away from zero. The only exception that we are aware of is the work by ( )
in the context of zero-sum semi-Markov games, where the author assumes the transition time to be positive
and not necessarily bounded away from zero. This condition is trivially satisfied in the case of discrete
time periods. When satisfied in the semi-Markov case it is well known that there exists a transformation of
the problem into discrete-time, employed for instance by ( ),
( ), ( ) although not using linear programming. Unfortunately,
for the inventory control applications we have in mind, this condition is violated. It is possible to have
multiple decision epochs at the same instant of time.

In this paper, we relax both of the above assumptions. We assume instead that the transition law is
weakly continuous, and that the expected transition time plus current cost, rather than just the former, is
lower bounded away from zero. Therefore, all of our results apply to the more restrictive settings in the
references above. Instead of seeking transformations to a discrete-time Markov control setting, we work
directly with a new infinite linear programming formulation of the SMDP, presented in Section 3.1, which
extends the formulation of ( ) in finite spaces to Borel spaces and the infinite linear programming
formulation of discrete time MDP by ( ). For a general stochastic SMDP,
we establish a set of conditions under which this infinite linear program possesses strong duality, i.e. there
is no duality gap and primal/dual optimal solutions are attained. Although the infinite linear programming
approach to the Borel setting leads to the existence of an optimal policy that is stationary randomized, to
date this approach has not been fruitful in showing the existence of an optimal policy that is stationary
deterministic. We provide this result when the transition law is Dirac’s under a strong recurrence condition.

In a companion paper ( ( )), we show that all of the conditions in this paper are
verifiable in an inventory application.
We owe a debt of gratitude to ( ),
( ), and ( ) for their key insight that infinite linear

programming can handle weakly continuous transition laws. This was indeed fortuitous, as what originally
prompted our interest in it was one of the author’s use of it in an approximate dynamic programming
framework to generate near optimal control policies in inventory routing, see ( ). In future
work, our duality results will prove useful in devising stronger, and possibly even convergent, approximate
dynamic programming methodologies.

In Section 2 we formulate a general semi-Markov decision process. In Section 3 we formulate our primal-
dual pair of infinite linear programs and give conditions for strong duality. In Section 4, we provide results
specialized to the case of a Dirac’s transition law.

2 Semi-Markov Control Model

The semi-Markov control model is defined by (X, A, {A(z) : z € X},Q’,¢'), where X is the state space and
A is the control set. We assume that both X and A are Borel spaces. For each x € X we are given a
non-empty Borel subset A(z) C A, which specifies the set of admissible controls, if the state of the system
is . We assume that K = {(z,a) : z € X,a € A(z)} is a Borel subset of X x A. Let Q' represent the
time-dependant transition law. If the system is in state © € X and control action a € A(z) is taken, then the
system’s next state is in B after transition time ¢t € T = [0, 0c0) with probability Q' (¢, B|z, a), where B C X
is a Borel set. If the system is in state x € X and control action a € A(zx) is selected leading to a state x’
after a transition time ¢, then the system incurs a cost ¢'(t,2’, x,a). This cost includes the immediate cost
of action a as well as any additional cost occurring during the transition to the next state.

For any Borel set B C X, and for any (z,a) € K the function Q'(-, B|z, a) is a distribution function, i.e.



e Q/(t,B|x,a) =0 for every t <0,
e Q'(t,B|z,a) is a monotone lower semi-continuous function in ¢, and
o lim; o, Q' (¢, X|z,a) = 1.

We denote by x,, the state of the system at the nth decision time ¢,, and by a,, € A(z,,) the corresponding
control action. The transition time 6,11 = tn41 — t, has distribution F(:|z,,a,) = Q'(-, X|xyn,ay). For
every Borel set B C X and for every (z,a) € K let Q(B|z,a) = lim;_,o Q' (¢, Bz, a) denote the probability
that the system is in a state from B in the next decision epoch when action a is chosen in state z. We call
Q the transition law. Observe that @ is a stochastic kernel on X.

We denote by H,, the state of all admissible histories until the nth transition. Formally, Hy = X and
H, = (K xT)"x X, where h,, = (0, a0,01, ..., Tn-1,0n-1,0n,Ty) € H, encodes the history of the process.

Definition 1. A policy 7 is a sequence m = {7, }22, of stochastic kernels m,, on A satisfying 7, (A(x,)|h,) =
1 for every admissible history h,, € H, and for every n € N. A policy 7 is a stationary randomized policy
if there exists a stochastic kernel ¢ such that 7, (:|h,) = ¢(-|x,) for each h,, € H, and for each n € N. A
policy m = {m, }22, is a stationary deterministic policy if there exists a measurable function f : X — A such
that 7, (:|hy) is concentrated at f(z,) € A(x,) for each n € N. We denote by II the set of all policies and
by IIsp the subset of all stationary deterministic policies.

Every initial distribution v (which is a probability measure on X) and every policy = determine a unique
probability measure P and a stochastic process {(n, an,0n),n =0,1,...} on Q@ = (X x AxT)*° (Theorem
of C. Tonescu Tulcea; see e.g. ( ) [pp. 109] for a proof). We denote by ET the expectation operator
with respect to P] and for z € X let ET be equal to E], where v is the Dirac measure concentrated on z.
The mean holding time in state x under a control a € A(z) is

T(z,a):/TtF(dt\x,a):/TtQ'(dt,X\x,a).

Definition 2. Given an initial distribution v and a policy 7, the long-run expected average cost is defined
as

ET n—1 /(¢ ’
J(m,v) = limsup —~ (Zkzo c (te, Ty, T, Ak)

Let J* = inf, inf, J(7,v). A pair (v*,7*) is a minimum pair if J(v*,7*) = J*. The average cost problem
is the problem of finding a minimum pair. For z € X let J(x) = inf, ¢ J(7, z) be the optimal average cost
function. A policy 7* is average cost optimal if J(n*,x) = J(x) for every x € X. It is easy to see that

ET n—1
‘](ﬂ-a V) = lim sup v (Zsf(l) C(xka ak))

n—oo E,’j( k=0 T(l‘k, ak))

7

where
c(x,a):/ /c'(t,x’,x,a)Q'(dt7dx’|x,a).
xJr

Note that a Markov control model is a semi-Markov control model with transition times equal to 1 with
probability 1.

A special class of semi-Markov processes includes those with the transition law concentrated at a single
state.

Definition 3. The transition law is a Dirac’s transition law if there exists a measurable function s : X x A —
X such that
1 s(z,a) € B

0 otherwise

Q(Blz,a) = { (1)

for every Borel measurable set B C X.



Definition 4. A transition law @ is weakly continuous if h: X x A — R defined by

Wz, a) = /X u(y)Q(dylz, a)

is a continuous bounded function on K for every continuous bounded function v on X. Kernel Q is strongly
continuous if h is a continuous bounded function on K for every measurable bounded function u on X.

If @ is a Dirac’s transition law, then h(z,a) = u(s(x,a)). In this case @ is weakly continuous if and only if s
is a continuous function (consider u(z) = x for all z € X). However, @ is typically not strongly continuous.
For this semi-Markov decision process, the average cost optimality equation is

u(z) = aeigfx){c(x, a) — g7(z,a) + /X u(y)Q(dy|x,a)} .

In the case of a Dirac’s transition law, this simplifies to

u(z) = inf ){C(xva) —g7(z,a) + u(s(z,a))} . (2)
acA(x
3 Linear Programming and Semi-Markov Control Models with
the Average Cost Criterion
In this section we develop a linear programming formulation for the semi-Markov control model. The
formulation is based on the prior work on infinite-dimensional linear programming for Markov control models,

( )[pp. 203-249]. A thorough coverage of infinite-dimensional linear
programs is given in ( ).

3.1 Linear Programs

Given a Borel space Z and a measurable weight function f > 1, let B;(Z) be the Banach space of measurable
functions w with finite f-norm
|u(s)]

U
lelly = sup Tel

In addition, let M;(Z) be the Banach space of signed measures p on the Borel space on Z with finite f total
variation norm

Il = sup | /Z wdp]

flully<1

The total variation norm of w is ||u||Tv = ||n]l1. It it easy to see that

lellrv < [lullFY - (3)

See e.g. ( )[pp. 2-3] for a proof that B;(Z) and My(Z) are Banach
spaces. Let B(Z) be the Borel o-algebra on Z and let Cy(Z) be the set of all continuous, bounded functions
on Z.

Let w: K — R wg(z) : X — R be defined as

w(z,a) =71(x,a) + c(z,a) (4)
wo(z) = aelgfx) w(z,a). (5)

In order to define linear programs corresponding to the semi-Markov control process, we need the following
assumptions.



Assumption Al. w(z,a) is lower semi-continuous and {a € A(x) : w(z,a) < r} is compact for every
re€X andr € R.

Assumption A2. 7 and c are nonnegative measurable functions.
Assumption A3. w(z,a) > 1 for every (z,a) € K.

Assumption A4. There exists a finite constant k € R such that
[ wowQyls.a) < k- wa.o
X

for every (z,a) € K.

Due to Assumption A1, wg is well defined, the infimum can be replaced by the minimum, and, in addition,
wy is measurable, ( ). Assumption A3 can be relaxed to 7(z,a) + c¢(z,a) > € for every (z,a) € K
and a given € > 0. By Assumption A3, B, (X) is a well defined Banach space, and, by Assumption Al,
M., (X) is a well defined Banach space. Since every lower semi-continuous function is measurable, it follows
from the same two assumptions that M, (K) is a well defined Banach space. Observe also that Assumption A2
implies that 7 € B,,(K) and ¢ € B, (K).

Consider the following primal/dual linear programs on the dual pairs (M, (K), B, (K)), (R x M, (X), R x
By, (X)). The primal problem is

inf/Kc(z,a)u(d(x,a)) (6a)
| e an(dte.a)) =1 (6))
K

w(Bx A)NK) — /K Q(B|z,a)p(d(z,a)) =0 for every B € B(X) (6¢)
1> 0, € My (K) (6d)

and the dual problem reads

sup p (7a)
(2, a)p + u(x) — /X u(y)Q(dylr,a) < c(x,a)  for every (z,a) € K (7b)
pERuEB,(X). (7¢)

We denote by inf(P), sup(D) the optimal value of the primal,dual linear program, respectively.
To see that (6) and (7) is indeed a primal/dual pair consider the following operators. Let Lg : M, (K) —
M., (X) be defined as

(Lo(B) = w(B x )~ [ Q(Ble.aln(ds.)  for every B € B(X)
and let L : M, (K) — R x My, (X) be
Lu= ( / T<x,a>u<d<x,a>>,Lou) |
The adjoint operator L* : R x By, (X) — By, (K) is given by

L*(p,u)(z,a) = 1(x,a)p + u(x) — / u(y)Q(dylx, a)

X



for every (p,u) € R x B, (X) and (z,a) € K. To see that L*(p,u) € B, (K), let (p,u) € R x By, (X). Then

el .
w(,a)
u(z) u(z) .w0($) u(z) .
w(x,a) N wo(l‘) w(m,a) - wo(l‘)‘ < ” Hwo (9)
Lt OB o, Lo DADED 10)

where (8) follows by Assumption A2 and (4), (9) by definition (5), and (10) by Assumption A4. It follows
that the linear operator L is continuous with respect to the weak topology, see e.g.

( )[pp. 35-40], and therefore (7) is a dual linear program to (6). It implies that under Assumptions
A1-A4 we can apply results from ( ).

3.2 Results

A linear program is consistent if it has a feasible solution and it is solvable if there is a feasible solution
that attains the optimal objective value. If (6), (7) is solvable, then we can replace inf,sup in (6a), (7a) by
min, max and we write the corresponding value as min(P), max(D), respectively. In this section we discuss
the relation between the linear programs and the underlying semi-Markov control model and we give no
duality gap and solvability results.

Definition 5. A function g on Z is a strictly unbounded function if there is a nondecreasing sequence of
compact sets Z, T Z such that lim, . inf{g(z)|x ¢ Z,,} = cc.

If Z is compact, then any function is strictly unbounded by considering Z,, = Z for every n. If Z is open
but bounded, then a strictly unbounded function must be discontinuous at the boundary of Z.
We need the following additional assumptions.

Assumption A5. There is a policy ™ and an initial distribution v such that J(w,v) < oo.
Assumption A6. The transition law is weakly continuous.

Assumption A7. 7 is a nonnegative, continuous, bounded function.

Assumption A8. w is strictly unbounded on K.

Note that Assumptions Al and A7 imply that ¢ is lower semi-continuous and Assumption A7 yields
T E (Cb(K)

Next we give some known results that will be used in subsequent sections. The following theorem is
proven in ( ) [pp. 88-89].

Theorem 1. Let p be a probability measure on X x A concentrated on K. Then there exists a stochastic
kernel m on A such that

w(Bx () = /BW(C'LT)[L(dx) for every B € B(X),C € B(4),

where [i(-) = p(- x A) is the marginal of p on X.
Definition 6. A measure p on Z is tight if for each € > 0 there is a compact set C' C Z such that u(Z\C) < e.
The proofs of the following two theorems are given in ( ).

Theorem 2. Let I' be a bounded family of nonnegative measures on Z. Then I' is tight if and only if there
is a strictly unbounded function g > 1 such that sup,,cp J,9dp < oco. If ' is a set of probability measures,
then the condition g > 1 can be relaxed to g > 0.



Theorem 3 (Prohorov). Let I" be a family of probability measures on a Borel space Z. If T is tight, then
for each sequence {p,} in I" there is a subsequence {p,} and a probability measure p such that

/udum—>/udu (11)
z z

for every u € Cy(2).

We say that measures {ji, }m converge weakly to a measure p if (11) holds. We will be repeatedly using
the following corollary.

Corollary 1. Let I" be a family of nonnegative measures on a Borel space Z. Assume that there exists
a constant K < oo such that 0 < [|u|lrv < K. In addition, let there exist a strictly unbounded function
g > 1 such that sup,,cr [, gdu < co. Then for each sequence {u,} in ' there is a subsequence {p,} and a
measure g such that {u,,} converges weakly to p.

Proof. Let {u,} be a sequence in T'.

If liminf,, | g ||Tv = 0, there there exists a subsequence {f, } such that lim,, ||gm|Tv = 0. But then for
any u € Cy(Z) and any m we have | [, udjim| < M|\ ||rv, where |u(s)| < M < oo for any s € Z. Hence
{m} converges weakly to the 0 measure.

Let now liminf,, ||ty ||Tv > 0. Without loss of generality we assume that ||u,||Tv > m > 0 for every n.
Consider the set I of probability measures defined as {u/||p/|7v : € T'}. We have

su d
sup/gdﬂgpﬂerfzg 'u<oo
perJz m

by assumption. Therefore by Theorem 2, T is tight. By Prohorov’s theorem we have that there is a weakly
convergent subsequence {/i, } that converges to a measure fi. There is a subsequence {f,, } of {y,} such that
lim,, ||t ]lTv = Q. Clearly 0 < Q < K. Now for every u € Cy(Z) we have

lim/ud,umzlim (/ Udﬂm'HMmHTv) :Qlim/udﬂm:Q/udﬂ.
m Jz m z m Jz z

Therefore {u,,} converges weakly to p = Qfi. O

3.2.1 Counsistency and Solvability

In this section we give results regarding consistency and solvability of (6) and (7). We first address consis-
tency.

Theorem 4. Assume Assumptions A1-A8 hold. (6) and (7) are consistent, and inf(P) = J*.
The following lemma is proven in ( ) [pp. 225].

Lemma 1. Let {1, } be a sequence of measures on S and p a measure on S such that {u, } converges weakly
to p. If ¢ > 0 is a lower semi-continuous function on S, then

liminf/cdunZ/cdu.
n S S

In addition we need the following lemma.

Lemma 2. If {u,}, converges weakly to u, then for every v € Cy(X) we have

lim vdLo(pn) :/ vdLo(p) .



Proof. We have

Jovazot = [ o (1= [ @) uata) = tim [ o (1= [ Qo) i)
= lim vdLo(pn) =0,

n—oo X
where the first equality follows from the definition of the adjoint operator (see Section 3.1), and the second
equality follows from Assumption A6 and the definition of weak convergence. O

Proof of Theorem /. (7) is consistent by taking p = 0,u = 0.
Next we address consistency of (6). Consider a policy 7 and an initial distribution v such that J(w,v) <
00. For every integer n > 1 let us define the probability measure on K as

|
-

n

pin () = Pl ((2i,0i) € Q) .

S|
Il
=

g

From Assumption A7 it follows that there exists a constant M < oo such that 7(z,a) < M for every
(z,a) € K. Then

n—1 n—1 r n—1 n
/ den — k=0 El/ (w(l'kaak)) _ ]:l:_(iEu (w($kﬂak)) . k=0 EV (T(xkvak)) < (J(Tr’l/) + 1) M < oo,
K n k=0 EZr(T(xkaak)) n

This implies that we can use Corollary 1 since by Assumption A8 w is strictly unbounded and || gy ||Tv = 1.
Let {im }m be a subsequence that convergence weakly to .
Since every p,, is a probability measure, so is u. For a subsequence [ of m we have

dpn, dptm d
J(m,v) = limsup M > lim sup Jycedn = lim Jyc e . (12)
no ST dpn m o i T dpm U [ mdm

In addition, there exists a subsequence k of [ such that

limlinf/ch,ul :hlgl/K cdpy - (13)
It follows from (12) that
d
J(rv) > lim J 03 (14)
k fK Td,uk

By Lemma 1 and (13) we obtain limy, [} cdur > [, ¢dp. Since by Assumption A7 7 € Cy(K), we have that
limy, [ 7dpr = [ Tdp.

We first show that [, 7du > 0. To the contrary, assume that [, 7dp = 0. Note that [, cdup =
Jrewdpr >[5 dur = 1. Let us fix an € > 0. There exists an integer k; such that for every k > ki we have
S T dpr < e. Then for any k > ki it follows

i ¢ dp

>
fKTde -

1
c

Since € is an arbitrarily small number, it follows that limy fK ii’; ’Z = 00, which contradicts (14) and the
X :
assumption that J(m,v) < cc.

We conclude that 0 < [, 7du < M. This in turn implies that

Sy cdpg _ limy, [, cdp S S cdu
fKTduk limkaTduk - fKTdu'

J(m,v) > lilgn



Next we show that p satisfies (6¢). Let X denote the characteristic or the indicator function of a set.
Since for every B € B(X) we have

PJ(z; € B) = EJ(Xp(x:)) = EJ(Q(B|ri-1,a:-1))
and for every k

1 k—1
. @Bl = 3 (@Bl ).

an easy calculation shows that for every k

Pr(xp—1 € B) —v(B)
. .

(B x 4) = [ Q(Ble. i +

Note that the last equality can be rewritten as Lo(ur) = (PJ (k-1 € B) — v(B))/k. By considering v =1
in Lemma 2 and the above equality, we obtain that Lo(u) = 0. Hence p satisfies (6c¢).

Consider now the measure u

J, x Tdp .
Clearly i satisfies (6b) and by the above argument it satisfies (6¢) as well. We also have

o=

d
/wd~ wa ke +fK <1—|—J(7r,1/)<oo
K

Jk7d Jik7d

showing that i € M, (K). Therefore fi is a feasible solution to (6). Note also that [, cdji < J(m,v). Since
7 is an arbitrary policy and v an arbitrary initial probability distribution, it follows that inf(P) < J*.

It remains to be seen that J* < inf(P). Since (6) is feasible, there exists a feasible solution p. If [ cdp =
o0, then there is nothing to prove and therefore we assume that |, x ¢du < oo. Then by Assumption A3 and
feasibility of p, 0 < u(K) < [ wdp =14 [, cdp < oo and therefore ju(K) < oo. By Theorem 1, there
exists a policy m such that

w(B x C)

(X x A) = /B7r(0|x)/](dx) for every B € B(X),C € B(A) . (15)

For any randomized stationary policy m, n > 2, 2 € X, B € B(X), and a measurable function f on K
we denote

fa,m) = /A f(, a)n(dala)
Q(Blz, ) = /A Q(Blx, a)r(dala)

Q" (Bl|x,w) = Pl (xn € B) = /X Q" Y (Bly, 7)Q(dy|x, )
Ql(B|.’t,7T) = Q(B|£E,7T) .

Then we have
7 s )= [ ptamican (16)
K
EX(f(zn.an) / / £y, M)Q™ (dyle, )i(dz) (17)
i(B) = /X Q" (Blz, m)i(dz), (18)



where the first two equalities follow from (15) and aforementioned notation, and the last equality follows by
iteratively applying (6¢). It follows that

o Teedi/p(X x 4)
S = JmB) = fdeu/u(X x A) _/KCd“'

Since p is an arbitrary feasible measure to (6), we conclude that J* < inf(P). O

Next we discuss solvability.
Theorem 5. If Assumptions A1-A8 hold, then (6) is solvable.

Proof. Since (6) is consistent by Theorem 4, for every nonnegative integer n there is a feasible measure p,,
to (6) such that

inf(P) < /K c(x, a)pn(d(z,a)) < inf(P) + % < 00. (19)

Since u,, is feasible to (6) and from (19) it follows that
sy < / wdpy, = / (r+e)dp, =1 —|—/ cdp, <2+ inf(P).
K K K

If we in addition use (3), we get that 0 < ||up|lTv < 2+ inf(P) < oco. By Assumption A8 and since
sup [ ¢ wdpy, is bounded, we can use Corollary 1. Let u,, be a subsequence that converges weakly to a
measure g. We claim that p is an optimal solution to (6).

From Lemma 1 and (19) it follows that [, cdu < inf(P). If 4 is feasible to (6), then this implies that x
is optimal.

Now we show that p is feasible to (6). Since by Assumption A7 7 € Cy(K), it follows

1:/7’dum—>/7d,u
K K

and therefore 7 satisfies (6b). In turns it implies that

IIMIIEVS/ Tdu+/ cdp < 1+ inf(P)
K K

and therefore u € M, (K). Since u,, are feasible, it follows that Lo(u,,) = 0 for every m and in turn we can
apply Lemma 2 with v = 1. Therefore u satisfies (6¢). O

Next we address solvability of (7). A sequence {(pn, un)}n of feasible solutions to (7) is a mazimizing
sequence if lim,, o0 pr, = sup(D).

Theorem 6. Assume that Assumptions A1-A4 hold. If there exists a maximizing sequence {(pn,u,)}n to
(7) such that ||up||w, <7 < oo for a constant r, then (7) is solvable.

Proof. Let p = sup(D) and let us define

u(z) = limsup u, (z) .

n—oo

By assumption ||u|ly, < r and therefore u € B, (X). For every y € X we have |u,(y)| < rwg(y) and by
Assumption A4 [ wo(y)Q(dy|z,a) < kw(z,a) < oo, which justifies using Fatou’s lemma with respect to
Q(-|x,a). Since (pn, un) satisfies (7b), we have that for every (z,a) € K and every n

(@ alpo +un(e) < [ un(0)QUyle.a) + el
X
After taking lim sup, using lim,, p, = p, and applying Fatou’s lemma, we obtain

T(xva)p+U(w)—/Xu(y)Q(dylx,a) <c(w,a).

Therefore (p,u) is a feasible solution to (7) with value sup(D) and therefore it is an optimal solution. O

10



3.2.2 No Duality Gap
In this section we prove that under our assumptions there is no duality gap.
Theorem 7. If Assumptions A1-A8 hold, then sup(D) = inf(P).
Proof. Let
H = {(Lp, [ edpr) s p € MG > 0},

where M} (K) is the set of all nonnegative measures in M,,(K). By a theorem from
( ) [pp. 52], if H is closed in the weak topology of (R x M, (X) x R,R x B, (X) x R), then there is no
duality gap.

To this end, let (D, >) be a directed set and let {q, 7o }aen be a net (see e.g. ( ) for a definition
of directed sets and nets) in M,,(K) x R4 such that

/ Tdpe — Ts (20)
K
/ udLo(pa) — / udu, for every u € Cyp(X)

X b'e

/ cdfia +Ta = ps . (21)
K

By using Corollary 1 we show that there exists a nonnegative measure p € M, (X) and r € Ry such that

Ty = / Tdu (22)
K
vy = Lo(p) (23)

p*:/ cdp + 7y . (24)
K

Since 7, > 0, fK cdpe > 0 and by (21), it follows that fK cdpu are bounded for o > aq for an oy € D.
Therefore by (20) it follows that there exists ay € D, a1 > «ag such that f 1 Wdpi, is bounded and positive
for a > ay. There exists a constant K such that |puq||LY < K for every a > ;. This in turn implies that
Ty < lallEV < K for every oo > ay. We conclude that {4 }a>a, is bounded. By Assumption A8 and
by using Corollary 1 we obtain that there is a subsequence {i, } that converges weakly to a measure p.

Since 7 € Cy(K) by Assumption A7, it immediately follows that r, = fK 7du. Hence we have (22). By
Lemma 1, we have

/wd,ugl—i—liminf/ cdpy, < oo
K m K

and therefore p € M, (K). Using again Lemma 1 and taking lim inf in (21) we get
Px > liminf/ cdpy, + liminfr,, > / cdp .
m K m K

Thus we can define r, = p, — [} cdp > 0 and we obtain (24). By using Lemma 2 we establish (23) and thus
we have shown the theorem. O
3.2.3 Randomized Optimal Policies and Optimality Equation on a Subset of States

In this section we show, under generous assumptions, that there exists a minimum pair and that that the
optimality equation has a solution on a subset of states.

Theorem 8. Assume that Assumptions A1-A8 hold and that (7) is solvable. Let u, (p,u) be an optimal
solution to (6),(7), respectively, and let i be the marginal of g on X. Then

11



(a) J* = p, and there exists a stationary randomized policy 7* and an initial distribution j* such that
(i1*,7*) is a minimum pair, and
J(e77) = p (25)

holds for ji*-almost all z € X,

(b) [complementary slackness| and for p-almost all (z,a) € K we have
a)7" + (o) = clo,) + [ uly)Qaviena). (26)
X

(c) if we denote
S = {x € X : there exists a € A(x) such that (26) holds for (z,a)}, (27)

and
S*=Sn{zeS:ulz) <o},

and we assume S* # (), then there exists a stationary policy f* € IIgp such that

u(z) = min {c(z,a) — 1(x,a)J* + /Xu(y)Q(dy|x,a)}

a€A(x)
= ofz, f*(2)) — 7z (@) + / u(y)Qdylz, f*(x)
X

for every =z € S*.

Proof. We first prove (a). Note that by Theorem 7 we have p = J*. Since 0 < u(X x A) < [, wdp =
14+ J* < oo, we use Theorem 1 for u/u(X x A) to decompose this measure into a policy 7* and initial
distribution i*. It follows from the proof of Theorem 4 that (4*,7*) is a minimum pair. The individual
ergodic theorem, see e.g. ( ), yields (25).

Next we prove (b). Let ¢ be a measurable function defined by

7(z,a)J" + u(z) + q(x, a) = c(z, a) +/Xu(y)Q(dylw,a)~ (29)

Since (p,u) is feasible to (7), ¢ > 0 for every (x,a) € K. After integrating (29) with respect to u we obtain

J*+/ udu+/ qdu:/ cdu+/ udy, (30)
K K K K

where we have used that p satisfies (6b) and from (6¢) it follows

[ wmeute.apuae.a) = [ udp.

Since y, (p,u) are optimal for the primal,dual linear programs, respectively, it follows J* = [  ¢du. This
together with

| / wdp] < Klullug / wdpt = K[ty (11 J*) < o0
K K

and (30) yields [, ¢gdu = 0. Since ¢ is nonnegative, we get that q(z,a) = 0 for p-almost all (x,a), which
completes the proof of the first statement.

It remains to show the last statement. For every = € S let A(z) be the set of all a € A(x) such that (x,a)
satisfies (26). Note that by definition A(x) # 0. After integrating (26) with respect to 7*(da|r) we obtain

u(z) = /(I) {c(a@a) + /Xu(y)Q(dy|;v,a) —7(x,a)J" | 7*(dalz) .

A
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Since u(x) < oo for x € S* it follows from the measurable selection theorem of Blackwell and Ryll-
Nardzewski, see e.g. ( ) [pp. 255], that there exists a stationary deterministic
policy f* such that

{c(m,a) —|—/Xu(y)Q(dy\J;,a) —7(z,a)J*| 7*(dalx)

A(x)
> ez, f*(x)) + /X u(y)Qdylz, £ (x)) — 7, £(2))J"

The other inequality follows from feasibility of u to (7). This establishes the second part. O

4 Dirac’s Transition Laws
Next we study Dirac’s kernels. Note that in this case Assumption A4 is equivalent to
wo(s(z,a)) < kw(z,a)

for every (z,a) € K and Assumption A6 requires s to be continuous. Under a Dirac’s transition kernel the
corresponding primal linear program is

inf/K c(z,a)pu(d(z, a)) (31a)

/KT(J:,a)u(d(x,a)) =1 (31b)

p(Bx A)NK)—pu({(z,a) € K : s(x,a) € B}) =0 for every B € B(X) (31c)
w>0,ue M, (K) (31d)

and the corresponding dual problem reads

sup p (32a)
T(z,a)p + u(z) — u(s(z,a)) < c(z,a) for every (z,a) € K (32b)
pER u€eB, (X). (32¢)

By using a stronger version of Theorem 8 and a more stringent assumption we show the existence of a
deterministic stationary optimal policies for all the states.

Assumption A9. There exist constants C' < 0o, I' < 0o such that for every measurable subset S C X there
is a measurable function f : X \ S — A with the property that for every ' € X \ S there exists a finite
integer N and a set of states xg,1,...,TN with

o 1y =2,

e a, = f(zn) € A(x,,) for everyn=0,...,N —1,
® 2,11 = 8(Tpn,an) for everyn=0,...,N —1,

e zy €S,

27127;01 (Tp,an) < C, and

. Zg:_ol T(Tp,an) <T.

This assumption requires that any two states communicate (select S to be a single state) and the cost
and the time of the path between any two states must be uniformly upper bounded.

For Dirac’s kernels, we can strengthen Theorem 8 by showing that there exists an optimal policy whose
sample path satisfies the average cost optimality equation.
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Theorem 9. Assume that Assumptions A1-A8 hold and that (32) is solvable with (p,u) being an optimal
solution. Furthermore, assume that there exists a constant N such that N > u(z) > —N for every = € X.
Then there exists a stationary deterministic policy f* € Ilgp and a non empty set L C X such that the
average cost optimality equation (2) holds for every € L and

J(x) = J(f"z)=J"
for every z € L, i.e. f* is an optimal stationary deterministic policy for all z € L.
The following lemma holds for general kernels.
Lemma 3. If Assumption A3 holds and J(m,v) < oo for a policy m and initial distribution v, then
limy, oo Y iy ' ET(7(x4,a5)) = o0.
Proof. Suppose that 0 < lim, o Y1y ! E7(7(x,a;)) < oo. Then there is a constant K > 0 such that

n—1

Z Ej(r(zi,a:)) < K

=0

for every n. By assumption we have

E7(Yhzo clan, ax)) EJ(Yhco w(zk, ar))

J(mv) = limsup 1 = limsup = -1<o0.
n—oo ET(3 020 T(k,ar))  n—oe EF(C.I, (o, ar))
From Assumption A3 we obtain
oo >1+J(mv) > limsupﬁ =00,
n K
which is a contradiction. O

Proof of Theorem 9. We use the same notation as in the proof of Theorem 8. We first show that there
exists a trajectory, whose state-action pairs satisfy the optimality equation. For any w € € let us define
r(w) =Yoo, q(z;,a;). Since u is dual feasible, we clearly have r > 0. In addition, let r,(w) = > 1| q(@i, a;).

We note that r1 <1y <rg <... and for any w € Q we have lim,,_,, r,(w) = r(w).
Next we show that for every n we have
/ (W) P (dw) = 0. (33)
weN

We show this by induction. We first note that from (16), (18), and complementary slackness for every n it

follows
_ f/fj(‘?)“ . / ii(dz) / / oy, 7)Q" (dy|z, T)ji(de) (34)

For n = 1 we have

[ s = Egtatnon = [ st i s =0,

where the second equality follows from (17) and the last one from (34). Assume now that (33) holds for
n — 1. Then

/ (@) P (dw) = / (Faet () + q(n; @) PE (dw)

weN weN
- / PRCEBLACE (35)
= B} (q¢(wn,an)) / / q(y, ))Q" (dy|z, m)ji(dx) =0, (36)
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where (35) holds by the induction assumption and (36) follows from (17) and (34). Thus we have shown
(33) for every n.
By the monotone convergence theorem it follows that

/EQ 7(w)Pf (dw) = lim T (w)Pf (dw) = 0.

Hence there exists w such that r(w) = 0, i.e. there is a trajectory that satisfies the optimality equation.

Let L be the set of all © € X with the property that there exists a trajectory w with zy = z and r(w) = 0.
For every x € L let A(x) = {a € A(z) : q(x,a) = 0,s(x,a) € L}. By definition of L, it follows that A(z) # 0.
Now we use the measurable selection theorem of Blackwell and Ryll-Nardzewski as in the proof of Theorem 8.
We obtain a stationary deterministic policy f* satisfying

u(@) = c(z, [*(z)) = (2, [*(2))J" + u(s(z, [*(2))) (37)

and such that ¢(z, f*(z)) = 0 for every # € L. In other words, for every z € L we have s(z, f*(z)) € L and
(37) holds.
Let now z € L. Then by iteratively applying (37) for every n it follows that

gr = Zico cloof @) | ulwn) —ula)
o T(@i f*(i) Do (@i, f*(@0)

If 7(z4, f*(x;)) = 0 for every ¢, then

1
0= ‘ c(@s, f*(x3)) + u(zn) — u(x)

n

-
Il
=]

and in turn by Assumption A3

|
—

0= w(xq, [ (x5)) +ulzy) —u(z) > n+u(x,) —ul(z) .

i

I
o

This can be rewritten as u(z,) < —n + u(z). As n tends to infinity, this yields a contradiction since by
assumption u is lower bounded.

We conclude that there exists ¢ such that 7(zj, f*(x;)) > 0. For n > i, {Z?:_Ol T(z, f*(x))}n is a
nondecreasing sequence of positive values and it is therefore bounded away from 0. This in turn implies by
taking limsup in (38) and considering u is bounded that J(f*,2) < co. As n goes to infinity, the second
term goes to 0 since u is bounded in X and Lemma 3. Therefore J* = J(f*,z) = J(z). O

Under the conditions stated in Theorem 9, clearly the conclusions of Theorem 8 hold. Before proving
the main result, we need two additional statements.

Proposition 1. Let Z € X be a fixed state. If Assumption A9 holds and if u is feasible to (32), then there
exists a constant M such that —M < u(x) — u(Z) < M for every z € X.

Proof. Consider x € X and let (u, p) be a feasible solution to (32). Then by Assumption A9 with 2’ = z
and S = {Z} there is a sequence of state-action pairs (z;,a;),a; € A(x;) for i = 0,1,..., N — 1 such that
o = x,xy = Z. By iteratively using (32b) for z;,i =0,1,..., N — 1 and then summing up the inequalities
we obtain that

N—-1 N-—1
(@) < Y elana) —p Y 7(@ia) +u(@) < C+ o] T +u(@) < C+ J* T +u(z).
=0 1=
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On the other hand, again by Assumption A9 there exists a sequence of state-action pairs (z;,a;),a; €

A(z;) for i =0,1,..., N with zyp = Z and zy = z. Similarly as above we obtain
N—1 N—1
u(i)SZcx“az _PZTffwaz )<C+|p| F+u()§C—|—J*F—|—u(x)
i=0 1=0
This completes the proof by taking M = C + J* - T. O

We are now ready to prove solvability of (32).
Corollary 2. Under Assumptions A1-A4 and Assumption A9, (32) is solvable.

Proof. Let {pn, tn }» be a maximizing sequence. Note that if (p, u) is feasible to (32), then for every r € R the
pair (p,u—r) is feasible as well. Therefore {p,, @y}, is & maximizing sequence as well, where i, = t, —u,(Z)
and T € X is a fixed state. By Proposition 1 4, are bounded since 4, (Z) = 0. By Theorem 6, we get that
(32) is solvable. O

We summarize the linear programming results in the following proposition.

Theorem 10. Assume that Assumptions A1-A9 hold. The problems (31) and (32) are consistent, solvable,
and there is no duality gap. There exists a nonempty set L C X, a deterministic stationary policy f*, and
a function u € B,,, (X) such that the average cost optimality equation

u(z) = min {c(z,a) — J*7(x,a) + u(s(z,a))}
a€A(x) (39)
= clz, [*(x)) = J'r(z, [* (@) + uls(z, [*(2)))A)

holds for every « € L and s(z, f*(x)) € L for every x € L. In addition, for every x € L, f* is the optimal
policy and
for every z € L.

Proof. The first statement has already been proven. The last statement follows from Theorem 9 and Corol-
lary 2. O

We are now ready to state the main result in the Dirac’s case.

Theorem 11. Under Assumptions A1-A9, for every g = =z € X there exists an optimal deterministic
stationary policy f*. For every z € X we have J(z) = J(f*,z) = J*.

Proof. Let L and f* be as in Theorem 10 and let f be as in Assumption A9 with respect to this particular
L. Consider the deterministic stationary policy f defined for any x € X as

) — flz) xzeX\L
/(@) {f*(a:) rxel.

We claim that the value of this policy is J* for any xg = x € X, which shows the statement.

Let xg = x € X be an initial state. By Assumption A9 pohcy f leads in at most N steps to a state in
L and then the policy follows f*. Tt is clear that > o, 7(zk, f(zx)) > 0 and therefore J(f,z) < co. By
Lemma 3 it follows that

ZT (zk, f =00. (40)
k=0
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For any n > N we have

o cla f@) _ . Tio (el () = T*7(w, flar))
Shco (@, f (k) S (ks flan)
o (el Flan)) = I (o, F@n)) +u(@) — u(z)

Sio Tk, flak)

—J

2M
ko (@ f(@n)

where M is as in Proposition 1. (41) follows since for z,k > N we have c(xk,f(xk)) — J*7r(xg, f(zr)) =
c(xg, f*(xr)) — J*1(xk, [*(21)) = u(xg) — u(xgy1) by using (39).

Taking the limsup over n on both sides and considering (40) we obtain J( 1, x) < J*, which completes
the proof. O

<J+
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