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Abstract

Constrained Markov decision processes (MDPs) are MDPs optimizing an objective function
while satisfying additional constraints. We study a class of infinite-horizon constrained MDPs
with nonstationary problem data, finite state space, and discounted cost criterion. This problem
can equivalently be formulated as a countably infinite linear program (CILP), i.e., a linear
program (LP) with a countably infinite number of variables and constraints. Unlike finite LPs,
CILPs can fail to satisfy useful theoretical properties such as duality, and to date there does
not exist a general solution method for such problems. Specifically, the characterization of
extreme points as basic feasible solutions in finite LPs does not extend to general CILPs. In
this paper, we provide duality results and a complete characterization of extreme points of the
CILP formulation of constrained nonstationary MDPs with finite state space, and illustrate the
characterization for special cases. As a corollary, we obtain the existence of a K-randomized
optimal policy, where K is the number of constraints.

1 Introduction

For the last couple of decades, growing attention has been given to solving constrained Markov
decision processes (MDPs). Constrained MDPs are MDPs optimizing an objective function while
satisfying constraints, typically on budget, quality, and so on. In addition, decision making problems
with multiple criteria are often approached by optimizing one criterion while satisfying constraints
on the other criteria, which also turns into a constrained MDP. Such problems often arise in
data communications. In queueing systems with service rate control, the average throughput is
maximized with constraints on the average delay [13, 15]. Priority queueing systems with a fixed
service rate are another example [4, 16, 19]. Here, one optimizes the queueing time of noninteractive
traffic while satisfying a constraint on the average end-to-end delay of interactive traffic. For these
problems, [20] considered a case where service rate costs and penalty costs of delay are actually
incurred in discrete time periods and it is desired to minimize the discounted service rate cost with
constraints on the discounted delay cost. Facility maintenance is another type of problems modeled
by constrained MDPs. [11] considered finding an optimal maintenance policy for each mile of a
network of highways and [22] studied a building management problem. In the models for these
problems, the total cost is minimized subject to constraints on quality of facilities.

In this paper we study an infinite-horizon constrained MDP minimizing the discounted cost criterion
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with nonstationary problem data and finite state space, which we call constrained nonstationary
MDP with finite state space. Constrained nonstationary MDP with finite state space is obtained
from a constrained stationary MDP with finite state space by dropping the stationary data assump-
tion which often does not hold in practice. It is also well-known that constrained nonstationary
MDPs with finite state space form a subclass of constrained MDPs with stationary data and count-
ably infinite number of states. Constrained nonstationary MDP with finite state space has an
equivalent LP formulation and the LP has countably infinite number of variables and countably
infinite number of constraints [3], which we call countably infinite linear program (CILP). Unlike
finite LPs, CILPs lack a general solution method and may fail useful theoretical properties such
as duality, which make them hard to analyze [5]. By Bauer’s Maximum Principle [1], for finite
LPs the minimum is achieved at an extreme point, and often for CILPs as well. For finite LPs, a
feasible solution is an extreme point if and only if it is a basic solution. This equivalency translates
the geometric concept of an extreme point to the algebraic object of a basic solution. However,
such an algebraic characterization of extreme points does not extend to CILPs [9]. In this paper
we provide algebraic necessary conditions for a feasible solution of the CILP formulation of con-
strained nonstationary MDP with finite state space to be an extreme point of its feasible region.
Using those necessary conditions, we also establish a necessary and sufficient condition for a feasible
solution to be an extreme point that can be checked in a finite dimensional polyhedron with which
we are familiar. This is a complete characterization of extreme points for a class of CILPs repre-
senting constrained nonstationary MDPs with finite state space. [10] recently studied the CILP
representation of unconstrained nonstationary MDPs with finite state space and established duality
results and algebraic characterization of extreme points. They also developed a simplex algorithm
for the CILP and showed that it achieved optimality at the limit. For the CILP representation of
constrained nonstationary MDPs with finite state space, we introduce the duality results proven
in [3], define complementary slackness, and establish its relation to optimality. Thus, this report
sets important foundations for developing a simplex-type algorithm for constrained nonstationary
MDPs with finite state space.

Under typical settings for constrained MDPs, there exists a stationary optimal policy but a deter-
ministic stationary optimal policy may not exist [8]. Thus, a pursued goal in literature is proving
existence of an optimal policy that is as close to deterministic as possible, that is, the existence of
K-randomized optimal policy, where K is the number of constraints and a policy is K-randomized
if it uses K “more” actions than a deterministic stationary policy (for a more precise definition,
see Section 4). It is well-known that extreme points of the LP formulation of unconstrained MDPs
with finite number of states correspond to deterministic policies. Now consider a constrained MDP
obtained by adding linear constraints to an unconstrained MDP. Then, an extreme points of the
LP formulation of the constrained MDP is a convex combination of extreme points of the uncon-
strained MDP, i.e., deterministic policies, and this explains how the randomization is introduced.
For constrained stationary MDPs with finite state space, there exists a K-randomized optimal pol-
icy and it can be found by obtaining an optimal basic feasible solution of their equivalent finite LP
formulation [12, 14, 18]. For constrained stationary MDPs with countably infinite number of states,
a K-randomized optimal policy is proven to exist for single constraint case in [20] using Lagrangian
multiplier approach and general case in [7] by studying the Pareto frontier of the performance set.
We obtain the existence of K-randomized optimal policy for constrained nonstationary MDPs as
a byproduct of characterizing extreme points of their CILP formulation.



2 Problem Formulation

Consider a dynamic system operating in discrete time periods on a finite state space. In periods
n € N, the system is observed in a state s € S and an action a € A is chosen, where |S| = S and
|A| = A are both finite. After multiple kinds of costs, c,(s,a) and d&(s,a) for k = 1,2,..., K are
incurred where K is a finite integer, the system makes a transition to be observed in a state s’ at the
beginning of period n+ 1, with probability p,(s’|s,a). This process continues indefinitely. The costs
are assumed to be nonnegative and uniformly bounded, i.e., there exist ¢ and d* for k =1,2,..., K
such that 0 < ¢,(s,a) < ¢, 0 < df(s,a) < d* forn € N;s € S,a € Aand k =1,2,...,K. The
goal is to minimize the expected discounted “c-cost” satisfying K constraints on the expected
discounted “d*-costs” for k = 1,2,..., K, with a common discount factor 0 < o < 1. A policy 7
is a sequence m = {7, m2,...}, where m, is a probability measure over A conditioned on the whole
history of states and actions before period n plus the current state at the beginning of period n.
Given an initial state distribution 3, each policy 7 induces a probability measure Pg on which the
state process {S,}22; and the action process {A,}2°; are defined. The corresponding expectation
operator is denoted as Eg Let

o

C(B,m) £ EF[Y " len(Sn, An)]
n=1

Dk EF[Y a" ' di(Sn, An)] for k=1,2,... K,
n=1

and let IT £ {r|D*(3,7) < V} for k = 1,2,...,K}. The optimization problem at hand can be
written as

(Q) minC(3, ).

mell

It was shown that optimal policy for constrained MDP (@) may depend on the initial state [8],
thus (Q) is formulated with a fixed initial state distribution 8. This problem can be viewed as a
constrained stationary MDP with countable number of states by appending the states s € S with
time-indices n € N. For constrained stationary MDPs, it was shown in [3] that, without loss of
optimality, we can restrict attention to Markov policies. In the stationary MDP counterpart of
constrained nonstationary MDPs with finite state space, a Markov policy is also stationary because
each period-state pair is visited only once. Moreover, any stationary policy in the stationary
MDP counterpart corresponds to a Markov policy in the original constrained nonstationary MDP
with finite state space, and thus, we can restrict our attention to Markov policies for constrained
nonstationary MDPs with finite state space.



It was proven that (@) has an equivalent CILP formulation [2, 3], which can be written as:

(P) min f(z) = Z Z Z " en(s,a)zn(s, a) (1)

neN seS ac A

s.t. Z z1(s,a) = B(s) for s € S (2)
acA
Z Tn(s,a) — Z an_l(s|s’,a)xn_1(s’,a) =0forneN\{l},seS (3)
acA s'eSacA
Z Z Z o Yk (s, a)zn(s,a) < Vi for k=1,2,..., K (4)
neN seS acA
x> 0. (5)

We call the constraints (2) and (3) the flow balance constraints. Let P be the feasible region of
(P). (2) and (3) imply that for x € P,

Zz$n(s,a) =1forneN. (6)

s€S acA

Since z is nonnegative, we have 0 < x,(s,a) < 1forn € N,s € §,a € A. Because all objective and
constraint cost functions are uniformly bounded, the infinite sums in (1) and (4) exist.

Let a hypernetwork be defined as a network in which edges can connect any number of nodes.
Then we can view (P) as a minimum cost flow problem with constraints in a staged hypernetwork
with countably infinite number of stages and the same finite number of nodes in each stage. In the
hypernetwork, each period-state pair (n, s) corresponds to a node and each action a at node (n, s)
to a hyperarc which we denote as (n, s,a), and x,(s,a) is the amount of flow in the hyperarc. For
s’ € § such that p,(s'|s,a) > 0, the flow from node (n, s) to node (n+ 1, s") through the hyperarc
(n,s,a) is pp(s'|s,a)x,(s,a).

Notice that for a given policy 7, there may be some node (n,s) such that PF{S, = s} = 0. For
those nodes, it does not matter which actions are chosen for the purpose of solving (P). Thus,
we do not distinguish those policies that differ only at those nodes with zero probability. Under
the above convention, there exists a one-to-one correspondence between the set of policies and the
set of nonnegative x satisfying the flow balance constraints. We refer to a nonnegative solution
x satisfying the flow balance constraints as a hyperarc frequency. Note that for a policy © and
the resulting hyperarc frequency x, z,(s,a) can be interpreted as the probability of encountering
hyperarc (n,s,a) under policy 7 for the given initial state distribution §. There also exists an
obvious one-to-one correspondence between P and II. We refer to a (feasible) policy and the
corresponding (feasible) hyperarc frequency interchangeably.

Theorem 2.1 If (P) is feasible, then it has an extreme point optimal solution.

Proof: It is easy to show that P is a closed and convex subset of R*. By Tychonoff’s product
theorem (see [1]) and (6), P is a subset of a compact set and thus, it is compact. Since the objective
function is continuous and convex, by Bauer’s Maximum Principle [1], (P) has an extreme point
optimal solution. O



3 Duality Results

In this section, we define the dual of (P), introduce strong duality result, define complementary
slackness, and prove its relation to optimality. We define the dual of (P) as

K
(D) max g(y, 1) = > _ B(s)yi(s) = > Viw (7)
k=1

s€S
K
s.t. yn<3> - an(sl\s,a)ynﬂ(s/) - an—l ZdI:L(Saa)Mk < an_lcn(‘s?a)
s'eS k=1
forneN/seS,ac A (8)
n>0 9)
yey, (10)

where Y is the subspace of all sequences y = {y,(s)} indexed by (n,s) € NxS such that there exists
7, that satisfies |y, (s)| < a7, for all (n,s) € N x S. This formulation is more restrictive than
the LP formulation of constrained MDPs given in [3] (Theorem 9.11) since (D) has the additional
constraint (10). However, we make the following assumption which is also known as the Slater’s
condition, and it is easy to show that under the assumption the constraint (10) does not exclude
an optimal solution of our interest. Note that this assumption is necessary only for the results in
this section.

Assumption 1 (The Slater’s condition) (P) has a strict feasible solution, i.e., there exists a fea-
sible solution x to (P) that satisfies all of the inequality constraints (4) strictly.

To see that adding (10) does not exclude an optimal solution, consider the CILP obtained from
(D) by removing the constraint (10). [3] shows that under the Slater’s condition, there exists u*
that achieves optimality of the CILP with some y* . If we fix 4 = p* in (D), then it is equivalent
to the CILP formulation of an unconstrained MDP. Then, y* is the cost-to-go vector of an optimal
policy of the unconstrained MDP and we can easily prove that y* satisfies (10). Therefore, the
constraint (10) does not rule out the optimal solution of our interest.

Note that we can derive (D) except (10) by applying the rules obtaining dual of finite LPs to
(P). In general, if we apply the rules to CILPs, then the “dual” may not satisfy weak duality
[17]. However, [3] showed that strong duality holds between primal and dual CILP formulation
of constrained MDPs with countably infinite number of states, which also implies strong duality
between (P) and (D).

Theorem 3.1 (Theorem 9.11 of [3]) The optimal objective function values of (P) and (D) coincide.

We now define complementary slackness of (P) and (D) and show that feasible solutions of (P)
and (D) are optimal to their corresponding problems if and only if they satisfy the complementary
slackness. Under the Slater’s condition, [3] showed necessity of complementary slackness for opti-
mality by using the concept of occupation measure and the interpretation of constrained MDPs as
an inf-sup problem with Lagrangian multipliers. We provide an alternative proof for necessity, and
moreover, establish sufficiency of complementary slackness for optimality.

Definition 3.2 (Complementary slackness) Suppose x is feasible to (P). Then we say that x and



(y, 1) satisfy complementary slackness if

ZTn(s,a) [a”_l(cn(s, a) + Z dﬁ(s, a),uk) —yn(s) + Z pn(s'|s, a)ynﬂ(s')] =0forneN,se€S,ac A,
k=1 s'eS

k[ Vie — Z Z Z a"tdE (s, a)zn(s,a)] =0 fork=1,2,..., K. (12)

neN seS ae A

Theorem 3.3 (Complementary slackness sufficiency) Suppose x is feasible to (P) and satisfies
complementary slackness with some (y, ). Then f(x) = g(y,p). If (y, n) is feasible to (D), then x
and (y, p) are optimal to (P) and (D), respectively.

Proof: From the complementary slackness condition (11), we have

K

"Ly (s, a)rn(s, a) an 'Is, @)yn+1(s"))zn(s, a) — a”_l(Zdﬁ(s,a)uk)xn(s,a)

s'eS k=1

for n € N,s € S,a € A. By summing up both sides for n = 1,2,...,N, s € S,a € A, we
obtain

ZZZ@ n(s,a)cn (s, a)

n=1 seS acA
K N
Z ST (1a(s) = 3 pals 15 gt ())aals.a) = S e S 0" ST ST dh (s, a)an(s, a).
n=1seS acA s'eS k=1 n=1 s€S acA
(13)
We simplify the first sum of the right hand side as follows:
N
DX (wals) = D pals'ls, )yns1(s)) (s, a)
n=1seS acA s'eS
N
553 ST LRI ) SURHIH p) pERCITIIANS
n=1 se8S acA n=1s'eS se€ES acA
N
Y D ls0) - 3 X ) Y.
n=1seS acA n=1seS acA
=2 0(8) 2 wi(s,a) = 3 yna(s) Y ona(s,a)
seS acA s€S aceA
= B()yi(s) = Y _ynt1(s) D wnti(s,a) (14)
seS seS acA
By substituting (14) into (13), we have
33T o oo
n=1seS acA
K N
= Bs)yls) = > _ynt1(s) > anyals,a) = > ey " PN " di(s,a)an(s,a).  (15)
s€S s€S acA k=1 =1 seS aceA



The second term above goes to zero as N increases, because
—Sa¥y Ty < E yn+1(s E rnt+1(s,a) < SaN Ty.
s€S acA

By the second condition (12) of complementary slackness, for k =1,2,..., K,

N
i Zan_l Z Z d¥ (s, a)zn(s,a) = Vi as N — oco.

n=1 s€SacA

Thus, taking N — oo on both sides of (15) gives f(x) = g(y,u). The second statement of the
theorem follows by weak duality. 0

Theorem 3.4 (Complementary slackness necessity) Suppose x and (y,p) are optimal to (P) and
(D), respectively. Then the complementary slackness conditions hold.

Proof: We have z,,(s,a) > 0 and o~ *(cp (s, a)+> 5 di (s, a)pe) = Yn(8) = ges Pn(s']s, a)yns1(s')
for all n € N;s € §,a € A. Thus, the left hand side of the first condition (11) of complementary
slackness is nonnegative for n € N, s € S,a € A. By summing up the left hand side of (11) for
n=12,...,N,s €S8, and a € A, we obtain

N K
S Y wulsa) [0 (eals, @) + 3 di(s, i) — yals) + 3 pals'ls, @y (s)]

0<
n=1scS acA k=1 s'eS
N
:ZZZ@ saaznsa—l—ZukZZdesaxnsa)
n=1seS acA k=1 n=1seS acA
N
- Z Z Z [yn(s) - Z pn(5/|57a)yn+1(5/)] Ql‘n(S, (I)
n=1seS acA s'eS
N
:ZZZQ" Le, (s,a)zn(s,a —i—ZukZZde $,a)Tn(s,a)
n=1seS ac A k=1 n=1scS acA
—Zﬂ s)y1(s +ZyN+1 ZJTNHSCL
seS SES acA

where we used (14) to get the last equality. By taking N — oo,

K
0< lim ZZ an (s,a)[a" ! (en(s,a) + Zdﬁ(s,a)uk) —yn(s) + an(3’|s,a)yn+1(s’)}

n 1seS ae.A k=1 s'eS

+ZVk“k—Zﬁ s)y1(s) = f(z) — g(y, 1) = 0,

seS

owing to strong duality. This shows that the sum of the left hand side of (11) equals zero. However,
we know the left hand side of (11) for n € N, s € S, a € A is nonnegative, and thus, each of them
equals zero. Therefore, (11) holds.

We now prove (12). We have pj > 0 and

Vi > Z Z Z an_ldﬁ(s, a)xn(s,a)

neN seS ac A



for k =1,2,..., K since z is feasible to (P). Therefore, the left hand side of (12) is nonnegative
for k =1,2,..., K. By summing up the left hand side of (12) for k =1,2,..., K, we obtain

K
0< Zuk Vk—ZZZa” Lk (s, a) (s, a)]
k=1

neN seS ac A
:Z s)yi(s ZZZ@"I (s,a)xn(s,a) ZM‘;ZZZO‘” Yk (s,a)x, (s, a)
seS neN seS ac A = neN seS ac A
(16)
N K
- hm Zﬁ yl ZZZO‘ CTL s a) +dez(s7a)uk)$n(s7a)] (17)
seS n=1seS acA k=1
N
< hm Z B yl Z Z (yn(s) - Z pn(3/|87 a)ynJrl(S,))xn(Sv a)] (18)
seS n=1seS a€ s'eS
= Jim ZZUN+1 )Y ana(s,a) (19)
sGS acA
=0

where the equality (16) is strong duality; (17) is rearrangement of sums; the inequality (18) is the
constraint (8) of (D); and (19) is due to (14). Therefore, (12) holds. Consequently, the comple-
mentary slackness is shown. O

4 Splitting Randomized Policies

One of the main objectives in this paper is to study extreme points of (P), the LP formulation of
constrained nonstationary MDPs. The definition of an extreme point of a convex set is a point
in the set that cannot be represented as a non-trivial convex combination of other points in the
set. This section presents some preliminary results in the form of two different representations
of a randomized policy as a convex combination of other policies, which will help us identify
characteristics of extreme points. (Note, however, that the results in this section are not limited
to constrained MDPs.) The first one represents a randomized policy as a convex combination of
deterministic policies, a well-known one in literature. It will be needed in Section 6 to present
a necessary and sufficient condition for a feasible solution of (P) to be an extreme point. The
second one is needed in Section 5 to provide necessary conditions for an extreme point and has
some specific characteristics required for that purpose.

We first introduce some definitions which will be helpful in describing these representations. We
define a submodel of the MDP to be an MDP that is identical to the original one in all respects
except that the action sets are limited to B,(s) C A for n € N,s € §. For a given policy z, we
also define a submodel defined by x as a submodel such that B,(s) = {a € A | z,(s,a) > 0} for
n € N,s € S. For a submodel B, we call the number M =3 > s(|Bn(s)| —1) as the index of
the submodel. A randomized policy that belongs to a submodel B with index M can be interpreted
as using at most M “more” actions than a deterministic policy. Recall that in each period of the
original MDP, there are S states and each state has A action choices. Thus, in each period a policy
can use up to |S|(|A| — 1) “more” actions than a deterministic policy.



Definition 4.1 A randomized policy that belongs to a submodel with index M is called an M-
randomized policy. An M -randomized policy that does not belong to any submodel with index less
than M is called an exactly M-randomized policy. A randomized policy that does not belong to
any submodel with a finite index is called an oo-randomized policy.

4.1 Splitting into deterministic policies

It has been shown that for a finite positive integer M, any M-randomized policy can be represented
as a convex combination of M + 1 deterministic policies [7].

Lemma 4.2 (cf. Theorem 5.1 in [7]) For any finite positive integer M, any exactly M -randomized
policy is a convex combination of M + 1 0-randomized (i.e., deterministic) policies.

In addition, it was recently shown that for any finite positive integer M, it is possible to represent a
M-randomized policy as a convex combination of M + 1 deterministic policies that can be ordered
so that each pair of consecutive policies differ at only one period-state pair [6]. They also provided
an efficient algorithm to find the convex combination of deterministic policies.

Consider an exactly M-randomized policy = for a finite positive integer M. We introduce a set
A(z) which plays an important role in the necessary and sufficient condition for an extreme point
which will be presented in Section 6. Let B be the submodel defined by x. Since M is finite, the
number of deterministic policies in the submodel B is also finite, say N. Let 2,22, ..., 2" be these
deterministic policies. Let

N N
A(;v):{)\ERN|xzz>\imi,z>\i:1,>\20}. (20)

i=1 =1

That is, A(z) is the set of nonnegative weights by which convex combination of x',22%,... 2

becomes x.
In (20), the definition of A(x) is given by an infinite number of linear equations, but in fact, we
can represent A(z) by a finite number of linear equations as shown by the next theorem.

Theorem 4.3 Let x be an exactly M-randomized policy and N be the number of deterministic
policies in the submodel defined by x. Then there exists a matriz A = RM*N and b € RM such that

Alx)={)€ RY | AX=0b,1TX = 1,\ > 0}, and the matriz [A

14 has a full row rank.

Proof: For simplicity of illustration, we prove this theorem under an assumption that x does not
allow any node that has zero incoming flow. The presented proof can be easily extended to the
general case but it would detract us from the key idea.

Let (ni1,s1), (n2,82), ..., (nm, sm) be the period-state pairs at which z randomizes and suppose
that they are ordered so that the period index is nondecreasing. For ¢ = 1,2,...,m, assume that
o randomizes over a!, a2, ... abli at (n;, s;). We have Y.7" (I; —1) = M and [[}",l; = N. Let
AO(z) = {A € RN | 17X = 1,) > 0}. Since = does not randomize in periods 1 to n; — 1, the
policies z!,z2,..., 2" does not randomize in those periods. Consequently, for any \ € AO(x),
sz\i L Aiz' and x are the same in periods 1 to ny — 1. This implies that they also have the same
flow on hyperarcs from the period-state pairs in period ny where z does not randomize. Let
Al(z) = {A e RV | sz\il ah (51,0 )N =z, (s1,aM1), 17X = 1,A > 0}. Then, for any X € Al(z),
Zf\il Xiz® and z coincide in periods 1 to ny — 1 and on those hyperarcs from the period-state
pairs in period ny where z does not randomize. Moreover, in period n1, they have the same flow



on hyperarc (ny,si,a>!). Let Ab=1(z) = {X € RV | Zfil ah (s1,aM)N; = @y, (s1,a"9) for j =
1,2,...,01 — 1,17\ = 1,A > 0}. For any A € Ah—1(2), Zfil \iz® and z coincide in periods
1 to n; — 1 and on those hyperarcs from the period-state pairs in period n; where x does not
randomize, and additionally in period ni, they have the same flow on hyperarc (ni,s1,a'”) for
j=1,2,...,1; — 1. Then, they also have the same flow on hyperarc (n, s;,a""), and thus, they
coincide on all hyperarcs from (nq1, s1). Note that x randomizes over [ actions at (n1,s1) and we
added I; — 1 equations to obtain A"~!(z) from A%(x).

We can apply the same procedure to the other period-state pairs (ng, s2), (n3,83), ..., (Nm, Snm), in
the order of nondecreasing period index. Then we obtain AM(x) such that for any A € AM(x),
Zij\il \iz® and x coincide in periods 1 to m,, — 1 (which implies that they also have the same
flow on all hyperarcs from any period-state pair in period n,, where z does not randomize), and
additionally in period n,,, they have the same flow on all hyperarcs from any period-state pair where
 randomizes. Thus, for any A € AM(z), "N | \;z? and 2 coincide. We showed that AM (z) C A(z).
We can easily show that any A\ € A(z) satisfies all of the equalities that define AM (x). Therefore,
we showed AM (z) = A(z).

AM () has M + 1 equality constraints for A and let A be the coefficient matrix of the M equalities
added to obtain AM(x) from A°(z). Then, it is also easy to prove that the rows of the matrix

[ 14 are linearly independent. To see this, let us introduce some notations. The determinis-

tic policies z',22,..., 2" in the submodel B defined by z differ only at the period-state pairs

(n1,51), (n2,52), ..., (Nm, $m) and the submodel allows only the actions a®>!,a*?, ... a" at (n;, s;)
for i = 1,2,...,m. Then, we can naturally correspond the deterministic policies z!',z2,..., 2" in
the submodel B to an element of [[",{1,2,...,l;}. That is, (p1,p2,....pm) € [[1={1,2,..., L}
corresponds to the deterministic policy in B that chooses a®? at (n;, s;) fori = 1,2,..., m. Without
loss of generality, let ', 22, ..., 2" be ordered in lexicographic order of the representation. Recall
that the columns of A correspond to the deterministic policies !, 2, ..., 2. Let the columns of A
be sorted so that the kth column of A corresponds to the deterministic policy z* for k = 1,2,..., N.
Fori=1,2,...,mand j =1,2,...,l; — 1, let A;; be the row of A corresponding to the equality
Zévzl zf (85, a")A, =z, (s5,a%7). We also sort A; ;’s, the rows of A, in lexicographic order of their
subscripts. For ¢ = 1,2,...,m and j = 1,2,...,l; — 1, the row A; ; has nonzeros in those columns
that correspond to the deterministic policies choosing action a®’ at (n, s;). Especially, the row A;
has a nonzero at the column corresponding to policy (l1,l2,...,li—1,4,1,1,...,1). However, this
policy chooses a®!* at (ny, s) for k =1,2,...,i— 1 and a*/ at (n;, s;). Then, by the construction
of A, we can easily show that all rows of A that are above the row A; ; have zeros at the column.
Therefore, each row of A has a nonzero in a column at which other rows above the row have zeros.
Moreover, all the rows of A have zeros at the column of policy (I1,l2,...,ly), and thus, the row
with ones has a nonzero in the column at which all rows of A have zeros. Therefore, we proved that

A . .
each row of [ 1T has a nonzero in a column at which any other rows above the row have zeros,

and thus, the matrix have a full row rank. O

This theorem provides a way to construct A(x) for a given M-randomized policy z. Define E(z)
as the subset of A(z) whose elements has at most M + 1 nonzeros, then we can easily show
A(z) = convE(z). By Theorem 4.3, A(x) is the set of feasible solutions of a standard form LP
with M + 1 constraints. Thus, F(z) contains all extreme points of A(z) and therefore, we have
A(x) = convE(z). One can construct E(z) by finding every representation of x as a convex
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combination of M + 1 deterministic policies among z', 2, ..., 2", which can be done by applying

the procedure described in the proof of Theorem 5.1 in Feinberg and Shwartz [7] or by Algorithm
1 in [6] in a straightforward way.

4.2 Splitting into “less” randomized policies

In this section, we introduce another representation of a randomized policy as a convex combination
of “less” randomized policies. How to obtain the representation for a given randomized policy is
illustrated in the proofs of the three lemmas and these lemmas prove that the representation satisfies
the set of properties which will help us establish necessary conditions for an extreme point of P in
Section 5. We start with the simplest case of exactly 1-randomized policy and this is a special case
of Lemma 4.2. However, its proof introduces an important technique which is used repeatedly in
this section.

Lemma 4.4 Any exactly 1-randomized policy can be uniquely represented as a non-trivial con-
vex combination of two 0-randomized (i.e., deterministic) policies, and moreover, the weights are
positive.

Proof: Let x be an exactly 1-randomized policy. There exists a unique period-state pair (n, s) and
two actions a, b such that z,(s,a) = § > 0 and z,,(s,b) = € > 0 and z,(s,a’) =0 for a’ € A\ {a,b}.
We show that x is a convex combination of two O-randomized policies, denoted as w and z. To
construct them, we first define two flows, v and v. In this proof and the proofs of the following
two lemmas, the steps to define flows (which are v and v in this proof) are similar to the proof of
Theorem 4.3 of [10] and we also borrowed their notations.

In periods k =n+1,n+2,..., x does not randomize, thus for s’ € S, let ax(s’) denote the chosen
action at (k,s’) by z, i.e., zi(s', ar(s’)) > 0. Let Spt1(x) = {s' € S | pn—1(5'[s,a) > 0}. For k =
n+2,n+3,..., recursively define Si(z) = {s' € S | pr_1(5|8, ax—1(8)) > 0 for some § € Sp_1(x)}.
That is, Si(z) is the set of states in period k that receive any portion of flow ¢ originating in
hyperarc (n, s,a) under policy x. Let F(x) be the sub-hypernetwork formed by the node (n,s),
hyperarc (n,s,a), nodes in U2, Sy (x) and hyperarcs U2, {(k, sk, ax(sk)) | sk € Sk(x)}. We
construct a flow w in F(z) recursively in the following way. Let the node (n,s) be a source of
supply 1 and all other nodes in sub-hypernetwork F,,(x) have no supply. Set u,(s,a) = 1, then for
each $p4+1 € Sp+1(x), set upt1(Sn+1, @nt1(Sn+1)) = Pn(Sn+1ls,a). For k =n+2,n+ 3,... and for
each s, € Si(x), set

uk(skran(sk) = > Proa(Sklse—1, ak1(sk-1))ur—1(sk-1, ak—1(sk-1))-
$k—1€Sk—1(x)

By construction, z,(s,a) = du,(s,a). Note that for hyperarcs (k, sg, ar(si)) in Fn(x) \ {(n,s,a)},
ug(Sk, ar(sx)) can be interpreted as the conditional probability of encountering hyperarc (k, s, ax(sk))
by following policy x, given that we encountered hyperarc (n,s,a). Fix a hyperarc (k, sk, ax(sk))
in Fp(x) \ {(n,s,a)}. Let A be an event of encountering the hyperarc (k, sk, ax(sx)) by follow-
ing the policy x and let B be an event of encountering hyperarc (n,s,a) by following policy
x. Then, P(A|B) = uk(sg,ar(sk)), P(B) = 0, and P(A) = xk(sk,ar(sk)). Therefore, we have
xk(sk, ak(sk)) = P(A) > P(A N B) = P(A‘B)P(B) = 5uk(sk, ak(sk)).

Similarly, for K = n+ 1,n+ 2,..., let Tp(z) C S be the set of states in period k receiving any
portion of flow € in hyperarc (n,s,b) under policy x. For any t; € Ti(z), there exists a unique
action by (ty) such that zx(tg,br(tx)) > 0. Let G(z) be the sub-hypernetwork similarly defined
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as F(z), formed by the node (n,s), hyperarc (n,s,b), nodes in U2, Tx(x) and hyperarcs in

i Lk te, b (tr)) | te € Te(w)}. We construct a flow v in G, () recursively in the following
way. Let the node (n, s) be a source of supply 1 and all other nodes in sub-hypernetwork G, (x) have
no supply. Set v,,(s,b) = 1, then for each t,,11 € Tpy1(x), set vpt1(Ent1, bntr1(tnt1)) = Pn(tntils, ).
For k=n+2,n+3,... and for each t; € Ty(x), set

velte be(te) = D Prot (baltr—1, bee1 (tr-1))vr—1 (Eo—1, e (Fa—1)). (21)
th—1€Tg—1(2)

By construction, z,(s,b) = ev, (s, b) and by using the same interpretation as u, we obtain xy (tg, bk (tr)) >

evg(tg, br(tx)) for any other hyperarc (k,tg, bi(tx)) in G(z).
We construct a new hyperarc frequency w as follows.

k, sk, ar) not in Fy(x) or G,(x)
k, sk, ak) in Fp(x) \ Gn(x)
)i
)

(sk, ar)

Tk (Sks ar) — Oup(sk, ar)

zk(sk, ak) + 5vk(sk, ak)

CEk(Sk, ak) + 5(vk(sk, ak) — uk(sk, ak))

wy,(Sk, ax) = (22)

k,Sk, ar) in Gn(z) \ Fn(z)
k,si,ar) in Fp(z) N Gp(x).

o~~~ o~

Since we have xg(sg,ar) > oug(sk,ax) for hyperarcs (k, sg,ar) in Fp,(x), w is nonnegative. Note
that w is obtained from z by redirecting flow § from F,(z) to G,(z). Thus, w satisfies the flow
balance constraints and is 0-randomized.

z is constructed similarly, by redirecting flow e from G, (z) to F,(x). More precisely,

TSk, ak) f (k, s, ax) not in JFy,(x) or Gn(z)
T (s, ar) + eug(sy, ax) f (k, sk, ar) in Fo(z) \ Gu(2)
k(Sk, ax) — €vg(sk, ak) if (K, s, ax) in Gn(z) \ Fn(x)

(Sk, ak) £ (k, sk, a) in Fn(x) N G ().

zk(sk,ak) = (23)

8

xk(sk, ar) + €(uk(Sk, ax) — ve(Sk, ak))

By construction, z also satisfies the flow balance constraints and are O-randomized. Moreover,

T = ‘%Sfew, i.e., x is a non-trivial convex combination of two O-randomized hyperarc frequencies
and the weights are uniquely determined. (|

In the above lemma, an exactly 1-randomized policy x is represented as a convex combination of
two O-randomized (thus, “less” randomized) policies z and w. The properties of the representation
are that the representation of x via convex combination of z and w is unique and that the weights
are positive. Using an argument similar to the above proof, we establish a general result for a finite
positive integer M.

Lemma 4.5 For any exactly M -randomized policy x, there exist M +1 (M —1)-randomized policies
b 2?, . . aMHL such that x can be uniquely represented as a convex combination of xt, 22, ... cM+1,
and moreover, the weights of the representation are positive.

Proof: We use induction on M. For M = 1, Lemma 4.4 suffices.

Suppose the statement holds for M = M’ —1. Let x be an exactly M’-randomized policy. There are
finitely many period-state pairs at which z randomizes; among them, let (n, s) be the period-state
pair with the biggest period index (in case of tie, choose any one of them). Then, at (n, s), there exist
actions a, b!, b2, ..., b' on which x has a positive flow, say ,,(s,a) = § > 0 and 2, (s, b’) = ¢; > 0 for
i=1,2,...,0. Lete = 22:1 €;. We show that x is a convex combination of two (M’ —1)-randomized
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hyperarc frequencies, denoted as w and z. To define w and z, we first introduce flows u and v* for
i=1,2,...,1. Construction of flow u is exactly the same as in the proof of Lemma 4.4.

For i = 1,2,...,1, define v’ in the same way v was defined in the proof of Lemma 4.4 except that
the starting hyperarc is (n, s,b"). More precisely, For k = n+1,n+2,..., let T;'(x) C S be the set
of states in period k that receive any portion of flow ¢; originating from hyperarc (n, s, b’) under
policy z. For any t; € T;!(z), there exists a unique action by (tx) such that @g(tg, bg(tg)) > 0. Let
G(z) be the sub-hypernetwork formed by the node (n, s), hyperarc (n, s, b'), nodes in U2, . T/ ()
and hyperarcs URZ, {(K, tk, b (tx)) | tr € Tj/(x)}. Construct flow v* as follows. Let the node (n, s)
have supply 1 and all other nodes in G*(x) have 0. Set v;,(s,0') = 1 and for each t,1 € 7, (%),
set

!
Vit (b1, bni 1 (bat1)) = D pa(tuga]s, b)on(s, bY). (24)
i=1
For k=n+2,n+3,... and for each t; € T(z), set
Vktro be(te)) = D pret (tiltees be—1 (be—1)) Vb1 (Fre1, et (£r—1))- (25)

tk_1€7;:_1($)

Set v = 22:1 ¢;v'. Then by using the same interpretation as in the proof of Lemma 4.4, we have
xp(ty, br(ty)) > Zﬁzl €k (tg, b (tr;)) for hyperarcs (k, tg, by (ty)) in UL, G¥(x).

Then, we construct flow w and z using (22) and (23), respectively. That is, w is obtained from
x by redirecting flow § from F(x) to G'(z)’s while maintaining the original proportion of flows in
G'(x)’s, and z is obtained from x by redirecting total flow € from G(x)’s to F(z). By construction,
w and z are nonnegative and satisfy the flow balance constraints.

Moreover, note that except at (n,s), z does not have any randomization in either F(z) or G¢(z)
for i =1,2,...,1. Thus, w is exactly (M’ — 1)-randomized and z is exactly (M’ — l)-randomized.
By construction, x = 6%:‘2“’, i.e., T is a convex combination of two (M’ — 1)-randomized hyperarc
frequencies.

By the induction hypothesis, w is uniquely represented as a convex combination of M’ (M’ — 2)-
randomized hyperarc frequencies, say w!, w?, ..., wM with weights A1, As, . .., Ay and the weights
are all positive. Thus, z is a convex combination of z and wh,w?,...,w™’, ie, M + 1 M-
randomized policies. Now we have to show that the representation of x via convex combination of

z and wh, w?, ... ,wM/ is unique and all of the weights are positive. Let

M/
T =Mz + Z Aw' (26)
i=1

M/
A+ Ai=1 (27)
=1

where A, € [0,1] and \; € [0,1] for ¢ = 1,2,..., M’. By the definitions of w and z, and the fact
that w is a convex combination of w', w?,...,w™’, we have z,(s,a) = 6 + ¢ > 0 and wl (s,a) =0
fori =1,2,...,M'. However, x,(s,a) = 6 > 0. Therefore, we should have \, = (%6 > 0. From

(26), we obtain

M/
Z)\iwi:x—Azz:éz—i_ew— 0z _ ew‘
pa d+e€ 0+e d+e
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Since 5 > 0, by dividing the both sides by 5% we obtain
Ml
w= Z Now', (28)
i=1

where A, = %)\i. From (27), we also have Zf\i ,1 A; = 1. By the induction hypothesis, there exist
unique A’s for ¢ = 1,2,..., M’ that satisfy (28) and they are positive. Thus, there exist positive
and unique \; for i = 1,2,..., M’ that satisfy (26) and (27) along with A\, = %ﬂ. Therefore, when
x is represented as a convex combination of z and w', w?,... ,wM/, all of the weights should be
positive and the weights are uniquely determined. By induction, the lemma is proven. O

By the above lemma, for any finite positive integer M and any exactly M-randomized policy x, we
can find M + 1 (M — 1)-randomized policies 2!, 22, ..., 2™+ that belong to the submodel defined
by « such that we can uniquely represent z as a convex combination of !, z2,...,zM*! and the
weights of convex combination are positive. For oo-randomized policies, we prove a somewhat
extended result with the same properties.

Lemma 4.6 For any oo-randomized policy x and for any positive integer L, there exist an integer

L > L and policies ', 22, ...,z that belong to the submodel defined by x such that x can be uniquely

represented as a convex combination of z',x2, ..., x¥, and moreover, the weights are positive.

Proof: Let H(x,n) = {(n,s',d') | zn(s',d’) > 0,s' € S,a’ € A}, that is, H(z,n) is the set of
hyperarcs used by z in period n. In addition, let r,(z) = |H(z,n)| — |S|, that is, the number of
“additional ” actions used by x compared to a deterministic policy in period n. We use induction
on L. For L=1, wecanlet L =L =1 and x! = z, then this choice satisfies the statement.

Suppose the statement holds for L = L' —1 > 1. Let x be an oo-randomized policy, then
Somi_ T (z) =00. Let n =min{a | >, _; rps(x) > L'}. Choose a state s € S such that at period-

state pair (n,s), x randomizes over multiple actions, say a,b',b?,...,b'. Let ,(s,a) = § > 0 and
ZTn(s,b") =€ >0andlet € = 25:1 €;- We will represent = as a convex combination of two hyperarc
frequencies, w and z. Again, we define flows u and v* for i = 1,2, ..., to construct w and z.

Fix i and we first define v*. For k =n+1,n+2,..., let 7Z(m) C S be the set of states in period
k that receive any portion of flows ¢; originating in hyperarc (n,s,b’) under policy x. For any
ty € T (), let Bi(tx) be the set of actions by € A such that xj(ty,bx) > 0. Let G'(x) be the sub-
hypernetwork formed by the node (n,s), hyperarc (n, s, b?), nodes in Ui":nﬂﬂj(l‘) and hyperarcs
in URZ, 11 Uy eri(e) B(te). For any m € N, £ € S, b € A, let Gm(t,0) = T (t,0)/ Y pca Tm(t, ).
Then, a flow v’ is defined in the following way. Let node (n, s) have supply 1 and all other nodes
in G*(x) have supply 0. Set v},(s,b") = 1 and for each t,41 € 7,5, (z) and each bpy1 € Bl (tnt1),
set

U;+1(tn+1v bn+l) = ¢n+1(tn+17 bn+1)pn(tn+1 |S) bz) (29)
For k=n+2,n+3,... and for each t; € T(z) and by, € B (tx), set

vk (t, be) = ¢n(tk, br) Z Z D1t th—1, br—1) V)1 (tr—1, br—1)- (30)
th—1€T{_1 () bp—1€BL_, (te—1)

A flow u is defined similarly in the sub-hypernetwork consisting of the node (n, s), hyperarc (n, s, a)
and the part of the hypernetwork receiving any portion of the flow 4.
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As in the proof of Lemma 4.5, w is obtained from z by (22), redirecting flow ¢ from F(z) to
G'(x)’s while maintaining the original proportion of flows in G*(z)’s, and z is obtained from z by
(23), redirecting flow € from G'(z)’s to F(z). By construction, w and z satisfy the flow balance

constraints, and we have x = &JJFT?U'

In the construction of w, the hyperarc (n, s, a) is the only randomization removed from x in periods
1,2,...,n. Since Y rp(xz) —1 > L' — 1, wis at least (L’ — 1)-randomized. We consider the
following two cases regarding the randomization of w.

If w is exactly N-randomized for some finite positive integer N > L' —1, then by Lemma 4.5, there
exists N + 1 (N — 1)-randomized policies wh,w?, ..., wNt! such that w is uniquely represented
as a convex combination of w!, w?,...,wN ™! and the weights are positive. By arguments in the
proof of Lemma 4.5, we can show that z is necessary to represent x as a convex combination of z

and w',w?,...,w" and the weight of z is 6%6 > 0. Moreover, we can also prove that all of the

N + 1(> L') policies, z and w',w?,...,w" are necessary to represent = as a convex combination
of them, i.e., positive weights and that the weights are uniquely determined.

If w is oo-randomized, by the induction hypothesis, there exists a positive integer N/ > L' — 1

. . ! . . . .
and policies w',w?,...,w" such that w is uniquely represented as a convex combination of

whw?, ..., wY and the weights are positive. Similarly, we can show that all of z and w!, w?, ..., wh'
are necessary to represent x as a convex combination of them and the weights are uniquely deter-

mined.

Therefore, by induction, the lemma is proven. O

5 Necessary Conditions for an Extreme Point

We now return to constrained MDPs. In this section we provide necessary conditions for a feasible
solution of (P) to be an extreme point, while the next section deals with a necessary and sufficient
condition. Although many researchers have studied constrained MDPs, as far as we know, alge-
braic characterization of extreme points of CILPs that represent constrained MDPs with countably
infinite number of states was not studied before. In this section, the existence of K-randomized
optimal policy, which was also proven in [7] for a more general class of constrained MDPs, is given
as a corollary of one of the necessary conditions. By combining Lemma 4.5 and Lemma 4.6, for
any M-randomized policy = for K +1 < M < oo we can find N policies 2!, 22, ..., 2" for some
finite integer N > K + 1 such that x can be uniquely represented as a convex combination of the
N policies and the weights are positive. Using this fact, we prove the following theorem. However,
note that we are using the representation in Section 4.2, thus N may not be the number of deter-
ministic policies in the submodel defined by x and z!',z2,..., 2" belong to the submodel defined
by x but may not be deterministic.

Theorem 5.1 Any extreme point of P is K-randomized.

Proof: Let x be an extreme point of P. Suppose that x is exactly M-randomized for some

K +1< M <o0. Then by Lemma 4.5 and Lemma 4.6, there exist a positive integer N > K + 1,

policies !, 22, ..., " and positive weights A1, Aa, . .., Ay whose sum is one such that z = Zf\;l \iz!
and the weights are uniquely determined by the N policies. Note that the N policies z!, 22, ...,z

may not be feasible to (P). Consider a feasibility problem (F}) finding a convex combination of
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z', 22, 2V that is feasible to (P). That is, (F}) finds a set of nonnegative weights vy, s, ..., N

that sum up to one such that 2’ = Zfil vzt € P. We can easily show that any convex combination
of hyperarc frequencies is a hyperarc frequency. Thus, in order for 2’ to belong to P, it only has

to satisfy the inequality constraints (4), i.e., for k =1,2,... K,

Vk>ZZZa” 1dksa ZZZ@” 1dk”saZuL

neN seS ac A neN SES acA

N
:Z ZZZ&" ldlC (s,a)x Zlek (31)

i=1 neNseSacA

The exchange of sums is justified because z', 22, ...,z are hyperarc frequencies, so they satisfy

(6), and thus D*(z?) exists for k=1,2,...K andi=1,2,...,N. To use matrix notation, let D =
{Dy;i} € REXN where Dy,; £ DF(z ), = (1/1, va,...,vN)T € RN andv = (V, Va,..., V)T € RE,
Then the feasibility problem (F}) is written as

(F1) min 07w (32)
st. Dv+t=v (33)

1Ty =1 (34)
v>0,t>0. (35)

(F1) is a finite LP in standard form with K + 1 equality constraints and N + K variables. Note
that v = A = (A1, A2, ..., An)7 is feasible to (F}) with some slack ¢, since z is feasible to (P), and
we know A\; > 0 for i« = 1,2,...,N. Since N > K + 1, (\,t)) is not an extreme point of (F}).
Therefore, it is a convex combination of extreme points of (F1), say (v, th, (v?, t2) o (™ t™) for
some positive integer m. Set 2/ £ val vizt for j=1,2,...,m. For j = 1,2,...,m, 27 is feasible
to (P) because (17,t7) is feasible to (Fy). Since z = Zz’:l )\,x and A\ is a convex combmatlon of
v, v2, ..., v™, we can easily show that z is a convex combination of z',22,...,2™. To see this,
let

m
— )
)\—g a;v
Jj=1

for some a; € [0,1] for j = 1,2,...,m such that Z;n:l a;j = 1. Then

N N m m N m
ajl/ix— G,] Vil'— CLJZ.

Any extreme point of (Fy) has at most K + 1 nonzeros. Thus v!,v2,... v™ have at most K + 1
nonzeros whereas A has N > K 4 1 nonzeros. Since A is the unique weight vector to represent
x via convex combination of z', 22, ... 2N, 2/ for j = 1,2,...,m are different from z. That is,
x is a convex combination of feasible solutions of (P) that are different from x, contradicting the

assumption that x is an extreme point of P. Therefore, the theorem is proven. ]

Theorem 2.1 and Theorem 5.1 lead to the following corollary.

Corollary 5.2 (Q) has a K-randomized optimal policy.
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The existence of K-randomized optimal policy for constrained stationary MDPs with countably in-
finite number of states, which covers the stationary MDP counterpart of constrained nonstationary
MDPs with finite state space, was also proved in [7]. However, they used a different approach based
on vector optimization and geometry of the performance set where performance set is defined as the
set of vectors (C(3,m), DY(B, ), D*(B,7),...,D¥(B,7)) for any © € II. Our proof is conceptually
simpler and gives insights on geometry of the feasible region of the CILP representation of a class
of constrained MDPs with countably infinite number of states.

The next theorem shows that at an extreme point x that uses M “more” actions than a deterministic
policy at least M inequality constraints (4) are binding. To illustrate this, consider a feasible set
{(z,s) | Ax+s =b,x > 0,s > 0} of a finite LP. At an extreme point (z,s), the number of basic
variables equals the number of equality constraints. That is, in order to make one more variable
in x basic, one of the basic variables in the slack s should become nonbasic. The next theorem
extends this condition to the CILP (P).

Theorem 5.3 For any integer M < K, at an extreme point of P that is exactly M-randomized,
at least M of the inequality constraints (4) are binding.

Proof: Let x be an extreme point of (P) that is exactly M-randomized. Suppose that only k < M
inequalities of (4) are binding at x. Let z', 22,... 2™+ be the M +1 (M — 1)-randomized policies
and A be the weight found by Lemma 4.5. Consider a feasibility problem (F%) which finds a convex
combination of z!, 22, ..., 2™+ that is feasible to (P). Using similar notations, (F3) is formulated
as an LP (32) through (35), but it has M + 1 + K variables and K + 1 equality constraints. Since
x is feasible to (P), A is feasible to (F3) with some slack variable £. Since only k of the constraints
(4) are binding at x, the slack ¢\ has K — k nonzeros. Therefore, (A, t)\) has M + 1+ K — k
nonzeros and since k < M, we have M + 1+ K — k > K + 1. This implies that (A,¢y) is not
an extreme point of (Fy). Then, (A t)) is a convex combination of extreme points of (F3), say
(1, s, (V% 82),..., (V™ s™) for some positive integer m. Note that this convex combination is
not a trivial one. Also, note that slack variables are determined by the weight variables, i.e., an

equality A = v; for some j implies (\,t\) = (v7,s7). Thus, 1,12, ... ,v™ are different from M.
Set 27 & Zfil Z/in for j = 1,2,...,m. Then, by Lemma 4.5, z',22,...,2™ are different from x.
Similarly to the proof of Theorem 5.1, 27 for j = 1,2,...,m is feasible to (P) and z is a convex

2

combination of 2,22, ..., 2™, contradicting that x is an extreme point of P. O

6 A Necessary and Sufficient Condition for an Extreme Point

From the previous section, Theorem 5.1 and Theorem 5.3 lead to the following necessary condition
for x € P to be an extreme point: it should be exactly M-randomized for some M < K and at least
M of the inequality constraints should be binding at x. In this section, we establish a necessary
and sufficient condition for a feasible solution to (P) to be an extreme point. We first introduce a
definition of an extreme set [21].

Definition 6.1 A convex subset E of a convex set D is called extreme if any representation x =
Az+ (1= Nw for 0 < A < 1, with z,w € D of a point x € E implies z,w € E.

For example, a face of a polyhedron in a finite dimensional space is an extreme set of the polyhedron.
A subset E of a convex set D is called exposed if there is a hyperplane H supporting £ such that
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E = HN D. In general, an exposed subset of a convex set is extreme but the converse may not
hold [7].

Guided by the necessary conditions from the previous section, we consider an exactly M-randomized
feasible policy x where M < K at which M of the inequality constraints (4) are binding. Let B be
the submodel defined by z. Let N be the number of deterministic policies in the submodel B and

let 21, 22,..., 2" be these deterministic policies. Notice that the definition of z* for i =1,2,..., N
is different from the one in Section 5. Consider a feasibility problem (G) which finds a convex
combination of x!, 22, ... "V that is feasible to (P). Explicitly, (G) finds a set of nonnegative
weights v1, 19, ..., vy that sum up to one such that le\il viz' € P. By using the same notations
of (F1), (G) is formulated as:
(G) min 07w
st. Dv+t=v
17y =1
v>0,t>0.

We emphasize that unlike (F7) and (F»), (G) finds a feasible convex combination of deterministic
policies and N is the number of deterministic policies in the submodel B.

By Lemma 4.2, there exists a (possibly multiple) nonnegative weight vector A = (A1, Aa, ..., An
that sum up to one such that x = Zi\;1 M\;ix'. Since z is feasible to (P), v = X is feasible to (G)
with some slack variables. We can easily prove that the slack variables depend not on the weight
A but only on the policy x itself, thus let ¢, denote the vector of slack variables corresponding to
xz. Let

)T

Az) = {(\ta) eRY xRE | X e A(2),t, =v—DA}.

Note that the last K components of elements of A(z) (the slack part) are fixed at t,. Since z is
feasible to (P), A(z) is contained in the feasible region of (G). We state the following theorem, a
proof of which will be provided later in this section.

Theorem 6.2 A feasible exactly M-randomized policy x for some M < K at which at least M of
the inequality constraints (4) are binding is an extreme point of P if and only if A(x) is an extreme
set of the feasible region of (G).

Theorem 5.1, Theorem 5.3, and Theorem 6.2 lead to the following corollary, a necessary and
sufficient condition for a feasible solution of (P) to be an extreme point and the condition can be
checked using the finite LP (G).

Corollary 6.3 A feasible solution x to (P) is an extreme point of (P) if and only if it is an ezxactly
M -randomized policy for some M < K at which at least M of the inequality constraints (4) are
binding and A(x) is an extreme set of the feasible region of (G).

We first illustrate the above corollary for the case of K = 1. For K = 1, the only candidates to be
considered are feasible deterministic policies and feasible exactly 1-randomized policies for which
the constraint (4) is binding. Let z be a feasible deterministic policy. Let ¢, be the slack variable
for . Then, A(z) = {(1,t;)} and (G) is formulated as
min 07 v
st. D(x)v+t=V
v=1
v>0,t>0,
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thus (G) has a feasible region that consists of one point, (1,t,). Therefore, A(x) is an extreme
set of the feasible region of (G). Now, let = be a feasible 1-randomized policy with ¢, = 0. There
exists A € (0,1) and deterministic policies z!,2? such that z = Az' + (1 — \)22, and we have
A(z) = {(\,1 = X,0)7}. Since A(x) is a singleton, it is an extreme set if and only if the point
(A, 1 —X,0)T is an extreme point. Since K = 1, by dropping the constraint index k, (G) can be
written as

min 07w

st. Dz vy + D(aHve +t =V
v+ =1
v>0,t>0.

Since (A\,1 — X,0) should be feasible to the above (G), we have either D(x') < V < D(x?) or
D(2?) <V < D(z') or D(z') = D(2?) = V. The point (A, 1—,0) is an extreme point if and only if
the corresponding basis matrix is nonsingular, which is equivalent to D(z') # D(x?). Consequently,
A(z) is an extreme set of the feasible region of (@) if and only if either D(z') < V < D(22) or
D(2?) <V < D(z1). Therefore, according to Corollary 6.3, for K = 1, a feasible solution x of (P)
is an extreme point if and only if = is either a feasible deterministic policy or a feasible exactly
1-randomized policy such that the inequality constraint is binding at x and it is a non-trivial
convex combination of two deterministic policies ' and 2?2 for which either D(2!) < V < D(2?)
or D(x?) <V < D(z!) holds.

To gain intuition, consider the intersection of a polyhedron and a halfspace in a finite dimensional
space (Figure 1). Extreme points of the intersection of the polyhedron P and the halfspace defined
by an additional constraint {z : d’z < v} are either extreme points of P that belong to the
halfspace (such as x3 in Figure 1) or points where an edge of P intersects the hyperplane defined
by the halfspace (such as 2’ in Figure 1, which is a convex combination of adjacent extreme points
z! and 22 of P). Consider now an unconstrained MDP obtained by excluding the linear inequality
constraint (4) from (P). A feasible solution to the unconstrained MDP is an extreme point if and
only if it is a deterministic policy (Theorem 4.3 of [10]). Then, the necessary and sufficient condition
for K = 1 shows that the characterization of extreme points of the intersection of a polyhedron
and a halfspace in finite dimensional space naturally extends to P, the intersection of the infinite
dimensional feasible region of the unconstrained MDP and the set satisfying the (linear) inequality
constraint.

Proof of Theorem 6.2: Suppose that A(x) is not an extreme set of (G). Then there exist (o, ;)
and (7, tg) that are feasible to (G) such that (6o + (1—0)7,0t1 4 (1 —0)t2) € A(x) for some 0 € (0,1)
but either (o,t;) ¢ A(x) or (7,t2) ¢ A(x). Without loss of generality, suppose (o,t1) ¢ A(x). Let
22 YN gzt and w £ SN 72, then z and w are feasible to (P). If z = x, then it implies
(0,t1) € A(x) since the slack of z, t;, should equal the slack of z. Thus, z is not equal to x.
However, z = SN [00; + (1 — 0)7;]a" = 6z + (1 — )w and we have 6 € (0,1) and z # x. Since o
and 7 are feasible to (G), z and w are feasible to (P). Therefore, x is not an extreme point of (P).
We showed that if 2 is an extreme point, then A(z) is an extreme set of (G).

Suppose z is not an extreme point of (P). Then there exist z and w feasible to (P) such that
x = 0z+ (1 —0)w for some 6 € (0,1). Since z and w belong to the submodel defined by z, let
z= Zf\i Lot and w = Y_;' | 7' for nonnegative weight vectors o and 7 such that each of them
sums up to be one. Since z and w are feasible to (P), ¢ and 7 are feasible to (G) with slack
variables ¢, and t,,, respectively. Since z and w are different from z, (¢,t,) and (7,%,) are not in

19



Figure 1: Extreme points for K =1

A(x). However,

N
2[901‘ (1—6)r]zt —020’1.% +(1-6 Znaz =0z+(1—-0)w ==z,
=1 =1 =1

and moreover,
0t,+(1—-0)ty, =0(v—Do)+ (1 —0)(v—D71)=v—D(Oc+ (1 —0)T) = t.

Therefore, (0o +(1—-0)7,0t. +(1-0)t,) € A(z) and it is a convex combination of (o, t,) and (7, t,)
which are not in A(z). That is, A(z) is not an extreme set of the feasible region of (G). Therefore,
if A(x) is an extreme set of (G), then x is an extreme point of (P).

By combining the above arguments, the theorem is proven. O

The next example illustrates Theorem 6.2 for a kind of 2-randomized policy where K = 2.

Example 1 Let K = 2 and consider an exactly 2-randomized policy x such that the two inequality
constmints (4) are binding at x and x randomizes only at a period-state pair (n, s) over three actions,
say a',a®, and a®. Then in the submodel defined by x, there are three deterministic policies, say
wl,m2,m where z chooses at at (n,s) fori=1,2,3. Let x = 2?21 Niz® and X has positive entries
whose sum is one. Since the two inequality constraints are binding at x, its corresponding slack
variables form a zero vector. We can check that A(x) = {(A1, A2, A3,0,0)}. Then, Theorem 6.2
implies that x is an extreme point of (P) if and only if (A1, A2, \3,0,0) is an extreme point of the

finite LP (G), which is equivalent to the following basis matriz being nonsingular:

Dl(xl) Dl(ajg) D1(1U3)
Dp = |D?*(z) D*(z?) D*(2?)
1 1 1

We can consider x* for i =1,2,3 as a vector in R®. Consider the subspace S of R>® spanned by
b, 2?23, We can easily show that x',z?,x3 are linearly independent, so the dimension of S is

three. Define an isomorphism linear operator T : S — R3 as T'(vix' + vox? 4 v323) = (11,12, v3).
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Since x is a convexr combination of x',x% a3, Tx belongs to the hyperplane v + vo + v3 = 1
in R which we denote by P. D'(-) is a linear functional on R® and D'(z') = v; defines a
hyperplane in R*°. The image of the intersection of the hyperplane and S by T can be written as
DY(vizt 4+ vex? + v323) = DY (aV)vy + DY (2?)ve + DY (2®)vs = vi, which also defines a plane in
R3 and we denote the plane in R® as Pl. In the same way, we can define another plane P? in R3
which is the image of the intersection of the hyperplane D?(z') = vy and S by T. Then, we can see
that the nonsingularity of Dp is equivalent to that the planes P, P', and P? meet at one point in
R3. However, Tx = (A1, A2, A3) is on P and z also satisfies D' (x) = vy and D?(x) = vo. Thus,
if the planes P, P!, and P? meet at one point, then Tx is the point. Therefore, the necessary and
sufficient condition given by Theorem 6.2 is equivalent to that the planes P, P', and P? meet only
at Tx.
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