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ABSTRACT

Analysis and Simplex-type Algorithms for Countably Infinite Linear Programming Models
of Markov Decision Processes

by
Ilbin Lee

Chair: Marina A. Epelman and H. Edwin Romeijn

The class of Markov decision processes (MDPs) provides a popular framework which covers a
wide variety of sequential decision-making problems. We consider infinite-horizon discounted
MDPs with countably infinite state space and finite action space. Our goal is to establish
theoretical properties and develop new solution methods for such MDPs by studying their
linear programming (LP) formulations. The LP formulations have countably infinite num-
bers of variables and constraints and therefore are called countably infinite linear programs
(CILPs). General CILPs are challenging to analyze or solve, mainly because useful theo-
retical properties and techniques of finite LPs fail to extend to general CILPs. Another
goal of this thesis is to deepen the limited current understanding of CILPs, resulting in new
algorithmic approaches to find their solutions.

Recently, Ghate and Smith (2013) developed an implementable simplex-type algorithm
for solving a CILP formulation of a non-stationary MDP with finite state space. We estab-
lish rate of convergence results for their simplex algorithm with a particular pivoting rule
and another existing solution method for such MDPs, and compare empirical performance

of the algorithms. We also present ways to accelerate their simplex algorithm. The class

x1



of non-stationary MDPs with finite state space can be considered to be a subclass of sta-
tionary MDPs with countably infinite state space. We present a simplex-type algorithm for
solving a CILP formulation of a stationary MDP with countably infinite state space that
is implementable (using only finite data and computation in each iteration). We show that
the algorithm finds a sequence of policies that improves monotonically and converges to
optimality in value, and present a numerical illustration. An important extension of MDPs
considered so far are constrained MDPs, which optimize an objective function while satis-
fying constraints, typically on budget, quality, and so on. For constrained non-stationary
MDPs with finite state space, we provide a necessary and sufficient condition for a feasible
solution of its CILP formulation to be an extreme point. Since simplex-type algorithms are
expected to navigate between extreme points, this result sets a foundation for developing a

simplex-type algorithm for constrained non-stationary MDPs.
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CHAPTER I

Introduction

Sequential decision-making problems arise in various application areas that require long-
term planning, such as production planning [7, 54, 52|, queueing control problems [5, 30, 34,
44), facility maintenance [12, 25, 61], medical treatment planning [1, 48], and stochastic unit
commitment [33]. In such problems, there are multiple stages of decisions to be made on
a dynamic system. When a decision maker makes a decision, she should take into account
not only the decision’s immediate cost (or reward), but also how the decision will affect the
system and her future decision-making. For example, a decision that incurs the minimum
immediate cost may put the system in a position that leads to high costs in future. The
class of Markov decision processes (MDPs) provides a popular framework that covers a wide
variety of sequential decision-making problems (see [10, 18, 39, 60| and the references cited
above).

Consider a dynamic system that evolves over discrete time periods. In period n € N =
{1,2,...}, the system is observed in a state s € S and a decision maker chooses an action a €
A. Given that action a is taken in state s, the system makes a transition to a next statet € S
with probability p(t|s,a) incurring a nonnegative cost c(s,a;t). This procedure continues
indefinitely, and future costs are discounted by a fixed discount factor o € (0, 1), thus, we
consider infinite-horizon discounted problems throughout this thesis. Let ¢(s,a) denote the

expected cost incurred by taking action a at state s, i.e., c(s,a) = Y ,.sp(t|s,a)c(s,a;t).



The goal of the decision maker is to minimize expected total discounted cost over infinite
horizon.

There is a vast literature about solving the case where |S| = S and |A| = A are both
finite (e.g., [10, 39]). We call such MDPs the base case. In this thesis, we will consider
three extensions of the base case in each of Chapters II, III, and IV, that arise in different
applications. The first extension we consider in Chapter II is obtained from the base case by
relaxing the assumption that transition probabilities and cost function are stationary, which
is often violated in practice. We call this class of problems non-stationary MDPs. That is,
non-stationary MDPs have finite state space, finite action space, and non-stationary problem
data. To note the dependence on period index, transition probabilities p,(t|s,a) and cost
function ¢, (s, a) will have a subscript n. The class of non-stationary MDPs covers a variety
of applications, such as production planning under non-stationary cost and demand data
[22, 52], capacity expansion under nonlinear demand [9], and equipment replacement under
technological change [8]. The second extension considered in Chapter IIT is obtained from the
base case by allowing the state set S to be countably-infinite. We call this class countable-
state MDPs. Thus, countable-state MDPs have countably-infinite state space, finite action
space, and stationary problem data. Applications that require a countably-infinite state
space include inventory management and queueing control where there is no specific limit
on the size of inventory or queue [4, 39]. The third class of MDPs considered in Chapter TV
is obtained from a non-stationary MDP by adding side constraints, typically on budget or
quality. We call this constrained non-stationary MDPs. That is, constrained non-stationary
MDPs have finite state space, finite action space, non-stationary problem data, and side
constraints. MDPs with side constraints often arise in data communications and facility
maintenance (e.g., [5, 61]).

In this dissertation, we analyze the above three classes of MDPs by studying their linear
programming (LP) formulations. We will introduce new solution algorithms for the MDPs

by providing algorithms for solving the LP formulations. The main goal of this thesis is



developing simplex-type algorithms for solving the LP formulations (a simplex-type algo-
rithm navigates through adjacent extreme points of a feasible region, improves an objective
function in each move, and converges to optimality) and analyzing the algorithms. When-
ever necessary, we will also establish theoretical properties that are required for developing
simplex-type algorithms.

Solving an equivalent LP formulation is a popular solution method for MDPs. It is well
known that policy iteration, one of the popular solution methods for base case MDPs, can
be viewed as the simplex method applied to an equivalent LP formulation of the MDP. A
recent result in [62] showed that for base case MDPs, simplex method with Dantzig’s pivoting
rule (for minimization, choosing a non-basic variable with the most negative reduced cost)
is strongly polynomial for a fixed discount factor, and the complexity bound is better than
that of the other solution methods. Furthermore, LP models of MDPs can easily incorporate
additional constraints while other popular solution methods for MDPs such as value iteration
and policy iteration do not naturally extend to constrained MDPs.

For the three classes of MDPs considered in this thesis, equivalent LP formulations have a
countably-infinite number of variables and a countably-infinite number of constraints. Such
LPs are called countably-infinite linear programs (CILPs). In general, CILPs arise in various
additional applications, such as multistage stochastic programs [51], infinite network flow
problems [50], and games with partial informations [14, 20]. However, general CILPs are
challenging to analyze or solve mainly because one encounters many obstacles in trying to
extend useful theoretical properties and techniques of finite LPs to general CILPs. First, it
is possible that a CILP and its dual have a duality gap (see [42] for an example). Also, for
finite LPs, a feasible solution is an extreme point if and only if it is a basic solution, but
such an algebraic characterization of extreme points does not extend to CILPs in general,
which is one of the difficulties in devising a simplex-type algorithm [22]. In addition, it is
possible for a CILP to have an optimal solution but not an extreme point optimal solu-

tion [6]. Even for CILPs that have extreme point optimal solutions, extending the simplex



Classes Characterization | Simplex-type | Convergence rate
of MDPs of extreme points | algorithm | of simplex algorithm
Stationary, [39] [15, 31] [62]
finite-state
(base case)

Non-stationary, 4, 18] [24] Chapter 2
finite-state

Stationary, [4, 18] Chapter 3

countable-state

Constrained, Chapter 4

non-stationary,
finite-state

Table 1.1: An organization of the contributions of this thesis and representative related work

method is challenging. A pivot operation may require infinite computation, and hence not be
implementable [6, 50]. Moreover, [21] provided an example of a CILP in which a strictly im-
proving sequence of extreme points may not converge in value to optimality, which indicates
that proving convergence to optimality requires careful considerations (for more details, see
[24, 21]). However, we note that some of LP results can be extended by considering more
structured CILPs [24, 41, 42] or finding appropriate sequence spaces [20].

Due to these hurdles, there are only a few algorithmic approaches to CILPs in the lit-
erature [24, 21, 50] (all of these are simplex-type algorithms). In particular, for a CILP
formulation of a non-stationary MDP, [24] recently provided duality results, characteriza-
tion of extreme points, and a simplex-type algorithm that improves in every iteration and
converges to optimality. Their algorithm is implementable in the sense that each of its iter-
ations requires only a finite amount of data and computation. In Chapter II, we establish
rate of convergence results for their simplex algorithm with a particular pivoting rule and
an existing solution method for non-stationary MDPs, called receding horizon approach,
and compare the two results. Also, we introduce a technique that accelerates the simplex
algorithm and present experimental results for the two algorithms.

The class of non-stationary MDPs can be considered to be a subclass of countable-state



MDPs. In Chapter III, we introduce an implementable simplex algorithm for solving a CILP
formulation of a countable-state MDP. The contributions of this development is twofolds.

First, this is the first algorithm for countable-state MDPs that computes a sequence of
policies that not only converges to optimality but also improves monotonically. The existing
solution methods of countable-state MDPs obtain a sequence of policies that converges to
optimality in value (to be more precise, value functions of the policies converge to the optimal
value function, see Section 1.1 for precise definitions). However, the policies obtained by those
methods may not improve in every iteration. In other words, a policy obtained in a later
iteration may be worse than a previously obtained policy. In practice, one can run those
algorithms only for a finite time, obtaining a finite sequence of policies. Upon termination, it
should be determined which policy to execute. Without monotone improvement of obtained
policies, those policies should be evaluated in order to find the best one. However, exact
evaluation of even one policy takes an infinite amount of computation for countable-state
MDPs, and even if the policies are evaluated approximately, it still requires a considerable
amount of computation (in addition to the running time of the algorithm). On the other
hand, if the sequence of obtained policies is guaranteed to improve monotonically, then the
last obtained policy is always guaranteed to be the best one so far. Furthermore, consider
cases where the decision-maker has been executing a policy (e.g., one based on a rule-of-
thumb) and wants to improve her decision-making by employing a solution algorithm. If
an algorithm improves monotonically and also converges to optimality, then by running the
algorithm starting from the policy she has been executing, she can obtain a sequence of
policies that are better than the initial policy and also converge to optimality. Meanwhile,
the existing solution methods do not provide any guarantee regarding how long they should
be run in order to obtain a policy that is better than a given one.

Second, there are simplex-type algorithms for solving classes of CILPs in literature
24, 21, 50] but classes of CILPs considered therein have a special structure that each con-

straint has only a finite number of variables and each variable appears only in a finite number



of constraints. In the CILP formulation of countable-state MDPs we consider, each constraint
may have an infinite number of variables and each variable may appear in an infinite num-
ber of constraints (i.e., the coefficient matrix of the CILP can be “dense”). Another key
contribution is that we show that even without restrictions on positions of nonzeros in the
coefficient matrix, “the MDP structure” in the coefficient matrix of the CILP formulation
of a countable-state MDP still enables us to establish the standard LP results and develop
a simplex-type algorithm.

Decision-making problems with multiple criteria are often approached by optimizing one
criterion while satisfying constraints on the other criteria. In Chapter IV, we consider con-
strained MDPs, which optimize an objective function while satisfying constraints, typically
on budget, quality, and so on. Specifically, we analyze constrained non-stationary MDPs
(constrained MDPs with finite state space and non-stationary problem data) by studying
their CILP formulations. In this chapter, we focus on characterizing extreme point solutions
of such CILPs, and corresponding policies for constrained MDPs. By Bauer’s Maximum
Principle (e.g., see Theorem 7.69 of [2]), there exists an extreme point optimal solution for
finite LPs, and the CILP formulations of constrained non-stationary MDPs as well. For finite
LPs, a feasible solution is an extreme point if and only if it is a basic solution. This equiva-
lency 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 in general [22]. We provide algebraic necessary conditions for a feasible solution of
the CILP formulation of a constrained non-stationary MDP 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, which can be checked by considering
a familiar finite dimensional polyhedron. This yields a complete algebraic characterization
of extreme points for CILPs representing constrained non-stationary MDPs, and thus, sets
foundations towards development of a simplex-type algorithm. Also, by characterizing ex-

treme points, we provide an alternative proof that there exists an optimal policy that is



K-randomized, where K is the number of constraints and a policy is K-randomized if it
uses K “more” actions than a Markov deterministic policy (for more precise definitions, see

Section 4.4).

1.1 Technical Background

In this section, we first introduce notation and definitions that will be used throughout
the thesis. Then we review theoretical properties of base case MDPs (finite state space and
stationary problem data) and an LP approach to these MDPs. This provides a common base
for the following three chapters because each of the chapters can be viewed as an extension
of the LP approach in this section to the class of MDPs studied in the chapter.

A policy 7 is a sequence m = {my, T, ...} of probability distributions m,(:|h,) over the
action set A, where h,, = (s, ag, $1, 2, ...,0,_1,S,) is the whole observed history of state
visited and actions taken at the beginning of period n. Given an initial state s, each policy
7 induces a probability measure P on sequences {(s,,a,)}, where (s,,a,) € S x A for
n = 1,2,... and defines the state process {5,}>°; and the action process {A,}>2,. The

corresponding expectation operator is denoted by EZ. Let

J.(s) 2 B2 for s € S, (1.1)

i a" e, (S, Ay)
n=1

which is the expected total discounted cost of policy 7 starting from state s. The function

Jr on § is called the value function of the policy 7. Let

J*(s) £ sup J,(s) for s € S,

mell

where IT denotes the set of all policies. The function J* on S is called the optimal value
function. Then, the goal of an MDP problem is finding a policy that is optimal for any

starting state, i.e., a policy 7* such that J.«1(s) = J*(s) for all s € S.



A policy 7 is called Markov if the distributions 7, depend only on the current state and
time, i.e., m,(:|h,) = m,(+|sn). A Markov policy 7 is called stationary if the distributions
7, do not depend on time n, i.e., m,(-|s) = m,(:|s) for s € S and time periods m and n.
A policy 7 is said to be deterministic if each distribution 7, (-|h,) is concentrated on one
action. Let II, II,,, I1y/p, Ilg, and Ilgp denote the set of all policies, Markov policies, Markov
deterministic policies, stationary policies, and stationary deterministic policies, respectively.
For a Markov deterministic policy m, let m,(s) denote the action chosen by 7 at state s in
period n, and for a stationary deterministic policy o (in this thesis, notation o is used to
emphasize the choice of a stationary policy), o(s) denotes the action chosen by o at state s.

For base case MDPs, it is well known that there exists an optimal policy that is stationary
and deterministic and that we can compute such an optimal policy and the optimal value

function J* by solving Bellman equations.

Theorem 1.1 (cf. Proposition 1.2.2 and 1.2.3 of [10]). MDPs with finite state spaces and
stationary problem data (base case) satisfy the following.
(1) There exists an optimal policy that is stationary and deterministic.

(2) The optimal value function V* is the unique solution of Bellman equations:

acA

s
y(s) = min {c(s, a) + aZp(t\s, a)y(t)} forsesS.

Moreover, the actions that achieve the above minimum form a stationary and deterministic
optimal policy.

In particular, for any stationary deterministic policy o, J, equals the optimal value function
of a new MDP obtained by allowing only one action o(s) for s € S, and thus, J, is the

unique solution of
S
y(s) = c(s,0(s)) + a S pltls, o(s))y(t) for s € S.

t=1

In the rest of this section, we summarize the well-known LP approach to base case MDPs



(for more details, e.g., see Section 6.9 of [39]).

Consider the following LP formulation of a base case MDP:

(P) ma}n ZZc(s,a)x(s,a)

s€S acA
S
s.t. Zx(s,a) - aZZp(sﬁ,a)m(t,a) =pf(s) forse S
acA t=1 acA
x>0,

where 8 : S — R satisfies §(s) > 0 for s € S and ) s 3(s) =1 (B can be interpreted as an
initial state distribution).

The following LP is its dual:

s.t. y(s) — aZp(ﬂs, a)y(t) < c(s,a) forse€ S, ac A

There is a unique optimal solution to (D) and from Theorem 1.1, it is easy to check that the
optimal solution of (D) equals the optimal value function J*.

The above two LPs are finite LPs and dual to each other, and y(s) = 0 for s € S is
feasible to (D). Thus, their optimal objective function values are equal (strong duality) and
complementary slackness is necessary and sufficient for optimality (e.g., see Section 4.3 of
1)),

It is well known that there exists a one-to-one correspondence between feasible solutions
of (P) and stationary policies. For a stationary policy, the corresponding solution of (P) is
the occupancy measure of the policy, which is the expected total discounted time spent in
different state-action pairs under the policy (see Section 3.5.1 for a precise definition). Also,
a feasible solution x of this LP is basic (i.e., an extreme point) if and only if for any s € S

there exists a unique a(s) € A such that z(s,a(s)) > 0. Note that this equivalent condition



naturally defines a stationary deterministic policy formed by the actions a(s) for s € S and
in fact, a basic feasible solution z is the occupancy measure of the stationary deterministic
policy.

One can obtain a stationary deterministic optimal policy for the MDP by obtaining an
optimal basic feasible solution of (P). One of the popular methods to do it is the simplex
method. Note that for (P), choosing a basis is equivalent to assigning a unique action to

each state. One iteration of the simplex method applied to (P) can be written as follows.

Simplex method for base case MDPs

0. A basis: Have a unique action o(s) for each state s

1. Compute the complementary dual solution: by solving

S

y(s) — aZp(ﬂs, a(s)y(t) =r(s,o(s)) fors=1,...,8

t=1

2. Compute reduced costs: for s =1,...,5 and a # o(s),

S

7(57 CL) = 7‘(8, CL) +a Zp(t|87 a)y(t) - y(8>
t=1
3. Pivot: Choose a nonbasic variable z(s,a) with a negative reduced cost and make it

basic

Let us discuss some challenges in extending the above LP approach to the three classes
of MDPs considered in this thesis. As previously mentioned, LP formulations of the three
classes (non-stationary MDPs, countable-state MDPs, and constrained non-stationary MDPs)

are CILPs.! Since the useful theoretical properties of finite LPs such as duality results and

! Although the LP formulations of MDPs we consider are CILPs, they will look similar to (P) and (D),
and simplex-type algorithms we develop or analyze will be also similar to the simplex method presented in
this section. When coming across LP formulations of MDPs and simplex-type algorithms in later chapters,
we recommend the readers to re-visit this section and check the similarity.

10



the characterization of extreme points as basic feasible solutions do not directly extend to
general CILPs, we have to establish those properties before developing simplex-type algo-
rithms. However, even with those properties in hand, it is challenging to extend the above
simplex method to the CILP formulations of MDPs. First, a mere extension of the simplex
method to the CILPs may require performing infinite computation and using infinite data
in one iteration. For example, the system of equations solved in Step 1 of the above simplex
method becomes an infinite system of equations with an infinite number of variables when
applied to the CILPs we consider. In addition, Step 2 computes reduced cost of all nonbasic
variables, but in the CILPs we consider there is an infinite number of nonbasic variables.
Thus, in order to develop an implementable extension of the above simplex method, it is
necessary to develop proper approximation schemes. Consequently, there are challenges in
ensuring that despite approximations we will have to introduce, simplex-type algorithms
we develop generate a sequence of extreme points that improves an objective function in
every iteration and converges to optimality. In particular, we remind the reader that for
CILPs, strictly improving sequences of extreme points may not converge to optimality [21],
so a careful consideration is required to ensure that a simplex-type algorithm converges to
optimality.

In Chapter II, we establish a complexity bound for the simplex algorithm for non-
stationary MDPs introduced in [24] to achieve near-optimality and suggest ways to acceler-
ate the algorithm. We experimentally illustrate the performance of the algorithm and the
improvements. In Chapter I1I, we extend the major theoretical extreme point and duality
results to a CILP formulation of countable-state MDPs under standard assumptions for ana-
lyzing MDPs with countably-infinite state spaces. Under an additional technical assumption
which is satisfied by several applications of interest, we present a simplex-type algorithm that
is implementable. We show that the algorithm finds a sequence of policies which improves
monotonically and converges to optimality in value. A numerical illustration for inventory

management problems is also presented. In Chapter IV, we provide duality results and a
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complete characterization of extreme points of a CILP formulation of a constrained non-
stationary MDP. The resulting necessary and sufficient condition to be an extreme point
can be checked by considering a familiar finite dimensional polyhedron. We also illustrate
the condition for special cases. As a corollary, we obtain a new proof of the existence of
a K-randomized optimal policy, where K is the number of constraints. We conclude in

Chapter V with a summary of contributions and future research directions.
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CHAPTER II

Analysis of Algorithms for Non-stationary Markov

Decision Processes

2.1 Introduction

Non-stationary MDPs are MDPs with finite state space, finite action space, and non-
stationary problem data. Specifically, the set of states S and the set of actions A are
finite with |S| = S and |A| = A, and given that action a is taken at state s in period n,
the system makes a transition to a next state ¢t with probability p,(t|s,a) incurring cost
0 < eu(s,a;t) < ¢ < oo, where ¢ is a uniform upper bound on immediate costs. Let ¢,(s,a)
denote the expected cost incurred by taking action a at state s in period n. The goal of
the decision maker is to find a policy that minimizes the expected total discounted cost over
infinite horizon. This problem is called a non-stationary MDP. Non-stationary MDPs arise
in various applications, such as production planning under non-stationary cost and demand
data [23, 52], capacity expansion under nonlinear demand [9], and equipment replacement
under technological change [8].

Note that a non-stationary MDP can be also viewed as a stationary MDP with a count-
able number of states by appending states s € S with time-indices n € N. The states in the
stationary MDP counterpart are (n,s) € N x S. It is well known that for stationary MDPs

with a countable number of states and uniformly bounded costs, there exists an optimal
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policy that is stationary and deterministic (e.g., see Theorem 6.10.4 of [39]). A stationary
deterministic policy in the stationary MDP counterpart corresponds to a Markov determin-
istic policy in the original non-stationary MDP. Therefore, we can limit our attention to
Markov deterministic policies. For a Markov deterministic policy , let m,(s) denote the
action chosen by 7 at state s in period n.

The simplex algorithm for solving non-stationary MDPs introduced in [24] is a simplex-
type algorithm for solving CILP formulations of non-stationary MDPs. We will review
the algorithm and prove its convergence in Section 2.2. In short, the algorithm finds a se-
quence of extreme points of the CILP feasible region whose objective function values improve
monotonically and converge to the optimal objective function value. There is a one-to-one
correspondence between extreme points of the CILP and Markov deterministic policies. This
implies that the simplex algorithm obtains a sequence of improving policies that converges
to optimality (see Section 2.2 for more details).

Another solution method for non-stationary MDPs is to solve successively larger but
finite horizon truncations to optimality, i.e., for N = 1,2,..., solve the truncated problem
of periods 1, ..., N obtained from the original problem by assuming no cost is incurred after
period N. Each truncated problem is solved by backward induction. We call this algorithm
the receding horizon approach (RHA). RHA can be viewed as a special case of the shadow
simplex method [21]. Also, RHA can be considered as a version of algorithm in [57] that
solves stationary MDPs with countable state space by solving successively larger but finite
state truncation to optimality. RHA for non-stationary MDPs can be viewed as a version of
the algorithm in [57] applied to the stationary MDP counterpart of non-stationary MDPs.
RHA computes a sequence of policies whose value functions converge to the optimal value
function but may not improve monotonically.!

In this chapter, we establish rate of convergence results of the simplex algorithm and

RHA. For base case MDPs (finite state space and stationary problem data), the simplex

n [57], the convergence of value functions of the policies generated by the algorithm was not established,
but it can be proven by arguments similar to those in the paper.
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method with Dantzig’s pivoting rule (choosing a non-basic variable with the most negative
reduced cost) was shown to be strongly polynomial for a fixed discount factor [62]. For
non-stationary MDPs, we establish a number of iterations for the simplex algorithm with a
particular pivoting rule to find a solution whose objective function value is within a given
threshold from the optimal value. Note that one cannot expect any algorithm to solve a
non-stationary MDP in finite time because of the non-stationarity of problem data. We also
derive a similar result for RHA and compare the two results.

We also introduce a modification to the simplex algorithm that greatly accelerates its
empirical performance. The simplex algorithm for non-stationary MDPs in [24] performs only
one pivot operation (a pivot operation is replacing a basic variable by a nonbasic variable)
per iteration. Policy iteration, one of the popular solution methods for base case MDPs, is
the simplex method performing block pivot operations in each iteration. In this spirit, we
modify the simplex algorithm so that it performs multiple pivot operations in one iteration.

In Section 2.2, we review CILP formulations of non-stationary MDPs, the simplex algo-
rithm introduced by [24], and related results. We also provide a proof of convergence that
is different from the one in [24], which is useful in later sections. In Section 2.3 and 2.4,
we establish rate of convergence results of the simplex algorithm and RHA, respectively.
Section 2.5 introduces multiple pivoting. In Section 2.6, we provide experimental results
for the simplex algorithms introduced in this chapter and RHA for inventory management

problems.

2.2 Technical Background

2.2.1 CILP Formulations

Let © = {z,(s,a)} denote a sequence indexed by n € N;s € §, and a € A. We consider

the following CILP formulation of a non-stationary MDP introduced in [24] (see also Chapter
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8 of [4] and Chapter 12 of [18] for similar LP formulations of more general classes of MDPs):

(NP) min f(z ZZZ@ (s,a)x,(s,a) (2.1)

n=1 s€S acA

s.t. le(s,a) =1forseS (2.2)
acA
an(s, a) — Zan,l(s\t,a)xn,l(t,a) =1forneN\{l}, se€S (2.3)
acA teS acA
zp(s,a) >0forneN, se€S, ae A (2.4)

To gain intuition, it is convenient to interpret solutions of (NP) as flows in a directed
staged hypernetwork with an infinite number of stages (cf. [22]). Stage n in the hypernetwork
corresponds to period n of the MDP, and each stage includes S nodes, one for each state
in §. There are A directed hyperarcs emanating from each node, one for each action in
A; thus, a hyperarc (n, s,a) corresponds to action a at state s in stage n. A hyperarc (in
a hypernetwork) can connect its “tail” node to multiple “head” nodes; here, a hyperarc
(n,s,a) has (n,s) as its tail node, and all nodes (n + 1,t) such that p,(t|s,a) > 0 as its
head nodes. If all nodes (n, s) have supply of 1 units for n € N and s € S, any x satisfying
the constraints of (NP) can be visualized as a flow in this hypernetwork. See Figure 2.1.
Specifically, x,(s,a) is the flow in the hyperarc (n,s,a), and the flow reaching from node
(n, s) to node (n+1,t) through this hyperarc equals p,(t|s, a)x,(s, a). Moreover, constraints
(2.2) and (2.3) ensure flow balance at each node. We will refer to any x feasible to (NP) as
a flow in the hypernetwork. Let P denote the feasible region of (NP).?

For any Markov policy 7 for the non-stationary MDP, the corresponding flow x can be
found as

zn(s,a) = my(als) ZPt JforneN, se€S, ae A

tesS

That is, x,(s, a) is proportional to the probability, under 7, of using action a at state s in

2In each of the following chapters, P will denote the feasible region of the primal CILP considered in the
chapter.
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Period n Period n+1

pn-1(S| 17 1)Xn—1(1! 1)

pn-1(sl 17A)Xn—7(1rA)
pn-1(S|27 1)Xn-1(21 1)

X,(s,a)

x,,.(s,A)

pn-1(S|S:A)Xn—1(S!A)
Pa(Sls.a)x,(s.a)

Figure 2.1: Hypernetwork of (NP)

period n, scaled by the sum of the probabilities of reaching this state in period n under the
policy 7 for different initial states, while the total inflow into node (n, s) is precisely the sum
> ves PL(S, = s). In light of this interpretation, a Markov policy corresponding to any flow
x is also easy to identify, and thus, there exists a one-to-one correspondence between the set
of Markov policies and the set of flows.

Using the following lemma from [24], one can easily show that the infinite series in the

objective function of (NP) converges absolutely for any x € P.

Lemma 2.1 (Lemma 2.1 of [24]). For a feasible solution x of (NP), for each n € N,

Zan(s,a) =ns, (2.5)

s€S acA
and this also implies x,(s,a) < nS.

We consider another CILP formulation of a non-stationary MDP which can be derived
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by following arguments in Chapter 2.5 of [45] (see also [24]):

(ND) max g(y) =Y > yuls)
n=1 se€S
s.b. yn(s) — an(ﬂs?a)ynﬂ(t) <a"'e,(s,a)forneN, s€S, ac A
tes

yey,

where Y is the subspace of all sequences y = {y,(s)} indexed by (n,s) € N x § such that
[Yn(s)] < a" 7, for all (n,s), for which 7, is a finite constant that depends on y. Note that
the infinite series in the objective function converges absolutely for any y € Y. We remark
that there exists a unique optimal solution y* of (ND) and that y*(s) equals o™ ' J*(s) where
J*(s) denotes the minimum expected total discounted cost starting from the state s in period
n, i.e., yr(s) equals J*(s) discounted back to the initial period [24].

Duality results between (NP) and (ND) can be found in literature. Chapter 8 of [4]
and Chapter 12 of [18] presented duality results for similar LP formulations of more general
classes of MDPs. Specifically for the above LP formulations of non-stationary MDPs, [24]

provided duality results, which we state below without proofs.

Theorem 2.2 (Strong duality, Theorem 3.5 of [24] or see Chapter 9 of [4]). (NP) and (ND)

have optimal solutions and their optimal objective function values are equal.

Definition 2.3 (Complementary slackness). Suppose x is feasible to (NP) and y € Y. Then

we say that x and y satisfy complementary slackness if
Tn(s,a) (a”_lcn(s, a) — yn(s) + an(ﬂs, a)yn+1(t)> =0forneN, seS, ac A (2.6)
tes

Theorem 2.4 (Theorem 3.4 and 3.6 of [24]). (1) Suppose x is feasible to (NP) and com-
plementary with some y € Y. Then f(x) = g(y). If y is feasible to (ND), then x and y are

optimal to (NP) and (ND), respectively.
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(2) Suppose x and y are optimal to (NP) and (ND), respectively. Then, they are comple-

mentary.

2.2.2 Basic Feasible Solution and Pivot Operation

By Theorem 2.2 in [24], (NP) has an extreme point optimal solution and the goal of the
simplex algorithm we will analyze is to generate a sequence of improving extreme points
whose objective function values converge to the optimal value. We define a basic feasible
solution of (NP) which provides an algebraic characterization of extreme points of P, as

shown by the theorem following the definition.

Definition 2.5 (Basic feasible solution). Suppose z is feasible to (NP). We call it a basic
feasible solution of (NP) if, for every n € N and s € S, there is exactly one action a,(s) € A

for which z,,(s, a,(s)) > 0.

Theorem 2.6 (Theorem 11.3 of [18] or Theorem 4.3 of [24]). A feasible solution x of (NP)

1s an extreme point of P if and only if it is a basic feasible solution.

Note that a basic feasible solution = naturally defines a Markov deterministic policy .
By the one-to-one correspondence between the set of Markov policies and the set of flows in
the hypernetwork, it is easy to show that x is the flow in the hypernetwork corresponding
to the policy 7. Given a basic feasible solution x, for n € N and s € S, the unique action
an(s) € A such that z,,(s, a,(s)) > 0 is said to be the basic action of x at state s in period
n.

Let us extend the definition (1.1) as follows: for a policy m,

Jen(s) & E2 =" B8 forneN;seS, (2.7)

Z ak_lck(Sk, Ak)
k=n

Z ak_"ck(Sk, Ak)
k=n

that is, the expected total discounted cost of policy m starting from state s in period n,

discounted back to the initial period. By Theorem 1.1, for a Markov deterministic policy 7,
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J. = {Jmn(s)}(nys)eng is the unique solution of the following system of equations:
Yn(s) = " 'en(s,ma()) + Y paltls,a)yn(t) for n € Nand s € S. (2.8)
teS

That is, for a basic feasible solution x and the corresponding policy 7, J, is the unique

complementary solution of x. From the definition of J, it is evident that

0< Jen(s) <a™!

; for r e llyyp,neN,s €S, (2.9)
-«

and thus, J; € Y.

Let f* denote the optimal objective function value of (NP). The following theorem shows
that if an algorithm generates a sequence of basic feasible solutions of (NP) whose objective
function values converge to f*, then the algorithm generates a sequence of policies converging

to optimality for non-stationary MDPs.

Theorem 2.7. Let ¥ be a sequence of basic feasible solutions and 7 be the policy corre-

sponding to x*. If limg oo f(2%) = f*, then limy_yo0 Jor n(s) = Ji(s) forn e N;s € S.

Proof: Because of the definition of J*, we have Jyx,(s) — Ji(s) > 0 forn € N,;s € S.

Moreover, we have

F) = =g() =g(J) =D Jaeals) = DD Ji(s)
n=1 s€S n=1 s€8S
- Z Z(‘]ﬂk n(s) - J;(S))w
n=1 seS

where the first equality is obtained from complementary slackness and the third inequality
is obtained because J, and J* are both feasible to (ND). Since each term in the last sum is
nonnegative and the sum converges to zero, each term converges to zero, and therefore, the
theorem is proven. O

In the rest of this subsection, we define a pivot operation and provide an expression of
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the change in objective function value made by a pivot operation. Consider a basic feasible

solution x and its complementary solution y. We first define reduced costs.

Definition 2.8. Given a basic feasible solution x and its complementary solution y, reduced
cost vn(s,a) of a hyperarc (n, s,a) is defined as the slack in the corresponding constraint in
(ND):

Ya(s:a) £ " len(s,a) + Y paltls, a)ynsa () = yn(s). (2.10)

teS

Recall that y = J, where 7 is the Markov deterministic policy corresponding to z. From

the definition of the reduced cost and (2.9), we can easily prove the next lemma.

Lemma 2.9. The reduced cost v satisfies

< Yu(s,a) <ot

1faf0rn€N,s€S,a€A. (2.11)

Fix a period n, a state s, and an action a # 7,(s). Consider a Markov deterministic
policy p obtained from 7 by changing the basic action at state s in period n to a. We call
this procedure for obtaining p from 7 a pivot operation. Let z be the basic feasible solution
corresponding to p. The next proposition shows the relation between the change in objective

function value made by this pivot operation and the reduced cost v,(s, a).

Proposition 2.10. The difference in objective function values at basic feasible solution x

and the adjacent basic feasible solution z is given by

f(2) = f(x) = (1 +6"(5))m(s, a) (2.12)

where 0"(s) = x,(s,a,(s)) =1 >0 forneN,s € S.

Proof: Proposition 5.1 of [24] showed that f(z) — f(z) = (1 4 6™(s))yn(s,a) for some
0™(s) > 0. Thus, we only have to prove that 1 4 0"(s) = z,(s,a,(s)), which is done in

Section 2.7.1. O
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In this proposition, x and z are two extreme points whose basic actions differ only at
one period-state pair. We define such two extreme points to be adjacent. Note that the set
of nonnegativity constraints (2.4) binding at z differs from those binding at z only by one
constraint. Thus, the definition of adjacent extreme points of P naturally aligns with the
general notion of adjacency in a finite-dimensional polyhedron. Notice also that for a given

extreme point of P, there are a countably infinite number of adjacent extreme points.

2.2.3 The Simplex Algorithm for Non-stationary MDPs

Proposition 2.10 provides an exact expression of the difference in objective function value
made by a pivot operation. Also, the proposition implies that, if one finds a nonbasic variable
that has a negative reduced cost, then the solution resulting from the pivot operation has
a strictly lower objective function value. However, in order to compute a reduced cost, one
should first compute the complementary solution y and computing y requires either solving
the infinite system of equations (2.8) or computing (2.7) exactly, thus an infinite amount
of computation would be required. Consequently, the implementable simplex algorithm in
[24] (stated below) approximates y and reduced costs using an m-horizon truncation of the
non-stationary MDP and increases m as necessary to enhance the approximation until it
finds a nonbasic variable with a negative reduced cost. In addition, recall that a strictly
improving sequence of extreme points may not converge to optimality for general CILPs,
as mentioned in Chapter I. In other words, the improvement in each iteration should be
“sufficiently large” for the sequence of objective function values at obtained extreme points
not to get stalled prematurely before converging to optimality. It was shown in [24] that the
following algorithm, which we denote as SA in the rest of this chapter, generates a sequence

of improving extreme points that converges to optimality.
The simplex algorithm (SA)

1. Initialize: Set iteration counter k := 0. Fix basic actions a’(s) € A for s € S and

n € N. Set m = 1.
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2. Find a nonbasic arc with the most negative approzimate reduced cost:

a) Define m(k) £ oo and ~%>° £ (.
v

(b) Let y*™ be the solution of the finite system of equations

e (s) = @ len(s,an(s) + ) paltls, al(s))yTi(t) for s € Syn < m,
tes

k7
ymT—lr—L1<8) = 0
(¢) Compute approrimate nonbasic reduced costs

" (s, a) £ Q" en(s,a) + ) paltls, @)y i () — yn(s)
tes

for n <m, s € S,a € A such that a # a*(s).

(d) Compute the smallest approxzimate nonbasic reduced cost

Yin £ N 77 (5, )
(n,s,a)
() IfAMm < —om <=, set m(k) = m, (n*,s*,a*) = argmin, ; ,» Y& (s, a), af;{l

(2.13)

(2.14)

(2.15)

(2.16)

() =

a® and af1(s) = ak(s) for (n,s) # (n*,s*), and go to Step 3 below; else set

n n

m :=m+ 1 and go to Step 2(b) above.

3. Set k:=k+ 1 and go to Step 2.

In this algorithm, m is the number of periods used to approximate reduced costs and is

called strategy horizon. The above simplex algorithm is different from the one in [24] only

in the way it sets the strategy horizon at the beginning of each iteration: in Step 2(a), the

algorithm in [24] resets m := 1 at the beginning of each iteration, but this begins iteration

k with strategy horizon m = m(k — 1), i.e., the strategy horizon at which the previous

iteration found a pivot operation satisfying the conditions. We consider this modified version
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because we empirically experienced that the modification greatly accelerates convergence of
the algorithm. It can be easily shown that all of the results in [24] still hold after this change
because a starting value of m in each iteration does not play any role in their proofs.

Let 2% denote the basic feasible solution found in iteration k& of SA with basic actions
ak(s) for s € S and n € N. Let y* be the complementary solution of x*. Then, y*™

computed in Step 2(b) approximates y* with the following error bound.

Lemma 2.11 (Lemma 5.4 of [24]). The approzimation y*™ of y* satisfies

C

y]n“m(s) < yﬁ(s) < yﬁm(s) + 0/”1 forse S,n<m+ 1. (2.17)

—

Remark 2.12. The above inequality has the following interpretation. y¥(s) is the infinite-
horizon cost-to-go of the current policy at the kth iteration starting from the period-state
pair (n,s) discounted back to the initial period, whereas y%™(s) is the cost-to-go of the
current policy at the kth iteration starting from the period-state pair (n, s) only to period m
discounted back to the initial period. From period m + 1, an upper bound on the cost that
the current policy can incur is obtained by paying ¢ in every period from period m + 1, and

a lower bound is obtained by paying 0 from period m + 1 onward.

In iteration k of the algorithm, the approximate reduced costs computed in Step 2(c)

satisfy the following error bound.

Lemma 2.13. The approzimation Y™ of v satisfies

c

c
7,’?’”(5, a) —a™ < %’j(s, a) < %’j’m(s, a)+a™ N

form<m,se€S,ac A (2.18)
1 -« -

Remark 2.14. The above inequality has a similar interpretation with the one of (2.17).
7¥(s,a) is the difference of infinite-horizon cost incurred by changing the basic action of the
period-state pair (n,s) from the action given by the current policy to a new basic action

a. Y*™ (s, a) is the difference of m-horizon cost incurred by the same procedure. Assume
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that from the period m + 1, taking the current basic action in period n at state s causes the
maximum cost ¢ in periods m + 1, m + 2, ... while the action a causes cost zero in periods
m+1,m+2,.... This case gives the lower bound (the most optimistic case for the new basic
action) on the approximate reduced cost and it is the left side of the above inequality. The

upper bound is derived in a similar way.

Let 7%, be the minimum (exact) reduced cost over all nonbasic variables in iteration

k. The following lemma shows the relation between 4. = the approximate reduced cost

vi}fm(k) (s*, a*) of the nonbasic variable chosen by the algorithm, and its (exact) reduced cost
fyﬁk(sk, a”).
Lemma 2.15. The minimum reduced cost %, , the approxvimate reduced cost Vs}cm(k)(sk, a”)

of the nonbasic variable chosen by the algorithm, and its (ezact) reduced cost v¥,(s*, a*)

satisfy

C < (2.19)

C m m
’yfbk(sk,ak) — 2am(k)—1 — < ’n’jk (k)(sk,ak) —« (k)l —

Proof: Let a hyperarc (1, 5,a) attain the minimum reduced cost v*.  ie., 75(5,a) =

Ak . Suppose 7i > m(k). By the choice of m(k) and (n*, s*, a*),

mk)_© o k54
11—« 18 n(5,)

fys;:n(k)(sk, a") < —a

If n < m(k), then

:;Cm(k)(sk7 ak) _ am(k)ﬁ < %’j’m(k)(g, a) — a™®

by (2.18). By combining the above two inequalities, we obtain

m m &
A E) (s gk — )
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By applying (2.18) again, we obtain

vE(s*, aF) — 2am®) _c < Vk’m(k)(sk, a) — am® ¢ < A

1l -« nk

l—«

The next lemma states that SA generates an improving sequence of extreme points.

Lemma 2.16 (Lemma 5.5 and 5.6 of [24]). If 2* is not optimal to (D), then Step 2 terminates

and f(z"1) < f(2").

2.2.4 Proof of Convergence

In this subsection, we prove that SA generates a sequence of extreme points whose objec-
tive function values converge to optimality. This proof is different from the one in [24]. This
alternative proof will be helpful in Section 2.3 in analyzing convergence rate of the simplex
algorithm.

In addition to the above preliminary results, [24] showed the following lemma about m/(k)

and ’yﬁqﬂf ®) = fys;m(k)(sk, a®) of SA, which is necessary to prove convergence of the algorithm.
Lemma 2.17 (Lemma 5.7 of [24]). The sequence m(k) — oo as k — oo. Also, Vs}cm(k)(sk, a”)

— 0 as k — .

Let z* denote an extreme point optimal solution of (NP) and a}(s) denote its (optimal)
basic action at state s in period n. Then, the optimality gap of a basic feasible solution x

can be written using reduced costs as follows.

Lemma 2.18. The optimality gap of a basic feasible solution x is written as

flx) = f =YY an(s,a5 () (= (s, @ (s))): (2.20)

n=1 seS

Proof: In Section 2.7.2.
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Remark 2.19. In Appendix A, we provide another proof of Lemma 2.18 by analyzing geom-
etry of P. We show that given an extreme point of P, any point in P can be represented as
the sum of the extreme point and a conic combination of vectors from the extreme point to

its adjacent extreme points, and using the result, we prove Lemma 2.18.

Using the lemmas established so far, we provide a proof of convergence of SA that does

not use the duality results, unlike the proof in [24].

Theorem 2.20. Let 2% be the sequence of basic feasible solutions generated by SA. Then

limy o f(2%) = f*.

To prove this theorem, it suffices to show that for any number ¢ > 0, there exists a
positive integer K () such that for k& > K(e), f(z*) — f* < e. In the proof and also in

Section 2.3, we will repeatedly use the following positive integer N (e):

(2.21)

N 2 Fog(e(l - a)?’/QCS)W |

loga+1—«

For any basic feasible solution z and its complementary solution y, we have f(x) = g(y) =

> > e Un(s) and yu(s) < @™ '~ by (2.9), and thus, f(z) < (i Therefore, any

I—a 1—a)?
€> ﬁ is not of interest to us. For € < (lf—i)g, the numerator of the fraction in (2.21) is
negative. Since logaw < o — 1 for 0 < v < 1, N(e) is positive for all € of our interest.
This number N (¢) will be used to bound contribution of decisions after period N(e) to the
objective function f. The property of N(e) we will mainly use is described in the following

proposition.

Proposition 2.21. The positive integer N(¢) in (2.21) satisfies

cS = . cSaNo 1 €
=l _ 27 (N < —. 2.22
e 2 @ T VO 15) =3 (222)
n=N(e)+1
Proof: In Section 2.7.3 ]
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Proof of Theorem 2.20: Fix an arbitrary ¢ > 0. By Lemma 2.18,

- f —Zzw (= (s, an(s)))

n=1 seS
= ZZI (—(s,a Z S (s (= (s, a%(s)))
n=1 se8 n=N(e)+1 s€S
<lesx (= (s, a5 (s))) + _Z() nSa" ! ——
< sz (—7h(s,as(s) + 5

n=1 s€8S

where the first inequality is obtained from Lemma 2.1 and 2.9, and the second inequality is

obtained from Proposition 2.21. By Lemma 2.15,

c km(k
_7§(870’ ( )) < ’ymln S a (k)l — _fynk ( )(Sk’ak)'

Note that the right hand side above is strictly positive by the way (n*,s*, a*) is chosen.

Then, continuing the chain of inequalities

N(e)
) = < 30D whls,an() (—7k(s.an () + 5

n=1 s€8S

N(e)
_nzln “ 1 -« nk (S’a> +2

< NEOW(9 +1)S (am(k) ¢ _ k;cm(k)(sk,ak)) + 5.
2 1 -« " 2

By Lemma 2.17, we can find K (€) such that for k > K (e),

mk) € kom(k)( ko kY < €
N e A S (G
For such k, we have f(2*) — f* < e and the theorem is proven. ]
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2.3 Convergence Rate of Simplex Algorithm

In the previous section, we proved that for any e > 0, there exists K(¢) such that for
k> K(e), f(z*) — f* < e. In this section, we derive such a K(¢) for the simplex algorithm
with a particular pivoting rule, i.e., we provide a rate of convergence result. We first introduce

the pivoting rule.

2.3.1 Simplex Algorithm with Accuracy 9

For a given 0 > 0, let M (5) be the smallest positive integer satisfying 2o/ () T < 0.

Then, the only modification we make to SA is to set m = M (d) in Step 1. All the results
presented in the previous section still hold after this modification. In addition, the following
proposition shows that the reduced cost of the nonbasic variable chosen by the SA(J) is

within 6 from the true minimum reduced cost.

Proposition 2.22. For a given § > 0, the nonbasic variable (n*, s* a*) found in iteration
k of the SA(S) satisfies

Yo (8%,0%) = 6 < g (2.23)

Proof: By the modified Step 2, we have m(k) > M(0). By Lemma 2.15,

(s a) = 6 < (s, 05) — 2040 < 4f (55, 04) — 2070 <k
— —

O
We call the modified algorithm the simplex algorithm with accuracy §, or in short, SA(J).
2.3.2 Convergence Rate of SA(9)

For a given € > 0, if a solution z satisfies f(x) — f* < ¢, then x is said to be e-optimal.
We will establish an upper bound on the number of iterations for the simplex algorithm with

a certain accuracy to obtain an e-optimal solution.
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Let
€

N(e)(N(e)+1)S

5(e) = (2.24)

From Lemma 2.16 and Theorem 2.20, we know that SA(d(e)) generates a sequence of solu-
tions ¥ such that f(2*) is decreasing and converges to f*. For a given € > 0, the next key

lemma illustrates how fast f(2*) approaches f* + e.

Lemma 2.23. For a given € > 0, let N(e) be defined as (2.21). Let 2* be the sequence
of solutions generated by SA(5(e)) starting from x°. If f(2*=1) — (f* +¢€) > 0, then for
[=0,1,.. k-1,
+1y _ *
FE = (4o _ 2000 2

f@h) = (f*+e — c 1T NN + 1)S’ (2.25)

and thus, we have

fa®) = (f*+¢) 2\ [, 5 b
F) — (7 = (1 ‘ > _(1 N(e)<N<e>+1>s) | (220

Proof: Note that since f(z"7!) — (f* +¢€) > 0 and f(z!) is decreasing in I, we have

f@y —(f*+¢€ >0forl=0,1,...,k — 1. By following the same steps as in the proof of

Theorem 2.20, for any positive integer [, we obtain

N(e)
) — f* < 2 (s, ax(s)) (= (s, a* (s +E
@)= f _;; n(8: @ (8))(=m(s, an(s))) + 3
N(e) ¢
< At -
_’mm;;ﬁ+2
N(e)(N(e)+1)S ¢ € €
_ €_ 0 €
- PYmm 2 + 2 PYmm 2(5(6) + 2 (227)

30



By Proposition 2.10, for some 6 > 0,

fa') = f@™) = (14 0)(—u(s',a') = —7u(s', a') = =3 — 0(e)
2(f(a") = (f*+¢/2))d(e) 5(e) = 2(f(2") = (f* +€))d(e)

€ €

>

(2.28)

where the first inequality is obtained from ”yiL (8!, a') <0, the second inequality from (2.23),
and the third inequality from (2.27). By rearranging terms in the left and right hand sides
of (2.28), we obtain, for [ =0,1,...,k — 1,

) = (f 4 26 2
fE - T e NEON (@ +1)S

By multiplying the above inequality for [ = 0,1,...,k — 1, we obtain

ﬁfsi - E; T 3 = (1 - 25£€)>k B (1 - OO 1>s)k

and this proves the lemma. O

In the proof of the above lemma, (2.28) gives a positive lower bound on f(z!) — f(z!*1)
only when f(z') — (f* +¢) > 0 (and for this, we need the condition f(z¥~1) — (f* +¢€) > 0).
In other words, we can only provide a lower bound on the amount of improvement achieved
by an iteration of the simplex algorithm when the current iterate has a sufficiently large
optimality gap.

Let ¢ £ f(2°) — f* denote the initial optimality gap and let ¢ be an upper bound on ¢.
Later, we will provide a way to compute such an upper bound. The following main theorem

establishes the number of iterations of SA(d(e/2)) to obtain an e-optimal solution.

Theorem 2.24. Let 2° be an initial basic feasible solution and ¢ be an upper bound of the

initial optimality gap f(z°) — f*. Then the sequence of solutions z* generated by SA(5(¢/2))
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satisfies f(x*) — f* < e for k > K, (¢, ¢) where

Ki(de) 2 {45(2/2) log (2%5 - 1)} .

Proof: If we show that f(xKl(‘z”e)) — f* < ¢, then the conclusion trivially holds by

monotonicity of f(x*).

Suppose f(zF1(®9)) — f* > ¢ > ¢/2. From Lemma 2.23 (with €/2 in place of €), for

k< Ki(9,¢),
sty - < g (s - - ) (1- 2 2>)k
5+ (o) (- 22y »

By the definition of K, (¢, ¢), for k > K, (¢,€),

klog (1 - M) < —kw < IOgM/E;—l (2.30)

where the first inequality is obtained from log(1 — u) < —u for u < 1. Applying (2.30) to
(2.29), we obtain f(zF1(®9)) — f* <. O
If ¢, o, ¢ are considered fixed constants, then the number of iterations that guarantees
e-optimality is K;(¢, €) = O(S(log S)?(loge€)?).
By applying arguments nearly identical to the above proof, we can prove the following

theorem as well.

Theorem 2.25. Let 2° be an initial basic feasible solution and suppose that f(2°) — f* <.
Then the sequence of solutions z* generated by SA(5(e/4)) satisfies f(2*) — f* < £ for

k > Ky(e) where

Ko@) & [N(e/zl)(N(;/él) +S | 3} |

This theorem shows that the number of iterations guaranteed to reduce optimality gap
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from e to its half is K5(e) = O(S(log S)?(log €)?) given ¢, o, ¢ are considered fixed constants.
As promised, we provide an upper bound ¢ on ¢. Since costs c,(s,a) are nonnegative,

by Lemma 2.11 and (2.9), for any positive integer m, we can obtain an upper bound ¢ as

follows:

¢ = f(a°) — f* < f(a° ZZ% =D B+ YD uhs)

n=1 seS n=1 seS n=m+1 s€S
<> {yzw ) o _a] £y S
n=1 se€S n=m+1 s€S
— 0,m S m S m c é 0
;Sesyn (s) + mSa 1_@—1— a —(1—a) 0.

In fact, for any basic feasible solution ¥ and any positive integer m, we have

SN T s) <D yks) (= g(h))

n=1 seS n=1 seS

< ZZykm ) +mSa™

n=1 s€8S

C C
e 2.31
1_@—1—504 1= o) (2.31)

Therefore, we can estimate the objective function value f(z%) = g(y*) with arbitrary preci-
sion by computing the left hand side of (2.31) for a large enough m. In Section 2.6, we use

this to evaluate policies generated by solution algorithms.

2.4 Convergence Rate of RHA

Since SA(J) performs one pivot operation per iteration, Theorems 2.24 and 2.25 provide
an upper bound on the number of pivot operations for SA(J) to obtain a near-optimal

solution. In this section, we provide a similar result for RHA. RHA can be formally written

as follows.
Receding horizon approach (RHA)

1. Initialize: Set N := 1. Fix basic actions a2 (s) € A for s € S and n € N.
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2. Let wyy1(s) =0 for s € S.
3. Forn=N,N—-1,...,1,

(a) For s € S,

(i) Compute

wy(s) = min {cn(s, a) + ozan(ﬂs, a)wn+1(t)} ,

acA
tesS

al (s) = argmin {cn(s, a)+a an(ﬂs, a)wn+1(t)} . (2.32)

acA teS

4. Set N := N + 1 and go to Step 2.

Let 2V be the basic feasible solution corresponding to the policy formed by the basic
actions a? (s) for n € N and s € S computed by RHA.

For a given € > 0, the next theorem gives a value of N for which z"V is an e-optimal
solution. In Step 3(a)(i) of RHA, basic action of one period-state pair (n,s) is updated,
which is a pivot operation. The following theorem also gives the number of pivot operations

for RHA to obtain an e-optimal solution.

Theorem 2.26. Let 2V be the sequence of basic feasible solutions generated by RHA. Then
f(N) — f* <€ for N > N'(€) where

N & Fog(e(l - a)Q/cS)-‘ | 2,39

loga+1—«

The number of pivot operations for RHA to obtain 2™ is at most N'(e)(N'(¢) +1)S/2.

Proof: In Section 2.7.4.
This theorem shows that, if ¢ and « are considered fixed constants, the number of pivot
operations for RHA to achieve e-optimality is N'(e)(N'(e) + 1)S/2 = O(S(log S)?(log €)?).

The number of pivot operations for SA(d(€/2)) to achieve e-optimality is O(S(log S)?(log €)?),
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given by Theorem 2.24. Thus, the number of pivot operations for RHA has a lower order in €
by a factor of log € than that of SA(§(e/2)). However, our experimental results in Section 2.6
show that the simplex algorithm takes fewer pivot operations to find a near-optimal solution
than RHA does, as opposed to the theoretical guarantees.

We should point out that the amounts of computation per pivot operation of the two
algorithms can be vastly different. In order to find a pivot operation that improves the current
policy, the simplex algorithm approximately evaluates the current policy and increases the
strategy horizon if such a pivot operation is not detected. As we cannot predict at what
strategy horizon an improving pivot operation will be detected, we cannot exactly estimate
the amount of computation per pivot operation for the simplex algorithm. On the other
hand, RHA’s pivot operation is computing (2.32) (which is often called a backup operation in
literature) whose computational complexity is O(SA). However, a pivot operation performed

by RHA may make its policy worse as demonstrated in our experiments in Section 2.6.

2.5 Multiple Pivoting in the Simplex Algorithm

The simplex algorithm in Section 2.2.3 (SA) performs only one improving pivot operation
in each iteration. In this section, we introduce a modification to SA so that it performs
possibly multiple improving pivot operations in one iteration, which greatly improves its
empirical performance as illustrated in Section 2.6. The resulting algorithm also generates a
sequence of policies that improves monotonically and converges to optimality, as the original
SA does. We call it the simplex algorithm with multiple pivoting, in short, SAMP.

SAMP is obtained from SA by replacing Step 2(e) by the following:

The simplex algorithm with multiple pivoting (SAMP)

(only the replaced parts)
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2. (¢) If 4P < —a™c/(1 — a), set m(k) = m, compute

che {<n,s,a>
cka | ok
n=1

. c
a = argmin "™ (s, d’), 75 (s, a) < _aml } and
a’cA -

set a¥*l(s) = a for all (n,s,a) € C* and a**1(s) = a(s) for all (n, s) such that
there is no a satisfying (n, s,a) € C*, and go to Step 3; else set m := m + 1 and

go to Step 2(b).

That is, C* contains all hyperarcs (n, s, a) in period n such that (n, s, a) can be guaranteed
to have a negative reduced cost (based on the inequality in the definition of C*) and where
a has the smallest approximate reduced cost among all actions at state s in period n. C*
contains all such hyperarcs in periods 1 to m(k).

Note that in SAMP, the inequality that triggers pivot operations is still the same as in
SA, but when the inequality is satisfied, SAMP performs all pivot operations in C*. The
next proposition extends Proposition 2.10 and gives an expression for the change in objective

function value made by pivot operations in C*.

Proposition 2.27. Let x be the basic feasible solution in iteration k of SAMP. Then, the
difference in objective function values of x and the new basic feasible solution z obtained by

applying all pivot operations in C* to x is given by

f(z ZZ +0™(s2))yn(s', at) (2.34)

n=1 i=1

where C* = {(n, sk, al), (n,s2,a2),...,(n,s al")} forn = 1,2,...,m(k) and 0"(s) > 0

form=1,2,... m(k) andi=1,2,...,1,.

Proof: In Section 2.7.5.
SAMP and SA share the same scheme to approximate reduced costs (Step 2(b) and (c)
of SA). Thus, Lemma 2.11, 2.13, and 2.15 hold for SAMP. Furthermore, using the above
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proposition, we can easily prove that Lemma 2.16 and 2.17 also hold for SAMP. Therefore,
we have the following theorem, convergence of SAMP, and the proof is omitted as it is nearly

identical to the one of Theorem 2.20.

Theorem 2.28. SAMP produces a sequence of basic feasible solutions x* whose objective

function values f(x*) converge to f*, i.e., limy_,o f(2%) = f*.

2.6 Experimental Results

The objectives of this section are: (1) to compare empirical performance of the simplex
algorithms introduced in this section, in particular, to evaluate how the multiple pivoting

affects performance and (2) to compare the simplex algorithms and RHA empirically.

2.6.1 Comparison of the Simplex Algorithms

As a testing ground for the algorithms, we consider the following inventory management
problem over discrete time periods with stochastic non-stationary demands, non-stationary
costs, and lost sales. At the beginning of period n = 1,2, ..., a decision maker observes the
current integer-valued inventory level i,, and determines an integer-valued order quantity,
denoted as a,. A nonnegative integer-valued demand D, is realized from a distribution
function F,, and then the inventory level at the beginning of the next period is (i, +a, —D,)"
and the unmet demand (D,, — i, — a,,)" is lost. We assume no lead time for delivery. Given
in, @, and Dy, cost incurred in period n is py,(ay) + by (in + an) + 80 (D, — i — ay,) ™) where
DPns b, $p, are functions for purchase, holding, and shortage cost in period n, respectively.
We assume that items ordered in period n takes up inventory space in that period, so the
holding cost in period n is h,(i, + a,). We also assume that there is a limit / on inventory
level, i.e., i,, + a, < I for all n, that demands are uniformly bounded by a constant D < I,
and that the marginal costs of purchase, holding, and shortage are uniformly bounded from

below and above, i.e., 0 < p < py(a) — pp(a —1) < p < oo for all integers @ > 0, 0 < h <
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Average CPU time (secs) | Average number of pivots
SA 1453.3 2290.9
SA(0) 3010.61 22914
SAMP 280.52 2283.85

Table 2.1: Average performance of the simplex algorithms for € = 0.01

hn(i) — hp(i — 1) < h < oo for all integers i > 0, and 0 < 5 < s,,(u) — s,(u — 1) < 5 < oo for
all integers u > 0, for alln =1,2,....

For experiments, we used the following five parameter sets

(D, 1,p,p,h,h,s,5) = (10,20,100, 10, 3, 1,150, 10),
(10,20, 100, 10, 10, 5,150, 10), (15, 20, 100, 10, 3, 1, 150, 10),

(10, 25,100, 10, 3, 1, 150, 10), (10, 20, 100, 50, 3, 1, 150, 100),

and randomly generated four instances using each parameter set. Discount factor was 0.9.
For the 20 instances, we measured CPU time and number of pivot operations for the three
simplex algorithms to achieve 0.01-optimality (“a penny away” from the optimal cost). In or-
der to compare the theoretical guarantee given by Theorem 2.24 and empirical performance,
we used 0 = 0(0.005) for SA(d). The objective function value of each policy generated by the
algorithms was estimated using (2.31). The optimal objective function value was estimated
by RHA. For inventory level 4, the initial policy was ordering (D — )%, i.e., filling up to the
maximum one-period demand. The algorithms were implemented in Python and ran on 2.93
GHz Intel Xeon CPU.

Table 2.1 shows average CPU time and average number of pivots for the three algorithms
to achieve 0.01-optimality. Note that SAMP may perform multiple pivot operations in
one iteration. We counted the pivot operations performed in one iteration separately, and
evaluated all of the intermediate policies obtained by applying the pivot operations one by

one. Figure 2.2 shows optimality gap progress of the simplex algorithms as a function of (a)
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Figure 2.2: Optimality gap progress of the simplex algorithms for inventory management
problems
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CPU time and (b) number of pivot operations, for one of the 20 instances. (The plots look
very similar for the other instances.) The vertical axis of Figure 2.2 is optimality gap, the
difference between the objective function value of policies obtained by the simplex algorithms
and the optimal objective function value. The circles mark every 20 iterations of SAMP.

In Table 2.1, SAMP is at least five times faster than SA, thus, the multiple pivoting
greatly accelerates the simplex algorithm. SAMP performed 7.59 pivot operations per it-
eration on average. On the other hand, SA(J) is about two times slower than SA. SA(J)
uses larger strategy horizons than SA does, thus takes further future into account in making
pivoting decisions, but it also means more computation. We can deduce that the addi-
tional computational load overwhelmed the gain from using more information for pivoting
decisions.

The average numbers of pivot operations to achieve 0.01-optimality in Table 2.1 are nearly
identical. Also, in Figure 2.2(b), we observe that the simplex algorithms improve at nearly
identical paces as the number of pivots increases although their pivoting decisions are made
quite differently. For the 20 instances we generated, the guaranteed numbers of iterations
for SA(0(0.005)) to achieve 0.01-optimality given by Theorem 2.24 are larger than a billion,
as opposed to a few thousands in Table 2.1. Thus, for the inventory management problem,
the theoretical guarantee given by Theorem 2.24 is a pessimistic bound.

For the sequence of solutions generated by SA(§(0.005)), we compared the left and right
hand sides of (2.25) in Lemma 2.23, which are the actual improvement rate and the guar-
anteed improvement rate, respectively. Figure 2.3 plots the actual improvement rate of
solutions generated by SA(6(0.005)) divided by the guaranteed improvement rate, for the
same instance as the one of Figure 2.2. Thus, in Figure 2.3, dots close to zero indicate
improvements bigger than the guarantee.

In Figure 2.3, we observe that although the actual improvement rates are mostly close
to the guaranteed one (a lot of dots concentrated around one), there are occasional big

improvements, which make the actual improvement a lot faster than the guarantee, as the
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Figure 2.3: Comparison of guaranteed/actual improvement rates

Avg. CPU time (secs)

Avg. number of pivots

Avg. number of iterations

SAMP 280.52

2283.85

306.60

RHA 67.90

5167.65

181.65

Table 2.2: Average performance of SAMP and RHA for € = 0.01

total improvement rate over multiple iterations is multiplicative.

2.6.2 Comparison of SAMP and RHA

We empirically compared SAMP and RHA for the 20 instances of the inventory manage-
ment problem (see Table 2.2). For RHA, we evaluated every policy obtained after each pivot
operation. Recall that not all pivot operations performed by RHA improve the objective
function. We define the CPU time of RHA to achieve 0.01-optimality as the time when the
objective function value of a policy obtained by RHA enters the interval [f*, f* + 0.01] and
does not go out of the interval afterwards, and the second column of Table 2.2 shows its

average. The other two metrics of RHA in the table were computed in similar manners.
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Figure 2.4 shows optimality gap progress of SAMP and RHA as a function of (a) CPU time
and (b) number of pivot operations, for the same instance as the one used for Figure 2.2 and
Figure 2.3. For the other instances, the plots look similar.

In Table 2.2 and in Figure 2.4 (a), we observe that RHA converges faster than SAMP.
Note that in Figure 2.4 (a), RHA often goes up (i.e., performs a pivot operation that worsens
its policy) while SAMP always goes down (i.e., always improves its policy). In Table 2.2 and
Figure 2.4 (b), we observe that SAMP takes a smaller number of pivot operations than RHA
to achieve the same level of near-optimality. Recall that SAMP approximately evaluates its
current policy and enhances the approximation until an improving pivot operation is found.
On the other hand, RHA performs only a backup operation per pivot operation, but the
chosen pivot may not improve its policy. We can deduce that although SAMP performs
“smarter” pivot operations than RHA does, for the inventory management problem, the
additional computation of SAMP to find smarter pivot operations overwhelms its benefit.

Recall that RHA solves successively longer finite horizon truncations to optimality, and
thus, it requires costs and transition probabilities of further future periods as it runs. SAMP
also requires problem data of further future periods as the strategy horizon increases. Fig-
ure 2.5 shows improvement of the two algorithms as a function of number of periods for
which problem data are requested. For the inventory management problem, SAMP required
more data than RHA to achieve the same level of near-optimality.

In Table 2.2, RHA achieved 0.01-optimality after 181.65 iterations or 5167.65 pivot op-
erations on average. The number of iterations and the number of pivot operations of RHA
guaranteed to achieve 0.01-optimality given by Theorem 2.26 are in order of thousands and
hundreds of millions, respectively. Thus, the theoretical guarantee of RHA given by Theo-

rem 2.26 is also pessimistic.
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Figure 2.4: Optimality gap progress of RHA and SAMP for inventory management problems
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2.7 Technical Proofs

2.7.1 Proof of Proposition 2.10
In the proof of Proposition 5.1 in [24], "(s) is given as follows:
n—1
0"(s) £ > Oi(s.1)
k=1 teS

where

0" (s,t) = p_1(s|t,an_1(t)) and

O (s,t) 2> pr(s'lt, an(t)0yy (s, 8') for k= 1,2,... ,n—2.

s'eS

Interpretations of the above definitions are in order. 67_, (s, t) is the probability of transition

from t to s in period n — 1 under the policy given by z. One can easily verify that 6} (s,t) is
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the probability of going from period-state pair (k,t) to (n,s) under the policy z. Therefore,
0™ (s) is the sum of probabilities reaching (n, s) from (k,t) for k=1,...,n—1and t € S.

We prove 1 4 0"(s) = x,(s,a,(s)) for s € S by induction on n. For n =1 and s € S,
1+ 6'(s) =1 = z(s,a:1(s)). Suppose that for a positive integer k, 1+ 0%(s) = zx(s, ax(s))
for s € §S. Then for s € S,

Tra(s,aei1(s) = 14+ > pilsls’, an(s))an(s’, an(s))

=1+ pulsls’ an(s))(1 +0%(s))

s'eS
= 1+ 3l anls) + 30 sl an())04(s)

s'eS s'eS

=1+ Z OF(s,s) + Zpk(s\s’, ap(s")) i Z@f(s’,t)

s'eS s'eS =1 teS

=1+ Z OF(s,s) + i Z Zpk(s|s’, ar(s)0r (s, 1)

s'eS =1 teS s'eS

k—1
=14 0 (s, 8) + DD 0 (s,1)

s'eS =1 teS

k
=1+ ) 0 (s,t) =14 0(s),

=1 teS

where the first equality is obtained from feasibility of x to (NP) and the second equality is

obtained from the induction hypothesis. Thus, by induction, the lemma is proven. O]
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2.7.2 Proof of Lemma 2.18

Recall that 2* is a basic feasible solution and a7 (s) denotes its basic action at (

a positive integer N,

ZZ:U —Yn($ ZZZ&: $,a)(—7n(s,a))

n=1 s€S n=1 s€§ acA

= Z Z Z zh(s,a) [—a”lcn(s, a) — Z Pa(8'ls; a)yn+1(s") + yn<5)]

n=1 s€§ acA s'eS

- _ Z Z Z " ten(s,a)xk (s, a)

n=1 s€§ a€A

- Z Z Z [Z Pa(8']8, a)ynia(s") — yn(s)] x(s,a)

n=1 s€S aeA Ls'eS

n,s). For

(2.35)

where y is the complementary solution of . We can simplify the second term of (2.35) as

follows:

> ( Pa(S'ls, a)ynsa(s') — yn(8)> (s, a)
€S acA \s'eS

n=1 s

=3 () DD palsls,wi(s.a) = 30N wals) Y wi(sia)

n=1 s'eS s€ES acA n=1 seS acA
N
*
= g E Ynt1(5 § 2 41(8'sa) E :§ :y" )E:xn(s,a)
n=1s'€S acA n=1 s€8 acA
N

n=1 seS ac A n=1 seS ac A n=1 scS
N
= unvia(9) Y whgals,0) = () D wi(s,a) = DY ynials)
SES acA SES acA n=1 s€8S
N+1
= Z Yn+1(8) Z Thi(s,a) — Z Z Yn(5)
seS acA n=1 seS
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where the second and the last equalities are obtained from feasibility of z* to (NP). However,

since 0 < yn11(s) < o™+ by (2.9) and 0 < a3y, (s,a) < (N +1)S by Lemma 2.1, we have

11—«

0= ZyNH(S) Zx7v+1(8,a) < S2A(N + 1)
s€S acA

)

l—«

thus, > syn+1(5) D pea Thy1(s,a) = 0 as N — oo. Therefore, taking N — oo in (2.35)
gives

DD wn(san($)(=m(s,a5()) = =+ DY yals) = fla) = f*

n=1 s€8 n=1 seS

where the last equality is obtained from the fact that y is complementary with z. Thus, the

lemma is proven. O

2.7.3 Proof of Proposition 2.21

Consider a function F(N) = log(N + 1=). Since F(N) is a concave function, we have

F(N(e)) < F(0) + F'(0)N(¢) and that is,

log(N(e) +

——) < (1-a)N(9) — log(1 ).

Thus, we have

N (e€)log o + log(N(e) + ) < N(e)loga+ (1 —a)N(e) —log(l — )

l—«

= (loga+1—a)N(e) —log(l — a).
Since 0 < a < 1, we have loga + 1 — o < 0. By the definition of N(e) in (2.21),
(loga+1 — a)N(e) —log(1 — ) < log(e(1 — a)?/2cS) — log(1 — a) = log(e(1 — a)?/2¢S).

Thus,

N(€)log a + log(N(e) + ﬁ) < log(e(1 — a)?/2¢5)
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. By taking exponential function on both sides, we obtain the result. O]

2.7.4 Proof of Theorem 2.26

Let 7 be the policy corresponding to 2™V i.e., the policy obtained after solving the
N'(€)-horizon truncated problem. Note that 7 restricted to N’(e)-horizon is optimal for the
N'(€)-horizon truncated problem. We first show that 7 is e-optimal for the original problem.
Let x denote the basic feasible solution of 7 and y denote its complementary solution. Let

w denote the optimal solution to (ND). Then

0< flz) = f=gy) —

2D wals)

n=1 s€S

= Zzyn(s) -

n=1 seS

N'(e)
= Z Z(yn(s) -

DD S lonls) — wals)

n=1 se8 n=N'(e)+1 s€S
N'(e) / N'(e)
=3 S Os) - )+ ) D (nls) =y (s)
n=1 se§ n=1 seS
N'(e)
n=1 sES n=N'(e)+1 868
N'(e)
S NI IR P Sy IR e,
n=1 se8 n=N'(e)+1 s€S
N'(e)

IN

n=1 seS
cSalN'(©
11—«

PIPBL

C—i—ZZa

n=N'(e)+1 s€S
cSaN'(9) cSaN'(©
(1—a«)? -«

Vo 1;)

where 4V and w™'(9 denote the N'(¢)-horizon approximations of y and w (computed in
the same way as (2.13) and (2.14)), respectively; the second inequality is obtained from the
fact that m is optimal for the N’(e)-horizon truncated problem (i.e., 3" < w™'(9)) and
Lemma 2.11; the third inequality is from Lemma 2.11 and (2.9); and the last inequality
is obtained by using arguments similar to the proof of Proposition 2.21. Therefore, 7 is

e-optimal.
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We conclude the proof by computing the number of pivot operations to obtain 7. RHA
solves 1,2, ..., N'(¢)-horizon problems by backward induction until 7 is obtained. For a
positive integer m, backward induction solving an m-horizon problem performs at most m.S
pivot operations. Thus, the e-optimal policy 7 is obtained after at most N'(e)(N'(e) +1)S5/2

pivot operations. O

2.7.5 Proof of Proposition 2.27

Since the iteration counter k is fixed in the proposition, we omit it in the notation C*
and C* and denote them as C,, and C, respectively. We first prove the following proposition,

which is a simpler version of Proposition 2.27.

Proposition 2.29. For a fired n < m(k), the difference in the objective function values at a
basic feasible solution x and the new basic feasible solution z obtained by applying the pivot

operations in C,, to x is given by

ln

F(2) = fl@) =) (1+6"(s,))va(sh, ab)

i=1
where 0"(s') >0 fori=1,2,...,1,.

Proof: Let y and w be the complementary solutions of x and z, respectively. Let
S, = {s,s2,...,si"}. Since basic actions of periods n + 1,n + 2,... are not changed,
yj(s) = w;(s) for all s € S and for j =n+ 1,n+ 2,.... Since basic actions of states s ¢ S,
in period n are not changed, y,(s) = wy,(s) for s ¢ S,. By complementary slackness, for
i=1,2,...,1,

wa(sy) = a"ea(sy, an) + ) pals]sh, @)Y (s): (2.36)

s'eS
Let S,—1; C S be the set of states ¢ in period n — 1 such that s, € J,_1(t, a,_1(t)) where
Tn—1(t,a,_1(t)) is the set of states that are reachable by choosing action a,_1(t) (the basic

action of z at state t in period n — 1) at state ¢ in period n — 1. Let S,_1 = Ui’;lSn,lyi. For
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t € §,_1, by complementary slackness,

wn_l(t) =a"" 2Cn 1 t Qp— 1 +an 1 Sl|t An— 1( )) ( )

+ Z pn—1(8/|t7an—1(t))yn(sl)

§'€S\Sn

Yn—1(t) =" %, 1(t, an—a( +an 1(8ilt, an—1(t))yn(s, )

+ Z pn71(8/|t7an*l@))yn(s/)'

S'€S\Sn

Thus, for t € S,,_1,

wnfl(t — Yn— 1 an 1 ‘t? anfl(t))(wn(si) - yn(SZL))

— Z Or_ 1 (st 1) (wn(s) — yn(s))

(see Section 2.7.1 for definition of 7 (s t)). For t & S,_1, w,_1(t) = yn_1(t).

Now for j = 1,2,...,n — 2, we recursively define §; C S as the set of states ¢ in period j

such that Z;(t, a;(t)) = J;(t,a;(t)) NSj41 # 0. Then for t € S;, we have

lta)+ Y piE e O () + Y pi(s It ag(0)yn(s),

§'€T;(t,a;(t)) s'¢T;(t,a5(t))

Glta)+ Y piE Oy + D st a )yl

§'€T; (a4 (1)) s'¢T;(t,a;(t))
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Thus,

wi(t) =y = Y w1t ag(0) (wina(s) = ypa(s)

s'€Z;(ta;(t))

In
- i1t 5 (0) S (55 (n(52) — (1)
s'€T;(t,a4(t)) i=1
In
=D (wals) —walsi)) D (sl ()07 (s, )
=1 S'EIj(t,a]'(t))
In
=D 07 (sh ) (wals}) = yn(s)))-

For t ¢ S;, w;(t) = y;(t). Therefore, the difference between objective function values of w

and y is
=D (wi(t) —y() =D (wy(t) —
jEN teS j=1 teS
In n—1
=) (walsh) = yalsh)) + D > (w;(t) —
i=1 j=1 tes;
In
=D (walsy) +ZZZG" si) = (1)
i=1 j=1teS; i=1
In n—1
=D 14D D 0 (s t)| (walsh) = yalsh)
i=1 j=1 tes;
l/VL
£ (1+0"(3)) (walsh) = ya(sh)),
=1
and (2.36) gives wy(s%) — yn(s') = Yu(s,, @), thus the proposition is proven. O
Now we prove Proposition 2.27. Let 2° = x. Inductively, for n = 1,2,...,m(k), let 2"

be the basic feasible solution obtained by applying the pivot operations in C,, to z"~!. By
definition, z™*) = 2.

Fix n < m(k). For n’ € N;s € S,a € A, let 3,#(s,a) be the reduced cost of variable
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T (s,a) computed at the basic feasible solution 2"~!. Then, by Proposition 2.29, we have

ln

F) = FEN) =) (14 0"(50))An(ss a))
i=1
where 0"(s!) > 0fori=1,2,...,1,. The basic feasible solution z"~! is obtained by applying
the pivot operations of C;, Cs, ..., Cph_1 to 2° = 2. Thesets Oy, Cs, . .., C,_; contain nonbasic
variables in periods 1,2,...,n — 1. Thus, the basic actions of 2"~! in periods n,n +1,...
coincide with those of z. This implies that 7,/(s, a) equals 7,/ (s, a), the reduced cost of the

same nonbasic variable computed at x, for n’ > n,s € S,a € A. Therefore, we have
ln
FE) = F1) =Y (140" (s0) (50, a)

i=1

and by adding this equality for n = 1,2, ..., m(k), the proposition is proven. O
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CHAPTER III

Simplex Algorithm for Countable-state Markov

Decision Processes

3.1 Introduction

In this chapter, we introduce a simplex-type algorithm for solving countable-state MDPs.
Consider MDPs that have a countable state space, a finite action space, and stationary
transition probabilities and reward function, but whose objective is to maximize expected
total discounted reward.! Specifically, the set of states S is countably-infinite, and given
that action a is taken in state s, reward r(s,a,t) is obtained with probability p(t|s,a). Let
r(s,a) denote the expected reward incurred by choosing action a at state s, i.e., r(s,a) =
> es P(t|s,a)r(s,a,t). Note that the transition probabilities and the rewards do not depend
on period index, i.e., are stationary. Countable-state MDPs arise in inventory management
and queueing control where there is no specific limit on the size of inventory or queue, as
we illustrate in Section 3.1.3. We let S = {1,2,...} and A ={1,2,..., A} unless otherwise
specified.

We define the value function of a policy for an arbitrary initial state distribution, ex-

tending (1.1) in Section 1.1. Given an initial state distribution 3, each policy = induces

!This chapter studies countable-state MDPs under assumptions given in [39] (Section 6.10) which studies
maximization problems. For consistency with the reference, we also study countable-state MDPs maximizing
expected total discounted reward. Since we allow rewards to be negative in this chapter, all results in this
chapter can be easily converted to minimization problems.
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a probability distribution P? and defines the state process {S,}°2, and the action process
{A,}22,. We denote by E? the corresponding expectation operator. The expected total

discounted reward of a policy m with initial state distribution 3 is defined as

J-(8) £ B} . (3.1)

i Q" (S, Ay)
n=1

We call J.(5) the value of policy m with initial state distribution [3, or simply the value of
policy m whenever it is clear which initial state distribution is used. Recall that J,(s) denotes
(3.1) for those initial state distributions concentrated on one state s.

A policy 7* is said to be optimal for initial state distribution B if J(B) = J*(B) =
supren Jx(8). A policy 7* is said to be optimal for initial state s if Jp(s) = J*(s) =
SUP, ey Jx(8). Recall J*: S — R is called the optimal value function. A policy 7* is optimal
if Jo«(s) = J*(s) for all s € S. The goal of the decision maker is to find an optimal policy.

The main contribution of this chapter is that we introduce a simplex-type algorithm
for solving a CILP formulation of countable-state MDPs. It is the first solution algorithm
for countable-state MDPs that finds a sequence of policies whose value functions not only
converge to the optimal value function but also improve in every iteration. Countable-state
MDPs were studied by many researchers, including [13, 28, 39, 56, 57, 58], with predominant
solution methods summarized as the three algorithms in [56, 57] and [58]. In the next section,
we review the three existing solution methods for countable-state MDPs as discussed in

[56, 57, 58).

3.1.1 Literature Review

The algorithm suggested in [58] is an extension of value iteration to countable-state
MDPs. In general, value iteration computes a sequence of real-valued functions on S that
converges to the optimal value function. To remind the readers, value iteration for finite-

state MDPs starts with a function J° : & — R and for k = 1,2, ..., computes a function
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J¥ : 8 — R in iteration k by the following recursion formula:

Jk(s) & max {r(s, a) + aZp(ﬂs, a)Jk_l(t)} for s e S. (3.2)

tesS

Extending this to countable-state MDPs requires an adjustment in order for each iteration
to finish in finite time. The value iteration for countable-state MDPs first selects a function
v : 8§ — R and then, in iteration k, computes J*(s) by (3.2) only for s < k and lets
JE(s) = u(s) for s > k. In [58], it was shown that J* converges pointwise to the optimal
value function J* and error bounds on the approximations were provided. In iteration k, a
policy 7% : & — A (i.e., a stationary and deterministic policy) is obtained by assigning the
action that achieves the maximum in (3.2) to s < k and an arbitrary action to s > k. It
was also shown in [58] that J . converges pointwise to J* but the convergence may not be
monotone.

The solution method in [56] is an extension of policy iteration, another popular solution
method for finite-state MDPs. Recall that, given 7° : S — A, the kth iteration of policy

iteration for finite-state MDPs is as follows:

1. Obtain J* : S — R that satisfies

TH(s) =r(s, 771 (s)) + @ > _ plt]s, 7 1(s))J*(t) for s € S; (3.3)

teS

2. Choose 7" : S — A that satisfies

7*(s) € argmax {r(s, a) + ozZp(t\s, a)Jk(t)} for s e S. (3.4)

acA tes

Each iteration consists of computing the value function of the current (stationary and deter-
ministic) policy (Step 1) and obtaining a new policy based on the evaluation (Step 2). The

extension of policy iteration to countable state space is as follows: after selecting a function
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u:S — R, in iteration k, it computes J* that satisfies (3.3) for s < k and J*(s) = u(s) for
s > k, and then finds 7% that satisfies (3.4) only for s < k. It was shown in [56] that J*
obtained by this method also converges pointwise to J* and error bounds on the approxima-
tions were provided. One can extend 7* to the entire state space S by assigning an arbitrary
action to s > k; then J» converges pointwise to J* but again, the convergence may not be
monotone.

Another method, proposed in [57], is to solve successively larger but finite-state approxi-
mations of the original MDP to optimality. The real-valued functions on & obtained by this
method were also proven to converge pointwise to J*. A sequence of policies covering S is
also obtained by this algorithm in a similar manner but pointwise convergence of their value
functions was not established in the paper.

It should be pointed out that the above three papers only considered the case where
the reward function is uniformly bounded. However, in the aforementioned applications of
countable-state MDPs, immediate reward typically goes to infinity as the inventory level
or the number of customers in queue goes to infinity, which suggests the need to consider
countable-state MDPs with unbounded immediate reward functions. For brevity, let us refer
to a set of assumptions on transition probabilities and rewards as a setting in the following
literature review. Under three different settings with unbounded rewards, [27, 35, 55] studied
properties of countable-state MDPs. In [59], each of the three settings with unbounded
rewards in [27, 35, 55] was equivalently transformed into a bounded one. Therefore, the
algorithms and results mentioned in previous paragraphs for bounded case were extended
to the three unbounded problems in [27, 35, 55|. Meanwhile, [13] extensively reviewed
conditions under which the extension of the value iteration in [58] converges to optimality
in value and studied its rate of convergence. The setting in [13] is more general than the
settings in [27, 35, 55] but one cannot check whether it holds for given transition probabilities
and rewards without solving the MDP since it includes an assumption on the optimal value

function. In this chapter, we consider the setting in [39] (Section 6.10) for countable-state
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MDPs with unbounded rewards (Assumptions Al, A2, and A3 in Section 3.1.2). One can
easily show that this setting covers the three settings in [27, 35, 55]; it is a special case of
the one in [13] but it is checkable for given parameters without solving the MDP and has

enough generality to cover many applications of interest.

3.1.2 Assumptions

Let us define additional notation that will come in handy in the rest of the chapter.
Given a policy 7 and states s,t € S, Pr(t|s) denotes the probability of reaching state ¢
after n transitions starting from state s when policy 7 is applied, with P2(t|s) £ 1{t = s}.
P denotes the transition probability matrix of policy 7 for n transitions with both rows
and columns indexed by states. P defined similarly, is denoted as I. For simplicity, we
denote P!(t|s) and P! as P.(t|s) and P,, respectively. For a stationary policy o (recall that
notation o is used to emphasize the choice of a stationary policy) and a state s € S, r,(s)
denotes the expected immediate reward at s when o is applied, and 7, denotes the reward
vector indexed by states. For a stationary and deterministic policy o and a state s, o(s)
denotes the action chosen by 7 at s. Throughout this chapter, we will make the following
assumptions, which enable us to analyze countable-state MDPs with unbounded rewards:

Assumption (cf. Assumptions 6.10.1 and 6.10.2 of [39]) There exists a positive

real-valued function w on S satisfying the following:
Al |r(s,a)| <w(s) foralla € A and s € S;

A2 There exists k, 0 < kK < 00, for which

Z p(tls, a)w(t) < kw(s)

forallae AandseS;
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A3 There exists A\, 0 < X\ < 1, and a positive integer J such that

o’ > Pl (ts)w(t) < Mw(s)

for all m € I yp.

Using the infinite matrix and infinite vector notation, the above three assumptions can
be written as: Al |r,| < w for all 0 € Hgp, A2 P,w < kw for all o € Tgp, and A3
o’ P7w < Aw for all € Ip, where the inequalities are component-wise. We can easily
show that the above assumptions imply that |r,| < w and P,w < kw for all o € Ilg, and
a? PYw < \w for all m € Iy, i.e., they also hold for the corresponding class of randomized
policies.

Assumption 1 tells us that the absolute value of the reward function is bounded by the
function w. In other words, the function w provides a “scale” of reward that can be obtained
in each state. Assumption 2 can be interpreted as that the transition probabilities prevent
the expected scale of immediate reward after one transition from being larger than the scale
in the current state (multiplied by ). Assumption 3 can be interpreted similarly, but for .J
transitions. However, note that \ is strictly less than one, which is important because A will

play a role similar to that of the discount factor « in our following analysis.

3.1.3 Examples

We give two examples of countable-state MDPs with unbounded costs that satisfy As-

sumptions Al, A2, and A3.

Example 3.1 (Example 6.10.2 in [39]). Consider an infinite-horizon inventory management

problem with a single product and unlimited inventory capacity where the objective is to
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maximize the expected total discounted profit. Let S = {0,1,...}, A={0,1,..., M}, and

0 t>s+a

p(t]s,a) = Psta—t S+a>t>0

Qs+a t= 07
\

where pp denotes the probability of demand of k£ units in any period, and ¢, = Z;’;k Dj
denotes the probability of demand of at least k units in any period. For s € § and a € A,

the reward r(s,a) is given as
r(s,a) = F(s+a) —O(a) —h-(s+a),

where
st+a—1

F(s+a)= Y bjp;+b(s + a)qusra,
j=0

with b > 0 representing the per-unit price, O(a) = K+ca for a > 0 and O(0) = 0 representing
the ordering cost, and h > 0 representing the cost of storing one unit of product for one

period. It is reasonable to assume Y, kpy < 00, L.e., the expected demand is finite. Then,
Ir(s,a)] < b(s+ M)+ K +cM+h(s+M)=K-+Mb+c+h)+(b+h)s2C+ Ds

by letting C' 2 K +M(b+c+h) and D 2 b+h. Let w(s) = C+ Ds so that Al holds. Since

o] s+a s+a—1
Zp(t|3a a)w(t) = Zps+a—t “w(t) + gsta - w(0) = Z pr-w(s+a—1t)+ gsya - w(0)
t=0 t=1 t=0
st+a—1
=C+D Z (s+a—t)p <C+ D(s+a) <w(s)+ DM,
t=0

by Proposition 6.10.5(a) in [39], A2 and A3 are also satisfied.

Example 3.2 (Generalized flow and service control). This example is a generalization of the
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flow and service rate control problem in [4]. Consider a discrete-time single-server queue with
an infinite buffer. State is defined as the number of customers in the queue at the beginning
of a period, so § = {0,1,...}. Let A" and A? be finite sets of nonnegative numbers and let
A= A x A% If the decision-maker chooses (a',a?) € A' x A? in a period, then the number
of arrivals in the period is a Poisson random variable with mean a' and the number of served
(thus, leaving) customers in the period is the minimum of a Poisson random variable with
mean a? and the number of customers in the system at the beginning of the period plus the
number of arrivals in the period. (That is, we assume that order of the events in a period
is: the decision-maker observes the current state and chooses two numbers a' € A! and
a’* € A% arrivals occur, and then services are provided and served customers leave.) For

s € S,a=(a',a?) € A, the immediate reward is
r(s,a) = —cs — d'(a') — d*(a?),

where ¢ is a positive constant, d'(-) is the flow control cost function, and d?(-) is the service
control cost function. The reward is linear in s, which is justified by the well-known Little’s
Law.

In the flow and service control problem in [4], it was assumed that in a period, at most
one customer arrives and at most one customer leaves the system, which no longer holds in
this example.

Let C £ c and D £ maxgicg |d'(a')| + maxgecq2 |d?(a?)]. Then Al is satisfied with
w(s) = Cs + D. In addition,

ZPHSCL D+C2pt]5a

teS t=0
s—1 ]
=D+ C Zp(t]s,a)t+2p(s+u|s,a)(s+u)
t=0 u=0
<D+Cs+2ps+UISGU<w +Z () gy = (s) + (g
u=0
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1

where the second inequality is obtained by considering maximum arrival rate a} = max A'

and zero service rate. Therefore, by Proposition 6.10.5(a) in [39], A2 and A3 are satisfied.

Parts (b) and (c) of Proposition 6.10.5 in [39] provide two other sufficient conditions to
satisfy A2 and A3.

3.1.4 Background

In this section we review some technical preliminaries that were established in the liter-
ature and will be used in this chapter.
The following theorem is an extension of Theorem 1.1 to countable-state MDPs. By this

theorem, we can limit our attention to policies that are stationary and deterministic.

Theorem 3.3 (cf. Theorem 6.10.4 of [39]). Countable-state MDPs under Assumptions Al,
A2, and A8 satisfy the following.
(1) There ezists an optimal policy that is stationary and deterministic.

(2) The optimal value function J* is the unique solution of
y(s) = max {r(s, a) + a;p(t\s, a)y(t)} for s € S.

Moreover, the actions that achieve the above maximum form a stationary and deterministic
optimal policy.

In particular, for any stationary deterministic policy o, J, equals the optimal value function
of a new MDP obtained by allowing only one action o(s) for s € S, and thus, J, is the

unique solution of

y(s) = r(s,0(s) + Y pltls,a(s)y(t) fors € S,

ory =rs + aP,y in the infinite vector and matriz notation.
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Define

ifak =1

J
1-A

1 .
— otherwise.

It has been shown that the value function of any Markov policy is bounded by Lw:

Proposition 3.4 (cf. Proposition 6.10.1 of [39]). If Assumptions A1, A2, and A3 are satis-

fied,
|J:(s)] < Lw(s) for any s € S and m € Iy;. (3.5)

In the rest of this subsection, we review some real analysis results that will be used in
this chapter for exchanging two infinite sums, an infinite sum and an expectation, or a limit

and an expectation.

Proposition 3.5 (cf. Tonelli’s theorem on page 309 of [46]). Given a double sequence {a;;}

fori=1,2,...,5=1,2,...,4f a;; >0 for all i and j, then

i=1 j=1 j=1 i=1

Proposition 3.6 (Theorem 8.3 in [47]). Given a double sequence {a;;} for i = 1,2,..,

J=1,2, . if 05 3000 |ag| converges, then

0o oo 0o oo
ZZaij:ZZaij < 00.
1

i=1 j= j=1 i=1

This proposition is a special case of Fubini-Tonelli theorem, which is obtained by com-
bining Fubini’s theorem (see Theorem 19 on page 307 of [46]) and Tonelli’s theorem. We
will also use monotone convergence theorem (MCT) and dominated convergence theorem

(DCT).
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Proposition 3.7 (Series version of monotone convergence theorem, Corollary 5.3.1 of [40]).

If X; are nonnegative random variables for i =1,2,..., then

E

Proposition 3.8 (Dominated convergence theorem, Theorem 5.3.3 of [40]). If a sequence of
random variables {X;}52, converges to a random variable X and there exists a dominating

random variable Z such that | X;| < Z fori=1,2,... and E[|Z|] < oo, then

E[X)] — E[X].

3.2 CILP Formulations

In this section, we introduce primal and dual CILP formulations of countable-state MDPs.
We start with a straightforward result which was used in [39] and [45] without being explicitly

stated.

Lemma 3.9. A policy is optimal if and only if it is optimal for an initial state distribution

that has a positive probability at every state.

Proof: For a policy m and an initial state distribution 3, observe that

T8 = B2 |30 (S A | = Y B)ET |3 am (S, A | = 3 B(s)a(s).

Since J(s) < J*(s) for any s € S, and f(s) > 0 for any s € S, a policy 7 maximizes J,(5)
if and only if it maximizes J.(s) for each state s, and thus, the equivalency is proven. O
Using this lemma, we equivalently consider finding an optimal policy for a fixed initial

state distribution that satisfies

B(s) >0 for all s € S. (3.6)
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Additionally, we require that 3 satisfies
Brw = Zﬂ(s)w(s) < 0. (3.7)
s=1

(3.7) will help us show that a variety of infinite series we consider in this chapter converge.
Note that 3 is not a given problem parameter and that there are many functional forms
of w that allow us to choose f satisfying (3.6) and (3.7). For example, if w € O(s™) for
some positive number m (in other words, w is asymptotically dominated by a polynomial in
s), then we can easily find J satisfying the conditions by modifying an exponential function
appropriately.

Now we introduce a CILP formulation of a countable-state MDP.

oo A
(CP) max f(z) = Z Zr(s,a)x(s,a) (3.8)

s=1 a=1
A oo A
s.t. Za:(s, a) — az Zp(s|t, a)x(t,a) = B(s) for s € S (3.9)
a=1 t=1 a=1
x>0, z€ly,

where [; is the space of absolutely summable sequences: x € [; means

o A
> la(s,a)| < .
s=1 a=1

Derivations of (CP) can be found in the literature even for more general classes of MDPs.
(Chapter 12.3 of [18] introduced a similar CILP formulation for a more general class of
MDPs, but for the average reward criterion. Additionally, in Chapter 8.8 of [4], a similar
CILP formulation was derived for constrained MDPs, with regular MDPs a special case.
However, assumptions used in the latter are quite different from ours and it is not known
either if his set of assumptions implies ours or vice versa.) In Section 3.5.1, we provide a

high-level derivation of (CP). Briefly, (CP) is derived by a convex analytic approach which
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considers the MDP as a convex optimization problem maximizing a linear functional over
the convex set of occupancy measures. (An occupancy measure corresponding to a policy
is the total expected discounted time spent in different state-action pairs under the policy;
for a precise definition, see Section 3.5.1.) It is well known that P, which denotes the set
of feasible solutions to (CP), coincides with the set of occupancy measures of stationary
policies. For any stationary policy o and its occupancy measure x € P, J,(5) is equal to the
objective function value of (CP) at x. An optimal stationary policy (which is known to be
an optimal policy) can therefore be obtained from an optimal solution to (CP) by computing
the corresponding stationary policy (for more details, see Section 3.5.1).

The following visualization of constraint (3.9) will help readers understand the structure

of (CP). Using infinite matrix and vector notation, constraint (3.9) can be written as

MY M. | M#|.. )z = B. (3.10)

Here, for s € S, M*® is an 0o X A matrix whose rows are indexed by states and M*® = E*—aP?,
where each column of E* is the unit vector e®, and the ath column of P® is the probability

distribution p(-|s, a).?

Remark 3.10. Let us re-visit Example 2. For any state s, for any action a = (a'!, a?) such that
a' > 0, transition to any state ¢ > s has a positive probability. That is, the ath column of
P? has an infinite number of positive entries. On the other hand, any state s can be reached
by a transition from any state t > s by an action a = (a',a?) such that a®> > 0. That is,
for any ¢t > s, the entry of P! at the sth row and the ath column is positive. Consequently,
in the CILP (CP) for Example 2, there are variables that appear in an infinite number of
constraints (unless A' = {0}) and each constraint has an infinite number of variables (unless
A? ={0}).

ly(s)l

We consider another CILP formulation of countable-state MDPs. Let ||y, = sup,cg e,

2Note that the rows of P are indexed by next states. Meanwhile, given a stationary deterministic policy
o, the rows of P, are indexed by current states and its columns are indexed by next states.
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for y € R* and Y, £ {y € R® : ||yl < oo}. Consider the following CILP:

(CD) min g(y) = Y B(s)y(s) (3.11)
s.t. y(s) — aZp(t\s, a)y(t) > r(s,a) forse Sanda € A (3.12)
Yy €Y, (3.13)

A CILP formulation consisting of (3.11) and (3.12) was introduced in Chapter 2.5 of [45]
for MDPs with uniformly bounded rewards. By adding constraint (3.13), one can apply
essentially the same arguments to countable-state MDPs being considered in this chapter
(i.e., ones with unbounded rewards but satisfying Assumptions Al, A2, and A3) to show
that the optimal value function J* is equal to the unique optimal solution of (CD).

A few remarks about (CD) are in order. Note that for any y € Y, the objective
function value is always finite because of (3.7). Also, the infinite sum in each constraint,
Yoo p(t]s,a)y(t) for s € S and a € A, can be shown to be finite for any y € Y,, by using
Assumption A2. Also, under Assumptions Al, A2, and A3, value functions of all Markov
policies belong to Y,, due to Proposition 3.4, so (3.13) does not exclude any solution of

interest. Since, for any optimal policy 7*,

T(B) = T (B) = Y B(s)Jwe(s) = Y B(5) " (s), (3.14)

the optimal value of (CD) equals J*(3). Lastly, we note that Y,, is a Banach space, so (CD)
is a problem of minimization of a linear function in a Banach space while satisfying linear
inequalities.

Section 3.5.1 proves that the optimal objective function value of (CP) is J*(3), and thus,

we have the following strong duality theorem.

Theorem 3.11. Strong duality holds between (CP) and (CD), i.e., f(x*) = g(y*), where z*
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and y* are optimal solutions of (CP) and (CD), respectively.

Note that (CP) has only equality constraints and non-negativity constraints, and thus
can be said to be in standard form. The main goal of this chapter is to develop a simplex-
type algorithm that solves (CP). A simplex-type algorithm is expected to move along an
edge between two adjacent extreme points, improving the objective function value at every
iteration, and converge to an extreme point optimal solution. The following characterization

of extreme points of P is also well known in literature (e.g., Theorem 11.3 of [18]).

Theorem 3.12. A feasible solution x of (CP) is an extreme point of P if and only if for
any s € S, there exists a(s) € A such that x(s,a(s)) > 0 and z(s,b) = 0 for all b # a(s).

That is, the extreme points of P correspond to stationary deterministic policies.
Therefore, it is natural to define basic feasible solution in the following way.

Definition 3.13. A feasible solution x to (CP) is defined to be a basic feasible solution of

(CP) if for any s € S, there exists a(s) € A such that z(s,a(s)) > 0 and z(s,b) = 0 for all
b # a(s).

Note that a basic feasible solution is determined by choosing one column from each block
matrix M*® in (3.10) for s € S. For a basic feasible solution x and for s € S, the unique
action a(s) that satisfies (s, a(s)) > 0 is called a basic action of = at state s. Basic actions
of x naturally define a stationary deterministic policy, say, o. Recall that P is the set of
occupancy measures of stationary policies; moreover, the set of extreme points of P coincides
with the set of occupancy measures of stationary deterministic policies. Thus, conversely,
the extreme point x is the occupancy measure of the stationary deterministic policy o.

The next theorem follows immediately, based on the existence of an optimal policy that
is stationary and deterministic and the correspondence between stationary deterministic

policies and extreme points (Theorem 11.3 of [18]).

Theorem 3.14. (CP) has an extreme point optimal solution.
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In Appendix B, we provide an alternative proof of the above theorem. Briefly, the
proof shows that P is convex and compact in R* under the product topology and that the
objective function f(z) of (CP) is continuous over the feasible region P, and then, by Bauer’s
Maximum Principle (e.g., see Theorem 7.69 of [2]), that (CP) has an extreme point optimal
solution.

Next, we define complementary slackness between solutions of (CP) and (CD), and prove

its equivalence to optimality.

Definition 3.15. (Complementary slackness) Suppose x € P and y € Y,,. x and y are said

to satisfy complementary slackness (or be complementary) if

x(s,a) [fr(s, a) — (y(s) - aZp(ﬂs, a)y(t))] =0foral seS,ae A (3.15)

Theorem 3.16. (Complementary slackness sufficiency) Suppose x € P and y € Y, are
complementary. Then f(x) = g(y), and if y is feasible to (CD), then x and y are optimal to
(CP) and (CD), respectively.

Proof: In Section 3.5.2.

Theorem 3.17. (Complementary slackness necessity) If © and y are optimal to (CP) and

(CD), respectively, then they are complementary.

Proof: In Section 3.5.3.

Given a basic feasible solution x, let o be the corresponding stationary deterministic
policy. By Theorem 3.3(2) and the definition of complementary slackness, a y € Y, is
complementary with z if and only if y is the value function of o. Since the value function
of a policy is unique, for any basic feasible solution x, there exists a unique y € Y, that is
complementary with x, and moreover, y satisfies |y| < Lw by Proposition 3.4.

Recently in [20], it was shown that for general CILPs, weak duality and complementary

slackness could be established by choosing appropriate sequence spaces for primal and dual,
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and the result was applied to CILP formulations of countable-state MDPs with bounded
rewards. In the paper, one of the conditions for the choice of sequence space is that the
objective function should converge for any sequence in the sequence space. However, in
(CP), the sequence space [; does not guarantee convergence of the objective function (but
the objective function converges for any feasible solution of (CP) as shown in Section 3.5.1).
Thus, for countable-state MDPs with unbounded rewards being considered in this chapter,
applying the choice of sequence spaces in [20] would yield a different CILP formulation
from (CP), in which the feasible region may not coincide the set of occupancy measures of
stationary policies.

We conclude this section with the next lemma which will be useful in later sections.

Lemma 3.18. Any x € P satisfies

ZZm(s,a): 1ia'

s=1 a=1

Proof: In Section 3.5.4.

3.3 Simplex Algorithm

To devise a simplex-type algorithm for (CP), let us recall how the simplex method for fi-
nite LPs works (in case of maximization). It starts with an initial basic feasible solution, and
in each iteration, computes reduced costs of nonbasic variables, chooses a nonbasic variable
with a positive reduced cost, and then replaces a basic variable with this nonbasic variable
to move to an adjacent basic feasible solution (this step is called a pivot operation). The
difficulties in replicating this for general CILPs are summarized in [21, 24]: 1) for a given so-
lution, checking feasibility may require infinite data and computation, 2) it generally requires
infinite memory to store a solution, 3) there are an infinite number of nonbasic variables to
consider for pivot operation, 4) computing reduced cost of even one nonbasic variable may

require infinite data and computation. In addition to these difficulties in implementation,
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[21] provided an example of a CILP in which a strictly improving sequence of adjacent ex-
treme points may not converge in value to optimality. Therefore, an implementable simplex
algorithm for (CP) should store each iterate in finite memory, and approximate reduced
costs of only a finite number of nonbasic variables using only finite computation and data in
every iteration. We should also ensure that the algorithm improves in every iteration and
converges to optimality despite the above restrictions.

In [24], a simplex algorithm for non-stationary MDPs with finite state space that satisfies
all of the requirements was introduced. Here we introduce a simplex algorithm that satisfies

all of the requirements for a larger class of MDPs, namely, countable-state MDPs.

3.3.1 Approximating Reduced Costs

In this section we describe how we approximate reduced costs and prove an error bound
for the approximation. Let x be a basic feasible solution to (CP) and let y € Y be its

complementary solution. We first define reduced costs.

Definition 3.19. Given a basic feasible solution x and the corresponding complementary
solution y, reduced cost v(s,a) of state-action pair (s,a) € S x A is defined as negative of

the slack in the corresponding constraint in (CD):

Y(s,a) £ r(s,a) + Y pltls,a)y(t) —y(s). (3.16)

t=1

For a state-action pair (s,a) such that z(s,a) > 0, the reduced cost y(s,a) is zero by
complementarity. If y(s,a) < 0 for all (s,a) € S x A, it means that y is feasible to (CD),
and thus, z is optimal to (CP) by Theorem 3.16.

Let o be the stationary deterministic policy corresponding to z. Fix a state s and
an action a # o(s) and consider a stationary deterministic policy 7 obtained from o by
changing the basic action at state s to a. We call this procedure for obtaining 7 from

o a pwot operation. Let z be the basic feasible solution corresponding to 7. The next
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proposition shows the relation between the change in objective function value made by this

pivot operation and the reduced cost (s, a).

Proposition 3.20. In the aforementioned pivot operation, the difference in objective func-

tion values of x and z 1s given by

f(2) = fx) =(s,a) Y _B(H) Y _a"Pr(s|t).?

If the reduced cost (s, a) is positive, then the objective function strictly increases after the

pivot operation, by at least 5(s)y(s,a).

Proof: First, note that we can easily show that the infinite sum on the right hand side is
finite because probabilities are less than or equal to one. Let y and v be the complementary
solutions of x and z, respectively. Then, we have y = r, + aP,y and v = r, + aP,v. Thus,
v—y=r.+aPv—y=r,+aP.(v—y)+aPy —y where the last equality follows because
each entry of P,v and P,y is finite (since |v| and |y| are bounded by Lw and each entry
of P,w is finite by Assumption A2). By Theorem C.2 in [39], (I — aP,)~! exists for any

stationary policy 7 and we have?
(I —aP) ' 2T +aP. +a*P? +....

Therefore, we have v —y = (I — aP;) ' (r; + aP,y — y). Entries of the infinite vector

rr +aPry —y are

N / v(s,a) ift=s
(rr +aPry —y)(t) = r(t,7(t) + Y p(t't, 7()y(t') — y(t) =
t'=1 0 otherwise.

3Note that in the second sum, the index n starts from 0 since it is not a period index, but denotes a
number of transitions.

4Because aP; is a bounded linear operator on Y, equipped with the norm || - ||,, and the spectral radius
of aP; is strictly less than one, the conditions of the theorem is satisfied.
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Therefore,

fz) = fz) = B"v =BTy = 8" (v—y) = B"(I — aPr) " (r; + aPry — )

o0 oo

—y(5,a) S8 S @ P(sle),

=0
establishing the first result. Because

o0

STB5S anPr(slt) = B(s)PA(sls) = B(s) > 0,

t=1 n=0

the second claim is also proven. ]

Computing the reduced cost of even one state-action pair requires computing y. Recall
that y is the value function of the policy o¢. Computing y requires an infinite amount
of computation and an infinite amount of data, no matter how it is computed, either by
computing the infinite sum (3.1) or solving the infinite system of equations y = r, + aP,y.

For a given policy o, we consider approximating the complementary solution y by solving
the following N -state truncation of the infinite system of equations y = r, + aP,y. Let N
be a positive integer. The approximate complementary solution, which we denote as 3", is

defined to be the solution of the following finite system of equations:
N
YN (s) = r4(s) + &ZPU(t\s)yN(t) fors=1,...,N. (3.17)
t=1

Note that 3" is the value function of policy ¢ for a new MDP obtained by replacing states
greater than N by an absorbing state in which no reward is earned, and thus, y" is an
approximation of y obtained from the N-state truncation of the original MDP. The next

lemma provides an error bound for the approximate complementary solution.

Lemma 3.21. For any positive integer N, the approzimate complementary solution y™
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satisfies

N (s) —y(s) < LY > a"Pr(t|s)w(t) fors=1,...,N.

t>N n=1
The error bound on the right hand side converges to zero as N — oco. Therefore, y~ converges

pointwise to y as N — o0.

Proof: In Section 3.5.5.
Using the approximate complementary solution, we define approximate reduced costs of

nonbasic variables that belong to the N-state truncation:
N
YN (s,a) & r(s,a) + aZp(t!s, a)y™(t) —yN(s)fors=1,... N,a € A. (3.18)

t=1

Note that v (s, a) is an approximation of reduced cost ¥(s,a) computed by using 3 in

place of y. The next lemma provides an error bound on the approximate reduced cost.

Lemma 3.22. For any positive integer N, the approzimate reduced cost v satisfies
VN (s,a) —(s,a)| < 6(0,8,a,N) fors=1,...,N,a € A,
where we define

8(0,s,a,N) £LY > a"Pr(t|s)w(t) + aL > p(tls,a) Y > a"Pr(t|tw(t)

t>N n=1 t'>N n=1

+al Zp(ﬂs,a)w(t). (3.19)

t>N
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Proof: By Lemma 3.21 and (3.5), for any s < N and a € A,

7Y (s,a) = (s, a)]

<ay pltls,a)ly™ () = y@)] + v (s) —y(s)| +ad_ pltls,a)ly(t)]

t>N

<ol ptls,a) Y > a"PrH|w(t’) + LY Y a"Pr(t]s)w(t) + oL p(t]s, a)w(t)

t'>N n=1 t>N n=1 t>N

=d(0,s,a,N),

which proves the lemma. O
By using Assumptions A2 and A3 and arguments similar to those in Section 3.5.5, it is

not hard to prove the following proposition about (o, s, a, V).

Proposition 3.23. For any positive integer N and for o € llgp,s=1,...,N, and a € A,
d(o,s,a, N) < L(L + axL + ar)w(s), (3.20)

and for any o € llgp,s=1,...,N, and a € A,
d(o,8,a,N) = 0 as N — oc. (3.21)

Thus, by this proposition and Lemma 3.22, we have vV (s,a) — 7(s,a) as N — oo for
any state-action pair (s, a).

To design a convergent simplex-like algorithm for solving (CP), we need to assume the
existence of a uniform (policy independent) upper bound on §(o, s, a, N), i.e., d(s,a, N) >

d(o,s,a,N) for all o € [Igp, positive integer N, s < N, and a € A, such that

d(s,a, N) = 0 as N — oo for any (s,a). (3.22)

Additionally, for the algorithm to be implementable, we require 6(s, a, N) to be computable
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in finite time, using finite data. In Section 3.3.4, we show how such an upper bound é(s, a, N)

can be computed for Examples 1 and 2.

3.3.2 Simplex Algorithm

Our simplex algorithm finds a sequence of stationary deterministic policies whose value
functions strictly improve in every iteration and converge to the optimal value function.
Let o denote the stationary deterministic policy our algorithm finds in iteration k. Let z*
denote the corresponding basic feasible solution of (CP) and y* denote the complementary
solution.

The intuition behind the algorithm can be described as follows. If o* is not optimal,
y* is not feasible to (CD), and thus, there is at least one nonbasic variable (state-action
pair) whose reduced cost is positive. To identify such a variable with finite computation,
in each iteration we consider N-state truncations of the MDP, increasing N as necessary.
As N increases, the variable’s approximate reduced cost approaches its exact value, and for
sufficiently large N becomes sufficiently large to deduce (by Lemma 4.4) that the (exact)
reduced cost of the variable is positive. Moreover, in choosing a variable for the pivot
operation, the algorithm selects a nonbasic variable that not only has a positive reduced
cost, but also has the largest approximate reduced cost (weighted by ) among all nonbasic
variables in the N-state truncation; this choice is similar to the Dantzig pivoting rule for finite
LPs. Choosing a nonbasic variable with a positive reduced cost ensures strict improvement,
and choosing one with the largest weighted approximate reduced cost enables us to prove
convergence to optimality. (As demonstrated by a counter-example in [21], an arbitrary
sequence of improving pivot operations may lead to convergence to a suboptimal value.)
A unique feature of our algorithm is that in each iteration it adjusts NN, the size of finite-
state truncation, dynamically until a condition for performing a pivot operation is satisfied,
whereas existing solution methods for countable-state MDPs increase the size by one in every

iteration.
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An implementable simplex algorithm for countable-state MDPs

1. Initialize: Set iteration counter k¥ = 1. Fix basic actions o'(s) € A for s € S.°
2. Find a nonbasic variable with the most positive approrimate reduced cost:

(a) Set N :=1 and set N(k) := oo.

(b) Compute the approximate complementary solution, y**(s) for s = 1,..., N by

solving (3.17).

(c) Compute the approximate reduced costs, v*¥(s,a) for s = 1,...,N,a € A by
(3.18).

(d) Find the nonbasic variable achieving the largest approrimate nonbasic reduced

cost weighted by f:

BNy = argmax B(s)y"" (s, a). (3.23)
(s,a)

(e) If ABN (s8N gk N > §(sPN aBN N), set N(k) = N, (s*, a*) = (s8N aFN), and

oML (s%) = aF, o*T1(s) = o*(s) for s # s*, and go to Step 3; else set N := N + 1

and go to Step 2(b).

3. Set k =k + 1 and go to Step 2.

3.3.3 Proof of Convergence

In this section we show that the simplex algorithm of Section 3.3.2 strictly improves in
every iteration and that it converges to optimality.
In Step 2(e) of the algorithm, a pivot operation is performed only if v5V(s* a*) >

5(s*,a*, N). This inequality implies that the reduced cost of variable z(s*, a*) is positive as

®Note that we can select an initial policy that can be described finitely. For example, for A = {1,..., A},
we can let o!(s) =1 for all s € S. Then, the algorithm stores only deviations from the initial policy, which
total at most k at the kth iteration.
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shown in the following lemma. For s € S,a € A, and k = 1,2, ..., we use 7*(s, a) to denote

the reduced cost of variable x(s,a) where the current policy is o*.

Lemma 3.24. The reduced cost v*(s*,a*) of the state-action pair chosen in iteration k of

the simplex algorithm is strictly positive.

Proof: We have

7k<8k7ak) = ’Yk7N(Sk7ak) o 5(0k7 Skuakv N) > 7k7N(Sk7ak) o 5(8k7ak7N) >0

where the first inequality follows by Lemma 3.22, the second by the definition of §(s*, a*, N),
and the last by Step 2(e) of the algorithm. O
By this lemma and Proposition 3.20, the following corollary is immediate. We denote

f(xF) as f* for simplicity.

Corollary 3.25. The objective function of (CP) is strictly improved by the simplex algorithm

in every iteration, i.e., f*t > f* fork =1,2,....

The next corollary shows that the value function of the policies found by the algorithm

improves in every iteration.

Corollary 3.26. The value function of the policies obtained by the simplex algorithm is
nondecreasing in every state and strictly improves in at least one state in every iteration,

i.e., for any k, y*t1 > y* and there exists s € S for which y**1(s) > y*(s).

Proof: As shown in the proof of Proposition 3.20,

Yy —yF = (I — aPiit) H(roee + aPorey™ — o),

and for s € S,

Y (s) — yF(s) = 7 (s*,a") Y e Pl (s)s).
n=0
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Since v*(s*,a*) > 0, we have y**1(s) — y*(s) > 0 for all s € S. Moreover,

?/Hl(sk) - yk(sk) = Vk(ska ak) Z O‘npng(Sklsk) > Vk(ska ak)P£k+1(3k|5k) = Vk(ska ak) > 0.
n=0

From the above corollaries, the next corollary is trivial.

Corollary 3.27. The simplex algorithm does not repeat any non-optimal basic feasible so-

lution.

The next lemma shows that the algorithm finds a pivot operation satisfying the conditions

as long as the current basic feasible solution is not optimal.
Lemma 3.28. Step 2 of the algorithm terminates if and only if z* is not optimal to (CP).

Proof: In Section 3.5.6.

In the rest of this section we show that the algorithm converges in value to optimality.
We begin by proving a few useful lemmas.

From Proposition 3.20, we know that 3(s*)v*(s*, a*) is a lower bound on the improvement,
of the objective function in iteration k. The next lemma shows that f* converges, and thus

the guaranteed improvement should converge to zero.
Lemma 3.29. The sequence f* has a finite limit and B(s*)v*(s*, a*) tends to zero as k — .

Proof: For any k,

fE=fh) = g(y") =Y Bls)y*(s) S LY Bls)uw(s) < oo,

where the second equality follows by Theorem 3.16, the first inequality by (3.5), and the last
inequality by (3.7). By Corollary 3.25, the sequence f* is an increasing sequence. Therefore,

f* has a finite limit, and thus f*™! — f* converges to zero as k — oo. Since 3(s*)y*(s*, a¥)
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is nonnegative for any k, by Proposition 3.20, we can conclude that 3(s*)v(s*, a*) converges

to zero. n
The next lemma shows that N(k), the size of the finite truncation at which the simplex
algorithm finds a state-action pair satisfying the conditions of Step 2(e), tends to infinity as

kE — oo.
Lemma 3.30. N(k) — oo as k — 0.

Proof: This proof is similar to the proof of Lemma 5.7 in [24].

The lemma holds trivially if ¥ is optimal for any k. Suppose that this is not the case, and
that there exists an integer M such that N (k) = M for infinitely many k. Let {k;}52, be the
infinite subsequence of iteration counters in which this occurs. Let 0% be the stationary
deterministic policy in the M-state truncation defined by o*i(s) for s = 1,..., M. Note that
in the M-state truncation of the original MDP, since A is finite, there are only a finite number

of stationary deterministic policies. Thus, there exists a stationary deterministic policy of

the M-state truncation that appears for infinitely many k;. Let o denote the M-state

stationary deterministic policy and, passing to a subsequence if necessary, let g% = g*M

In the simplex algorithm, the nonbasic variable chosen by the algorithm is completely
characterized by the basic feasible solution of the M-state truncation. Thus, in iteration k;
for i = 1,2,..., the state-action pair chosen for a pivot operation is the same. Let (s*,a*)
denote this state-action pair. For ¢ = 1,2, ..., in iteration k; of the simplex algorithm, the

improvement of the objective function is

ka_l . fkl > 5(3*)7ki(s*,a*) > 5(8*)(’}/ki’M(S*,CL*) _ 6(0’ki73*7a*7M))

> 6(8*)(7ki’M(s*, a*) —6(s*,a*, M)) > 0,

where the first inequality follows by Proposition 3.20, the second by Lemma 3.22, the third

by the definition of §(s*,a*, M), and the last by Step 2(e) of the algorithm. Note that the

approximate reduced cost v%"M (s*, a*) is also solely determined by the basic feasible solution
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of the M-state truncation. Thus, the last nonzero expression in the above inequalities,
B(s*)(Y¥M(s* a*) — 6(s*,a*, M)), is a positive constant. This implies that the objective
function is increased by at least a fixed amount in iteration k; for + = 1,2,.... However,
we know that f* is an increasing convergent sequence from Corollary 3.25 and Lemma 3.29.

Thus, we established the result by contradiction. O

Theorem 3.31. Let f* be the optimal value of (CP). The simplex algorithm converges to

optimality in value, i.e., limy_o f* = f*.

Proof: The main steps of this proof are similar to the steps of the proof of Theorem 5.3
in [24], but details of each step are quite different. We borrowed some of their notation.

This theorem trivially holds if z* is optimal for any &, so suppose that this is not the
case.

There exists a sequence of positive integers {ry} such that s"* — oo as k — 00. Indeed,
recall that s* is the state where the algorithm performs a pivot operation in iteration k.

k < N’ for all k. Then, the algorithm performs

Suppose that there exists N’ such that s
pivot operations only for states less than N’, and thus, can encounter only a finite number
of basic feasible solutions, since the action set A is finite. However, we assumed that z* is
not optimal for any £ and the algorithm performs a pivot operation as long as it does not
reach an optimal solution (Lemma 3.28) and never repeats any non-optimal basic feasible
solutions (Corollary 3.27). Thus, we reached a contradiction.

We will next show that the sequence 2™ has a converging subsequence whose limit is an
optimal solution to (CP). The fact that s™ — oo as k — oo will play a role in showing the
optimality of the limit, later in this proof.

For any k, " belongs to P which is shown to be compact in Theorem 11.3 of [18§]
or Corollary 10.1 of [4], and thus, there exists a convergent subsequence z'* of z"* with
limy_,o 2% = Z. Note that Z € P. Let y'* be the corresponding subsequence of y*. Let

Y, 2 {y €R" : ||yllw < L}, then Y7 is a compact set of R*® under the product topology by

Tychonoff’s theorem (e.g., see Theorem 2.61 of [2]). By (3.5), we have y'* € Y7, for all k, and
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thus, the subsequence y' also has a further convergent subsequence y“*. Let limj_,o, y** = 7,
and note that lim;,_,, * = . We will show that z and y are complementary and  is feasible
to (CD), and thus, that z is optimal for (CP).

Since x** and y“* are complementary, we have
(s, a) [T(S, a) — (y"k(s) - aip(ﬂs, a)y“’“(t))] =0forseS,ac A (3.24)
t=1
Recall that, by (3.5), |y ()| < Lw(t) for any state ¢t and
ip(ﬂs, a)Lw(t) < kLw(s) for any s € S.
t=1
Thus, by Proposition 3.8, we have

Jim 3 s, o)y () = 3 (el o)

Consequently, by taking k — oo in (3.24), we obtain

z(s,a) [r(s,a) - (g(s) — ozZp(ﬂs,a)y(t))] =0forseS,ac A

Therefore, ¥ and i are complementary.
Suppose that g is not feasible to (CD). That is, there exists (s,a) € S x A and € > 0

such that
r(s,a) +ad  p(tls,a)y(t) —g(s) = c.
t=1

Thus, there exists K such that for k£ > K,

€. (3.25)

r(s,0) + a3 pltls,aly™ (1) — v () >

t=1
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Since limy_,o N (u) = 0o by Lemma 3.30, s < N(uy) for sufficiently large k. For all such £,

r(s,a)+a Y p(tls,a)y™(t) — y"(s) = v"*(s,a)

< fy“’“’N(“k)(s, a) 4+ (o™ s,a, N(ug)) < ’y“k’N(“’“)(s, a)+6(s,a, N(uy)) (3.26)

by Lemma 3.22 and the definition of 0(s,a, N (uy)). By Lemma 3.30, we know that

d(s,a, N(ug)) — 0 as k — oo.

We will also show that v“~()(s @) becomes nonpositive as k — oo, which will contradict
(3.25), and thus, we will conclude that g is feasible to (CD).

We have:

ﬁ(s)’yuk’N(uk)(S,a) < ﬂ(suk)’yuk’N(uk)(Suk,GUk)

< B8 )y (5™, a™) + B(s™)0(0™, 8", a™*, N (uy)) (3.27)

where the first inequality is due to (3.23). By Lemma 3.29, the first term of the right hand
side of (3.27) tends to zero as k — oo. Also, by (3.20), the second term of the right hand

side of (3.27) is bounded as follows:
B(s")o (o s" a" N(ug)) < L(L+ akL + ar)B(s")w(s" ).

The right hand side tends to zero as k — 0o because 5(s)w(s) — 0 as s — oo by (3.7) and
s" — 0o as k — oo by the choice of sequence uy. Therefore, the right hand side of (3.27)
converges to zero as k — o0o. Since 3(s) > 0, we obtain that limsup, v“*" (") (s,a) < 0.
Thus, (3.25) is contradicted and so y is feasible to (CD).

Thus, we have shown that = is optimal to (CP). By following arguments similar to those

of Lemma 8.5 of [4], one can show that f, the objective function of (CP), is continuous on
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P under the product topology. Thus, f“ converges to f* as k — oo. However, f* converges
by Lemma 3.29 and its limit should be the same as the limit of its subsequence. Therefore,

f* converges to f* as k — oo. O

3.3.4 Examples (continued)

Recall that our simplex algorithm relies on &(s,a, N) — a finitely computable upper
bound on (0o, s,a, N) that converges to zero as N increases. Let us demonstrate how this
bound can be computed for the examples of inventory management and queueing from

Section 3.1.3.

Example 3.1 (continued). In the inventory example, recall that the maximum inventory
level that can be reached by n transitions from state s is s + nM. An upper bound on the

first term in (3.19) can be computed as follows:

LY > a"Pr(tlsyw(t) =LY a™>  PX{[s)(C + Dt)

t>N n=1 t>N

§Lia”[0+D(s—l—nM)]1{N<8+nM}

n=1

= Lia”[(ﬁ'—i—D(s—i—nM)]

_ ta [(C+Ds) + DM

l—«

a+v—aorv

l—«

where the exchange of infinite sums follows by Proposition 3.5 and v £ LNA}SJ +1. An upper

bound on the rest of (3.19) can be found similarly. Thus, we obtain the following upper
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bound on §(c, s, a, N):°

L 14
6(0, 5,0, N) < ==

[<o+ Ds) +DMM}

l—«

Lo?

DM
+ (C’+DN+1—)1{N<3+M}

1l—« — o
Lo”

a+v—aoav
—1—1 E—

|:C—|—DS—{—DM ]1{N23—|—M}

—

+ La(C + Ds+ DM)1{N < s+ M}

2 §(s,a, N)

and 6(s,a, N) decreases to zero as N increases. It can also be denoted as d(s, N) since it

does not depend on action a.

In the above example, w is a linear function of the state. However, note that for any
polynomial function w, one can easily find 6(s,a, N) that converges to zero as N — oo by

following arguments similar to the above steps.

Example 3.2 (continued). For n = 1,2,..., let X,, be a Poisson random variable with

mean na.. and let Y be a random variable that equals X,, with probability (1 —a)a™"! for

n=1,2,.... Let u denote the expected value of Y. For a random variable X, let fx and
Fx denote the probability distribution function and the cumulative distribution function of
X, respectively.
Then, for s € S and N =1,2,..., we define d(s,a, N) as
N

§(s,a,N) = L-hy(s,N) +aLZp(t|s,a) ~g(t,N)+a-L-hy(s,N) (3.28)

t=0

In (3.19), it is assumed that S = {1,2,...}. However, note that in Examples 1 and 2, S = {0,1,...}.
Thus, we derive an upper bound on §(o, s,a, N) for which the first sum in the second term in (3.19) starts
with ¢ = 0 instead of ¢ = 1. Then, (o, s,a, N) is an error bound of the approximate reduced cost computed
from the (N + 1)-state truncation.
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where

and .
hy(s,N) & C (allnax - Zufxl(u)> + (Cs+ D)(1 — Fx,(N —s)).

In Section 3.5.7, we prove that 6(c,s,a, N) < d(s,a, N) and that 6(s,a, N) — 0 as N — oo,

and illustrate how &(s,a, N) can be computed finitely.

3.4 Numerical Illustration

We implemented the simplex algorithm and tested it on five instances of the inventory
management problem of Example 3.1. Recall that b, K, c, h, M denote the per-unit price,
the fixed ordering cost, the per-unit ordering cost, the per-unit inventory cost, and the max-
imum ordering level, respectively, and let d denote the expected demand in one period. The
parameters of the five instances were (b, K, ¢, h,d, M) = (15,3,5,0.1,2,4), (10,5,7,0.1,2,4),
(10,3,5,0.2,2,4), (10,3,5,0.2,2,5), (10,3,5,0.2,3,5), respectively. For all instances, de-
mand in each period follows Poisson distribution with the specified expected value. We used
discount factor a = 0.9. The simplex algorithm was written in Python and ran on 2.93 GHz
Intel Xeon CPU.

Figure 3.1 shows cost improvement of the simplex algorithm for the above instances of
the inventory management problem as a function of (a) CPU time and (b) number of pivot
operations. The vertical axis of Figure 3.1 is the difference between the objective function
value of (CP) of policies obtained by the simplex algorithm and the optimal objective function
value. For s € S, the initial basic action o' (s) was the remainder of s+ 3 divided by M. The
objective function values of each policy were estimated by computing 3>~ B(s)y"(s) for
increasing N until the change of the value in consecutive iterations was less than a threshold,
where 3" is obtained by solving (3.18).

Figure 3.1 illustrates that for all instances, the difference between the objective function
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Figure 3.1: Optimality gap progress of the simplex algorithm for inventory management
problems
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value of policies and the optimal value decreased monotonically and converged to zero.
As shown in Figure 3.1(b), the algorithm converges at similar rates for all instances as
the number of iterations increases, but CPU time of one iteration is longer on average for
instances 4 and 5 as shown in Figure 3.1(a), possibly because of the higher maximum ordering

level.

3.5 Technical Proofs

3.5.1 Derivation of (CP) and Proof of Strong Duality

Here we provide some intuition behind problem (CP) by illustrating its relationship to
the MDP problem. We also prove strong duality between (CP) and (CD).

We first define an occupancy measure and will show that the feasible region of (CP)
coincides with the set of occupancy measures of all policies. In order to introduce the
concept of an occupancy measure, we consider the expected total reward criterion, instead of
the discounted one. It is well known (e.g., see Chapter 10 of [4]) that we can transform an
MDP with the expected total discounted reward criterion into an equivalent MDP with the
expected total reward criterion, by adding an absorbing state, say, 0. Let S = S U {0} =

{0,1,2,...} and set the transition probabilities and rewards for s € S and a € A as:

(

ap(t|s,a) if s #0,t#0
pltls,a) £ 41— @ if s £0,6=0,

1 ifs=¢t=0
\
(

r(s,a) ifs#0
7(s,a) £ (5:) 7

0 if s =0.

\

Extend (8 by letting $(0) = 0 and 7 by arbitrarily choosing an action at state 0. The
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expected total reward is defined as:

o0

S (50 An)

n=1

Va(8) £ Ef

9

where P? and E? are defined similarly for the new MDP, and the processes {S,} and {4, }
are also defined accordingly. Then it is easy to show that J,.(8) = V,(8) for any policy 7.
We call this the absorbing MDP formulation of the original discounted MDP. It is said to
be absorbing since it has a finite expected lifetime before entering 0 under any policy, i.e.,
EPT =1/(1 — a) < oo for any policy 7, where T' = min{n > 1: s, = 0}. Since the original
discounted MDP and its absorbing MDP formulation can be considered equivalent, we use
the same notation for both; it will be clear which one is discussed from the context.

For s € S and a € A, the occupancy measure of the state-action pair is denoted as
QP(s,a) and defined as the expectation of the number of visits to (s,a) until entering the
absorbing state 0 under policy 7w with the initial state distribution 3, that is, for any s € &

and a € A,

T-1 [e'¢)
Q%(s,a) & Efz 1{S, =s,A,=a} = Efz 1{S, = s, A, =a}
n=1 n=1

= PH{S,=sA,=a}, (3.29)
n=1

where the last equality is due to Proposition 3.7. (An equivalent alternative interpretation of
the occupancy measure is as the total expected discounted time spent in different state-action
pairs in the original discounted MDP.)

It is well known (e.g., Theorem 8.1 of [4]) that for any policy 7, there exists a stationary

policy o such that Q2 = Q¥ namely,

B(s,a
o(als) = @n(s, 0)

___wn\ 5 3.30
ZbeA Q£<37 b) ( )
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where o(als) denotes the probability of o choosing a at s. This result implies that Q =
Oy = Qg where 9, 9y, and Qg denote the sets of occupancy measures of all policies,
Markov policies, and stationary policies, respectively.

It is also well known (e.g., Theorem 11.3 of [18] and Corollary 10.1 of [4]) that Qg coincides

with the set of nonnegative and summable solutions of the following set of equations:

2(s,a) = B(s) +a Y > p(s|t,a)a(t,a) for s # 0. (3.31)

1 t=1 a=1

] =

a

Therefore, the feasible region of (CP) is the set of occupancy measures of all stationary
policies, and thus, it is the set of occupancy measures of all policies.
By using arguments similar to those in the proof of Theorem 8.3 of [4], one can show

that for any Markov policy 7,

oo A
:ZZT’SCLQBSG) (3.32)

s=1 a=1

From Proposition 3.4 and (3.7), we know that J(/3) is finite, and thus the right hand side of
the above equation is finite, for any Markov policy 7. Since the feasible region of (CP) is the
set of occupancy measures of all stationary policies, the objective function of (CP) is finite
for any feasible solution. Moreover, by Lemma 3.9, a stationary policy whose occupancy
measure is an optimal solution to (CP) is also optimal for the MDP. Given an optimal
solution of (CP), a stationary optimal policy can be obtained by (3.30).

By following the arguments of Lemma 8.5 of [4], one can show that f, the objective
function of (CP), is continuous on its feasible region under the usual product topology. In
addition, it is also well known (e.g., Theorem 11.3 of [18] and Corollary 10.1 of [4]) that the
feasible region of (CP) is a compact subset of R> under the product topology. Therefore,
the maximum of f is attained in the feasible region of (CP).

Recall that the optimal value of (CD) is V*(5). As we just discussed, the optimal value

of (CP) is the maximum of J;(8) over all policies 7, thus (CD) and (CP) satisfy strong
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duality.

3.5.2 Proof of Theorem 3.16

Since x and y are complementary, for any s € S and a € A,

r(s,a)x(s,a) ( —ozZp t|s,a)y ) x(s,a).

By summing up both sides for s =1,2,... ., Nanda=1,2,..., A

)3) SRR
9 I VER SN P

N A N A o)
=3 “y(s)a(s,a) - az Z mes, a)y(t)z(s, a)
ZZy(S)Zx(s,a) Zy CYZZpt\sa (s,a)
= Zy(S) Zx(s,a y(t (ZI —B(t) — « Z Zp(ﬂs,a)x(s,a)) ,

(3.33)

where the exchange of sums in the third equality is justified by the fact that the sum
Yoo p(t]s,a)y(t) is finite for any s and a, and the last equality is obtained from feasibility
of z to (CP). We will find the limit of (3.33) as N — oc.

We use the fact that ||y, is finite to observe the following:

co A 00 A 00 A

DD lys)as,a)l =Y [yl Y x(s,a) < yllw Y wls) Y a(s,a),
s=1 a=1

s=1 a=1 s=1 a=1

and since z is feasible to (CP), there exists a stationary policy o such that (here we consider
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the absorbing MDP formulation introduced in Section 3.5.1)

00 A 00 A
lylle Y w(s) D xls,a) = [lyllw D _w(s) D Q)(s,a)

o A oo

= [yl ZZZPE(SH =5, A = a)u(s)

s=1 a=1 n=1

© oo A

=llyllo DY D> Fl(Su =15, A0 = a)u(s)

s=1 n=1 a=1

= llyllw DY PI(Sy = s)w(s), (3.34)

s=1 n=1

where the third equality is obtained from Proposition 3.5. However,

o0

> i PJ(S, = s)w(s) = " (w + aPyw + *Piw + ...

< BT(w + (ar)w + (ak)?w + ... + (ar)’ 7 tw) + Aw + Mak)w + ... + Mar)' " tw) + .. ]

= LBTw < o0

by Assumptions A2 and A3, and (3.7). Thus, the sum (3.34) is finite by Proposition 3.5.

Therefore, we have
o

A
Z y(s) Z x(s,a) < oo. (3.35)

= a=

—_

We will also prove that

Zy(t) Z Zp(t\s,a)x(s,a) < 00 (3.36)

and that the above sum tends to zero as N — co. We first show that the following sum is
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finite:

WE
WE
M=
<
=
:§\
=+
(Va)
s
/S\
(V)
8
IA
WE
WE
1M
=
=
-
=
-
2

where the interchange of sums in the equality follows by Proposition 3.5, the second inequality
by y € Y,,, the third inequality by Assumption A2, and the last infinite sum is finite as shown

before. Then, by Proposition 3.6,

A A

y(t)p(tls,a)z iiZy p(tls,a)x(s,a) < oc.
1 1

t=1 s=1 a=

oo 00
s=1 t=1 a=

Therefore,
0.0 o

A
ZZZy p(t|s,a)z(s,a) — 0 as N — oo.

s=N+1 t=1 a=1

Using the same arguments, we can also show that, for any NV,

0o 00 00 A

ZZiy Jp(t]s, a)x Sa—izz p(t]s,a)z(s,a) < oo.

s=N+1 t=1 a=1 s=N+1 a=1

Therefore, (3.36) is proven and its left hand side converges to zero as N — oo. Also, we

know
o0

> By <yl Y BHw(t) < co. (3.37)
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Then, by (3.35), (3.36), and (3.37), we can write (3.33) as

N A
ZZT(s,a)m(s,a)

=Sy Y w(s,0) = S y) Y w(t.a) + > BHy()
+ad yt) > > pltls,a)z(s,a)

S > r(s,a)n(s,a) =Y B(D),

and thus, the theorem is proven.

3.5.3 Proof of Theorem 3.17
Since y and x are feasible to (CD) and (CP), respectively, for any s € S and a € A,
(s, a) [T(S,a) - (y(S) - Oézp(ﬂs,G)y(t)) <0.
t=1
By summing up the above for s =1,2,..., N and a = 1,2,..., A, we obtain
N A e
0> > u(s.a) [7’(8, a) — (y(S) —ay  pltls, a)W))]
s=1 a=1 t=1
N A N A 00
= Z Z T(S, CL)%(S, CL) - Z Z (y(S) -« Zp(t‘sa a)y(t)> x(S, a)
s=1 a=1 s=1 a=1 t=1
N A N A 00 00
= Z Z T(Sa a)x(s, CL) - Z y(S) Z fL‘(S, CL) + Z y(t) Z ZE(t, CL) - Z /B(t)y(t)
s=1 a=1 s=1 a=1 t=1 a=1 t=1
00 00 A
— aZy(t) Z Zp(t|s,a)x(s,a), (3.38)
t=1 s=N+1 a=1
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where the last equality is obtained similarly to the proof of Theorem 3.16. Note that by

strong duality we have

ZZTSCL S, a) iﬁ

s=1 a=1 t=1

Therefore, by letting N — oo in (3.38) and using arguments similar to the proof of Theo-

rem 3.16, we obtain that

oo A
OZZZm(s,a)[ s, a) ( —aZpt\sa >]:0,

s=1 a=1

and thus, for any s € S and a € A,

x(s,a) [T(sa < —aZp tls,a)y )] =0,

i.e., y and x are complementary. O]

3.5.4 Proof of Lemma 3.18

For any » € F, there exists a stationary policy o such that x(s,a) = QZ(s,a) for
s € S,a € A. By (3.29), it suffices to show (here we consider the absorbing MDP formulation

introduced in Section 3.5.1)

A o

- 1
22 le{Sn:s,An:a}: —

=1 n=

Using Proposition 3.5 to interchange the sums, we have:

o

ZZPﬁ{S =s,A,=a} = ZZPB{S =s} = Za =

n=1 s=1 a n=1 s=1
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3.5.5 Proof of Lemma 3.21

We prove this lemma for a more general case of an arbitrary stationary policy o (rather

than just stationary deterministic policy). For s =1,... N,

y( =7, (s +O‘ZP ti]s (t1)

t1=1
N

=ro(s) +a Y Po(t]s)ro(t) + o ZZP t1]8) Py (talt1)ro (t2)
t1=1 t1=1to=1

N N N

+ a8 Z Z Z Py (t1]s) Py (ta|th) Py (ts|te)re(ts) + .

t1=1ta=1t3=1

On the other hand, for s=1,..., N,

y(s) =1 (s +aZP t1|s)ro(t) +a2ZZP t1|8) Py (talty)ro (t2)
t1=1 t1=1t2=1

+a Z Z Z Py (t1]5) Py (ta|t1) Py (tslta)rs(ts) + .

t1=1ta=1t3=1

95



Then, for s=1,..., N,

ly(s) —y™ ()l = |a Y Paltals)ra(ty)

t1>N

+ o’ Z ZP (t1]8) Py (talt)ro(t2) + > > Poltuls tztl)TJ(tQ)]

t1>N to=1 t1<N to>N

+a | > ZZP (t1]5) Po (ta]t1) Po (t3]t2)ro (t3)

t1>N to=1t3=1

+> ZP (t1]s) P (taltr) Py (ts|t2)rs (ts)

t1<N ta>N tz=1

+ Z Z Z P tl 752‘751) (tth)To-(tg)] —|—'

t1<N to<N ts>N
S « Z PU i
t1>N
+a2 Z Z P tl tg‘tl Z Z P tl tg‘tl) ( )
t1>N to=1 t1<N toa>N

+a® Z ZZP (t1]8) Py (t2]t1) Po (t3]t2)w (t3)

t1>N ta=1t3=1

+ Z Z ipa(tl, Py (t2|t1) Py (ts]t2)w(ts)

t1<N to>N t3=1

D Y D Paltals) Poltalt) Poltslto)wl(t )] +. (3.39)

t1<N to<N ts>N

by Assumption Al. Note that the terms of the infinite sum on the right hand side of (3.39)

can be reordered by Proposition 3.5. In particular, consider rearranging the terms in (3.39)
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as follows:

« Z P, (t1]8)w(t1) + o Z ZP (t1]s) Po (t2|t1)w(t2)

t1>N t1>N ta=1

—|—a32 ZZP tl tQ‘tl) (t3|t2) ( )+]

t1>N to=1t3=1

t1<N to>N t1<N to>N tz=1

1 a2 Z Z P, (t1|8) Py (ta|t1)w(ts) + o Z Z ZP (t1]|8) Py (talt1) Py (ts|te)w(t )+...]
+ 10?7 3 N Po(ta|s) Po(talty) Pr(tslta)w(ts)

t1<N t2<N tz>N

+at YO >Y ZP t1]8) Py (to]t1) Py (ts]t2) Py (ta]ts)w(t )+..]

t1<N to<N t3>N t4=1

+.... (3.40)

First, let us compute an upper bound on the first bracket of (3.40) by considering groups of

J terms, and establishing bounds using A2 and A3:

a Y Py(ta]s)w(t) +a® Y ZP (t1]8) Py (ta]t1)w(t2)

t1>N t1>N to=1

+0® 3NN Po(ta]s) Po(taltr) Po(tslta)w(ts) + ...

t1>N to=1t3=1

< |:04 > Pr(tals)w(t) +o® Y Po(ta]s)sw(ty) + ...+’ Y Pg(t1s)f£‘]1w(t1)]

t1 >N t1 >N t1>N

+ {a D Po(tals)dw(ty) + 0 Y Po(tals)drw(ts) +...+a’ Pa(tls))m,le(tl)] +...

t1>N t1>N t1>N
1
:al_)\[1+(a/<c)+ + (k)Y ZP (t1|s)w LaZP (t1]s)w
t1>N t1>N
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Applying similar arguments to the other terms of (3.40), we obtain the following upper

bound:

t1>N t1<N to>N

L |:oz Z P, (t1]s)w(t1) + o Z Z Py(t1]s) Py (ta]t1)w(t2)
+0 37 N N Po(ta]s)Po(taltr) Po(tslta)w(t )+-~-]

t1<N ta<N tz>N

<L |:oz Z P,(t1]s)w(t) +0z22 Z Py (t1]s) Py (talt1)w(tz2)

t1>N t1=1to>N

+a322 > Py(t1]s)Pr(talts) Po(tslta)w(t )+...]

ti=1to=1t3>N

=L |:04 > Po(tals)w(ts) +a® Y ZP (t1]5) P (talt1)w(t2)

t1>N to>N t1=1

t3>N t1=1t2=1

=1L Z Z a" P2 (t]s)w(t)

n=1t>N

+a* 3 Z ZP t1]8) Py (ta|t1) Py (t3]te)w(t )+...]

by Proposition 3.5. Combining these, we obtain

ly(s) —yN () S LYY amPr(tls)w(t) =LY Y a"Pr(tls)ult

n=1t>N t>N n=1

(3.41)

(3.42)

again by Proposition 3.5. The right hand side of (3.42) converges to zero as N — oo because

Zzanpn t|s)w(t) < Lw(s),

n=1 t=1

which can be shown by using Assumptions A2 and A3 following already familiar steps. Thus,

the lemma is proven.
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3.5.6 Proof of Lemma 3.28

In order to prove this lemma, we introduce a new interpretation of the approximate
reduced cost y*V. As explained before, 7%V is the reduced cost (defined in (3.16)) of policy
o¥ for the N-state truncation of the original MDP, obtained by replacing states bigger than N
with an absorbing state where no reward is earned. We can extend the N-state truncation
into a countable-state MDP by adding artificial states that have zero initial probabilities
and are never reached. It is easy to prove that the countable-state version of the N-state
truncation satisfies all the assumptions in Section 3.1.2. Then, y* and v*" are the ezact
value function and the ezact reduced cost of policy ¢* in the new countable-state MDP,
respectively. Therefore, 4% also satisfies |y*" (s)| < Lw(s) for s =1,..., N.

Thus, for s=1,...,N and a € A,

N

7N (s,0)] = |r(s,a) + oY p(tls,a)y™N (1) — 4™ (s)

N

< fr(s,a)l +a ) p(tls,a) [y (O] + [y~ (s)]

<w(s)+ ozZp(ﬂs, a)Lw(t) + Lw(s)

t=1

<w(s) + arLw(s) + Lw(s) = [1 + (1 + ak)L]w(s).

Suppose that z* is not optimal to (CP). Then, y* must not be feasible to (CD), so there
exists a state-action pair (3, a) such that v*(3,a) = e > 0. Since we have limy_,o, 7*V(3,a) =
7v#(8,a) = €, there exists N; > & such that for N > Ny, v*V(5,a) > %e.

Since Y2, B(s)w(s) is finite, we know lim, . 5(s)w(s) = 0. Thus, there exists s; > §

such that for s > s1, [1+ (1 + ar)L]B(s)w(s) < 35(8)e. Then for N > max{Ny,s:}, s € S

such that s; < s < N, and a € A,

B8N (3, a) = %B(S‘)E > [1+ (1 + ar)L]B(s)w(s) = B(s)y"" (s, a).
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That is, for N > max{ Ny, 1}, state-action pair (s,a) such that s; < s < N cannot achieve
the maximum in Step 2(d) of the simplex algorithm. Thus, for N > max{Ny, s;}, we can
limit our attention to the state-action pairs (s, a) such that s < s; to find the maximum in
Step 2(d) of the simplex algorithm.

Let C be the set of state-action pairs (s,a) such that s < s; and v*(s,a) > 0. Note
that C' is a finite set and (5,a) € C. Since limy_,o0 8(s,a, N) = 0 and limy o v*V (s,a) =
vk(s,a) for any (s,a) € S x A, there exists Ny such that for N > Ny, any (s,a) € C
satisfies 7% (s, a) > 17%(s,a) > §(s,a, N). There also exists N3 such that for N > N3, any
(s,a') ¢ C such that s’ < s; satisfies 5(s")y"V (s, a’) < ming qyec 28(s)7*(s,a). Then, for
N > max{Ny, Ny, N3, 51} and for any (s,a) € C and any (s',a’) ¢ C such that s’ < s1, we
have B(s)y""(s,a) > 38(s)7*(s,a) > B(s')7*N (s, a), Le., B(s)y" N (s,a) > B(s')y*N (s, ).
Thus, for N > max{Nj, Ny, N3, $1}, the maximum in Step 2(d) of the algorithm is achieved
by an element of C' and the inequality v*" (s, a) > d(s,a, N) is satisfied for any (s,a) € C.
Therefore, the Step 2 terminates with some N > max{Nj, Ny, N3, s1}.

Now suppose that z* is optimal for (CP). Then y* is feasible to (CD), so v*(s,a) < 0 for
all (s,a) € 8 x A. Suppose that the Step 2 terminates. Then, (s*, a*) satisfies v*V (s*, a¥) >
5(s*, a*, N). However, by Lemma 3.22, we have 7*(s*, a¥) > v*N (5% a*) —§(o*, s*, a*, N) >

RN (sk a%) — §(s*,a¥, N) > 0, which is a contradiction. O

3.5.7 Example 3.2 (continued)

Let us first show that &(s,a, N) is an upper bound of §(o,s,a, N) for any o € Ilgp.
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The first term in (3.19) is bounded as follows:

LZZO&”P;(HS)M@) =1L Z Za"Pf(s+u|s)w(s+u)

t>N n=1 u>N—s n=1

<L Y ia”P{Xn =u}(Cs + Cu+ D)

u>N—s n=1
>, eMomax (ngl ) Oamax )
= C n max Amax
Z Za " L(Cs+ D) Z Za
u>N—s n=1 u>N—s n=1
_ OéO - n— 1e max(narlnax)u
=L . Z Z(l a)o o u
u>N—s n=1
n 1e max<namax) ]
u>N sn=1 'LL'
al N—s
= [c (u—zufm) ]
B u=0
= th(s, N)

where the first equality is a change of variable u £ t — s, the inequality follows by assuming

and zero service rate, and the following equalities follow by

the maximum arrival rate (al, )

the definitions of X,,, Y, fy, and Fy.

Similarly, the second term in (3.19) is bounded as follows:

Z (ts,a Z Za"P” (') w(t) < aLZp tls,a)g(t,N). (3.43)

t'’>N n=1
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The last term in (3.19) is also bounded as follows:

aLZp(ﬂs,a) ) =al Z (s +uls,a)(Cs+ Cu+ D)

t>N u>N—s

<al Z P{X; =u}(Cs+ Cu—+ D)

u>N—s
=aL|C Y P{X;=ulu+(Cs+D) > P{X;= u}]
L u>N-—s u>N-—s

—aL|C <m -y, <u>> +(Cs + D)(1 — Fx, (N - s>>]

u=0

= aLhy(s, N)

by using similar arguments. Therefore, we showed that §(s,a, N) > 6(c, s,a, N).

Now we show that 0(s,a, N) — 0 as N — oco. Since the expectations of Y and X, are
finite, it is clear that hy(s, N) and hs(s, N) converge to zero as N — oo. Thus, it suffices to
prove that the second term of 6(s,a, N) in (3.28) converges to zero as N — oo. This term

can be written as follows:

aLZp(tlS,a)g(t, N) :?_Ci (uZp(ﬂS,a) - Zp(t‘&a) i ufY(“))
calhey (Zmﬂs, @)= S pltls,a) Py (N - s>> (3:49)

As N — oo, u 2N p(t]s, a) converges to . Also, as N — oo, S°n  p(t]s,a) S0 ufy (u)
converges to u as well. Therefore, the first big parenthesis in (3.44) converges to zero as
N — o0o. We can also similarly show that the second big parenthesis in (3.44) converges to
zero. Therefore, we proved that the second term of 4(s,a, N) in (3.28) converges to zero as
N — oo, and thus, 0(s,a, N) — 0 as N — oo.

Lastly, we illustrate that we can compute 0(s,a, N) finitely. Clearly, we can compute

ha(s, N) finitely. To show that hq(s, V) can be computed finitely, we only have to show that
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Fy(U) can be computed finitely for any nonnegative integer U. For any U,

u

Fr(U)=) P{Y =u}=> > (1-a)"" e_m“‘“i?!”bamw)

u=0 u=0 n=1
U

_ § : (1 — O{ E n amax n
u=0

Thus, in order to show that Fy(U) can be computed finitely, it suffices to show that B, £
Yoo, n“C" can be computed finitely for any ¢ € (0,1) and nonnegative integer u. Clearly,

By can be computed finitely. Suppose that By, By, ..., B,_1 can be computed finitely. Then,

(1—()Bu:Zn“(” Znﬁ"“ Zn{ Zn—l Z (n —1)*¢"

n=1 n=1

-y (Z ( ) - ) ¢ = Z (3‘) (~1yt ch

=0

()vn
=0

where the sum exchange is justified by the fact that B; is finite for [ = 0,1,...,u — 1. Thus,

B, can be computed finitely. By induction, B, can be computed finitely for ¢ € (0,1) and
any nonnegative integer u, and therefore, hi(s, N) can be computed finitely. This implies

that we can compute 6(s, a, N) finitely.
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CHAPTER IV

A Linear Programming Approach to Constrained

Non-stationary Markov Decision Processes

4.1 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, etc. 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.
One setting where such problems often arise is data communications. In queueing systems
with service rate control, the average throughput is maximized with constraints on the
average delay [30, 34]. Priority queueing systems with a fixed service rate are another
example [5, 37, 44]. Here, one optimizes the queueing time of non-interactive traffic while
satisfying a constraint on the average end-to-end delay of interactive traffic. For these
problems, [49] 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. Examples are finding an optimal maintenance

policy for each mile of a network of highways [25] and a problem in building management
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[61]. In the models for these problems, the total cost is minimized subject to constraints on
quality of facilities.

In this chapter, we consider constrained MDPs that have a finite state space, a finite
action space, and non-stationary transition probabilities and reward function, which we call
constrained non-stationary MDPs. Specifically, the state set S and the action set A are both
finite and given that action a is taken at state s in period n, multiple kinds of costs, denoted
by cn(s,a) and d*(s,a) for k = 1,..., K, are incurred, and the system makes a transition
to be observed in a state t at the beginning of period n + 1 with probability p,(t|s,a). The
costs are assumed to be nonnegative and uniformly bounded, i.e., there exist ¢ and d* for
k=1,...,K such that 0 < c,(s,a) < ¢, 0 < d*(s,a) < d* forn € N,s € S,a € A, and
k=1,..., K. The goal is to minimize the expected total discounted “c-cost” satisfying K
constraints on the expected total discounted “d*-costs” for k = 1,..., K, with a common

discount factor 0 < o« < 1. Let

Co(B) 2 Ef | a"en(Sn, An) |
L n=1

DE(B) £ EF |y a" ' di(Sn, An)| for k=1,... K,

Ln=1

and let II; = {7 | D*(8) < Vj for k = 1,..., K}. The optimization problem can then be

written as

(Q) min C7 ().

WEHf

In [19] it was shown that an optimal policy for a constrained MDP may depend on the initial
state; more generally, we formulate (Q) with a fixed initial state distribution /.

In this chapter, we study CILP formulations of the problem (Q), constrained non-
stationary MDPs. As mentioned in Introduction, duality results and the algebraic char-
acterization of extreme points as basic feasible solutions do not extend to CILPs in general

[22].  After introducing primal and dual CILP formulations, we introduce the duality re-
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sults proven in [4], define complementary slackness, and establish its relation to optimality.
We provide algebraic necessary conditions for a feasible solution of the CILP formulation
of a constrained non-stationary MDP 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, which can be checked by considering a familiar finite dimen-
sional polyhedron. This yields a complete algebraic characterization of extreme points for
CILPs representing constrained non-stationary MDPs. Thus, this chapter sets important
foundations towards the development of a simplex-type algorithm for solving constrained
non-stationary MDPs.

Under typical settings for constrained MDPs, there exists a stationary optimal policy but
a deterministic stationary optimal policy may not exist [19]. Thus, an often pursued goal in
literature is to prove existence of an optimal policy that is as close to deterministic as possible.
In particular, this means that we are interested in the existence of a 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 4.4).
It is well-known that extreme points of LP formulations of unconstrained MDPs with a 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 point of
the LP formulation of the constrained MDP is a convex combination of extreme points of
the LP formulation of the unconstrained MDP, i.e., deterministic policies, and this explains
how randomization is introduced. The existence of (K + 1)-randomized optimal policy was
shown for constrained MDPs with Borel state space and stationary problem data in [26] using
the Carathéodory’s theorem. For constrained MDPs with finite state space, there exists a
K-randomized optimal policy and it can be found by obtaining an optimal basic feasible
solution of the corresponding finite LP formulation [29, 32, 43]. For constrained MDPs with
a countably infinite number of states, a K-randomized optimal policy is proven to exist

for the single constraint case using the Lagrangian multiplier approach in [49] and for the
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general case in [17] by studying the Pareto frontier of the performance set. In this chapter,
we obtain the existence of a K-randomized optimal policy for constrained non-stationary
MDPs as a byproduct of characterizing extreme points of the CILP formulation.

We conclude this section by discussing a set of policies to which we can limit our attention.
Constrained non-stationary MDPs (which has finite state space) can be reformulated as a
constrained stationary MDP with a countable number of states by appending the states
s € § with time-indices n € N. For constrained stationary MDPs, it was shown in [4] that,
without loss of optimality, we can restrict our attention to Markov policies. In the stationary
MDP counterpart of constrained non-stationary MDPs, 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 non-
stationary MDP, and thus, we can restrict our attention to Markov policies for constrained

non-stationary MDPs.

4.2 CILP Formulations

It was proven that (Q) has an equivalent CILP formulation [3, 4], which can be written

as:

(CNP) min f(x ZZZ& (s,a)x,(s,a) (4.1)

neN s€S acA
s.t. le(s,a) =[(s) forse S (4.2)
acA
ansa Zanl sls’,a)x,_1(s';a) =0forn>2s€S8 (4.3)
acA s'eSacA

Z Z Za"‘ldfb(s, a)r,(s,a) <Vifork=1,.... K (4.4)

neN seS aceA

x> 0. (4.5)
Note that (CNP) is similar to (NP) in Section 2.2.1, but they are different in that (CNP)
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has the side constraints (4.4) and the right hand side of (4.2) is f(s) instead of 1. Let P

denote the feasible region of (CNP). Constraints (4.2) and (4.3) imply that for any = € P,

Zan(s,a) =1forneN! (4.6)

s€S acA

Since z is nonnegative, we have 0 < z,(s,a) < 1 for n € N;s € §;a € A. Because all
objective and constraint cost functions are uniformly bounded, the infinite sums in (4.1) and
(4.4) exist.

Solutions of (CNP) can be interpreted as flows in a directed staged hypernetwork with
infinite stages, in a way similar to the interpretation of (NP) in Section 2.2.1. Structure
of the hypernetwork for (CNP) is exactly the same as the one for (NP) except the nodes
(1, s) have supply of f(s) units for s € S, instead of 1 (due to the different right hand side
of constraint (4.2)). Any z satisfying (4.2), (4.3), and (4.5) can be visualized as a flow in
the hypernetwork, thus as we did in Section 2.2.1, we will refer to any z satisfying (4.2),
(4.3), and (4.5) as a flow in the corresponding hypernetwork. This interpretation provides
particularly helpful intuition for proofs in Section 4.4.2.

For any Markov policy 7 for the non-stationary MDP, the corresponding flow x can be
found as

Tn(s,a) = my(als) - P5(S, =5), n €N, s €S, a€ A,

i.e., x,(s,a) is proportional to the probability, under =, of using action @ in state s in
period n, scaled by the probability of reaching this state under the probability measure
induced by m and . Thus, x,(s,a) can also be interpreted as the probability of encountering
hyperarc (n,s,a) under policy m for the given initial state distribution [, while the total
inflow into node (n, s) is precisely PF(S, = s). In light of this interpretation, a Markov
policy corresponding to any flow x is also easy to identify, with the following caveat: for a

given flow x, there may be some nodes (n, s) that receive no incoming flow, and thus have

INote the difference from Lemma 2.1
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Y wcaTn(s,a) = 0 and no outgoing flow. For those nodes, we can define 7,(s) arbitrarily,
i.e., we do not distinguish between policies that have the same corresponding flows. Under
this convention, there exists a one-to-one correspondence between the set of policies and the
set of flows. There also exists an obvious one-to-one correspondence between P and II;. We
refer to a (feasible) policy and the corresponding (feasible) flow interchangeably.

Finally, the quantity o" 'z,(s,a), n € N, s € S, a € A can be interpreted as the
occupancy measure studied in [16]. The next result was shown to hold for a more general
setting (e.g., Theorem 9 in [38]), but to make this paper self-contained, we provide the

theorem and its proof.
Theorem 4.1. If (CNP) 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 [2]) and (4.6), 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 (e.g.,
Theorem 7.69 of [2]), (CNP) has an extreme point optimal solution. O

[4] (see Section 9.5 and Theorem 9.11) defined dual of (CNP) as follows.

(CND) max g(y, 1) = > _ B(s)yi(s Zuka (4.7)
s€8
s.b. Yn(s an "Is, a)yni1(s o~ 1Z,ukdk s,a) < a"e,(s,a)
s'eS
formeN,se€S,ac A (4.8)
>0 (4.9)
Y € loo, (4.10)

where [, denotes the set of sequences whose supremum norm is finite, i.e.,

sup  |yn(s)] < o0.
(n,s)ENXS
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4.3 Duality Results

In this section, we present strong duality between (CNP) and (CND), define complemen-
tary slackness, and prove its relation to optimality. Throughout this section, we make the

following assumption, which is known as Slater’s condition.

Assumption 4.2. (Slater’s condition) (CNP) has a strict feasible solution, i.e., there exists

a feasible solution x to (CNP) that satisfies all of the inequality constraints (4.4) strictly.
Under this assumption, strong duality holds between (CNP) and (CND).

Theorem 4.3. (Theorem 9.11 of [4]) Under Assumption 4.2, the optimal objective function
values of (CNP) and (CND) coincide.

We now define complementary slackness and show that feasible solutions of (CNP) and
(CND) are optimal to their corresponding problems if and only if they satisfy the comple-
mentary slackness. Under Assumption 4.2, [4] showed necessity of complementary slackness
for optimality for a more general class of MDPs by using an interpretation of constrained
MDPs as an inf-sup problem with Lagrangian multipliers. For constrained non-stationary
MDPs, we provide an alternative proof for necessity and establish sufficiency of complemen-

tary slackness for optimality.

Definition 4.4. (Complementary slackness) Suppose x is feasible to (CNP). Then we say

that = and (y, 1) satisfy complementary slackness if

Tn(s,a) [a"‘l (cn(s, a) + Z dk (s, a),uk> — Yn(s) + an(s’]s, a)yni1(s)| =0

k=1 s'eS
forneN,seS,ae A, (4.11)
i [dk - Z Z Za”’ldﬁ(s, a)x,(s, a)] =0fork=1,2,..., K. (4.12)
neN s€S acA
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Theorem 4.5. (Complementary slackness sufficiency) Suppose that Assumption 4.2 holds
and that x is feasible to (CNP) and complementary with some (y, ). Then f(x) = g(y, n). If
(y, i) 1s feasible to (CND), then x and (y, u) are optimal to (CNP) and (CND), respectively.

Proof: In Section 4.7.1.

Theorem 4.6. (Complementary slackness necessity) Suppose that Assumption 4.2 holds,
and x and (y,p) are optimal to (CNP) and (CND), respectively. Then x and (y,u) are

complementary.

Proof: In Section 4.7.2.

4.4 Splitting Randomized Policies

One of the main objectives in this chapter is to study extreme points of P, the feasible
region of (CNP). An extreme point of a convex set is defined as a point in the set that cannot
be represented as a non-trivial convex combination of other points in the set. This section
provides preliminary results in the form of two different representations of a randomized MDP
policy as a convex combination of other policies (the results in this section are not limited
to constrained problems). The first one, which describes a convenient characterization of
representations of a randomized policy as a convex combination of deterministic policies,
will be needed in Section 4.6 to derive a necessary and sufficient condition for a point in
P to be an extreme point. The second one is needed in Section 4.5 to provide necessary
conditions for an extreme point.

The following definitions will be helpful in describing the two representations. Following
[17], we define a submodel of the MDP to be an MDP that is identical to the original one
except that the action sets are limited to B, (s) C A for n € N, s € S. For a given policy =z,
we define a submodel defined by x as a submodel such that B, (s) = {a € A|z,(s,a) > 0} for
n € N,s € §S. We also say that a policy x belongs to a submodel if {a € A|x,(s,a) >0} C
B, (s). We refer to the number M =) > s(|Bn(s)| — 1) as the index of the submodel.
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A randomized policy that belongs to a submodel with index M can be interpreted as using
at most M “more” actions than a deterministic policy. Since in each period of the original
MDP there are S states, and each state has A action choices, in each period a policy can

use up to S(A — 1) “more” actions than a deterministic policy.

Definition 4.7. 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 oco-randomized policy.

4.4.1 Splitting into deterministic policies

The following result is well-known:

Lemma 4.8 (cf. Theorem 5.1 in [17]). For any positive integer M, any exactly M-randomized

policy is a conver combination of M + 1 0-randomized (i.e., deterministic) policies.

In addition, it was recently shown in [16] that, for any positive integer M, it is possible to
represent an 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, and an efficient algorithm to find such a convex combination of deterministic policies
was introduced.

Consider an exactly M-randomized policy = for a positive integer M. 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 z',..., 2" be these deterministic policies. Let

N N
Az) = {/\ERNM:Z)\ixi, d =1, )\20} (4.13)
=1 =1

be the set of all weights of convex combinations of z?,..., 2" that equal = (this set plays

an important role in the analysis of Section 4.6.). Although in (4.13) A(x) is defined as the
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set of solutions of an infinite number of linear equations, the following theorem shows that

a finite number is sufficient.

Theorem 4.9. Let x be an exactly M-randomized policy and N be the number of determin-

istic policies in the submodel defined by x. Then there exists a matriz A € RM*N and a

A
vector b € RM such that A(z) = {\ € RV | AN = b,17X = 1, X > 0}, and matriz has
1T
full row rank.
Proof: In Section 4.7.3.
Theorem 4.9 provides a way to construct A(z) for a given exactly M-randomized policy
x. Define E(z) as the subset of A(z) whose elements have at most M + 1 nonzeros; then
we can easily show A(z) = convE(z). Indeed, by Theorem 4.9, A(z) 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 z as a convex combination of M + 1 deterministic policies among
1

x', ..., 2", which can be done by applying the procedure described in the proof of Theorem

5.1 in [17] or Algorithm 1 in [16] in a straightforward way.

4.4.2 Splitting into “less” randomized policies

In this section, we introduce another representation of a randomized policy as a convex
combination of “less randomized” policies, in two lemmas. The particular representation
satisfies a set of properties which will help us establish necessary conditions for an extreme
point of P in Section 4.5. Lemma 4.10 considers the case of an exactly M-randomized policy

for a positive integer M.

Lemma 4.10. Let M be a positive integer. Any exactly M-randomized policy x can be
represented as a convex combination of M +1 (M — 1)-randomized policies z*, 22, ... xM+1
such that the weights of the representation are uniquely determined (by the policies) and

positive.
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Proof: We use induction on M.

Base case. For M =1, let x be an exactly 1-randomized policy, randomizing in period-
state pair (n, s) over actions a and b (z,(s,a) = § > 0, z,(s,b) = € > 0, and x,(s,a’) =0
for a’ € A\ {a,b}). We show that = is a convex combination of two 0-randomized (i.e.,
deterministic) policies, w and z. To construct them, we first define two sub-flows, u and v.
Here, and in the rest of this section, the steps to define sub-flows are similar to the proof of
Theorem 4.3 of [24], and we also borrowed their notation.

For k > n+1, since x does not randomize in those periods, let ax(s’) for s’ € S denote the
action chosen by = at (k,s'), i.e., zr(s', ar(s’)) > 0. Let S,i1(x) = {8 € S|pn(s'|s,a) > 0}.

For k > n + 2, recursively define
Si(z) ={s' € S| pr_1(5]3, ax_1(5)) > 0 for some 5 € Sy_1(x)}.

That is, Si(x) is the set of states in period k that receive any portion of flow 0 originating
in hyperarc (n, s,a) under policy z. Let F(x) be the sub-hypernetwork formed by the node
(n, s), the hyperarc (n, s, a), nodes in U2, ;Si(x) and hyperarcs Up2,  {(k, si, ax(sk)) | s €
Sk(z)}. We construct a sub-flow u in F(x) recursively in the following way. Node (n,s) is
the only source node in the sub-hypernetwork, with supply of 1. Set w,(s,a) = 1, and for
each s,11 € Spi1(x), set Uupi1(Sni1, Gni1(Sni1)) = Pn(Snails,a). For k > n + 2 and for each

Sk € Sk($),

ug(sk, ax(sk)) = Z Pr—1(Sklsk—1, ar—1(8k—1) )Jur—1(8k—1, ax—1(8x-1))-
sp_1€S,_1(x)
By construction, we can easily see that x, (s, a) = du, (s, a) and xg(sg, ax(sx)) > dug(Sk, ax(sk))
for any other hyperarc (k, sg, ax(sx)) in F(z). To see this, note that for hyperarcs (k, sg, ax(sx))
in F(x), ug(sk, ar(sk)) can be interpreted as the conditional probability of encountering hy-
perarc (k, sy, ax(sx)) by following policy x, given that we encountered hyperarc (n, s,a). Fix a

hyperarc (k, sg, ax(sg)) in F(x). Let A be an event of encountering the hyperarc (k, si, ax(sg))
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by following the policy z and let B be an event of encountering hyperarc (n, s, a) by following
policy x. Then, P(A|B) = ug(sg, ax(sk)), P(B) =9, and P(A) = xk(sg, ax(sx)). Therefore,
we have xy(sg, ar(sg)) = P(A) > P(AN B) = P(A|B)P(B) = dux(sk, ax(sk)).

Similarly, for & > n + 1, let Tx(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 bg(tx) such that zy(tx, br(tx)) > 0. Let G(z) be the sub-hypernetwork defined
similarly to F(x), formed by the node (n, s), the hyperarc (n, s,b), nodes in U2, Ti.(x) and
hyperarcs in Up2 . {(k, tx, b(tr)) | tx € Te(x)}. We construct a sub-flow v in G(z) similarly
to construction of u. Let the node (n,s) be a source of supply 1 and all other nodes in
sub-hypernetwork G(z) have no supply. Set v,(s,b) = 1, then for each t,11 € Thy1(x), set

Unt1 (a1, bns1(tns1)) = pu(tnsils,b). For k=n+2 n+3,... and for each t; € Ti(z), set

Vg (te, Dr(tr)) = Z Pr—1 (elte—1, b1 (tp—1))vr—1 (te—1, b1 (tr—1)).
tk—1€Tx—1(2)
By construction, z,(s,b) = ev,(s, b) and by using the same interpretation as u, we can easily
check xy(ty, bi(ty)) > evg(ty, bp(ty)) for any other hyperarc (k, tg, b (tx)) in G(x).
We construct a new flow w as follows.

;

TSk, a) if (k, sk, ax) not in F(x) or G(x)

wnlon,an) = 4 T (S, arx) — Oug(sk, ay) if (k. s, ax) in F(z) \ G(x)

(S, ag) + vk (sk, ax) if (k,sg,ax) in G(x) \ F(x)

T(Sk, ag) + 0(vk(sk, ag) — uk (s, ar)) if (k, sg, ax) in F(x) N G(x).

\

Since we have x(sg, ar) > dug(sg, ax) for any hyperarc (k, sg, ax) in F(z), w is nonnegative.
Note that w is obtained from x by redirecting flow 0 from F(x) to G(x). Thus, w satisfies

the flow balance constraints and is O-randomized.
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z is constructed similarly, by redirecting flow € from G(z) to F(x). More precisely,

;

(50, ax) if (k, sy, ax) not in F(z) or G(x)
(e, an) = Tk(Sk, ar) + €ur(sk, ar) if (k, s, ar) in F(x) \ G(x)

(50, ax) — eve(sk, ar) if (k, s, ax) in G(x) \ F(z)

(5 ar) + €(un(sn, ax) — vilse ) if (, s, ax) in Fz) N G(x).

\

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

_ Oztew

5o, L.e, x Is a non-trivial convex combination of two O-randomized flows. Note that

x
the weights in the convex combination are both positive, and are uniquely determined (by
w and 2).

Inductive step. 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 x randomizes; among
them, let (n, s) be the one with the largest period index (break ties arbitrarily). At (n,s), =
randomizes over actions a, b!, ..., b for some [ > 1; let z,,(s,a) = § > 0 and z,,(s,b°) = ¢ > 0
fori=1,...,1, with e = Zﬁzl €¢;. We show that z is a convex combination of two (M’ — 1)-
randomized flows, denoted by w and z. To define w and z, we first introduce sub-flows u and
v for i = 1,...,1. Construction of u is the same as in the base case, and v, fori =1,...,1,
is constructed in the same way as v in the base case except that the starting hyperarc is
(n,s,b"), with G'(x) denoting the corresponding sub-hypernetwork. Then, we construct flow
w from z by subtracting du in F(z) and adding (d¢;/e)v’ in G'(z) for i = 1,...,1 (ie.,
by redirecting flow ¢ from F(x) to G'(x)’s, maintaining the original proportion of flows in
Gi(z)’s), and construct flow z from z by adding eu in F(z) and subtracting ¢;v' in G'(x)
for i = 1,...,1 (i.e., redirecting total flow € from G'(x)’s to F(x)). By construction, w and
z are nonnegative and satisfy the flow balance constraints. Moreover, note that, except at
(n, s), x does not have any randomization in either F(z) or G'(x) for i = 1,...,l. Therefore,

w is exactly (M’ — 1)-randomized and z is exactly (M’ — [)-randomized. By construction,
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_ dztew
T = O+e

i.e., x is a nontrivial convex combination of these two (M’ — 1)-randomized flows.

By the induction hypothesis, w can be represented as a convex combination of M’ (M’ —

2)-randomized flows, say w',...,w™’, with unique positive weights X1, ..., A\yy. Thus, z is

. . / . . o« .
a convex combination of z and w!,...,wM  ie., M’'+1 (M’ — 1)-randomized policies. Now
. . . !
we have to show that the representation of = as a convex combination of z and w!, ..., w™

is unique and all of the weights are positive. Let

T =2+ Z A’ (4.14)

=1

where A\, € [0,1], \; € [0,1] for i =1,...,M', and A, + Zf\ill Ai = 1. By construction of w

and z, and since w is a convex combination of w', ..., w™', we have z,(s,a) = § + € > 0 and
w!(s,a) =0fori=1,..., M. Since z,(s,a) = § > 0, we should have \, = (s%e > 0. From

(4.14), we obtain

M ; 0z + ew 0z ew
Z)\iw:x—)\zz: — = .
— d+e 0+€ O+e¢

Since 5= > 0, by dividing the both sides by 5t we obtain

M/
w = Z Naw', (4.15)
i=1

where \; = %)\, and Zf\ill A, = 1. By the induction hypothesis, the representation in
(4.15) is unique and has positive weights. Thus, there exist unique and positive \;’s for

i =1,..., M that satisfy (4.14) along with A, = >

+. Therefore, representation of = as a

convex combination of z and w', ..., w™ is unique, and all of the weights are positive. By

induction, the lemma is proven. ]

By the above lemma, for any positive integer M and any exactly M-randomized policy x

M+1

we can find M +1 (M —1)-randomized policies z', ... = that, by construction, belong to

the submodel defined by x such that we can uniquely represent x as a convex combination of

xt, ..., 2M*! and the weights of the convex combination are positive. Note that we can also
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find M + 1 deterministic policies to represent x via a convex combination, but there may
not exist M + 1 deterministic policies such that the convex combination representation of x
is unique, and all the weights are positive [16, Example 6.1]. For co-randomized policies, we

have a somewhat extended result with the same properties.

Lemma 4.11. For any oco-randomized policy x and for any positive integer L, there exist an
integer L > L such that x can be represented as a convex combination of policies x*, . . . ,xi
that belong to the submodel defined by x, such that the weights of the representation are

uniquely determined and positive.

Proof: In Section 4.7.4.

Remark 4.12. Since we have argued that nonstationary MDPs with finite state space can be
seen as a special case of stationary MDPs with countably infinite state space, it is natural to
consider extending the results presented here to the more general problem class. At present,
we do not know whether the generalization is possible. The proofs in this section, which
provides the foundation for the following results, have relied on the staged structure of the
hypernetwork corresponding to nonstationary MDPs (e.g., by finding the smallest or the
largest period index of a state at which randomization occurs), and thus are not directly
extendable to the stationary case. For example, to generalize results of subsection 4.4.2 to
stationary MDPs with countably infinite state space, for a given M- or oco-randomized policy
x, we may follow steps similar to the proofs of Lemmas 4.10 and 4.11 to obtain the split
into two policies, w and z. For nonstationary MDPs with finite state space, it is clear by
construction that w is (M —1)-randomized if z is M-randomized and that we can find w that
has any number of randomizations as needed if x is oco-randomized. However, for stationary
MDPs with countably infinite state space, the randomization of w is unknown and should

be studied to generalize our results.
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4.5 Necessary Conditions for an Extreme Point

We now return to constrained MDPs. In this section we provide necessary conditions
for a feasible solution of (CNP) 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, algebraic characterizations of extreme points of CILPs that rep-
resent constrained MDPs with countably infinite number of states have not been studied
before. In this section, the existence of a K-randomized optimal policy, which was proven in

[17] for a more general class of constrained MDPs, is given as a corollary of Theorem 4.13.
Theorem 4.13. 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 < oco. Combining Lemmas 4.10 and 4.11, we can state that there exist a
(finite) integer N > K + 1 and N policies z', ..., 2" that belong to the submodel defined
by x, such that x can be represented as their convex combination with uniquely determined
positive weights A1, ..., Ax. Note that the N policies ', ..., 2" may not be in P. Consider
polyhedron F; of weights of convex combination of z!,..., 2" that belong to P. That is,
Fi={(,...,vn) >0 N v =1, 2/ = 3N vz’ € P}. We can easily show that any
convex combination of flows is a flow. Thus, in order for 2’ to belong to P, it only has to

satisfy inequality constraints (4.4), i.e., for k =1,... K,

Vi > ZZZ&" Yd* (s, a)z ZZZ ( " ldﬁ(s,a)ZVixiL(s,a)>

neN ses acA neN ses acA

—ZVZ (ZZZQ” Ld¥ (s, a)x s,a)) éz;yka(a:

neN seS acA

The exchange of sums is justified because z?,

., are flows, so they satisfy (4.6), and thus
D¥(z?) exists for k = 1,... K and i = 1,..., N. To use matrix notation, let D = {Dy,;} €

REXN where Dy, ; £ DR, v = (v,...,vy)T € RY and v = (Vi,..., Vk)T € RX. Then
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JF1 can be written as
Fi={wt)|Dv+t=0, 1Tv =1, (v,t) > 0}. (4.16)

F1 is a polyhedron in standard form with K + 1 equality constraints and N + K variables,

so any extreme point of F; has at most K + 1 nonzeros. Note that v = X\ = (A\y,..., An)T

belongs to F; with some slack ¢, since x € P and A > 0. Since N > K + 1, (A, t)) is not

an extreme point of F;. Therefore, it is a convex combination of extreme points of Fi, say,
A

(v th, ..., (v™, t™) for some m > 2. Set 2 :Z?ilyijxi forj=1,...,m. Forj=1,...,m,

2} € P because (1V,#/) € Fi. Since x = Y. Ma' and A is a convex combination of

1

vl ..., v™, we can easily show that z is a convex combination of z!,..., z™.

Recall that v!,..., ™ have at most K + 1 nonzeros whereas A has N > K + 1 nonzeros.
Since A > 0 is the unique weight vector to represent x via a convex combination of z*, ... 2%,
x # 2 for j =1,...,m. That is,  is a convex combination of points in P that are different
from x, contradicting the assumption that x is an extreme point of P. Therefore, the theorem

is proven. ]

Theorem 4.1 and Theorem 4.13 lead to the following corollary.
Corollary 4.14. (Q) has a K-randomized optimal policy.

The existence of a K-randomized optimal policy for constrained stationary MDPs with
countably infinite number of states, which covers the stationary MDP counterpart of con-
strained nonstationary MDPs with finite number of states, was proven in [17]. However,
the approach in [17] was based on vector optimization and geometry of the performance set,
defined as the set of vectors (C(8, ), D'(3,7), D*(8, ), ..., DX(B,m)) for any 7 € II;. Our
proof is conceptually simpler and gives insights into geometry of the feasible region of the
CILP representation of a subclass 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
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deterministic policy, at least M inequality constraints (4.4) are binding. To illustrate this,
consider a feasible set {(z,s)| Az +s = b,z > 0,5 > 0} of a finite LP. At an extreme point
(x, s), the number of basic variables equals the number of equality constraints. That is, the
number of non-basic (and hence 0) slack variables is greater than or equal to the number of

positive components of z. Theorem 4.15 extends this condition to the CILP (CNP).

Theorem 4.15. For any integer M < K, at an extreme point of P that is evactly M-

randomized, at least M of inequality constraints (4.4) are binding.

Proof: Let x be an exactly M-randomized extreme point of P. Suppose that only k& < M
inequalities of (4.4) are binding at z. Let z!,..., 2% be the M + 1 (M — 1)-randomized
policies and A > 0 be the weight found by Lemma 4.10. Consider polyhedron F; of weights

M+1 that belong to P. Using similar notation, F, has the

of convex combination of z!,..., z
form (4.16), but with M + 1 + K variables and K + 1 equality constraints. Since x € P, A
belongs to F» with some slack ¢,. Since only k of the constraints (4.4) are binding at x, the
slack t, has K — k nonzeros. Therefore, (A, ty) has M + 14 K — k nonzeros and since k < M,
we have M + 14+ K —k > K + 1, i.e., (A 1)) is not an extreme point of Fo. Then, (A,t,)
is a convex combination of extreme points of F», say, (v!,s'),..., (v™, s™) for some m > 2.
Note that this convex combination is not a trivial one. Also, note that slack variables are
determined by the weight variables, i.e., having A = 17 for some j implies (), t) = (7, s%).
A N

Thus, v!,...,v™ are different from \. Set 27 = Vit for j =1,...,m. Then, by

i=1"1
Lemma 4.10, 2!, ..., 2™ are different from z. Similarly to the proof of Theorem 4.13, 27 € P

m

for j = 1,...,m and z is a convex combination of z!,...,2™, contradicting that z is an

extreme point of P. n

4.6 A Necessary and Sufficient Condition for an Extreme Point

Theorems 4.13 and 4.15 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
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constraints (4.4) should be binding at z. In this section, we establish a necessary and

sufficient condition for a point in P to be an extreme point.

Definition 4.16 ([53]). A convex subset E of a convex set D is called extreme if any
representation £ = Az + (1 — MNw for 0 < A < 1, with z,w € D, of a point # € F implies

z,w e k.

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 F such that £ = HND. In general, an exposed subset of a convex set is extreme
but the converse may not hold [17].)

Guided by the necessary conditions from the previous section, we consider an exactly
M-randomized feasible policy « with M < K at which M of inequality constraints (4.4) are
binding. Let B be the submodel defined by x. Let N be the number of deterministic policies
in submodel B and let x',... 2™ be these deterministic policies. (Notice that policies
for e =1,..., N considered here are different from those used in the proof of Theorem 4.13;
rather, they correspond to the decomposition discussed in Theorem 4.9.)

Consider polyhedron G of weights of convex combinations of z!,...,z"V that belong to

P. Using the same notation as in (4.16), G is described as:
G={(w,t)|Dv+t=v, 1Tv =1, (v,t) >0}.

We emphasize again that, unlike F; and Fy, G is formed using N deterministic policies in
submodel B.

Let A = (A1,...,An)T be an element of A(x) defined in (4.13). Since x = Zf\il Nzt € P,
v = X belongs to G together with some slacks. Since the values of the slack variables are

determined by x (and do not depend on a specific A € A(x)), let ¢, denote the vector of
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slacks corresponding to x. Let

Az)={(\t,) e RV xRE | A€ A(z), t, =v— DA}.

Note that the last K components of elements of A(z) (the slack part) are fixed at t,. Since
z € P, we have A(x) C G. We state the following theorem (a proof will be provided later in

this section).

Theorem 4.17. A feasible exactly M-randomized policy x for some M < K at which at
least M of inequality constraints (4.4) are binding is an extreme point of P if and only if

A(x) is an extreme set of G.

Theorems 4.13, 4.15, and 4.17 lead to the following corollary, a necessary and sufficient
condition for a feasible solution of (CNP) to be an extreme point that can be checked using

the finite polyhedron G.

Corollary 4.18. A point x € P is an extreme point of P if and only if it is an exactly M-
randomized policy for some M < K, at least M of inequality constraints (4.4) are binding

at z, and A(z) is an extreme set of G.

We first illustrate the above corollary for the case of K = 1. For K = 1, the only
candidates to be considered are deterministic policies and exactly 1-randomized policies for
which constraint (4.4) is binding. Let x be a feasible deterministic policy, and let ¢, be
the corresponding slack. Then A(x) = {(1,¢,)}. It is easy to show that the corresponding
polyhedron G consists of one point, (1,t,) and A(z) is an extreme set of G. Now, let z be a
feasible 1-randomized policy with ¢, = 0. There exists A € (0,1) and deterministic policies
2!, 2% such that z = Az’ 4 (1 — )22, and we have A(z) = {(A\,1 — X,0)T}. Since A(z) is a
singleton, it is an extreme set if and only if the point (X, 1 — X, 0)7 is an extreme point of G.

Since K = 1, by dropping the constraint index k, G can be written as

G ={(v1,1,t)] D(xl)yl + D($2)V2 +t=V, v+ =1, (1n,1nt) >0}
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Since (A, 1—X,0) € G, we have either D(z') < V < D(z?) or D(z?) < V < D(z') or D(z') =
D(2?) = V. The point (\,1—),0) is an extreme point if and only if the corresponding basis
matrix is nonsingular, which is equivalent to D(z') # D(z2). Consequently, A(z) is an
extreme set of G if and only if either D(z') <V < D(2?) or D(2?) <V < D(z!'). Therefore,
according to Corollary 4.18, for K = 1, a point x € P is an extreme point if and only if x
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 2! and x? for which either D(z') <V < D(z?) or D(2?) <V < D(x!)
holds.

To gain intuition, consider the intersection of a polyhedron and a halfspace in a finite
dimensional space (Figure 4.1). 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 z3 in Figure 4.1) or points where an edge of
P intersects the hyperplane defined by the halfspace (such as 2z’ in Figure 4.1, which is a
convex combination of adjacent extreme points z! and z?). Consider now an unconstrained
MDP obtained by excluding the linear inequality constraint (4.4) from (CNP). A feasible
solution to the unconstrained MDP is an extreme point if and only if it is a deterministic
policy (e.g., Theorem 4.3 of [24]). 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, which is the intersection of
the infinite dimensional feasible region of the unconstrained MDP and the set satisfying the
(linear) inequality constraint.

Proof of Theorem 4.17: Suppose that A(z) is not an extreme set of G . Then there
exist (o,t;) and (7,%) in G such that (6o + (1 — 0)7,0t, + (1 — O)t,) € A(z) for some
0 € (0,1), but either (o,t1) ¢ A(z) or (7,t,) ¢ A(z), or both. Without loss of generality,
suppose (0,t,) ¢ A(x). Let 2 2 SN o0 and w £ SN | 7,a%; by construction, z and w are

in P. If z =z, then (0,t;) € /~\(a:) since the slack of z, t1, should equal the slack of x. Thus,
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Figure 4.1: Extreme points for K =1

z is not equal to x. However, z = Zij\il[ﬁai + (1 =0)1;]a* = 0z + (1 — O)w, where 0 € (0,1)
and z # x. Since both z and w are in P, z is not an extreme point of P. We showed that if
2 is an extreme point of P, then A(z) is an extreme set of G.

For the converse, suppose x € P is not an extreme point. Then there exist z and w in
P such that x = 0z + (1 — 6)w for some 6 € (0,1). It can be shown that z and w belong to
the submodel defined by = and thus can be expressed as convex combinations of z', ..., z",
say, z = S, oy’ and w = Y, a'. By construction, o and 7 belong to G with slacks ¢,

and t,,, respectively. Since z and w are different from z, (o,t,) and (7,t,) are not in A(x).

However,
N N N
Y lboi+(1—0)7]a’ =0 o' +(1—0)) ma' =02+ (1-0)w=u

i=1 =1 i=1

and moreover,
0t,+(1—0)t, =0(v— Do)+ (1 —0)(v—D1)=v—D(lo+ (1 —-0)1) =t,.

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

A(x) is an extreme set of G | then x is an extreme point of P. O
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The next example illustrates Theorem 4.17 for one possible type of a 2-randomized policy

and K = 2.

Example 4.19. Let K = 2. Consider an exactly 2-randomized policy x such that both
inequality constraints (4.4) are binding at x, and = randomizes only at a period-state pair
(n, s) over three actions, say, a',a?, and a®. Then in the submodel defined by z, there are
three deterministic policies, say, ', 2% 2, where x' chooses a’ at (n,s) for i = 1,2,3, and
r= Zf’zl iz’ where A > 0 and 17\ = 1. Since both inequality constraints are binding at z,
its corresponding t, is 0. We can check that A(z) = {(\1, A2, A3,0,0)}. Then, Theorem 4.17
implies that x is an extreme point of P if and only if (A1, A2, A3, 0,0) is an extreme point of

G, which is equivalent to the following basis matrix being nonsingular:

Consider 2 for i = 1,2, 3 as vectors in R*, easily shown to be linearly independent. Then the
subspace S of R® spanned by 2!, 22, 2° has dimension 3. Define an isomorphism linear oper-
ator T : S — R?® as T(v12! + ve2? + v323) = (11, 12, v3). Then Tz belongs to the hyperplane
H 2 {v e R¥|1Tv = 1}. D*(-) is a linear functional on R® and H}, = {2/ : D'(2') = v;} is a
hyperplane in R®. Then H' £ T(H};NS) = {v € R®| D' (z")v1 + D' (2*)vp+D (235 = v, },
and H? (defined analogously using D?(-) and vy) are also hyperplanes in R®. Then, nonsin-
gularity of Dp is equivalent to the hyperplanes H, H' and H? intersecting at a single point
in R3. However, Tx = (A1, A2, \3) is in H and z also satisfies D'(z) = v; and D?*(x) = vs,.
Thus, if the intersection of H, H' and H? is a single point, then Tz is that point. Therefore,

the necessary and sufficient condition of Theorem 4.17 is equivalent to HNH'NH? = {Tz}.
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4.7 Technical Proofs

4.7.1 Proof of Theorem 4.5

From the complementary slackness condition (4.11), we have

0" (s, @), (s, a) ( =3 palsls, aynia(s >) 2a(s,0)

s'eS

- (Z di(sa a)ﬂk) l‘n(S, CL)

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

obtain

NE

ZZ@ cn(s,a)zn(s,a)

1 s€S acA

= Z Z <yn(8) — an(8’|s, a)ynﬂ(s/)) T,(s,a)

3
I

n=1 s€S acA s'eS
K N

— Z ey o™t Z Z d (s, a)z,(s,a). (4.17)
k=1 n=1 s€S acA

We simplify the first sum of the right hand side as follows:

Z Z Z (yn(s) - an(5/|37 a)yn+1(s’)> (s, a)

n=1 s€8§ acA s'eS
N
=33 T 0us) Y walsa) ZZymH ) D palsls,a)za(s,a)
n=1 se§S acA n=1 s'€S seS acA
N N
e I)IIC) SEACTID 9 SIS SrmeRs
n=1 se€§ acA n=1s'eS acA
= Z y1(s) Z r1(s,a) — Z yn+1(5) Z rny1(8,a)
seS acA seS acA
= Zﬁ )y (s ZyN—i-l )ZZUNH(SJL)- (4.18)
seS seS acA

127



By substituting (4.18) into (4.17), we have

Z Z Z O‘n_lcn(sa a)x,(s,a)

n=1 s€§ acA

K N
=D B)nls) = D uvaa(s) Do annls,a) = Y gy o'ty N di(s,a)ra(s,a).
sES sES acA k=1 n=1 s€S acA
(4.19)
The second term above goes to zero as N increases, because
—SaNr, < Z yn+1(s) Z zn11(s,a) < Sal¥r,. (4.20)

seS acA

By the second condition (4.12) of complementary slackness, for k =1,2,... K,

N
i Zan_l ZZdﬁ(s,a)xn(s,a) — Vipr as N — oo.
n=1 s€S acA

Thus, taking N — oo on both sides of (4.19) gives f(z) = g(y, pt). The second statement of
the theorem follows by weak duality. O]
4.7.2 Proof of Theorem 4.6

Since x and (y, ) are feasible to (CNP) and (CND), respectively, we have x,(s,a) > 0

and

K
a"! (Cn(57 CL) + Z dfz(sa a)ﬂk> > yn(s) - an(8/|57 a’)yn-l-l(s/) for n € N7 s € 87 ae A

s'eS

Thus, the left hand side of the first condition (4.11) of complementary slackness is nonnega-

tive for n € N, s € §,a € A. By summing up the left hand side of (4.11) forn =1,2,..., N,
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s € S, and a € A, we obtain

033" Y wuls.a) [a (( a)+ > di(s. amk> — 3a(s) + 3 pals'ls, ayna ()

n=1 s€§ acA k=1 s'eS
N

:5 g Eoz”l saxnsa—kg /ikg E Edksaxnsa)
n=1 s€S acA n=1 s€8§ acA

- Z Z Z [yn(S) B an(8,|87 a)yn—&-l(sl)] fEn(S, CL)

n=1 s€§ acA s'eS
N
:ZZZanl (s,a)zn(s,a —l—ZukZZdesaxnsa)
n=1 s€S acA n=1 s€S acA
— Z B(s)yi(s) + Z?/N-H(S) ZZENH(S, a)
seS seS aceA

where the last equality is obtained from (4.18). By taking N — oo on both sides,

0< A}l_f)lclmz Z an(s, a) [a”l (cn(s, a) + Zdﬁ(s, a),uk> — Yn(s)

n=1 s€§S acA

+  pa(s]s, a)ynH(S’)]

s'eS

+ZVkuk Zﬂ )y (s (@) — gy, 1) =0,

seS

by strong duality. This shows that the sum of the left hand side of (4.11) equals zero.
However, we know the left hand side of (4.11) for n € N;s € §,a € A is nonnegative, and
thus, each of them equals zero. Therefore, (4.11) holds.

We now prove (4.12). Since z is feasible to (CNP),

Vi > ZZZ@"‘ldﬁ(s,a)xn(s,a) for k=1,2,... K.

neN seS acA
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Since pi > 0, the left hand side of (4.12) is nonnegative for £ = 1,2,..., K. By summing

up the left hand side of (4.12) for £k =1,2,..., K, we obtain

O<Z,uk Vk—ZZZo/L 1dk (s,a)zn(s, a)]

neN seS acA

:Zﬁ s)ya(s ZZZ& (8, a)x, (s, a) ZukZZZa” Yk (s, a)z,(s, a)

seS neN seS aceA neN seS acA
i [ e - Y Y (cn<s,a> ' Zdﬁ(s,am) o)
o SES n=1 s€8S acA k=1
N
< Jim 1D B =33 > (yn an<s'|s7a>yn+l<s'>) W,a)]
LseS n=1 s€S acA s'eS
= ]\}l_fgoZyNH(S) ZJUNH(S,G)
sES a€A

where the first equality is obtained from strong duality, the second inequality from the
constraint (4.8) of (CND), and the last equality from (4.18). We know that the last expression

is zero from (4.20) and thus, (4.12) holds. O

4.7.3 Proof of Theorem 4.9

For simplicity, we will assume that x does not allow any node that has zero incoming

flow. Our proof can be easily extended to the general case.

Let (n1,$1), (ng, $2), ..., (m, Sm) be the period-state pairs at which x randomizes and
suppose that they are ordered so that the period index is nondecreasing. Fori =1,2,...,m,
assume that = randomizes over a™,a™?,... a"" at (n;,s;). We have Y " (l; — 1) = M and

[T, i =N. Let A°z) ={X € RN | 1"\ = 1,X > 0}. Since policy = does not randomize in
periods 1 to n; —1, the policies z', 22, ..., 2" choose the same action with x in those periods.
Consequently, for any A € A%(z), S Nz’ and z have the same flows in periods 1 to n; — 1.
This implies that they also have the same flow on hyperarcs from the period-state pairs

in period n; where z does not randomize. Let A'(z) = {A € RN | 32V, al (s1,a")N =

Ty (51,a51), 17X = 1,A > 0}. Then, for any A € A'(z), 3., Az’ and z have the same
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flows in periods 1 to ny — 1 and on those hyperarcs from the period-state pairs in period
ny where x does not randomize. Moreover, in period n;, they have the same flow on hy-
perarc (ng,s1,a"'). Let Ab='(z) = {\ € RY | 32N 2 (s1,a"9)\; = 2, (s1,a™7) for j =
1,2, —1,17A =1,A > 0}. For any A € A""!(z), > \iz? and 2 coincide in periods 1
to n1 — 1 and on those hyperarcs from the period-state pairs in period n; where x does not
randomize, and additionally in period n;, they have the same flow on hyperarc (ny, s, a”)
for 7 = 1,2,...,1; — 1. Then, they also have the same flow on hyperarc (n;, s;,a>), and
thus, they coincide on all hyperarcs emanating from (n, s;). Note that x randomizes over
I, actions at (nq,s1) and we added [; — 1 equations to obtain A"~!(z) from A%(z).

We can apply the same procedure repeatedly to the other period-state pairs (ng, ss),
(n3,83), -5 (M, Sm), in order of nondecreasing period index. Then we obtain AM () such
that for any A € AM(z), SN Nz’ and  coincide in periods 1 to 1, — 1 (which implies that
they also have the same flow on all hyperarcs in period n,, where x does not randomize).
Moreover, in period n,,, they have the same flow on all hyperarcs from any period-state pair
where x randomizes due to the added equality constraints on A. Thus, for any A € AM(z),
Zfil M\ and x coincide in all periods, i.e., AM(z) C A(z). We can easily see that any \ €
A(x) satisfies all of the equalities that define AM (). Therefore, we showed AM (z) = A(x).

Let A be the coefficient matrix of the M equalities added to obtain AM(z) from A°(z).
A

We will show that the rows of the matrix . are linearly independent. The rows of A
1

corresponds to the M equalities that define AM(z) from A%(x). Fori=1,2,...,m and j =

1,2,...,1;—1,let Ag; ;) denote the row of A corresponding to the equality Zgil al (5, a"7) N\

= Xy, (8;,a"7). Then, A; ;) fori=1,2,...,mand j=1,2,...,]; — 1 form all rows of A. Let

the rows of A be sorted in lexicographic order of their subscripts. Recall that the columns of

A correspond to the deterministic policies ', 22, ...,z and that a row A(;; has nonzeros

in those columns that correspond to the deterministic policies that choose the action a®/

at (n;,s;). Let’s fix a row A ;) and let’s focus on the columns corresponding to policies
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choosing a®! at (ny, s;) for k =1,2,...,i—1 and @™ at (n;, s;). In these columns, the row
A ;) has nonzeros. However, by construction, all rows above the row A(; ;) have zeros in
those columns. Therefore, we showed that 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 choosing a®! at (ny,s;) for k = 1,...,m (i.e., always choosing the last action),

and thus, the row with ones has a nonzero in the column at which all rows of A have zeros.

Therefore, we proved that the matrix has a full row rank. O
1T

4.7.4 Proof of Lemma 4.11

Let H(x,n) £ {(n,s,a) | x,(s,a) >0, s €S, a € A}, and let r,(z) = |H(z,n)| -S|, i.e.,
rn(z) is the number of “additional” actions used by x compared to a deterministic policy in
period n. Also, for any m € N, t € S, b € A, let ¢,,(t,0) = 2 (£,0)/ Y ca Tm(t, @), ie.,
¢m(t,b) is the probability that x will select action b in state ¢ in period m.

We prove the lemma by induction on L. For L = 1, we can simply let L = L = 1 and
xh =z

Suppose the statement holds for L = L' — 1 > 1. Since x is an oo-randomized policy,
S22 ra(®) = 0o, Let n = min{a|Y."_ rw(z) > L' —1}. Let s € S be any state such
that in period-state pair (n, s),  randomizes over multiple actions, say, a,b*,b%, ..., b". Let
Tp(s,a) = 6 >0, z,(s,0") = ¢ >0, i =1,...,1, and let € = 22:1 ¢;. We will represent
x as a convex combination of two flows, w and z. Again, we define sub-flows u and v* for
1=1,...,1 to construct w and z.

For k > n+ 1, let T(x) C S be the set of states in period k that receive any portion
of flow ¢; originating in hyperarc (n, s,b") under policy z, and for t;, € T (x), let Bi(t) =
{br, € A|zp(tr,bx) > 0}. Let G'(z) be the sub-hypernetwork formed by the node (n,s),
hyperarc (n, s,b'), nodes in U2, 7¢ (), and hyperarcs in UL,y Uy, i) Bi.(t). Then,

define sub-flow v* in the following way. Let node (n,s) be the source node with supply 1.
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Set v},(s,b") = 1 and for each t,1 € 7,1 (z) and each b,y € Bl (tnt1),

Up 1 (bt 1, b)) = Gngt (bt b1 P (B |5, 07).

For k > n+ 2 and for t; € T (x) and by, € Bj(tx), set

itk On) = Grlti,bk) Y > proa(trlteet, beo1)vh oy (beets broa)-
th—1€TE_ () by—1€BL_; (tr—1)
Sub-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 d.
As in the proof of Lemma 4.10, w is obtained from z by redirecting flow § from F(z)
to G'(z)’s, and z is obtained from x by redirecting flow € from G*(z)’s to F(z), maintaining

the original proportion of flows in G*(x)’s. By construction, w and z satisfy the flow balance

dztew

constraints, and we have v = 7%,

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

If w is exactly N-randomized for some positive integer N > L’ — 2, then by Lemma 4.10,
there exists N + 1 (N — 1)-randomized policies w',...,wN*" such that w is their con-
vex combination with uniquely determined, positive weights. By arguments in the proof
of Lemma 4.10, we can show that in representing x as a convex combination of z and
wt, ..., wNt! the weight of z is 5%6 > 0, and therefore x can be represented as a convex com-
bination of N + 2(> L') policies z and w!, ... ,wN*1 and the representation has uniquely
determined positive weights.

If w is oco-randomized, by the induction hypothesis, there exists a positive integer N’ >

N/

L’ — 1 and policies w!, ..., w" such that w is uniquely represented as their convex combi-

nation and the weights are positive. Similarly, we can show that all of z and w', ..., w"'

are necessary to represent x as their convex combination and the weights are uniquely de-
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termined.

Therefore, by induction, the lemma is proven.
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CHAPTER V

Conclusion and Future Research

In this dissertation, we studied CILP formulations of non-stationary MDPs, countable-
state MDPs, and constrained non-stationary MDPs. We established foundations for devel-
oping simplex-type algorithms for solving the CILP formulations, developed simplex-type
algorithms, and analyzed performance of the algorithms.

In Chapter II, we established rate of convergence results of the simplex algorithm for non-
stationary MDPs introduced in [24] with a particular pivoting rule and RHA. We introduced
the multiple pivoting technique which greatly accelerates the simplex algorithm. We also
compared the simplex algorithm and RHA empirically and analyzed its performance. The
experiments showed that the upper bound on the number of iterations to achieve near-
optimality was pessimistic for the inventory management problem. It is a future research
either to derive a tighter theoretical guarantee or to find a non-stationary MDP example for
which the bound is not so pessimistic or even tight. In the experimental section, we only
compared how fast the two algorithms converge to optimality. However, the cost of data
acquisition is another important issue. As those algorithms proceed, they require transition
probabilities and rewards in more periods. In practice, obtaining the problem data can be
expensive. It will be interesting to compare how much data the algorithms require to achieve
e-optimality for a given e.

In Chapter III, we extended the major theoretical extreme point and duality results to
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the CILP formulation of countable-state MDPs and introduced the implementable simplex
algorithm for solving the CILP formulation. This algorithm is the first solution algorithm for
countable-state MDPs that generates a sequence of policies whose value functions improve
monotonically and converge to optimality. Also, unlike existing simplex-type algorithms for
CILPs, our algorithm solves a class of CILPs in which each constraint may contain an infinite
number of variables and each variable may appear in an infinite number of constraints.

A possible future research is comparing the simplex algorithm to the existing methods
for countable-state MDPs. However, it is not straightforward how to make an empirical
comparison, also because of the issue of data acquisition. As those algorithms for countable-
state MDPs proceed, they require transition probabilities and rewards from more states. For
example, if an algorithm converges to optimality in value faster than another algorithm but
requires significantly more data, then it is not clear which one is a better solution method.
Another future research direction is to study convergence rate of the simplex algorithm for
countable-state MDPs, possibly in a way similar to our analysis in Chapter II on the simplex
algorithm for non-stationary MDPs. Then, it would be possible to compare the convergence
rates of the algorithms for countable-state MDPs by comparing the result for the simplex
algorithm to the ones in [58, 56]. However, the convergence rates provide us with upper
bounds on number of iterations (or computational complexity) to achieve near-optimality so
this theoretical comparison would also be incomplete.

In Chapter IV, we established duality results for the CILP formulation of constrained
non-stationary MDPs and provided a complete algebraic characterization of extreme points
of the CILP formulation. The existence of a K-randomized optimal policy followed this
characterization. It is a natural next step to develop a simplex-type algorithm for solving the
CILP based on the characterization of extreme points. However, there is a major difference
between the CILP (CNP) and other primal CILPs in this thesis which makes the development
difficult: the left hand side of (4.4) cannot be exactly computed using finite computation,

in other words, feasibility of a solution cannot be determined, while in (NP) and (CP) basic
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solutions are trivially feasible. Thus, we will instead consider solving a Lagrangian dual
of (CNP). Let’s first consider the following Lagrangian relaxation of (CNP) obtained by

relaxing the side constraints (4.4):

mmin L(x,p) = Z Z Z ! (cn(s, a) + Z ped” (s, a)) Tn(s,a) — pt'Vv

neN seS ac A k=1

s.t. le(s,a) = f(s) for s €S

aceA

an(s,a) — Z an_l(s|s', a)tn_1(t,a) =0forn>2,s€S
acA s'eSacA

x> 0.

Let L(p) be the optimal value of the Lagrangian relaxation for a multiplier g. Then we
consider the following Lagrangian dual of (CNP):

(LCNP) max L(u).

u>0

It was shown in [4] that (LCNP) is a strong dual of (CNP) under Assumption 4.2. We
will develop subgradient algorithms for solving (LCNP). Note that exact evaluation of L(-)
and its subgradient involve solving the Lagrangian relaxation exactly, that is, solving an
unconstrained non-stationary MDP to optimality. Therefore, challenges are in ensuring
convergence of subgradient algorithms despite the fact that L(-) and its subgradient are only
approximately computed.

In this thesis, we extended the standard LP results and the simplex method to the CILPs
representing the three classes of MDPs. In order to extend the LP approach to more general
classes of CILPs, one would have to understand what aspects of the CILPs considered in this
thesis enabled the success of the LP approach. In (NP), each variable appears only in a finite
number of constraints and each constraint has only a finite number of variables, and this

property was shown to be useful in proving duality results [41, 42]. In (CNP) of Chapter IV,
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each variable appears only in a finite number of constraints but the side constraints have an
infinite number of variables. Meanwhile, the coefficient matrix of (CP) in Chapter III can
be dense, but it still has the MDP structure. Thus, this thesis is an encouraging first step
to extend the standard LP results and the simplex method to CILPs that do not have any
sparsity structure. We will analyze what characteristics of the MDP structure made the LP
approach successful. We will also study how the assumptions on problem parameters (such
as uniformly bounded costs for non-stationary MDPs or the assumptions in Section 3.1.2 for

countable-state MDPs) helped the success.
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APPENDIX A

Extreme Point Cone Inclusion

Consider a finite-dimensional polyhedron that has an extreme point. Then any point in
the polyhedron is represented as a sum of the vector from origin to the extreme point and a
conic combination of vectors from the extreme point to its adjacent extreme points. In this
section we prove this statement for any bounded polyhedron in finite dimension and also
for the feasible region of (NP) which is infinite-dimensional. Using the result for (NP), we

provide an alternative proof of Lemma 2.18.

A.1 In Finite-dimensional Spaces

Consider a finite-dimensional polyhedron H that is bounded (such polyhedron is also

called polytope). Then, H is represented by a set of linear equations:

N
H={z €RY | ) tmntn <bp,m=12,..., M},

n=1

For simplicity of illustration, suppose that H is a full dimensional polytope. H has an
extreme point, say 2°. There are a finite number, say K, of adjacent extreme points of z°.

Let us denote them as x',22,...,2%. Consider a cone generated by conic combinations of
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vectors from z° to the adjacent extreme points and let C; be the cone transferred by 0, i.e.,

K
C, = {reR"| x:xo%—Zui@k—xo),uk >0,k=1,2,...,K}.
k=1
On the other hand, among the constraints that are binding at 2, there are N constraints that
are linearly independent (constraints are linearly independent if vectors of the coefficients
appended by the right hand side are linearly independent). Let them be indexed by m(7)
fori=1,2,...,N, ie., Zf:f:l Am(i)nTn < by for i = 1,2,..., N. Let C; be the points that

satisfy those constraints, i.e.,

N
Co={x €RY | > tm(iynn < bmpy,i =1,2,...,1}.

n=1

It is clear that H C Cy. We show that C; = Cy, which implies that any point in H can be

represented as the sum of 2° and a conic combination of vectors 2% — 2% for k = 1,2,..., K.
Theorem A.1. The sets C; and Cy coincide.

Proof: By definition, C, is a polyhedron. We can easily see that 20 is the only extreme
point of Cy as follows. For any extreme point of Cy, there should be n linearly independent
constraints of Cy that are binding at the extreme point. However, Cy has only n constraints,
thus, 20 is the only extreme point of Cs.

We also show that z* — 2% for k = 1,2,..., K form the complete set of extreme rays of C,.

Fork=1,2,...,K,i=1,2,...,1,and u > 0,

N N N
Z am(i),n(xg + (g — ) = (1= p) Z am(i),nxg +u Z am(i),nxﬁ
n=1 n=1 n=1

< (1 = )by + by = by

where the inequality is obtained from the fact that the constraint m(i) is binding at x°

and satisfied at 2. Also, for k = 1,2, ..., K, ¥ has n binding constraints that are linearly
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k_ 20 satisfies

independent and share n—1 of them with 2° because they are adjacent. Thus, =
n — 1 linearly independent constraints of Co. This shows that 2% — 20 for k =1,2,..., K are
extreme rays of Cy. We also can easily show that they are only extreme rays of Cy using the

fact that x', 22,..., 2% are the complete list of adjacent extreme points of 2°.

By the theorem of representation of polyhedra (e.g., Theorem 4.15 of [11]), C; = Co. O

Corollary A.2. The polytope H is contained in C;.

A.2 In the Feasible Region of (NP)

In this section, we will prove a similar result to Corollary A.2 for F, the feasible region
of (NP).

Forn € N,s € S, and a € A\ {a,(s)}, let e™*% denote the extreme point adjacent to x
whose basic action differs only at state s in period n and the basic action is a. Then we prove

the following theorem which is a counterpart of Corollary A.2 for the infinite-dimensional

set F.

Theorem A.3. Any point z € F is represented as the sum of x and a conic combination of

vectors ¢ —x for j =1,2,..., i.e.,

z=x+ Z Z Z An.sa(e™5 — 1) (A1)

neN seS ac A

where the convergence is pointwise (i.e., we consider the product topology of R>) and A > 0.

To prove this theorem we first establish a special case of the theorem where z is an
extreme point. Let a,(s) and b,(s) be basic actions of x and z at state s in period n,

respectively.

Lemma A.4. Any extreme point z € F is represented as the sum of x and a conic combi-
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nation of vectors e™* —x forn € N,s € S,a € A, i.e.,
p=a4 Y > Al t) — ) (A.2)
neN ses
where
Apg = ————= (A.3)

forneNands € S.

Proof: Let

N &, ZZ e(ms:bn(s)) _ ). (A.4)

We will prove by induction that 2 and z coincide in periods up to N, i.e., zY(s,a) = z,(s,a)
forn=1,2,...,N,s€ S,a € A.

First, consider 2! =z + Y ¢ M s(e!*0() —z). For s,t € S and a € A,

1 if t =sand a = by(s)
1,s,b1(s
eg 1( ))(t,a)—xl(t,a): -1 jft:sanda:ou(S)

0 otherwise.

Also, A\; 5 = % =1 for s € S. Then, we can easily show that for t € S, z{(¢,b,(t)) = 1
and z{(t,a) = 1 for a # b(t). Thus, z' and z coincide in period 1. Also, we can easily

show that 2! satisfies the flow balance constraints, (2.2) and (2.3). In addition, note that

for a state s, e(lsb1(s)

is, el ))(t,a) = xp(t,a) = 0 for m > 2/t € S, and any action a # a,,(t). Thus, we

and = have the same basic actions in periods bigger than 1, that

also have 2] (t,a) = 0 for m > 2,¢t € S, and any action a # a,,(t). From the flow balance
constraints, we can easily see that 2 (,a,,(t)) should be positive for m > 2,t € S, and thus,
2! is nonnegative. Therefore, 2! is a flow in the hypernetwork, whose basic actions are equal

to those of z in period 1 and those of z in period bigger than 1 (but note that the flows of 2!
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after period 1 may be different from = because the basic actions in period 1 are different).

1

Suppose that 271 is a flow whose basic actions are equal to those of z in period up to

k — 1 and those of x in periods from k. We have

k
K=t Z Z /\n,s(e("’s’b"(s)) —x) =4 Z )\kﬁ(e(k’s’b’“(s)) — ).

n=1 seS seS

First, note that e®*%() and z coincide in periods up to k— 1. Thus, in periods up to k —1,

2¥=1 and 2* coincide, and therefore, z* and z coincide. For s,t € S and a € A,

zr(s,ar(s)) ift =s and a = bg(s)
eighs’bk(s»(ta a) =zt a) = § —a4(s,ap(s)) ift=sand a = ax(s)

0 otherwise

\

,8,br (s

where the first case is obtained from the fact that e ) and z have the same incoming

flow to the node (k, s). Thus, in period k,

(ta) =27t a) + Y Neslel™™ ™ (1 a) — 2y (t, a))
SES

Zk (t, bk(t))

25 (t, ag(t)) (€,(€k,t,bk(t))(t7 0) — z4(t, a))

=2t a) +

Since zF~

1'is the same with 2 in periods up to k — 1 and has the same basic actions with z in
period k, the flow of z#~! in period k is given as, for t € S, 27 (¢, ax(t)) = 2k (¢, b (t)) and
28 7Y(t,a) = 0 for a # ax(t). Then, we can easily check that for t € S, 2 (t, by (t)) = zi(t, bi(t))
and zf(t,a) = zx(t,a) = 0 for a # bg(t). That is, z* and 2 coincides in period k. Using
similar arguments we used for z!, it is straightforward to show that z* is a flow and its basic
actions in period bigger than k are equal to those of x.

By induction, we showed that 2"V converges to z as N — oo.

Proof of Theorem A.3: F is compact and convex (see [24]). Thus, Krein-Milman
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theorem (e.g., see Theorem 7.68 of [2]) gives us every feasible point as a convex combination
of extreme points. Hence it suffices to show Theorem A.3) for extreme point z, thus the
theorem is proven.

Using Theorem A.3, we can prove the following proposition.

Proposition A.5. For any extreme point z of (D), f satisfies

F(2) = F@)+ D> Ans(fet™ ™) — f(a)).

neN seS

Proof: Define zV as in (A.4). We showed 2" — 2 as N — co. We know that z and 2

coincide in periods up to N. Therefore,

@) = FENI=1 )0 YD am els,a)(zals, a) — 2 (s,a))]

n=N+1 s€S ac A

S 3N @ el  a)llzals, a) — 2 (s, 0)

n=N+1 s€8 acA

i Z Z a"tenS

n=N+1 s€8 acA

IA

IA

where the last inequality is obtained from Lemma 2.1. Thus, f(zV) — f(z) as N — oo. By

linearity of f,

FEN) = fla+ )Y (M) —a)) = fla)+ ) Y (fetm D) — f(x))
n=1 seS n=1 scS

and by taking N — oo on both sides,

f(z) = fl@)+ )Y (f(erm @) = f(a)).

neN seS
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Another proof of Lemma 2.18: From Proposition A.5, we have
= fla @)+ s (femm ) — f(x))
neN ses

where A\, s = %, x* is an optimal basic feasible solution, and a,(s) and a*(s) are the

S

basic actions of x and x* at state s in period n, respectively. By Proposition 2.10, we have

femsan)y — f(x) = 2,(s,an(8))Vn(s, a’(s)) (recall Definition 2.8). Therefore,

— = S0 (s, @l (5) (< (s, @ (9))

neN seS

and the lemma is proven. O
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APPENDIX B

Proof for Theorem 3.14 using Bauer’s Maximum

Principle

In this section, we present an alternative proof of Theorem 3.14 using Bauer’s Maximum
Principle (e.g., see Theorem 7.69 of [2]). A similar proof for a more general class of MDPs
than countable-state MDPs is available in Section 7 and 8 of [4] but our proof is much
simpler because it is focused on discrete state space and finite action space. While proving
the theorem, we will use the integral version of dominated convergence theorem (DCT)
which is called Lebesgue DCT and more general than Proposition 3.8. Also, we will use a

generalization of the Lebesgue DCT.

Proposition B.1 (Lebesgue DCT, Theorem 16 on page 267 of [46]). Let h be an integrable
function over E, and suppose that {h,} is a sequence of measurable functions such that

|h,(2)] < h(x) on E, and h,(z) — h(z) a.e. on E. Then

/h:hm/hn.
E E

Proposition B.2 (Generalized DCT, Proposition 18 on page 270 of [46]). Let (X, B) be a

measurable space and {1, } a sequence of measures on B which converge setwise to a measure
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w. Let {h,} and {h,} be two sequences of measurable functions which converge pointwise to

h and h, respectively. Suppose |h,| < h, and that

lim/ﬁndun:/ﬁdu<oo.
lim/hnd,un:/hdu.

We will show that P, the feasible region of (CP), is a compact subset of R* under the

Then

product topology and the objective function f(z) of (CP) is continuous over the feasible
region P. It is straightforward to show that P is convex. Therefore, by Bauer’s Maximum
Principle, we will obtain that (CP) has an extreme point optimal solution. We present this
proof by using only the absorbing MDP formulation defined in Section 3.5.1. Recall that 0
denotes the absorbing state. Let S = {0, 1,2, ...} and extend w by letting w(0) = 0.

To show that P is compact in R* and that f(z) is continuous on P, we first define a
topology on ITg, the set of stationary policies. Let M (.A) be the set of probability measures on
the finite action set A. Then, M(A) = [0,1]4N{p € R : 17p = 1} (which is often called the
unit A-simplex) and this is compact in R4. A stationary policy can be considered as assigning
a probability measure on A to each state, and thus, Ilg is represented as [[°-, M (A) C (R4)>
and (R4)> is trivially isomorphic to R®. By Tychonoff’s theorem (e.g., see Theorem 2.61
of [2]), IIg is compact under the product topology of R*. Also, note that R equipped with
the product topology is metrizable (e.g., see Theorem 20.5 of [36]), so a function f from Ilg
is continuous if and only if for any sequence {¢™} C Ilg converging to ¢ € Ilg, {f(c™)}
converges to f(a) (e.g., see Theorem 21.3 of [36]).

Consider a function Q? ) [Ig — R* that maps a stationary policy ¢ to its occupancy
measure Q7 € P. We call Q(ﬁ ) the occupancy measure function. By (3.30) and the definition
of occupancy measure (3.29), we can easily show that Q? ) is a one-to-one mapping onto

P C R*°. Since we know Ilg is compact, proving continuity of Q’g ) is sufficient to show the
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compactness of P. Toward the end, we first prove the following two lemmas.

Lemma B.3. For s € S, an initial distribution (3, and a nonnegative integer n, P?(S, = s)

s a continuous function of o on Ilg.

Proof: We first show that P.(S, = s) is continuous for ¢ € S by induction on n.
For n = 1, PY(S; = s) = 1{t = s}, which is a constant, so continuous. Suppose that

PL(S,, = s) = a™ 1 P™~1(s]t) is continuous for some positive integer m. We have

PL(Spi1 = s) = o™ P (slt) = Y aP(t'|t)a™  PI 7 (s|t).

ves

Consider a sequence of stationary policies {o*} converging to 6. Because of the induction

hypothesis,
aP(t'[t)a™ PR (s|t') = aPs(t|t) o™ P (s|t) as k — oo

Also, for any o € Ilg, |aP,(t'|t)a™ PT*(s|t')| < aP,(t'|t) and ), s aP,('|t) = a. Thus, by

Proposition B.1,

lim » aPx(t'|t)a™PR(s|t') = E aPs(t'|t)a™PI (s]t'),
k—o0
tes ves

that is, P:(S;41 = s) is continuous in o. Therefore, P.(S, = s) is continuous for ¢t € S and
for any n. Then, we can easily show that P?(S,, = s) is continuous for a general initial state

distribution § by using Proposition B.1 or Proposition 3.7. O
Lemma B.4. Fors € S, Y, s P,(t|s)w(t) is a continuous function of o on Ilg.

Proof: Consider a sequence {o*} in IIg that converges to & € Ilg. For any k, we have

Y Bltlsyw(t) =YY o (als)p(tls,a)w(t) = Yo" (als) Y plt]s, a)w(?) (B.1)

teS teS ac A acA teS
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where the exchange of sums follows by Proposition 3.5. By the assumption A2, we know
that Y, s p(t|s,a)w(t) is finite for any (s,a). Since limy . 0¥ (als) = &(als) for all (s,a)

and A is a finite set, (B.1) converges to

S 5(als) S plt]s, a)w()

acA teS
as k — oo, and thus, the lemma is proven. O

Lemma B.5. For s € S, an initial distribution 3, and a positive integer n, E°[w(S,)] =

>ees P2(Sn = s)w(s) is a continuous function of o on Ilg.

Proof: Proof of this lemma is similar to that of the previous lemma. First, fort € S, we
show that E![w(S,)] is continuous by induction on n. For n =1, E![w(S1)] = w(t), which

is a constant. Suppose that Ef[w(S,,)] is continuous for a positive integer m. We have

EL[w(Span)] = Y aPy(H[t) EL [w(S)]. (B.2)

t'eS

Because of the induction hypothesis, each term of the above sum is continuous. By the
assumption A2,

aP, (| EY w(Sy,)] < ax™ 1P, (| w(t).

By Lemma B.4,
D ar™ P (| w(t) = ar™ Y P (¢ |tw(t)

= =
is continuous in ¢. Then, by Proposition B.2, (B.2) is continuous in ¢. By induction, we

conclude that E![w(S,)] is continuous in ¢ for any n. Since

EJ[w(S,)] =) BOEL[w(S,)],

teS

it is also easy to show that Ef[w(S,)] is continuous in ¢ by using Assumption A2 and (3.7),

and applying Proposition B.1. O]
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The next lemma shows that Q? ) is weakly continuous in the following sense.

Lemma B.6. For any real-valued function r on S x A satisfying |r(s,a)| < Lw(s) for all

s,a) € S x A, the function (r, QB :1llg — R defined as
)

<7’,Q§>é227’5a@85a (B.3)

s=1 a=1

s a continuous function of o on Ilg.

Proof: By (3.32), we have
oo A (3}
=D r(5,:a)Q2(s,a) = Va(B) = B[ D r(Su, Au)]- (B4)

Then

Eg[z |T(Sna An)” :BT[|T0| + OzPJ|7“U| + Oz2P02|7“U| + .. ]

<B'w + akw + o*k*w + ... 4+ o’ T w
+ A w + Nakw + k2w + ..+ X R w
+ ..

=LATw < o0,

where the inequality follows by considering groups of J terms and applying Assumptions A2

and A3. Therefore, we have
EZ[D r(Sn Ay)] ZEﬁ (Sn, A,)]
n=1

by Fubini-Tonelli theorem, which is the combination of Fubini’s theorem (see Theorem 19
on page 307 of [46]) and Tonelli’s theorem (see Theorem 20 on page 309 of [46]), and is a

more general version of Proposition 3.6.
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We will show that the partial sums S E2[r(S,, A,)] converges uniformly to the infinite

sum on IIg as N — oco. Let
(0.)

VY(B) = Y Ellr(Sa An)],

n=N-+1

and let VNV denote the infinite vector indexed by states whose value at s is VV(s). Let

N = kJ + [ for some nonnegative integers k and [ < J, then

VN <a™PN|r,| + oV PN ry | 4.

QI PRI |y kI pRIHEL

<a'PL(a’ P7Yrw + o P (ol PYYrw + ..+ o7 7P (o P YR w
+ (o P w + aP, (o P w4 4 o/ TP (o PR
+ (o’ P 2w + aP, (o P 2w + . 4+ o/ PP (o PR
+ ...

<ol KN w 4+ o N 4 o T D
+ XNt + ar w4+ o TN Ly
+ NP2 b ar 2w 4+ o TN 2y

+...
)\k—i—l

1-A

= {[)\k(om)l[l +ak+ ..+ (ar) T+ 14+ ak+...+ (om;)‘ll]} w,

where the second inequality follows by applying Assumption A1l and considering a group

the first J — [ terms and groups of J terms for the rest; and the third inequality follows by

Assumptions A2 and A3. Therefore,

Vo (B)] =187V,

k+1
< ¥l (a4

1—A

l+ak+...+ (QK)J_l]} BTw
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In the last expression, 37w is finite by (3.7) and its preceding multiplier tends to zero
as k — oo. That is, given € > 0, for each 0 < [ < J — 1, there exists k; such that for
k > k;, we have [V T (B)| < € for any o € IIg. Then, for N > maxo<;<s_1{k;J +1}, we have
[VN(B)| < € for any o € IIg. Therefore, as N — oo, the partial sums > E2[r(S,, A,)]
converges to the infinite sum uniformly on Ilg.

Secondly, we will show that E?[r(S,, A,)] is continuous in ¢ for any n, then it will imply

that (B.3) is continuous on Ilg. By conditioning on state, we have

7(Sny An)] ZPﬁ (S = s)r(s,0) (B.5)

seS
where r(s,0) = S22 | o(al|s)r(s,a). It is easy to show that r(s,o) is continuous in o. By
Lemma B.3, P?(S, = s)r(s,o) is also continuous in o. By the assumption A1, |P5(S, =

s)r(s,a)| < P2(S, = s)w(s), and by Lemma B.5, >

wes P2(S, = s)w(s) is continuous
in 0. Therefore, by Proposition B.2, (B.5) is continuous in o. Thus, the partial sum
ZnNzl EB[r(S,, A,)] is continuous in o. Since the partial sum converges to the infinite sum

uniformly over o,

(r,Q% = ZEﬁ (Sn, Ay)

is continuous in o. O
Using the weak continuity of Q’g X it is easy to show that it is actually continuous in the

product topology.
Lemma B.7. The occupancy measure function Q?) g — R* is continuous.

Proof: By the previous lemma, we know that (r, Q? )) is continuous over Ilg for any
r such that |r(s,a)] < Lw(s) for s € S. Consider a sequence {¢™} C Ilg converging to
o € Ils. Fix an arbitrary state-action pair (s,a) € S x A. Let r(s,a) = w(s) and r(t,b) =0
for (t,b) # (s,a). Then, by the weak continuity, (r,Q%.) = w(s)Q".(s,a) converges to

(r, Q%) = w(s)QL(s,a), ic., Qu(s,a) converges to Q2(s,a) for an arbitrary state-action
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pair (s,a), and therefore, ng converges to Qg in the product topology of R*. Since the
product topology of R* is metrizable, the function Qg ) is continuous. O
Since P = Qg is the image of Ilg by Qf_ X the compactness of IIg and the above lemma

implies the following corollary.
Corollary B.8. P is a compact subset of R>.

Using Lemma B.6, we can easily prove the next lemma by which we conclude the proof

of Theorem 3.14.
Lemma B.9. The objective function f(x) of (CP) is continuous in its feasible region P.

Proof: For any x € P, there exists a unique stationary policy o defined by (3.30) such
that Q7 = z. Let £ : P — Ilg denote the function that maps an occupancy measure x € P

to its corresponding stationary policy, i.e., £(z) = . Then,

Zera x(s,a) ZeraQﬁx)sa) (T,Qf(x)>.

s=1 a=1 s=1 a=1

By Lemma B.6, (r, Qf )> is continuous on Ilg. If £ is continuous, then f is also continuous
on z. To show that £ is continuous, consider a sequence {z™} in P converging to = € P,
that is, (s, a) converges to Z(s, a) for each state-action pair (s,a). Then the corresponding

stationary policies ¢ = £(2™) for m = 1,2, ... and ¢ = £(&) are computed by, respectively,

™ (s, a) and 5(als) = Z(s,a)

) = S s S 3(s,b)

Therefore, 0™ (als) also converges to a(als) for each state-action pair (s, a), and thus, o™ =
&(z™) converges to ¢ = £(Z) in the product topology. We showed that & is continuous, and

thus, f is continuous in . O]
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