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Preface of the First Edition

This book aims at a unified and economical development of the core the-
ory and algorithms of total cost sequential decision problems, based on
the strong connections of the subject with fixed point theory. The analy-
sis focuses on the abstract mapping that underlies dynamic programming
(DP for short) and defines the mathematical character of the associated
problem. Our discussion centers on two fundamental properties that this
mapping may have: monotonicity and (weighted sup-norm) contraction. It
turns out that the nature of the analytical and algorithmic DP theory is
determined primarily by the presence or absence of these two properties,
and the rest of the problem’s structure is largely inconsequential.

In this book, with some minor exceptions, we will assume that mono-
tonicity holds. Consequently, we organize our treatment around the con-
traction property, and we focus on four main classes of models:

(a) Contractive models, discussed in Chapter 2, which have the richest
and strongest theory, and are the benchmark against which the the-
ory of other models is compared. Prominent among these models are
discounted stochastic optimal control problems. The development of
these models is quite thorough and includes the analysis of recent ap-
proximation algorithms for large-scale problems (neuro-dynamic pro-
gramming, reinforcement learning).

(b) Semicontractive models, discussed in Chapter 3 and parts of Chap-
ter 4. The term “semicontractive” is used qualitatively here, to refer
to a variety of models where some policies have a regularity /contrac-
tion-like property but others do not. A prominent example is stochas-
tic shortest path problems, where one aims to drive the state of
a Markov chain to a termination state at minimum expected cost.
These models also have a strong theory under certain conditions, of-
ten nearly as strong as those of the contractive models.

(¢) Noncontractive models, discussed in Chapter 4, which rely on just
monotonicity. These models are more complex than the preceding
ones and much of the theory of the contractive models generalizes in
weaker form, if at all. For example, in general the associated Bell-
man equation need not have a unique solution, the value iteration
method may work starting with some functions but not with others,
and the policy iteration method may not work at all. Infinite hori-
zon examples of these models are the classical positive and negative
DP problems, first analyzed by Dubins and Savage, Blackwell, and

ix
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Strauch, which are discussed in various sources. Some new semicon-
tractive models are also discussed in this chapter, further bridging
the gap between contractive and noncontractive models.

(d) Restricted policies and Borel space models, which are discussed
in Chapter 5. These models are motivated in part by the complex
measurability questions that arise in mathematically rigorous theories
of stochastic optimal control involving continuous probability spaces.
Within this context, the admissible policies and DP mapping are
restricted to have certain measurability properties, and the analysis
of the preceding chapters requires modifications. Restricted policy
models are also useful when there is a special class of policies with
favorable structure, which is “closed” with respect to the standard DP
operations, in the sense that analysis and algorithms can be confined
within this class.

We do not consider average cost DP problems, whose character bears
a much closer connection to stochastic processes than to total cost prob-
lems. We also do not address specific stochastic characteristics underlying
the problem, such as for example a Markovian structure. Thus our re-
sults apply equally well to Markovian decision problems and to sequential
minimax problems. While this makes our development general and a con-
venient starting point for the further analysis of a variety of different types
of problems, it also ignores some of the interesting characteristics of special
types of DP problems that require an intricate probabilistic analysis.

Let us describe the research content of the book in summary, de-
ferring a more detailed discussion to the end-of-chapter notes. A large
portion of our analysis has been known for a long time, but in a somewhat
fragmentary form. In particular, the contractive theory, first developed by
Denardo [Den67], has been known for the case of the unweighted sup-norm,
but does not cover the important special case of stochastic shortest path
problems where all policies are proper. Chapter 2 transcribes this theory
to the weighted sup-norm contraction case. Moreover, Chapter 2 develops
extensions of the theory to approximate DP, and includes material on asyn-
chronous value iteration (based on the author’s work [Ber82], [Ber83]), and
asynchronous policy iteration algorithms (based on the author’s joint work
with Huizhen (Janey) Yu [BeY10al], [BeY10b], [YuBlla]). Most of this
material is relatively new, having been presented in the author’s recent
book [Berl12a] and survey paper [Berl12b|, with detailed references given
there. The analysis of infinite horizon noncontractive models in Chapter 4
was first given in the author’s paper [Ber77], and was also presented in the
book by Bertsekas and Shreve [BeS78], which in addition contains much
of the material on finite horizon problems, restricted policies models, and
Borel space models. These were the starting point and main sources for
our development.

The new research presented in this book is primarily on the semi-
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contractive models of Chapter 3 and parts of Chapter 4. Traditionally,
the theory of total cost infinite horizon DP has been bordered by two ex-
tremes: discounted models, which have a contractive nature, and positive
and negative models, which do not have a contractive nature, but rely
on an enhanced monotonicity structure (monotone increase and monotone
decrease models, or in classical DP terms, positive and negative models).
Between these two extremes lies a gray area of problems that are not con-
tractive, and either do not fit into the categories of positive and negative
models, or possess additional structure that is not exploited by the theory
of these models. Included are stochastic shortest path problems, search
problems, linear-quadratic problems, a host of queueing problems, multi-
plicative and exponential cost models, and others. Together these problems
represent an important part of the infinite horizon total cost DP landscape.
They possess important theoretical characteristics, not generally available
for positive and negative models, such as the uniqueness of solution of Bell-
man’s equation within a subset of interest, and the validity of useful forms
of value and policy iteration algorithms.

Our semicontractive models aim to provide a unifying abstract DP
structure for problems in this gray area between contractive and noncon-
tractive models. The analysis is motivated in part by stochastic shortest
path problems, where there are two types of policies: proper, which are
the ones that lead to the termination state with probability one from all
starting states, and improper, which are the ones that are not proper.
Proper and improper policies can also be characterized through their Bell-
man equation mapping: for the former this mapping is a contraction, while
for the latter it is not. In our more general semicontractive models, policies
are also characterized in terms of their Bellman equation mapping, through
a notion of regularity, which generalizes the notion of a proper policy and
is related to classical notions of asymptotic stability from control theory.

In our development a policy is regular within a certain set if its cost
function is the unique asymptotically stable equilibrium (fixed point) of
the associated DP mapping within that set. We assume that some policies
are reqular while others are not, and impose various assumptions to ensure
that attention can be focused on the regular policies. From an analytical
point of view, this brings to bear the theory of fixed points of monotone
mappings. From the practical point of view, this allows application to a
diverse collection of interesting problems, ranging from stochastic short-
est path problems of various kinds, where the regular policies include the
proper policies, to linear-quadratic problems, where the regular policies
include the stabilizing linear feedback controllers.

The definition of regularity is introduced in Chapter 3, and its theoret-
ical ramifications are explored through extensions of the classical stochastic
shortest path and search problems. In Chapter 4, semicontractive models
are discussed in the presence of additional monotonicity structure, which
brings to bear the properties of positive and negative DP models. With the
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aid of this structure, the theory of semicontractive models can be strength-
ened and can be applied to several additional problems, including risk-
sensitive/exponential cost problems.

The book has a theoretical research monograph character, but re-
quires a modest mathematical background for all chapters except the last
one, essentially a first course in analysis. Of course, prior exposure to DP
will definitely be very helpful to provide orientation and context. A few
exercises have been included, either to illustrate the theory with exam-
ples and counterexamples, or to provide applications and extensions of the
theory. Solutions of all the exercises can be found in Appendix D, at the
book’s internet site

http://www.athenasc.com/abstractdp.html
and at the author’s web site
http://web.mit.edu/dimitrib/www/home.html

Additional exercises and other related material may be added to these sites
over time.

I would like to express my appreciation to a few colleagues for inter-
actions, recent and old, which have helped shape the form of the book. My
collaboration with Steven Shreve on our 1978 book provided the motivation
and the background for the material on models with restricted policies and
associated measurability questions. My collaboration with John Tsitsiklis
on stochastic shortest path problems provided inspiration for the work on
semicontractive models. My collaboration with Janey (Huizhen) Yu played
an important role in the book’s development, and is reflected in our joint
work on asynchronous policy iteration, on perturbation models, and on
risk-sensitive models. Moreover Janey contributed significantly to the ma-
terial on semicontractive models with many insightful suggestions. Finally,
I am thankful to Mengdi Wang, who went through portions of the book
with care, and gave several helpful comments.

Dimitri P. Bertsekas
Spring 2013
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Preface to the Second Edition

The second edition aims primarily to amplify the presentation of the semi-
contractive models of Chapter 3 and Chapter 4, and to supplement it with
a broad spectrum of research results that I obtained and published in jour-
nals and reports since the first edition was written. As a result, the size
of this material more than doubled, and the size of the book increased by
about 40%.

In particular, I have thoroughly rewritten Chapter 3, which deals with
semicontractive models where stationary regular policies are sufficient. I
expanded and streamlined the theoretical framework, and I provided new
analyses of a number of shortest path-type applications (deterministic,
stochastic, affine monotonic, exponential cost, and robust/minimax), as
well as several types of optimal control problems with continuous state
space (including linear-quadratic, regulation, and planning problems).

In Chapter 4, I have extended the notion of regularity to nonstation-
ary policies (Section 4.4), aiming to explore the structure of the solution set
of Bellman’s equation, and the connection of optimality with other struc-
tural properties of optimal control problems. As an application, I have
discussed in Section 4.5 the relation of optimality with classical notions
of stability and controllability in continuous-spaces deterministic optimal
control. In Section 4.6, I have similarly extended the notion of a proper
policy to continuous-spaces stochastic shortest path problems.

I have also revised Chapter 1 a little (mainly with the addition of
Section 1.2.5 on the relation between proximal algorithms and temporal
difference methods), added to Chapter 2 some analysis relating to A-policy
iteration and randomized policy iteration algorithms (Section 2.5.3), and I
have also added several new exercises (with complete solutions) to Chapters
1-4. Additional material relating to various applications can be found in
some of my journal papers, reports, and video lectures on semicontractive
models, which are posted at my web site.

In addition to the changes in Chapters 1-4, I have also eliminated from
the second edition the analysis that deals with restricted policies (Chap-
ter 5 and Appendix C of the first edition). This analysis is motivated in
part by the complex measurability questions that arise in mathematically
rigorous theories of stochastic optimal control with Borel state and control
spaces. This material is covered in Chapter 6 of the monograph by Bert-
sekas and Shreve [BeS78], and followup research on the subject has been
limited. Thus, I decided to just post Chapter 5 and Appendix C of the first
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edition at the book’s web site (40 pages), and omit them from the second
edition. As a result of this choice, the entire book now requires only a
modest mathematical background, essentially a first course in analysis and
in elementary probability.

The range of applications of dynamic programming has grown enor-
mously in the last 25 years, thanks to the use of approximate simulation-
based methods for large and challenging problems. Because approximations
are often tied to special characteristics of specific models, their coverage in
this book is limited to general discussions in Chapter 1 and to error bounds
given in Chapter 2. However, much of the work on approximation methods
so far has focused on finite-state discounted, and relatively simple deter-
ministic and stochastic shortest path problems, for which there is solid and
robust analytical and algorithmic theory (part of Chapters 2 and 3 in this
monograph). As the range of applications becomes broader, I expect that
the level of mathematical understanding projected in this book will become
essential for the development of effective and reliable solution methods. In
particular, much of the new material in this edition deals with infinite-state
and/or complex shortest path type-problems, whose approximate solution
will require new methodologies that transcend the current state of the art.

Dimitri P. Bertsekas
January 2018
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Preface to the Third Edition

The third edition is based on the same theoretical framework as the sec-
ond edition, but contains two major additions. The first is to highlight
the central role of abstract DP methods in the conceptualization of re-
inforcement learning and approximate DP methods, as described in the
author’s recent book “Lessons from AlphaZero for Optimal, Model Predic-
tive, and Adaptive Control,” Athena Scientific, 2022. The main idea here
is that approximation in value space with one-step lookahead amounts to
a step of Newton’s method for solving the abstract Bellman’s equation.
This material is included in summary form in view of its strong reliance on
abstract DP visualization. Our presentation relies primarily on geometric
illustrations rather than mathematical analysis, and is given in Section 1.3.

The second addition is a new Chapter 5 on abstract DP methods for
minimax and zero sum game problems, which is based on the author’s re-
cent paper [Ber2lc]. A primary motivation here is the resolution of some
long-standing convergence difficulties of the “natural” policy iteration algo-
rithm, which have been known since the Pollatschek and Avi-Itzhak method
[PoAG69] for finite-state Markov games. Mathematically, this “natural” al-
gorithm is a form of Newton’s method for solving the corresponding Bell-
man’s equation, but Newton’s method, contrary to the case of single-player
DP problems, is not globally convergent in the case of a minimax problem,
because the Bellman operator may have components that are neither con-
vex nor concave. Our approach in Chapter 5 has been to introduce a special
type of abstract Bellman operator for minimax problems, and modify the
standard PI algorithm along the lines of the asynchronous optimistic PI al-
gorithm of Section 2.6.3, which involves a parametric contraction mapping
with a uniform fixed point.

The third edition also contains a number of small corrections and
editorial changes. The author wishes to thank the contributions of several
colleagues in this regard, and particularly Yuchao Li, who proofread with
care large portions of the book.

Dimitri P. Bertsekas
February 2022
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2 Introduction Chap. 1
1.1 STRUCTURE OF DYNAMIC PROGRAMMING PROBLEMS

Dynamic programming (DP for short) is the principal method for analysis
of a large and diverse class of sequential decision problems. Examples are
deterministic and stochastic optimal control problems with a continuous
state space, Markov and semi-Markov decision problems with a discrete
state space, minimax problems, and sequential zero-sum games. While the
nature of these problems may vary widely, their underlying structures turn
out to be very similar. In all cases there is an underlying mapping that
depends on an associated controlled dynamic system and corresponding
cost per stage. This mapping, the DP (or Bellman) operator, provides a
compact “mathematical signature” of the problem. It defines the cost func-
tion of policies and the optimal cost function, and it provides a convenient
shorthand notation for algorithmic description and analysis.

More importantly, the structure of the DP operator defines the math-
ematical character of the associated problem. The purpose of this book is to
provide an analysis of this structure, centering on two fundamental prop-
erties: monotonicity and (weighted sup-norm) contraction. It turns out
that the nature of the analytical and algorithmic DP theory is determined
primarily by the presence or absence of one or both of these two properties,
and the rest of the problem’s structure is largely inconsequential.

A Deterministic Optimal Control Example

To illustrate our viewpoint, let us consider a discrete-time deterministic
optimal control problem described by a system equation

Th+1 :f(xk,uk), k:(),l,.... (11)

Here zy, is the state of the system taking values in a set X (the state space),
and uy is the control taking values in a set U (the control space). At stage
k, there is a cost

akg(xr, uy)

incurred when uy is applied at state xy, where « is a scalar in (0, 1] that has
the interpretation of a discount factor when o < 1. The controls are chosen
as a function of the current state, subject to a constraint that depends on
that state. In particular, at state x the control is constrained to take values
in a given set U(xz) C U. Thus we are interested in optimization over the
set of (nonstationary) policies

HZ{{Mo,Ml,...}“LkEM,kZO,l,...},

T Our discussion of this section is somewhat informal, without strict adher-
ence to mathematical notation and rigor. We will introduce a rigorous mathe-
matical framework later.
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where M is the set of functions p : X — U defined by
M={p|pz)eU(x),VzeX}

The total cost of a policy @ = {uo, g1, ...} over an infinite number of
stages (an infinite horizon) and starting at an initial state zo is the limit
superior of the N-step costs

N—-1

Ta(wo) = limsup S akg(we, pun(er)), (1.2)
N—o00 k=0

where the state sequence {z;} is generated by the deterministic system
(1.1) under the policy =

Tkt1 = f(il?k,uk(dfk)), k=0,1,....

(We use limit superior rather than limit to cover the case where the limit
does not exist.) The optimal cost function is

J(x) = ;relfn JIr (), z e X.

For any policy m = {po, fi1, - . .}, consider the policy m = {p1, p2, ...}
and write by using Eq. (1.2),

Jr(x) = g(2, po(2)) + @y (f (@, po())).

We have for all x € X

0= {0+ o (i)

= inf {g(x.po(e) + o inf o, (F(. () }

= inf { x, z)) +aJ" (f(z, T }
nf g(z, po(x)) (f(z, po(x)))
The minimization over ug € M can be written as minimization over all
u € U(z), so we can write the preceding equation as

J (z) = 13% ){g(:v,u)—i—aJ*(f(:v,u))}, VzelX. (1.3)
uwelU(x
This equation is an example of Bellman’s equation, which plays a
central role in DP analysis and algorithms. If it can be solved for J*,
an optimal stationary policy {u*,u*,...} may typically be obtained by
minimization of the right-hand side for each z, i.e.,

u*(az)eargug%}i?z) {g(z,u)—l—aJ*(f(:z:,u))}, VaoelX. (1.4)
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We now note that both Egs. (1.3) and (1.4) can be stated in terms of
the expression

H(z,u,J) = g(z,u) + ot (f(z,u)), x e X, ueU(x).
Defining
(TyJ)(x) = H(x, u(z), J), reX,

and

(TJ)(z) = inf H(z,u,J), reX,
u€eU(x)

we see that Bellman’s equation (1.3) can be written compactly as
J=TJ",

i.e., J* is the fixed point of T', viewed as a mapping from the set of functions
on X into itself. Moreover, it can be similarly seen that J,, the cost function
of the stationary policy {u, y,...}, is a fixed point of T),. In addition, the
optimality condition (1.4) can be stated compactly as

Ty J* =TJ"

We will see later that additional properties, as well as a variety of algorithms
for finding J* can be stated and analyzed using the mappings 7" and T),.
The mappings T, can also be used in the context of DP problems
with a finite number of stages (a finite horizon). In particular, for a given
policy 7 = {po, i1, ...} and a terminal cost a™N.J(zy) for the state xx at
the end of N stages, consider the N-stage cost function
N-1
Trn(z0) = aNJ(wn) + Y akg(wn, (). (1.5)
k=0
Then it can be verified by induction that for all initial states xo, we have

e N (20) = (Lo Ty =+ Tup 1 J)(20)- (1.6)

Here T,y T}y -+ - Ty, is the composition of the mappings T}, Tyys - - - Tun_1,
i.e., for all J,

(Tyo Ty J) () = (T#O (TMJ))(:Z:), z e X,
and more generally

(T#OTM T T#vaj)(x) = (T#O (Tyy (- (T#N71J))))(I)a z € X,

(our notational conventions are summarized in Appendix A). Thus the
finite horizon cost functions Jr n of m can be defined in terms of the map-
pings T}, [cf. Eq. (1.6)], and so can the infinite horizon cost function Jx:

Jr(x) = limsup(Tpuy Ty, - Ty, J)(2), reX, (1.7)

N —oc0

where J is the zero function, J(z) = 0 for all z € X.
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Connection with Fixed Point Methodology

The Bellman equation (1.3) and the optimality condition (1.4), stated in
terms of the mappings 7}, and T, highlight a central theme of this book,
which is that DP theory is intimately connected with the theory of abstract
mappings and their fixed points. Analogs of the Bellman equation, J* =
TJ*, optimality conditions, and other results and computational methods
hold for a great variety of DP models, and can be stated compactly as
described above in terms of the corresponding mappings 7}, and 7. The
gain from this abstraction is greater generality and mathematical insight,
as well as a more unified, economical, and streamlined analysis.

ABSTRACT DYNAMIC PROGRAMMING MODELS

In this section we formally introduce and illustrate with examples an ab-
stract DP model, which embodies the ideas just discussed in Section 1.1.

1.2.1 Problem Formulation

Let X and U be two sets, which we loosely refer to as a set of “states”
and a set of “controls,” respectively. For each z € X, let U(xz) C U be a
nonempty subset of controls that are feasible at state z. We denote by M
the set of all functions p : X +— U with p(x) € U(z), for all z € X.

In analogy with DP, we refer to sequences m = {puo, pt1,...}, with
ur € M for all k, as “nonstationary policies,” and we refer to a sequence
{p, ,...}, with p € M, as a “stationary policy.” In our development,
stationary policies will play a dominant role, and with slight abuse of ter-
minology, we will also refer to any p € M as a “policy” when confusion
cannot arise.

Let R(X) be the set of real-valued functions J : X — R, and let
H: X xUxR(X)+— R be a given mapping. T For each policy u € M, we
consider the mapping T}, : R(X) — R(X) defined by

() @) = H(z,p(z),J),  VzeX,JeR(X),
and we also consider the mapping T defined by

(TJ)(z) = 11(}{ )H(x,u,J), VezeX,JeR(X).
uelU(x

1 Our notation and mathematical conventions are outlined in Appendix A.
In particular, we denote by R the set of real numbers, and by R" the space of
n-dimensional vectors with real components.

I We assume that H, T,J, and TJ are real-valued for J € R(X) in the
present chapter and in Chapter 2. In Chapters 3 and 4 we will allow H(z,u, J),
and hence also (T,,J)(x) and (T'J)(x), to take the values co and —oco.
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We will generally refer to 7' and T}, as the (abstract) DP mappings or DP
operators or Bellman operators (the latter name is common in the artificial
intelligence and reinforcement learning literature).

Similar to the deterministic optimal control problem of the preceding
section, the mappings T}, and T serve to define a multistage optimization
problem and a DP-like methodology for its solution. In particular, for some
function J € R(X), and nonstationary policy © = {0, i1, ...}, we define
for each integer N > 1 the functions

J?T,N(x) = (T#OT#I e 'T#N—lj)('r)v z € X,

where T),,T}, - -+ Ty, denotes the composition of the mappings T}, 1},
vy Ty 1ee,

Tuon e T#NAJ = (Tuo (Tu ( o (T#Nfz (TuNﬂJ))) o ))7 J e R(X)

We view Jr n as the “N-stage cost function” of 7 [cf. Eq. (1.5)]. Consider
also the function

Jx(x) =limsup J n(x) = limsup(Tpu Ty, - Ty, J)(2), reX,
N —oc0 N —oc0
which we view as the “infinite horizon cost function” of 7 [cf. Eq. (1.7); we
use limsup for generality, since we are not assured that the limit exists].
We want to minimize J, over 7, i.e., to find

J*(z) = inf Jx(z), z € X,

and a policy 7* that attains the infimum, if one exists.
The key connection with fixed point methodology is that J* “typi-
cally” (under mild assumptions) can be shown to satisfy

J(z) = inf H(z,u,J"), VrzelX,
ueU(x)

i.e., it is a fixed point of T. We refer to this as Bellman’s equation [cf. Eq.
(1.3)]. Another fact is that if an optimal policy 7* exists, it “typically” can
be selected to be stationary, 7* = {u*, pu*, ...}, with u* € M satisfying an
optimality condition, such as for example

(T J7)(2) = (TT)(2),  weX,

[cf. Eq. (1.4)]. Several other results of an analytical or algorithmic nature
also hold under appropriate conditions, which will be discussed in detail
later.

However, Bellman’s equation and other related results may not hold
without 7}, and 7" having some special structural properties. Prominent
among these are a monotonicity assumption that typically holds in DP
problems, and a contraction assumption that holds for some important
classes of problems. We describe these assumptions next.
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1.2.2 Monotonicity and Contraction Properties

Let us now formalize the monotonicity and contraction assumptions. We
will require that both of these assumptions hold for most of the next chap-
ter, and we will gradually relax the contraction assumption in Chapters 3
and 4. Recall also our assumption that 7, and T map R(X) (the space
of real-valued functions over X) into R(X). In Chapters 3 and 4 we will
relax this assumption as well.

Assumption 1.2.1: (Monotonicity) If J,J' € R(X) and J < J/,
then
H(z,u,J) < H(x,u,J), VeeX, ueU(x).

Note that by taking infimum over u € U(x), we have

Jx)<J'(z), VzeX = inf H(z,u,J) < inf H(z,u,J), VzecX,
uwelU(x) uwelU(x)

or equivalently, {
J<J = TJ<TJ.

Another way to arrive at this relation, is to note that the monotonicity
assumption is equivalent to

J<J = T, J<T,J, VpueM,
and to use the simple but important fact

inf H(z,u,J) = inf (T,J VaeeX,JeR(X
ot H (@, J) = inf (T ) (@), ze X, J eR(X),

ie., for a fixed z € X, infimum over u is equivalent to infimum over p.
This is true because for any p, there is no coupling constraint between the
controls p(z) and p(z’) that correspond to two different states x and 2/, i.e.,
the set M = {yu | p(z) € U(z), V 2 € X} can be viewed as the Cartesian
product MzexU(x). We will be writing this relation as T'J = infem Tpd.

For the contraction assumption, we introduce a function v : X — R
with

v(z) >0, VaoelX.

T Unless otherwise stated, in this book, inequalities involving functions, min-
ima and infima of a collection of functions, and limits of function sequences are
meant to be pointwise; see Appendix A for our notational conventions.
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N\
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-

Figure 1.2.1. Illustration of the monotonicity and the contraction assumptions in
one dimension. The mapping 7}, on the left is monotone but is not a contraction.
The mapping T}, on the right is both monotone and a contraction. It has a unique
fixed point at J,.

Let us denote by B(X) the space of real-valued functions J on X such
that J(x)/v(x) is bounded as x ranges over X, and consider the weighted

Sup-norm
J(x)
[[7]| = sup [J(a)]
reX ’U(.’II)
on B(X). The properties of B(X) and some of the associated fixed point
theory are discussed in Appendix B. In particular, as shown there, B(X)
is a complete normed space, so any mapping from B(X) to B(X) that is a
contraction or an m-stage contraction for some integer m > 1, with respect
to || - ||, has a unique fixed point (cf. Props. B.1 and B.2).

Assumption 1.2.2: (Contraction) For all J € B(X) and p € M,
the functions T,,J and T'J belong to B(X). Furthermore, for some
a € (0,1), we have

Lo — T J'|| < allJ = 7|, Y J,J eBX), pe M. (1.8)

Figure 1.2.1 illustrates the monotonicity and the contraction assump-
tions. It can be shown that the contraction condition (1.8) implies that

ITJ=TJ | <alJ—J|, VJJ €BX), (1.9)

so that T is also a contraction with modulus a. To see this we use Eq.
(1.8) to write

() (@) < (Tu ) (@) + allJ - Fllv(@), Ve X,
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from which, by taking infimum of both sides over u € M, we have
(TJ)(x) — (TJ")(x)
v(x)
Reversing the roles of J and J’, we also have
(TJ")(x) = (TT)(x)
v(z)
and combining the preceding two relations, and taking the supremum of
the left side over z € X, we obtain Eq. (1.9).

Nearly all mappings related to DP satisfy the monotonicity assump-
tion, and many important ones satisfy the weighted sup-norm contraction
assumption as well. When both assumptions hold, the most powerful an-
alytical and computational results can be obtained, as we will show in
Chapter 2. These are:

<aollJ-J|, VazeX.

<al|J-J, VaoelX,

(a) Bellman’s equation has a unique solution, i.e., T and T}, have unique
fixed points, which are the optimal cost function J* and the cost
functions J, of the stationary policies {y, u, . ..}, respectively [cf. Eq.

(1.3)].
(b) A stationary policy {u*, u*,...} is optimal if and only if
Ty J* =TJ",
[cf. Eq. (1.4)].

¢) J* and J, can be computed by the wvalue iteration method,
N
J* = lim T*J, J, = lim TkJ,
k— o0 k—o0

starting with any J € B(X).

(d) J* can be computed by the policy iteration method, whereby we gen-
erate a sequence of stationary policies via

Lprrd o =TTk,
starting from some initial policy u0 [here J & 18 obtained as the fixed

point of T x by several possible methods, including value iteration as
in (c) above].

These are the most favorable types of results one can hope for in
the DP context, and they are supplemented by a host of other results,
involving approximate and/or asynchronous implementations of the value
and policy iteration methods, and other related methods that combine
features of both. As the contraction property is relaxed and is replaced
by various weaker assumptions, some of the preceding results may hold
in weaker form. For example J* turns out to be a solution of Bellman’s
equation in most of the models to be discussed, but it may not be the
unique solution. The interplay between the monotonicity and contraction-
like properties, and the associated results of the form (a)-(d) described
above is a recurring analytical theme in this book.
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1.2.3 Some Examples

In what follows in this section, we describe a few special cases, which indi-
cate the connections of appropriate forms of the mapping H with the most
popular total cost DP models. In all these models the monotonicity As-
sumption 1.2.1 (or some closely related version) holds, but the contraction
Assumption 1.2.2 may not hold, as we will indicate later. Our descriptions
are by necessity brief, and the reader is referred to the relevant textbook
literature for more detailed discussion.

Example 1.2.1 (Stochastic Optimal Control - Markovian
Decision Problems)

Consider the stationary discrete-time dynamic system
Th+1 :f(xkyukywk)7 k:0717"'7 (110)

where for all k, the state xp is an element of a space X, the control wug is
an element of a space U, and wy is a random “disturbance,” an element of a
space W. We consider problems with infinite state and control spaces, as well
as problems with discrete (finite or countable) state space (in which case the
underlying system is a Markov chain). However, for technical reasons that
relate to measure-theoretic issues, we assume that W is a countable set.

The control uy is constrained to take values in a given nonempty subset
U(zy) of U, which depends on the current state xjp [ux € U(zy), for all
zr € X|. The random disturbances wi, kK = 0,1,..., are characterized by
probability distributions P(- | z, ux) that are identical for all k, where P(wy |
Zk, uk) is the probability of occurrence of wy, when the current state and
control are xx and wuk, respectively. Thus the probability of wy may depend
explicitly on x and wug, but not on values of prior disturbances wg—_1, ..., wo.

Given an initial state xo, we want to find a policy = = {uo, p1,...},
where pr : X — U, pr(zr) € U(zw), for all z, € X, k = 0,1,..., that
minimizes the cost function

Jr(zo) =limsup FE {Z ak9($k7ﬂk(xk)7wk)} ) (1.11)

N—o0 Wi
k=0,1,... \ k=

where a € (0, 1] is a discount factor, subject to the system equation constraint
Th+1 :f(xk,uk(xk),wk), k:O,l,....

This is a classical problem, which is discussed extensively in various sources,

including the author’s text [Ber12a]. It is usually referred to as the stochastic

optimal control problem or the Markovian Decision Problem (MDP for short).
Note that the expected value of the N-stage cost of 7,

N-1
E {Z akg(xk,uk(xk),wk)} :

k=0,1,... \ k=
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is defined as a (possibly countably infinite) sum, since the disturbances wy,
k = 0,1,..., take values in a countable set. Indeed, the reader may verify
that all the subsequent mathematical expressions that involve an expected
value can be written as summations over a finite or a countable set, so they
make sense without resort to measure-theoretic integration concepts. §

In what follows we will often impose appropriate assumptions on the
cost per stage g and the scalar «, which guarantee that the infinite horizon
cost Jx(zo) is defined as a limit (rather than as a limsup):

J=(x0) = lim E {Zak9($k7ﬂk(xk)7wk)} .

N— oo Wi
k=0,1,... k=0

In particular, it can be shown that the limit exists if & < 1 and the expected
value of |g| is uniformly bounded, i.e., for some B > 0,

E{‘g(nww)‘}SB, VeeX, ueU(z). (1.12)

In this case, we obtain the classical discounted infinite horizon DP prob-
lem, which generally has the most favorable structure of all infinite horizon
stochastic DP models (see [Ber12a], Chapters 1 and 2).

To make the connection with abstract DP, let us define

H(z,u,J) = E{g(a@mw) + od(f(ammw))}7

so that

(TuJ) (@) = E{g(z, u(x),w) +ad (f(z, p(z),0)) },

and

(TJ)(z) = ueirl}ﬁz)E{g(nw w) + on(f(axmw))}.

Similar to the deterministic optimal control problem of Section 1.1, the N-
stage cost of 7, can be expressed in terms of T},:

(Tuo'-~THN71j)(aco) = FE { ozkg(ack7uk(xk)7wk)} ,

1 As noted in Appendix A, the formula for the expected value of a random

variable w defined over a space (Q is

E{w} = E{w"} + E{w™},

where w' and w™ are the positive and negative parts of w,

wt (w) = max {0, w(w)}, w™ (w) = min {O, w(w)}, Vwe Q.

In this way, taking also into account the rule co—oco = oo (see Appendix A), E{w}
is well-defined as an extended real number if  is finite or countably infinite.
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where J is the zero function, J(z) = 0 for all z € X. The same is true for
the infinite-stage cost [cf. Eq. (1.11)]:

Jr(x0) = limsup (Tyg - - - Tup_, J)(20)-
N—o00

It can be seen that the mappings 7}, and T' are monotone, and it is
well-known that if @ < 1 and the boundedness condition (1.12) holds, they
are contractive as well (under the unweighted sup-norm); see e.g., [Ber12a],
Chapter 1. In this case, the model has the powerful analytical and algorith-
mic properties (a)-(d) mentioned at the end of the preceding subsection. In
particular, the optimal cost function J* [i.e., J*(z) = inf, Jr(x) for all x € X]
can be shown to be the unique solution of the fixed point equation J* = T'J",
also known as Bellman’s equation, which has the form

J*(x):uei{ljfz)E{g(:c,u,w)+aJ*(f(:c,u,w))}, z € X,

and parallels the one given for deterministic optimal control problems [cf. Eq.
(1.3)].

These properties can be expressed and analyzed in an abstract setting
by using just the mappings 7}, and T', both when T}, and T are contractive
(see Chapter 2), and when they are only monotone and not contractive while
either g > 0 or g < 0 (see Chapter 4). Moreover, under some conditions, it is
possible to analyze these properties in cases where T}, is contractive for some
but not all & (see Chapter 3, and Section 4.4).

Example 1.2.2 (Finite-State Discounted Markovian Decision
Problems)

In the special case of the preceding example where the number of states is
finite, the system equation (1.10) may be defined in terms of the transition
probabilities

pgw(u):P‘rob(y:f(:tmmw)|Jr:)7 z,y € X, ueU(x),
so H takes the form
H(z,u,J) =Y pay(u) (9@, u,y) + (1))
yeX

When « < 1 and the boundedness condition
lg(z,u,y)| < B,  VayeX ueU(w)

[cf. Eq. (1.12)] holds (or more simply, when U is a finite set), the mappings T},
and T are contraction mappings with respect to the standard (unweighted)
sup-norm. This is a classical model, referred to as discounted finite-state
MDP, which has a favorable theory and has found extensive applications (cf.
[Ber12a], Chapters 1 and 2). The model is additionally important, because it
is often used for computational solution of continuous state space problems
via discretization.
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Example 1.2.3 (Discounted Semi-Markov Problems)

With z, y, and u as in Example 1.2.2, consider a mapping of the form

H(w,u,J) = G(a,u) + Y may(u)J(y),

yeX

where G is some function representing expected cost per stage, and mazy(u)
are nonnegative scalars with

mey(u)<17 VaeX, ueU(z).

yeX

The equation J* = T'J* is Bellman’s equation for a finite-state continuous-
time semi-Markov decision problem, after it is converted into an equivalent
discrete-time problem (cf. [Ber12a], Section 1.4). Again, the mappings 7}, and
T are monotone and can be shown to be contraction mappings with respect
to the unweighted sup-norm.

Example 1.2.4 (Discounted Zero-Sum Dynamic Games)

Let us consider a zero-sum game analog of the finite-state MDP Example
1.2.2. Here there are two players that choose actions at each stage: the
first (called the minimizer) may choose a move 7 out of n moves and the
second (called the mazimizer) may choose a move j out of m moves. Then
the minimizer gives a specified amount a;; to the maximizer, called a payoff .
The minimizer wishes to minimize a;;, and the maximizer wishes to maximize
Q5.

The players use mixed strategies, whereby the minimizer selects a prob-
ability distribution v = (u1,...,un) over his n possible moves and the max-
imizer selects a probability distribution v = (v1,...,vm) over his m possible
moves. Thus the probability of selecting ¢ and j is w;v;, and the expected
payoff for this stage is Z” a;;u;v; or v Av, where A is the n x m matrix
with components a;;.

In a single-stage version of the game, the minimizer must minimize
maxyev v’ Av and the maximizer must maximize min,cy ©’' Av, where U and
V are the sets of probability distributions over {1,...,n} and {1,...,m},
respectively. A fundamental result (which will not be proved here) is that
these two values are equal:

. i . !
minmax v’ Av = max min u’ Av. (1.13)
uelU veV veV uelU

Let us consider the situation where a separate game of the type just
described is played at each stage. The game played at a given stage is repre-
sented by a “state” = that takes values in a finite set X. The state evolves
according to transition probabilities ¢zy(i,7) where ¢ and j are the moves
selected by the minimizer and the maximizer, respectively (here y represents
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the next game to be played after moves ¢ and j are chosen at the game rep-
resented by x). When the state is , under v € U and v € V, the one-stage
expected payoff is u’ A(z)v, where A(z) is the n x m payoff matrix, and the
state transition probabilities are

n m

pmy(% ’U) = Z Zuivjqu(i7j) = U,Qacy'lh

i=1 j=1

where Qy is the n x m matrix that has components ¢uy(%,j). Payoffs are
discounted by « € (0, 1), and the objectives of the minimizer and maximizer,
roughly speaking, are to minimize and to maximize the total discounted ex-
pected payoff. This requires selections of u and v to strike a balance between
obtaining favorable current stage payoffs and playing favorable games in fu-
ture stages.

We now introduce an abstract DP framework related to the sequential
move selection process just described. We consider the mapping G given by

G(z,u,v,J) = v A(z)v + Z Day(u,v)J(y)
v (1.14)

= [A@)+a ) QuI) | v,
yeX

where a € (0, 1) is discount factor, and the mapping H given by

H(z,u,J) = maxG(x,u,v,J).
veV

The corresponding mappings 7}, and T' are
(TuJ)(:c):maxG(x,u(x),v,J), z € X,
veV

and

(T'J)(xz) = min max G(z,u,v, J).
uelU veV

It can be shown that 7, and T are monotone and (unweighted) sup-norm
contractions. Moreover, the unique fixed point J* of T satisfies

J*(z) = min max G(x, u,v, J"), VzeX,
uelU veV

(see [Berl2al, Section 1.6.2).
‘We now note that since

Al@) +a ) QuyJ(y)

yeX

[cf. Eq. (1.14)] is a matrix that is independent of u and v, we may view J*(x)
as the value of a static game (which depends on the state z). In particular,
from the fundamental minimax equality (1.13), we have

min max G(z,u,v,J") = max min G(z,u, v, J"), VazxelX.
uelU veV veEV uwelU
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This implies that J* is also the unique fixed point of the mapping

(TJ)(x) = max H(z,v, J),

veV

where

H(z,v,J) =min G(z,u,v, J),
uelU

i.e., J* is the fixed point regardless of the order in which minimizer and

maximizer select mixed strategies at each stage.

In the preceding development, we have introduced J* as the unique
fixed point of the mappings T and T. However, J* also has an interpretation
in game theoretic terms. In particular, it can be shown that J*(z) is the value
of a dynamic game, whereby at state x the two opponents choose multistage
(possibly nonstationary) policies that consist of functions of the current state,
and continue to select moves using these policies over an infinite horizon. For
further discussion of this interpretation, we refer to [Ber12a] and to books on
dynamic games such as [FiV96]; see also [PaB99] and [Yul4] for an analysis
of the undiscounted case (o = 1) where there is a termination state, as in
the stochastic shortest path problems of the subsequent Example 1.2.6. An
alternative and more general formulation of sequential zero-sum games, which
allows for an infinite state space, will be given in Chapter 5.

Example 1.2.5 (Minimax Problems)

Consider a minimax version of Example 1.2.1, where w is not random but is
rather chosen from within a set W (z,u) by an antagonistic opponent. Let

H(z,u,J) = Sup )[g(m7u7w)+aJ(f(x7u7w))]-

Then the equation J* = T'J* is Bellman’s equation for an infinite horizon
minimax DP problem. A special case of this mapping arises in zero-sum
dynamic games (cf. Example 1.2.4). We will also discuss alternative and
more general abstract DP formulations of minimax problems in Chapter 5.

Example 1.2.6 (Stochastic Shortest Path Problems)

The stochastic shortest path (SSP for short) problem is the special case of
the stochastic optimal control Example 1.2.1 where:

(a) There is no discounting (a = 1).

(b) The state space is X = {¢,1,...,n} and we are given transition proba-
bilities, denoted by

pzy(u):P(xk+1:y|xk:x7uk:u)7 $7y€X7 UGU(:E)'

(c) The control constraint set U(x) is finite for all x € X.
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(d) A cost g(x,u) is incurred when control u € U(z) is selected at state x.

(e) State ¢ is a special termination state, which is cost-free and absorbing,
ie., for all u € U(t),

g(t,u) =0, pee(u) = 1.

To simplify the notation, we have assumed that the cost per stage does not
depend on the successor state, which amounts to using expected cost per
stage in all calculations.

Since the termination state t is cost-free, the cost starting from ¢ is zero
for every policy. Accordingly, for all cost functions, we ignore the component
that corresponds to ¢, and define

H(z,u,J) = g(z,u) + Y pay(w)J(y), z=1,...,n, u€U(x), JeR".

y=1

The mappings T, and T are defined by

(Tud)(@) = g2, 1(@) + > pay (1(@) T(w),  w=1,...,m,

(T))(@) = min | g(w,u)+ szy(u)J(y) ,  w=1...,n
y=
Note that the matrix that has components pzy(u), ,y = 1,...,n, is sub-

stochastic (some of its row sums may be less than 1) because there may be
a positive transition probability from a state x to the termination state t.
Consequently T, may be a contraction for some p, but not necessarily for all
we M.

The SSP problem has been discussed in many sources, including the
books [Pal67], [Der70], [Whi82], [Ber87], [BeT89], [HeL99], [Berl2a], and
[Ber17a], where it is sometimes referred to by earlier names such as “first
passage problem” and “transient programming problem.” In the framework
that is most relevant to our purposes, given in the paper by Bertsekas and
Tsitsiklis [BeT91], there is a classification of stationary policies for SSP into
proper and improper. We say that p € M is proper if, when using p, there is
positive probability that termination will be reached after at most n stages,
regardless of the initial state; i.e., if

pu = max P{en #0 |z =z,u} < 1.
z=1,...,n

Otherwise, we say that p is improper. It can be seen that p is proper if and
only if in the Markov chain corresponding to pu, each state = is connected to
the termination state with a path of positive probability transitions.

For a proper policy p, it can be shown that 7}, is a weighted sup-norm
contraction, as well as an n-stage contraction with respect to the unweighted
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sup-norm. For an improper policy p, T, is not a contraction with respect to
any norm. Moreover, T' also need not be a contraction with respect to any
norm (think of the case where there is only one policy, which is improper).
However, T is a weighted sup-norm contraction in the important special case
where all policies are proper (see [BeT96], Prop. 2.2, or [Ber12a], Chapter 3).

Nonetheless, even in the case where there are improper policies and T'
is not a contraction, results comparable to the case of discounted finite-state
MDP are available for SSP problems assuming that:

(a) There exists at least one proper policy.

(b) For every improper policy there is an initial state that has infinite cost
under this policy.

Under the preceding two assumptions, referred to as the strong SSP conditions
in Section 3.5.1, it was shown in [BeT91] that 7" has a unique fixed point J*,
the optimal cost function of the SSP problem. Moreover, a policy {u*, u*, ...}
is optimal if and only if

TyxJ* =TJ".
In addition, J* and J, can be computed by value iteration,
J = lim T"J,  J,= lim T, J,
k—oo k—oo

starting with any J € R" (see [Ber12a], Chapter 3, for a textbook account).
These properties are in analogy with the desirable properties (a)-(c), given at
the end of the preceding subsection in connection with contractive models.

Regarding policy iteration, it works in its strongest form when there are
no improper policies, in which case the mappings 7}, and T" are weighted sup-
norm contractions. When there are improper policies, modifications to the
policy iteration method are needed; see [Berl2a], [YuB13a], and also Section
3.6.2, where these modifications will be discussed in an abstract setting.

In Section 3.5.1 we will also consider SSP problems where the strong
SSP conditions (a) and (b) above are not satisfied. Then we will see that
unusual phenomena can occur, including that J* may not be a solution of
Bellman’s equation. Still our line of analysis of Chapter 3 will apply to such
problems.

Example 1.2.7 (Deterministic Shortest Path Problems)

The special case of the SSP problem where the state transitions are determin-
istic is the classical shortest path problem. Here, we have a graph of n nodes
x =1,...,n, plus a destination ¢, and an arc length a., for each directed arc
(z,y). At state/node z, a policy u chooses an outgoing arc from x. Thus the
controls available at = can be identified with the outgoing neighbors of x [the
nodes u such that (z,u) is an arc]. The corresponding mapping H is

azu +J(u) ifu##t,

. r=1,...,n.
Azt if u=t, e

H(z,u,J) :{

A stationary policy u defines a graph whose arcs are (:c, ,u(:c)), T =
1,...,n. The policy p is proper if and only if this graph is acyclic (it consists of
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a tree of directed paths leading from each node to the destination). Thus there
exists a proper policy if and only if each node is connected to the destination
with a directed path. Furthermore, an improper policy has finite cost starting
from every initial state if and only if all the cycles of the corresponding graph
have nonnegative cycle cost. It follows that the favorable analytical and
algorithmic results described for SSP in the preceding example hold if the
given graph is connected and the costs of all its cycles are positive. We will
see later that significant complications result if the cycle costs are allowed to
be zero, even though the shortest path problem is still well posed in the sense
that shortest paths exist if the given graph is connected (see Section 3.1).

Example 1.2.8 (Multiplicative and Risk-Sensitive Models)

With z, y, u, and transition probabilities pry(u), as in the finite-state MDP
of Example 1.2.2, consider the mapping

H(xvuvj) = pry(u)g(xvuvy)J(y) = E{g(xvuv y)'](y) | x,u}, (1'15)

yeX

where g is a scalar function satisfying g(z,u,y) > 0 for all z, y, w (this is
necessary for H to be monotone). This mapping corresponds to the multi-
plicative model of minimizing over all m = {uo, pi1, ...} the cost

Jx(x0) = limsupE{g(xo,uo(rco)7:cl)g(xl,m(xl),xz)
N=reo (1.16)

g(ch—17/1«N—1($CN—1)7$N) ’ xo}7

where the state sequence {zo,1,...} is generated using the transition prob-
abilities Papay iy (Hk (:ck))

To see that the mapping H of Eq. (1.15) corresponds to the cost function
(1.16), let us consider the unit function

and verify that for all o € X, we have

(Tuo Ty -+ Tup—y ) (20) = E{g(wmm(m%131)9(5017u1(111)7x2)
(1.17)

g(chfhllel(fCNfl)ﬂCN) | :co}7
so that

Jr(z) = limsup (Tyg Ty, -+ Tupy 4 J)(2), r e X.

N—o0
Indeed, taking into account that J(z) = 1, we have

(Tuy_J)(@N—1) = E{g(l’thMN71($N71)7$N)j(:CN) | g;Nfl}
= E{g(fohﬂNfl(fol)pTlN) | acN,l}7
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(TMN72TMN—1J)(:CN*2) = ((TMN,Q (Tupn_4 j))(SCNfz)
= E{g(xN—27HN—2(xN—2)7xN—l)
‘E{g(zn-1,uv-1(zn-1),2n) |ana} | on—2},
and continuing similarly,

(Tuo Ty - Tupy 1 J) (o) = E{g(ﬂﬂovuo(%)yﬂfl)E{g(fvhm(ﬂfl),ﬂ?z)
E{g(xN—h,UzN—l(fol),xN) | xNﬂ} | foz} . } | xo},

which by using the iterated expectations formula (see e.g., [BeT08]) proves
the expression (1.17).
An important special case of a multiplicative model is when g has the
form
g(x,u,y) = "oy
for some one-stage cost function h. We then obtain a finite-state MDP with
an exponential cost function,

Jr(xo) = lim sup E{e(h(xo'“0(“0)'”1”'”*“%1\’*1’“Nfl(”Nfl)'”N)) },

N —oo
which is often used to introduce risk aversion in the choice of policy through
the convexity of the exponential.

There is also a multiplicative version of the infinite state space stochas-
tic optimal control problem of Example 1.2.1. The mapping H takes the
form

H(z,u,J) = E{g(x, u, w)J(f(:c, u, w)) },
where 41 = f(xk, uk,ws) is the underlying discrete-time dynamic system;
cf. Eq. (1.10).

Multiplicative models and related risk-sensitive models are discussed
extensively in the literature, mostly for the exponential cost case and under
different assumptions than ours; see e.g., [HoM72], [Jac73], [Rot84], [ChS87],
[Whi90], [JBE94], [FIM95], [HeM96], [FeM97], [BoM99], [CoM99], [BoM02],
[BBBO0S], [Berl6a]. The works of references [DeR79], [Pat01], and [Pat07]
relate to the stochastic shortest path problems of Example 1.2.6, and are the
closest to the semicontractive models discussed in Chapters 3 and 4, based
on the author’s paper [Berl6a]; see the next example and Section 3.5.2.

Example 1.2.9 (Affine Monotonic Models)

Consider a finite state space X = {1,...,n} and a (possibly infinite) control
constraint set U(x) for each state x. For each policy p, let the mapping T},
be given by

T.J =b,+ Aud, (1.18)
where b, is a vector of " with components b(:tc,u(:tc))7 x=1,...,n,and A,
is an n X n matrix with components Ay (u(x)), z,y =1,...,n. We assume

that b(z,u) and Agy(u) are nonnegative,

b(z,u) >0, Azy(u) >0, Vez,y=1,...,n, ueU(z).
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Thus T, and T map nonnegative functions to nonnegative functions J : X —
[0, o0].

This model was introduced in the first edition of this book, and was elab-
orated on in the author’s paper [Berl6a]. Special cases of the model include
the finite-state Markov and semi-Markov problems of Examples 1.2.1-1.2.3,
and the stochastic shortest path problem of Example 1.2.6, with A, being the
transition probability matrix of u (perhaps appropriately discounted), and b,
being the cost per stage vector of p, which is assumed nonnegative. An in-
teresting affine monotonic model of a different type is the multiplicative cost
model of the preceding example, where the initial function is J(z) = 1 and
the cost accumulates multiplicatively up to reaching a termination state ¢. In
the exponential case of this model, the cost of a generated path starting from
some initial state accumulates additively as in the SSP case, up to reaching
t. However, the cost of the model is the expected value of the exponentiated
cost of the path up to reaching ¢. It can be shown then that the mapping T},
has the form

(T d) (@) = pat (u(x) ) exp (g(z, (), 1))

+ Y pey(u(@)exp(g(@, n(@),y)) J(y), =z € X,

where pgy (u) is the probability of transition from x to y under u, and g(z,u, y)
is the cost of the transition; see Section 3.5.2 for a detailed derivation. Clearly
T, has the affine monotonic form (1.18).

Example 1.2.10 (Aggregation)

Aggregation is an approximation approach that simplifies a large dynamic
programming (DP) problem by “combining” multiple states into aggregate
states. This results in a reduced or “aggregate” problem with fewer states,
which can often be solved using exact DP methods. The optimal cost-to-go
function derived from this aggregate problem then serves as an approximation
of the optimal cost function for the original problem.

Consider an n-state Markovian decision problem with transition prob-
abilities ps;(u). To construct an aggregation framework, we introduce a finite
set A of aggregate states. We generically denote the aggregate states by let-
ters such as x and y, and the original system states by letters such as ¢ and j.
The approximation framework is constructed by combining in various ways
the aggregate states and the original system states to form a larger system
(see Fig. 1.2.2). To specify the probabilistic structure of this system, we in-
troduce two (somewhat arbitrary) choices of probability distributions, which
relate the original system states with the aggregate states:

(1) For each aggregate state x and original system state i, we specify the
disaggregation probability dz;. We assume that d; > 0 and

idm:L Ve A
i=1



Sec. 1.2 Abstract Dynamic Programming Models 21

Original System

7 —> J

pij(u)
Disaggregation Aggregation
Probabilities Probabilities
dyi Dy
______ _»_ —— - ———

Aggregate System

Figure 1.2.2 Illustration of the relation between aggregate and original sys-
tem states.

Roughly, d.; may be interpreted as the “degree to which x is represented
by 3.”

(2) For each aggregate state y and original system state j, we specify the
aggregation probability ¢;,. We assume that ¢;, > 0 and

E:@yzL Vi=1,...,n

yeA

Roughly, ¢, may be interpreted as the “degree of membership of j in
the aggregate state y.”

The aggregation and disaggregation probabilities specify a dynamic sys-
tem involving both aggregate and original system states (cf. Fig. 1.2.2). In
this system:

(i) From aggregate state x, we generate original system state i according
to dyi.

(ii) We generate transitions from original system state i to original system
state j according to p;;(u), with cost g(i,u, j).

(iii) From original system state j, we generate aggregate state y according
to ¢jy.

Illustrative examples of aggregation frameworks are given in the books
[Ber12a] and [Berl7a]. One possibility is hard aggregation, where aggregate
states are identified with the sets of a partition of the state space. For another
type of common scheme, think of the case where the original system states
form a fine grid in some space, which is “aggregated” into a much coarser grid.
In particular let us choose a collection of “representative” original system
states, and associate each one of them with an aggregate state. Thus, each
aggregate state x is associated with a unique representative state i,, and the
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Original State Space

J3
] @ ]

\
Representative/Aggregate States

Figure 1.2.3 Aggregation based on a small subset of representative states
(these are shown with larger dark circles, while the other (nonrepresentative)
states are shown with smaller dark circles). In this figure, from representa-
tive state x = 14, there are three possible transitions, to states ji, j2, and
Jj3, according to pjj, (u), pij, (w), Pijs (1), and each of these states is associ-
ated with a convex combination of representative states using the aggregation
probabilities. For example, ji is associated with ¢, 4, y1 + &5, yo Y2 + P51 y53Y3-

disaggregation probabilities are

1 ifi=i,
dei = e 1.1

xe {0 if i # iy (1.19)
The aggregation probabilities are chosen to represent each original system
state j with a convex combination of aggregate/representative states; see
Fig. 1.2.3. It is also natural to assume that the aggregation probabilities map
representative states to themselves, i.e.,

_ 1 g =y,

sw={0 25
This scheme makes intuitive geometrical sense as an interpolation scheme in
the special case where both the original and the aggregate states are asso-
ciated with points in a Euclidean space. The scheme may also be extended
to problems with a continuous state space. In this case, the state space is
discretized with a finite grid, and the states of the grid are viewed as the ag-
gregate states. The disaggregation probabilities are still given by Eq. (1.19),
while the aggregation probabilities may be arbitrarily chosen to represent each

original system state with a convex combination of representative states.

As an extension of the preceding schemes, suppose that through some
special insight into the problem’s structure or some preliminary calculation,

we know some features of the system’s state that can “predict well” its cost.
Then it seems reasonable to form the aggregate states by grouping together
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states with “similar features,” or to form aggregate states by using “represen-

tative features” instead of representative states. This is called “feature-based
aggregation;” see the books [BeT96] (Section 3.1) and [Ber12a] (Section 6.5)
for a description and analysis.

Given aggregation and disaggregation probabilities, we may define an
aggregate problem whose states are the aggregate states. This problem in-
volves an aggregate discrete-time system, which we will describe shortly. We
require that the control is applied with knowledge of the current aggregate
state only (rather than the original system state).f To this end, we assume
that the control constraint set U(%) is independent of the state i, and we de-
note it by U. Then, by adding the probabilities of all the relevant paths in
Fig. 1.2.2, it can be seen that the transition probability from aggregate state
z to aggregate state y under control v € U is

n

boy(w) =) dui Y pis (W)
=1

=1

The corresponding expected transition cost is given by

au) =" dei > pis(u)g(iyu,j).

i=1

These transition probabilities and costs define the aggregate problem.

We may compute the optimal costs-to-go J (z), z € A, of this problem
by using some exact DP method. Then, the costs-to-go of each state j of the
original problem are usually approximated by

JG) =Y bl ().

yeA
Example 1.2.11 (Distributed Aggregation)

The abstract DP framework is useful not only in modeling DP problems,
but also in modeling algorithms arising in DP and even other contexts. We
illustrate this with an example from Bertsekas and Yu [BeY10] that relates
to the distributed solution of large-scale discounted finite-state MDP using
cost function approximation based on aggregation. { It involves a partition of
the n states into m subsets for the purposes of distributed computation, and
yields a corresponding approximation (Vi, ..., Vi) to the cost vector J*.

In particular, we have a discounted n-state MDP (cf. Example 1.2.2),
and we introduce aggregate states Si,...,Sm, which are disjoint subsets of

1 An alternative form of aggregate problem, where the control may depend
on the original system state is discussed in Section 6.5.2 of the book [Ber12a].

I See [Berl2al, Section 6.5.2, for a more detailed discussion. Other examples
of algorithmic mappings that come under our framework arise in asynchronous
policy iteration (see Sections 2.6.3, 3.6.2, and [BeY10], [BeY12], [YuB13a]), and
in constrained forms of policy iteration (see [Berllc], or [Berl2a], Exercise 2.7).
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the original state space with S1U---US,, = {17 R n}. ‘We envision a network
of processors £ = 1,...,m, each assigned to the computation of a local cost

function V;, defined on the corresponding aggregate state/subset Se:
Ve=A{Vey |y € S}

Processor ¢ also maintains a scalar aggregate cost R, for its aggregate state,
which is a weighted average of the detailed cost values Vi, within Sy:

R, = Z doeViz,

zE€Sy

where dy, are given probabilities with d¢, > 0 and Zx es, dez = 1. The aggre-
gate costs Ry, are communicated between processors and are used to perform
the computation of the local cost functions V; (we will discuss computation
models of this type in Section 2.6).

We denote J = (Vi,...,Vm, R1,...,Rm). We introduce the mapping
H(z,u,J) defined for each of the n states = by

H(z,u,J) =We(z,u, Vo, R1,...,Rm), if x € Sy,

where for x € Sy

We(x7u7w7R17 . 7Rm) = szy(u)g(l’,u,y) +a Z pzy(u)w:y
y=1

yESy

+ « Z pzy(U)Rs(y)v

y&Sy

and for each original system state y, we denote by s(y) the index of the subset
to which y belongs [i.e., y € Ss(y].

We may view H as an abstract mapping on the space of J, and aim to
find its fixed point J* = (V{*,...,V;h, R1,..., R},). Then, for ¢ =1,...,m, we
may view V" as an approximation to the optimal cost vector of the original
MDP starting at states € S, and we may view R; as a form of aggregate
cost for Sy. The advantage of this formulation is that it involves significant
decomposition and parallelization of the computations among the processors,
when performing various DP algorithms. In particular, the computation of
We(z,u, Ve, Ri,. .., Rm) depends on just the local vector Vi, whose dimension
may be potentially much smaller than n.

1.2.4 Reinforcement Learning - Projected and Aggregation
Bellman Equations

Given an abstract DP model described by a mapping H, we may be in-
terested in fixed points of related mappings other than 7" and T),. Such
mappings may arise in various contexts, such as for example distributed
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asynchronous aggregation in Example 1.2.11. An important context is sub-
space approzimation, whereby T, and T are restricted onto a subspace of
functions for the purpose of approximating their fixed points. Much of the
theory of approximate DP, neuro-dynamic programming, and reinforce-
ment learning relies on such approximations (there are quite a few books,
which collectively contain extensive accounts these subjects, such as Bert-
sekas and Tsitsiklis [BeT96], Sutton and Barto [SuB98], Gosavi [Gos03],
Cao [Cao07], Chang, Fu, Hu, and Marcus [CFH07], Meyn [Mey07], Powell
[Pow07], Borkar [Bor08], Haykin [Hay08], Busoniu, Babuska, De Schut-
ter, and Ernst [BBD10], Szepesvari [Szel0], Bertsekas [Berl12a], [Berl7al,
[Ber19b], [Ber20], and Vrabie, Vamvoudakis, and Lewis [VVL13]).

For an illustration, consider the approximate evaluation of the cost
vector of a discrete-time Markov chain with states i = 1,...,n. We assume
that state transitions (i,j) occur at time k according to given transition
probabilities p;;, and generate a cost a®g(i, j), where o € (0,1) is a discount
factor. The cost function over an infinite number of stages can be shown to
be the unique fixed point of the Bellman equation mapping 7' : R — R
whose components are given by

(TI)(@) =Y pii(u)(g(i,j) + @J(4)), i=1,...,n, J€Rn
Jj=1

This is the same as the mapping 7" in the discounted finite-state MDP Ex-
ample 1.2.2, except that we restrict attention to a single policy. Finding
the cost function of a fixed policy is the important policy evaluation sub-
problem that arises prominently within the context of policy iteration. It
also arises in the context of a simplified form of policy iteration, the roll-
out algorithm; see e.g., [BeT96], [Berl2a|, [Berl7a], [Ber19b], [Ber20]. In
some artificial intelligence contexts, policy iteration is referred to as self-
learning, and in these contexts the policy evaluation is almost always done
approximately, sometimes with the use of neural networks.

A prominent approach for approximation of the fixed point of T is
based on the solution of lower-dimensional equations defined on the sub-
space {®r | r € Rs} that is spanned by the columns of a given n x s matrix
®. Two such approximating equations have been studied extensively (see
[Ber12a], Chapter 6, for a detailed account and references; also [BeYO07],
[BeY09], [YuB10], [Berlla] for extensions to abstract contexts beyond ap-
proximate DP). These are:

(a) The projected equation
Or = I T(®r), (1.20)

where Il denotes projection onto S with respect to a weighted Eu-
clidean norm

[/l = (1.21)
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with £ = (&1,...,&,) being a probability distribution with positive
components (sometimes a seminorm projection is used, whereby some
of the components & may be zero; see Yu and Bertsekas [YuB12]).

(b) The aggregation equation
Or = DT (Dr), (1.22)

with D being an s x n matrix whose rows are restricted to be proba-
bility distributions; these are the disaggregation probabilities of Ex-
ample 1.2.10. Also, in this approach, the rows of ® are restricted to
be probability distributions; these are the aggregation probabilities
of Example 1.2.10.

We now see that solving the projected equation (1.20) and the aggre-
gation equation (1.22) amounts to finding a fixed point of the mappings
II¢T and ®DT, respectively. These mappings derive their structure from
the DP operator T, so they have some DP-like properties, which can be
exploited for analysis and computation.

An important fact is that the aggregation mapping ® DT preserves
the monotonicity and the sup-norm contraction property of T', while the
projected equation mapping Il T" generally does not. The reason for preser-
vation of monotonicity is the nonnegativity of the components of the ma-
trices ® and D (see the author’s survey paper [Berllc| for a discussion of
the importance of preservation of monotonicity in various DP operations).
The reason for preservation of sup-norm contraction is that the matrices
® and D are sup-norm nonexpansive, because their rows are probability
distributions. In fact, it can be verified that the solution r of Eq. (1.22)
can be viewed as the exact DP solution of the “aggregate” DP problem
that represents a lower-dimensional approximation of the original (see Ex-
ample 1.2.10). The preceding observations are important for our purposes,
as they indicate that much of the theory developed in this book applies to
approximation-related mappings based on aggregation.

By contrast, the projected equation mapping I T need not be mono-
tone, because the components of Il need not be nonnegative. Moreover
while the projection II¢ is nonexpansive with respect to the projection norm
II|le, it need not be nonexpansive with respect to the sup-norm. As a result
the projected equation mapping IIT" need not be a sup-norm contraction.
These facts play a significant role in approximate DP methodology.

1.2.5 Reinforcement Learning - Temporal Difference and
Proximal Algorithms

An important possibility for finding a fixed point of T' is to replace T
with another mapping, say F', such that F' and T have the same fixed
points. For example, F' may offer some advantages in terms of algorithmic
convenience or quality of approximation when used in conjunction with
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projection or aggregation [cf. Egs. (1.20) and (1.22)]. Alternatively, F' may
be the mapping of some iterative method that is suitable for computing
fixed points of T'.

In this book we will not consider in much detail the possibility of using
an alternative mapping F' to find a fixed point of a mapping 7. We will just
mention here some multistep versions of T', which have been used widely
for approximations in reinforcement learning. An important example is the
mapping T3 : fn — R, defined for a given A € (0,1) as follows: TN
transforms a vector J € R to the vector T(V).J € R", whose n components
are given by

(ﬂmn@y41_»§3vmwuxm i=1,....n, JeRn,
£=0

for A € (0,1), where T is the ¢-fold composition of T' with itself ¢ times.
Here there should be conditions that guarantee the convergence of the
infinite series in the preceding definition. The multistep analog of the
projected Eq. (1.20) is

Or =TT (Dr).

The popular temporal difference methods, such as TD(A), LSTD(\), and
LSPE()), aim to solve this equation (see the book references on approx-
imate DP, neuro-dynamic programming, and reinforcement learning cited
earlier). The mapping T also forms the basis for the A-policy iteration
method to be discussed in Sections 2.5, 3.2.4, and 4.3.3.

The multistep analog of the aggregation Eq. (1.22) is

Or = DTN (dr),

and methods that are similar to the temporal difference methods can be
used for its solution. In particular, a multistep method based on the map-
ping T is the, so-called, \-aggregation method (see [Ber12a], Chapter
6), as well as other forms of aggregation (see [Berl2al, [YuB12]).

In the case where T is a linear mapping of the form

TJ = AJ+b,

where b is a vector in $", and A is an n X n matrix with eigenvalues
strictly within the unit circle, there is an interesting connection between
the multistep mapping 7(» and another mapping of major importance in
numerical convex optimization. This is the prozimal mapping, associated
with T and a scalar ¢ > 0, and denoted by P(¢). In particular, for a given
J € 7, the vector P(©)J is defined as the unique vector Y € R7 that solves
the equation

Y—AY —b= (=Y.
C
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Equivalently,

—1
PO = (c+1I—A> (b+1J>, (1.23)
C C

where I is the identity matrix. Then it can be shown (see Exercise 1.2 or
the papers [Ber16b], [Berl8c]) that if

we have
TN =T .pP) = p). T,

Moreover, the vectors J, P(©)J, and T(M).J are colinear and satisfy
c+1
c
The preceding formulas show that T and P(¢) are closely related, and
that iterating with T() is “faster” than iterating with P(¢), since the eigen-
values of A are within the unit circle, so that 7' is a contraction. In addition,
methods such as TD(A), LSTD(A), LSPE(A), and their projected versions,

which are based on T, can be adapted to be used with P().

A more general form of multistep approach, introduced and studied
in the paper [YuB12], replaces T(») with a mapping T(®) : 7 — R» that
has components

TN =J+

(P©J —J).

(T (@) =Y wi(TE) (i),  i=1,....n, JERn,
=1

where w is a vector sequence whose ith component, (w;1, wiz2, . . .), is a prob-
ability distribution over the positive integers. Then the multistep analog
of the projected equation (1.20) is

Or = [ TW) (Dr), (1.24)
while the multistep analog of the aggregation equation (1.22) is
Or = DT ) (Dr). (1.25)

The mapping T is obtained for w; = (1 — A\)A¢~1, independently of
the state i. A more general version, where A\ depends on the state i, is
obtained for wi; = (1 — \)A{. The solution of Egs. (1.24) and (1.25)
by simulation-based methods is discussed in the paper [YuB12]; see also
Exercise 1.3.

Let us also note that there is a connection between projected equa-
tions of the form (1.24) and aggregation equations of the form (1.25). This
connection is based on the use of a seminorm [this is given by the same
expression as the norm || - ||¢ of Eq. (1.21), with some of the components
of ¢ allowed to be 0]. In particular, the most prominent cases of aggrega-
tion equations can be viewed as seminorm projected equations because, for
these cases, ®D is a seminorm projection (see [Berl2a], p. 639, [YuB12],
Section 4). Moreover, they can also be viewed as projected equations where
the projection is oblique (see [Berl2al, Section 7.3.6).
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REINFORCEMENT LEARNING - APPROXIMATION IN
VALUE SPACE

In this section we will use geometric illustrations to obtain insight into Bell-
man’s equation, the algorithms of value iteration (VI) and policy iteration
(PI), and an approximation methodology, which is prominent in reinforce-
ment learning and is known as approximation in value space.t Throughout
this section, we will make use of the following two properties:

(a) T and T}, are monotone, i.e., they satisfy Assumption 1.2.1.

(b) We have

(TJ)(z) = ;?eli/\I}t(T“J)(I)’ for all x, (1.26)

where M is the set of stationary policies. This is true because for
any policy p, there is no coupling constraint between the controls
p(z) and p(a’) that correspond to two different states x and a’.

We will first focus on the discounted version of the Markovian decision
problem of Example 1.2.1, and we will then consider more general cases.

1.3.1 Approximation in Value Space for Markovian Decision
Problems

In Markovian decision problems the mappings T}, and T are given by

(Tpd)(z) = E{g(x,,u(x),w) + aJ (f(z, p(z), w)) }, for all z, (1.27)
and

(TJ)(z) = uellr}f(‘z) E{g(:c,u, w) + aJ (f(z,u, w)) }, for all z, (1.28)

where a € (0, 1]; cf. Example 1.2.1.
In addition to monotonicity, we have an additional important prop-
erty: T}, is linear, in the sense that it has the form

T,J = G+ A,

where G, € R(X) is some function and A, : R(X) — R(X) is an operator
such that for any functions Ji, J2, and scalars v1, 2, we have

A#("ﬂ‘h + ’YQJQ) = 71A#J1 + "YQA#JQ.

1 The major alternative reinforcement learning approach is approzimation
in policy space, whereby a suboptimal policy is selected from within a class of
parametrized policies, usually by means of some optimization procedure, such as
random search, or gradient descent; see e.g., the author’s reinforcement learning
book [Ber19b].
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This is true because of the linearity of the expected value operation in Eq.
(1.27). The linearity of T}, implies another important property: (T°J)(x) is
a concave function of J for every x. By this we mean that the set

Co={(JO|(TI)(x) =& JeR(X), EeR} (1.29)

is convex for all x € X, where R(X) is the set of real-valued functions over
the state space X, and R is the set of real numbers. This follows from the
linearity of T},, the alternative definition of T' given by Eq. (1.26), and the
fact that for a fixed z, the minimum of the linear functions (T,J)(x) over
u € M is concave as a function of J.

We illustrate these properties graphically with an example.

Example 1.3.1 (A Two-State and Two-Control Example)

Assume that there are two states 1 and 2, and two controls u and v. Consider
the policy p that applies control u at state 1 and control v at state 2. Then
the operator 7T, takes the form

(T D)(1) = > p1s(w) (9(1,u,9) + aJ (y)), (1.30)
(T 0)(2) = p2y(v) (9(2,0,9) + ] (y)), (1.31)

where pzy(u) and pzy(v) are the probabilities that the next state will be y,
when the current state is x, and the control is u or v, respectively. Clearly,
(TnJ)(1) and (T, J)(2) are linear functions of J. Also the operator T' of the
Bellman equation J = T'J takes the form

2

(TJ)(1) = min lzpw(w (9(L,u,9) + ad(y)),

= (1.32)
> pu@)(9(1,0,9) + aJ<y>)] :
(TJ)(2) = min [szy () (9(2,u,9) + aJ(y)),
vt (1.33)

Zpr (’U) (9(27 v, y) + aJ(y))] .

Thus, (T'J)(1) and (T'J)(2) are concave and piecewise linear as functions of
the two-dimensional vector J (with two pieces; more generally, as many linear
pieces as the number of controls). This concavity property holds in general
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since (T'J)(x) is the minimum of a collection of linear functions of J, one for
each u € U(x). Figure 1.3.1 illustrates (7},J)(1) for the cases where p(1) = u
and p(1) = v, (T,J)(2) for the cases where p(2) = v and p(2) = v, (T'J)(1),
and (TJ)(2), as functions of J = (J(l)7 J(2)).

Critical properties from the DP point of view are whether 7" and T},
have fixed points; equivalently, whether the Bellman equations J = T'J
and J = T}, J have solutions within the class of real-valued functions, and
whether the set of solutions includes J* and J,, respectively. It may thus
be important to verify that T or T, are contraction mappings. This is
true for example in the benign case of discounted problems (a < 1) with
bounded cost per stage. However, for undiscounted problems, asserting
the contraction property of T' or T, may be more complicated, and even
impossible. In this book we will deal extensively with such questions and
related issues regarding the solution set of the Bellman equation.

Geometrical Interpretations

We will now interpret the Bellman operators geometrically, starting with
T,., which is linear as noted earlier. Figure 1.3.2 illustrates its form. Note
here that the functions J and 7),J are multidimensional. They have as
many scalar components J(z) and (T,J)(z), respectively, as there are
states x, but they can only be shown projected onto one dimension. The
cost function J, satisfies J, = T,J,, so it is obtained from the intersec-
tion of the graph of T,,J and the 45 degree line, when J,, is real-valued.
We interpret the situation where J,, is not real-valued with lack of system
stability under p [so p will be viewed as unstable if we have J,(z) = oo
for some initial states z]. For further discussion of stability issues, see the
book [Ber22].

The form of the Bellman operator T is illustrated in Fig. 1.3.3. Again
the functions J, J*, T'J, T}, J, etc, are multidimensional, but they are shown
projected onto one dimension. The Bellman equation J = T'J may have
one or many real-valued solutions. It may also have no real-valued solution
in exceptional situations, as we will discuss later. The figure assumes that
the Bellman equations J = T'J and J = T, J have a unique real-valued
solution, which is true if T" and 7T}, are contraction mappings, as is the case
for discounted problems with bounded cost per stage. Otherwise, these
equations may have no solution or multiple solutions within the class of
real-valued functions. The equation J = T'J typically has J* as a solution,
but may have more than one solution in cases where either « =1 or a < 1,
and the cost per stage is unbounded.

Example 1.3.2 (A Two-State and Infinite Controls Problem)

Let us consider the mapping T for a problem that involves two states, 1 and
2, but an infinite number of controls. In particular, the control space at both
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Figure 1.3.1 Geometric illustrations of the Bellman operators T, and T for
states 1 and 2 in Example 1.3.1; cf. Egs. (1.30)-(1.33). The problem’s transition
probabilities are: p11(u) = 0.3, p12(u) = 0.7, p21(u) = 0.4, pa2(u) = 0.6, p11(v) =
0.6, p12(v) = 0.4, p21(v) = 0.9, pa2(v) = 0.1. The stage costs are g(1,u,1) =
3, 9(1,u,2) = 10, g(2,u,1) = 0, g(2,u,2) = 6, g(1,v,1) = 7, g(1,v,2) = 5,
g9(2,v,1) = 3, g(2,v,2) = 12. The discount factor is o = 0.9, and the optimal
costs are J*(1) = 50.59 and J*(2) = 47.41. The optimal policy is p*(1) = v
and p*(2) = u. The figure also shows the one-dimensional “slices” of T' that pass

through J*.

Chap. 1
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A Generic stable
Generic unstable policy p
policy u’\ T,J
\
T,L/J\
J

N

\ .
45°Line Cost of u

Figure 1.3.2 Geometric interpretation of the linear Bellman operator T, and the
corresponding Bellman equation. The graph of T}, is a plane in the space #t x ¥,
and when projected on a one-dimensional plane that corresponds to a single state
and passes through J, it becomes a line. Then there are three cases:

(a) The line has slope less than 45 degrees, so it intersects the 45-degree line at
a unique point, which is equal to Jy,, the solution of the Bellman equation
J = T,J. This is true if T, is a contraction mapping, as is the case for
discounted problems with bounded cost per stage.

(b) The line has slope less than 45 degrees. Then it intersects the 45-degree line
at a unique point, which is a solution of the Bellman equation J = T}, J,
but is not equal to J,. Then J, is not real-valued; we consider such p to
be unstable under p.

(c) The line has slope exactly equal to 45 degrees. This is an exceptional case
where the Bellman equation J = T),J has an infinite number of real-valued
solutions or no real-valued solution at all; we will provide examples where
this occurs later.

states is the unit interval, U(1) = U(2) = [0,1]. Here (T'J)(1) and (T'J)(2)
are given by

(TI)(1) = ulél[%l}l {gl + i’ 4+ 21— u)? + aud (1) + o1 — u)J(2)},

(TJ1)(2) = uIél[%)I}l] {gg + ro1u® + 1r22(1 — u)® + auJ (1) + a(l — u)J(2)}
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Figure 1.3.3 Geometric interpretation of the Bellman operator T', and the cor-
responding Bellman equation. For a fixed @, the function (T'J)(z) can be written
as miny, (T, J)(x), so it is concave as a function of J. The optimal cost function
J* satisfies J* = T'J*, so it is obtained from the intersection of the graph of T'J
and the 45 degree line shown, assuming J* is real-valued.

Note that the graph of T lies below the graph of every operator T}, and
is in fact obtained as the lower envelope of the graphs of T}, as u ranges over
the set of policies M. In particular, for any given function j, for every z, the
value (Tj)(:c) is obtained by finding a support hyperplane/subgradient of the
graph of the concave function (T J)(z) at J, as shown in the figure. This support
hyperplane is defined by the control u(x) of a policy fi that attains the minimum
of (T, J)(x) over u:

fi(z) € arg min (T, J)(z)
pnEM
(there may be multiple policies attaining this minimum, defining multiple support
hyperplanes). This construction also shows how the minimization

(T7)(x) = min (T,.J])(z)

corresponds to a linearization of the mapping T at the point J.

The control u at each state x = 1,2 has the meaning of a probability that
we must select at that state. In particular, we control the probabilities v and
(1—u) of moving to states y = 1 and y = 2, at a control cost that is quadratic
in w and (1 — u), respectively. For this problem (7'J)(1) and (7J)(2) can be
calculated in closed form, so they are easy to plot and understand. They are
piecewise quadratic, unlike the corresponding plots of Fig. 1.3.1, which are
piecewise linear; see Fig. 1.3.4.
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Figure 1.3.4 Illustration of the Bellman operator T for states 1 and 2 in Example
1.3.2. The parameter values are g1 = 5, g2 = 3, r11 = 3, r12 = 15, 791 = 9,
ro2 = 1, and the discount factor is & = 0.9. The optimal costs are J*(1) = 49.7
and J*(2) = 40.0, and the optimal policy is p*(1) = 0.59 and p*(2) = 0. The
figure also shows the one-dimensional slices of the operators at J(1) = 15 and
J(2) = 30, together with the corresponding 45-degree lines.

Visualization of Value Iteration

The operator notation simplifies algorithmic descriptions, derivations, and
proofs related to DP. For example, the value iteration (VI) algorithm can
be written in the compact form

Jes1=TJe,  k=0,1,...,

as illustrated in Fig. 1.3.5. Moreover, the VI algorithm for a given policy
1 can be written as

Jogr =Tudr,  k=0,1,...,

and it can be similarly interpreted, except that the graph of the function
T,J is linear. Also we will see shortly that there is a similarly compact
description for the policy iteration algorithm.

1.3.2 Approximation in Value Space and Newton’s Method

Let us now interpret approximation in value space in terms of abstract
geometric constructions. Here we approximate J* with some function J ,
and we obtain by minimization a corresponding policy, called a one-step
lookahead policy. In particular, for a given J, a one-step lookahead policy
i is characterized by the equation
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Value Iterations

I Optimal cost
| o J*=TJ*

f

Figure 1.3.5 Geometric interpretation of the VI algorithm Jy4; = T'Jj, start-
ing from some initial function Jp. Successive iterates are obtained through the
staircase construction shown in the figure. The VI algorithm Jy41 = T, Jy for a
given policy p can be similarly interpreted, except that the graph of the function
T, J is linear.

as in Fig. 1.3.6. This equation implies that the graph of Tj;.J just touches
the graph of T'J at J, as shown in the figure. Moreover, for each state
x € X the hyperplane Hj;(z)

H(w) = {(J(@).€) | (Ta)(@) 2 €},

supports from above the convex set
{U@.9 1@ =€}

at the point (j(:v), (Tj)(x)) and defines a subgradient of (T.J)(z) at .J.
Note that the one-step lookahead policy i need not be unique, since T
need not be differentiable.

In conclusion, the equation

J=TuJ
is a pointwise (for each x) linearization of the equation

J=TJ
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Newton step from J
for solving J =1T'J

Ji = T5J5 J
Cost. Approximation One-Step Lookahead
Policy Cost

Figure 1.3.6 Geometric interpretation of approximation in value space and the
one-step lookahead policy i as a step of Newton’s method. Given J, we find a
policy i that attains the minimum in the relation

TJ =minT,J.
n

This policy satisfies T'J = Tﬂj7 so the graph of T'J and T J touch at J, as shown.
It may not be unique. Because T'J has concave components, the equation

J="TyJ

is the linearization of the equation J = T'J at J. The linearized equation is solved
at the typical step of Newton’s method to provide the next iterate, which is just
Ja-

at J, and its solution, Ji, can be viewed as the result of a Newton iteration
at the point J. In summary, the Newton iterate at J is Ji, the solution of
the linearized equation J = T;J.}

We may also consider approximation in value space with ¢-step looka-

1 The classical Newton’s method for solving a fixed point problem of the form
y = T'(y), where y is an n-dimensional vector, operates as follows: At the current
iterate yi, we linearize T" and find the solution yi11 of the corresponding linear
fixed point problem. Assuming T is differentiable, the linearization is obtained
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head using J. This is the same as approximation in value space with one-
step lookahead using the (¢ — 1)-fold operation of T on J, T¢~1.J. Thus
it can be interpreted as a Newton step starting from Tt=1], the result of
¢ — 1 value iterations applied to J. This is illustrated in Fig. 1.3.7.1

1.3.3 Policy Iteration and Newton’s Method

Another major class of infinite horizon algorithms is based on policy it-
eration (PI for short). We will discuss several abstract versions of PI in
subsequent chapters, under a variety of assumptions. Generally, each iter-
ation of the PI algorithm starts with a policy (which we call current or base
policy), and generates another policy (which we call new or rollout policy,
respectively). For the stochastic optimal control problem of Example 1.2.1,
given the base policy pu, a policy iteration consists of two phases:

by using a first order Taylor expansion:

o7 (ys
a(;jk)(ykﬂ - Y&),

yrr1 = T(yk) +

where 0T (yr)/0y is the n x n Jacobian matrix of T evaluated at the vector
yi. The most commonly given convergence rate property of Newton’s method is
quadratic convergence. It states that near the solution y*, we have

lyesr =yl = O(llye = y"II?),

where || - || is the Euclidean norm, and holds assuming the Jacobian matrix ex-
ists and is Lipschitz continuous (see [Ber16], Section 1.4). There are extensions
of Newton’s method that are based on solving a linearized system at the cur-
rent iterate, but relax the differentiability requirement to piecewise differentiabil-
ity, and/or component concavity, while maintaining the superlinear convergence
property of the method.

The structure of the Bellman operators (1.28) and (1.27), with their mono-
tonicity and concavity properties, tends to enhance the convergence and rate of
convergence properties of Newton’s method, even in the absence of differentiabil-
ity, as evidenced by the convergence analysis of PI, and the extensive favorable
experience with rollout, PI, and MPC. In this connection, it is worth noting that
in the case of Markov games, where the concavity property does not hold, the
PI method may oscillate, as shown by Pollatschek and Avi-Itzhak [PoA69], and
needs to be modified to restore its global convergence; see the author’s paper
[Ber21lc]. We will discuss abstract versions of game and minimax contexts n
Chapter 5.

1 Variants of Newton’s method that involve combinations of first order it-
erative methods, such as the Gauss-Seidel and Jacobi algorithms, and New-
ton’s method, and they belong to the general family of Newton-SOR methods
(SOR stands for “successive over-relaxation”); see the classic book by Ortega
and Rheinboldt [OrR70] (Section 13.4).
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Figure 1.3.7 Geometric interpretation of approximation in value space with ¢-
step lookahead (in this figure ¢ = 3). It is the same as approximation in value
space with one-step lookahead using T £=1]J as cost approximation. It can be
viewed as a Newton step at the point 7¢~1J, the result of £ — 1 value iterations
applied to J. Note that as £ increases the cost function Jp of the £-step lookahead

policy fi approaches more closely the optimal J*, and that lim,_, ., Jz = J*.

(a)

Policy evaluation, which computes the cost function J,. One possi-
bility is to solve the corresponding Bellman equation

Ju(z) = E{g(:z:, (@), w) + ady(f(z, p(z), w)) }, for all z.
(1.34)
However, the value J,(z) for any x can also be computed by Monte
Carlo simulation, by averaging over many randomly generated tra-
jectories the cost of the policy starting from x. Other possibilities
include the use of specialized simulation-based methods, based on
the projected and aggregation Bellman equations discussed in Sec-

tion 1.2.4, for which there is extensive literature (see e.g., the books
[BeT96], [SuB98], [Berl2al, [Ber19b]).

Policy improvement, which computes the rollout policy i using the
one-step lookahead minimization

ia(x) € argugbi?z) E{g(:z:, u, w) + ady(f(z,u,w)) }, for all x.
(1.35)
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Figure 1.3.8 Geometric interpretation of a single policy iteration. Starting from
the stable current policy pF, it evaluates the corresponding cost function J ko

and computes the next policy pF+1 according to TMk+1 JM’“ = TJH;C. The corre-

sponding cost function J k41 is obtained as the solution of the linearized equation
J = Tuk+1 J, so it is the result of a Newton step for solving the Bellman equation

J =TJ, starting from J“k . Note than in policy iteration, the Newton step always

starts at a function J,, which satisfies J, > J*.

It is generally expected (and can be proved under mild conditions)
that the rollout policy is improved in the sense that Jz(x) < J,(z)
for all .

Thus the PI process generates a sequence of policies {u*}, by obtain-
ing pk+1 through a policy improvement operation using J & in place of J,
in Eq. (1.35), which is obtained through policy evaluation of the preceding
policy p* using Eq. (1.34). In subsequent chapters, we will show under ap-
propriate assumptions that general forms of PI have interesting and often
solid convergence properties, which may hold even when the method is im-
plemented (with appropriate modifications) in unconventional computing
environments, involving asynchronous distributed computation.

In terms of our abstract notation, the PI algorithm can be written
in a compact form. For the generated policy sequence {u*}, the policy
evaluation phase obtains J x from the equation

Sk =Tk d ik, (1.36)
while the policy improvement phase obtains p*+1 through the equation
Tuk+1 Juk = TJMk. (1.37)
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As Fig. 1.3.8 illustrates, PI can be viewed as Newton’s method for solv-
ing the Bellman equation in the function space of cost functions J. In
particular, the policy improvement Eq. (1.37) is the Newton step starting
from J,k, and yields uktL as the corresponding one-step lookahead/rollout
policy.

The interpretation of PI as a form of Newton’s method has a long his-
tory, for which we refer to the original works for linear quadratic problems
by Kleinman [Klei68],T and for finite-state infinite horizon discounted and
Markov game problems by Pollatschek and Avi-Itzhak [PoA69] (who also
showed that the method may oscillate in the game case; see the discussion
in Chapter 5).

1.3.4 Approximation in Value Space for General Abstract
Dynamic Programming

Let us now consider the general case where the mapping 7}, is not assumed
linear for all stationary policies 4 € M. In this case we still have the
alternative description of T’

(TJ)(z) = ;?enj\r}l (TpJ)(z), for all z,

but T need not be concave, i.e., for some z € X, the function (7'J)(x) may
not be concave as a function of J. We illustrate this fact in Fig. 1.3.9.

The nonlinearity of the mapping 7}, can have profound consequences
on the validity of the PI algorithm and its interpretation in terms of New-
ton’s method. A prominent case where this is so arises in minimax problems
and related two-person zero sum game settings (cf. Example 1.2.5). We will
discuss this case in Chapter 5, where we will introduce modifications to the
PI algorithm that restore its convergence property.

We note, however, that it is possible that the mappings 7}, are non-
linear and convex, but that T has concave and differentiable components
(T'J)(z), in which case the Newton step interpretation applies. This occurs
in particular in the important case of zero-sum dynamic games involving a
linear system and a quadratic cost function.

ORGANIZATION OF THE BOOK

The examples in the preceding sections demonstrate that while the mono-
tonicity assumption is satisfied for most DP models, the contraction as-
sumption may or may not hold. In particular, the contraction assumption

1 This was part of Kleinman’s Ph.D. thesis [Kle67] at M.I.T., supervised by
M. Athans. Kleinman gives credit for the one-dimensional version of his results to
Bellman and Kalaba [BeK65]. Note also that the first proposal of the PI method
was given by Bellman in his classic book [Bel57], under the name “approximation
in policy space.”
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TJ = min{T,, T}

»
-

0 J

Figure 1.3.9 Geometric interpretation of the Bellman operator, in the general
case where the policy mappings 7}, are not linear. The figure illustrates the case
of two policies p and p’, whose mappings T}, and T, are piecewise linear and
convex. In this case the mapping T', given by (7'J)(z) = min {THJ(:L‘)7 T, J(x)},
is piecewise linear, but it is neither convex nor concave, and the Newton step

interpretation breaks down; see also Chapter 5.

is satisfied for the mapping H in Examples 1.2.1-1.2.5, provided there is
discounting and that the cost per stage is bounded. However, it need not
hold in the SSP Example 1.2.6, the multiplicative Example 1.2.8, and the
affine monotonic Example 1.2.9.

The book’s central theme is that the presence or absence of mono-

tonicity and contraction fundamentally shapes the analytical and algorith-
mic theories for abstract DP. In our development, with few exceptions, we
will assume that monotonicity holds. Consequently, the book is organized
around the presence or absence of the contraction property. In the next
three chapters we will discuss three types of DP models.

(a)

Contractive models: These models, discussed in Chapter 2, have
the richest and strongest algorithmic theory, and serve as a bench-
mark for other models. Notable examples include discounted stochas-
tic optimal control problems (cf. Example 1.2.1), finite-state dis-
counted MDP (cf. Example 1.2.2), and some special types of SSP
problems (cf. Example 1.2.6).

Semicontractive models: In these models, T}, is monotone but
is not a contraction for all 4 € M. Most practical deterministic,
stochastic, and minimax-type shortest path problems fall into this



Sec. 1.4 Organization of the Book 43

category. One challenge here is that, under certain conditions, some
of the problem’s cost functions may take the values 400 or —oo, and
the mappings 7}, and T must be able to deal with such functions.

The distinguishing feature of semicontractive models is the separa-
tion of policies into those that “behave well” within our optimization
framework and those that do not. Contraction-based analysis is in-
sufficient to deal with “ill-behaved” policies, so we introduce a notion
of “regularity,” which is connected to contraction, but is more gen-
eral. In particular, a policy p is considered “regular” if the dynamic
system underlying 7}, has J, has an asymptotically stable equilibrium
within a suitable domain. Our models and analysis are patterned to
a large extent after the SSP problems of Example 1.2.6 (the regular
u correspond to the proper policies). We show that the (restricted)
optimal cost function over just the regular policies can typically be
obtained with value and policy iteration algorithms. By contrast, the
optimal cost function over all policies J* may not be obtainable by
these algorithms, and indeed J* may not even be a solution of Bell-
man’s equation, as we will show with a simple example in Section

3.1.2.

The key idea is that under certain conditions, the restricted opti-
mization (the one that optimizes over the regular policies only) is
well behaved, both analytically and algorithmically. Under additional
conditions, which directly or indirectly ensure the existence of an opti-
mal regular policy, we obtain semicontractive models with properties
nearly as robust as contractive models.

In Chapter 3, we develop the basic theory of semicontractive models
for the case where the regular policies are stationary, while in Chapter
4 (Section 4.4), we extend the notion of regularity to nonstationary
policies. Moreover, we illustrate the theory with a variety of interest-
ing shortest path-type problems (stochastic, minimax, affine mono-
tonic, and risk sensitive/exponential cost), linear-quadratic optimal
control problems, and deterministic and stochastic optimal control
problems.

Noncontractive models: These models rely on just the monotonic-
ity property of T},, and are more complex than the preceding ones.
Like semicontractive models, the problem’s cost functions may take
the values of +00 or —oo, and in fact the optimal cost function may
take the values oo and —oo as a matter of course (rather than on
an exceptional basis, as in semicontractive models). This complexity
presents considerable challenges, as much of the contractive model
theory either does not extend or does so in a weaker form only. For
instance, the fixed point equation J = T'J may lack a unique solu-
tion, value iteration may succeed starting with some functions but
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not with others, and policy iteration may fail altogether. Some of
these issues may be mitigated when additional structure is present,
which we discuss in Sections 4.4-4.6, focusing on noncontractive mod-
els that also have some semicontractive structure, and corresponding
favorable properties.

Examples of DP problems from each of the model categories above,
primarily special cases of the specific DP models discussed in Section 1.2,
are scattered throughout the book. They serve both to illustrate the theory
and its exceptions, and to highlight the beneficial role of additional special
structure.

We finally note some other types of models where there are restric-
tions to the set of policies, i.e., M may be a strict subset of the set of
functions p : X +— U with p(z) € U(x) for all z € X. Such restrictions
may include measurability (needed to establish a mathematically rigorous
probabilistic framework) or special structure that enhances the characteri-
zation of optimal policies and facilitates their computation. These models
were treated in Chapter 5 of the first edition of this book, and also in
Chapter 6 of [BeS78].1

Algorithms

Our discussion of algorithms centers on abstract forms of value and policy
iteration, and is organized along three characteristics: exact, approzimate,
and asynchronous. The exact algorithms represent idealized versions, the
approximate represent implementations that use approximations of various
kinds, and the asynchronous involve irregular computation orders, where
the costs and controls at different states are updated at different iterations
(for example the cost of a single state being iterated at a time, as in Gauss-
Seidel and other methods; see [Berl2a] for several examples of distributed
asynchronous DP algorithms).

Approximate and asynchronous implementations have been the sub-
ject of intensive investigations since the 1980s, in the context of the solution
of large-scale problems. Some of this methodology relies on the use of sim-
ulation, which is asynchronous by nature and is prominent in approximate
DP. Generally, the monotonicity and sup-norm contraction structures of
many prominent DP models favors the use of asynchronous algorithms in
DP, as first shown in the author’s paper [Ber82], and discussed at vari-
ous points in this book: Section 2.6 for contractive models, Section 3.6 for
semicontractive models, and Sections 5.3-5.4 for minimax problems and
Z€ro-sum games.

T Chapter 5 of the first edition is accessible from the author’s web site and
the book’s web page, and uses terminology and notation that are consistent with
the present edition.
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NOTES, SOURCES, AND EXERCISES

This monograph is written in a mathematical style that emphasizes sim-
plicity and abstraction. According to the relevant Wikipedia article:

“Abstraction in mathematics is the process of extracting the underlying
essence of a mathematical concept, removing any dependence on real world
objects with which it might originally have been connected, and generaliz-
ing it so that it has wider applications or matching among other abstract
descriptions of equivalent phenomena ... The advantages of abstraction
are:

(1) It reveals deep connections between different areas of mathematics.
(2) Known results in one area can suggest conjectures in a related area.
(

3) Techniques and methods from one area can be applied to prove results
in a related area.

One disadvantage of abstraction is that highly abstract concepts can be
difficult to learn. A degree of mathematical maturity and experience may
be needed for conceptual assimilation of abstractions.”

Consistent with the preceding view of abstraction, our aim has been
to construct a minimalist framework, where the important mathematical
structures stand out, while the application context is deliberately blurred.
Of course, our development has to pass the test of relevance to applica-
tions. In this connection, we note that our presentation has integrated the
relation of our abstract DP models with the applications of Section 1.2,
and particularly discounted stochastic optimal control models (Chapter 2),
shortest path-type models (Chapters 3 and 4), undiscounted determinis-
tic and stochastic optimal control models (Chapter 4), and minimax and
zero-sum game problems (Chapter 5). We have given illustrations of the
abstract mathematical theory using these models and others throughout
the text. A much broader and accessible account of applications is given
in the author’s two-volume DP textbook.

Section 1.2: The abstract style of mathematical development has a long
history in DP. In particular, the connection between DP and fixed point the-
ory may be traced to Shapley [Sha53], who exploited contraction mapping
properties in analysis of the two-player dynamic game model of Example
1.2.4. Since then, the underlying contraction properties of discounted DP
problems with bounded cost per stage have been explicitly or implicitly
used by most authors that have dealt with the subject. Moreover, the
value of the abstract viewpoint as the basis for economical and insightful
analysis has been widely recognized.

An abstract DP model, based on unweighted sup-norm contraction
assumptions, was introduced in the paper by Denardo [Den67]. This model
pointed to the fundamental connections between DP and fixed point the-
ory, and provided generality and insight into the principal analytical and
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algorithmic ideas underlying the discounted DP research up to that time.
Abstract DP ideas were also researched earlier, notably in the paper by
Mitten (Denardo’s Ph.D. thesis advisor) [Mit64]; see also Denardo and
Mitten [DeM67]. The properties of monotone contractions were also used
in the analysis of sequential games by Zachrisson [Zac64].

Two abstract DP models that rely only on monotonicity properties
were given by the author in the papers [Ber75], [Ber77]. They were pat-
terned after the negative cost DP problem of Blackwell [Bla65] and the
positive cost DP problem of Strauch [Str66] (see the monotone decreasing
and monotone increasing models of Section 4.3). These two abstract DP
models, together with the finite horizon models of Section 4.2, were used
extensively in the book by Bertsekas and Shreve [BeST78] for the analysis
of both discounted and undiscounted DP problems, ranging over MDP,
minimax, multiplicative, and Borel space models.

Extensions of the monotonicity-based analysis of the author’s paper
[Ber77] were given by Verdu and Poor [VeP87], who introduced additional
structure for developing backward and forward value iterations, and by
Szepesvari [Sze98a, Sze98b], who incorporated non-Markovian policies into
the abstract DP framework. The model from [Ber77] also provided a foun-
dation for asynchronous value and policy iteration methods for abstract
contractive and noncontractive DP models in Bertsekas [Ber82] and Bert-
sekas and Yu [BeY10]. An extended contraction framework, whereby the
sup-norm contraction norm is allowed to be weighted, was given in the au-
thor’s paper [Ber12b]. Another line of related research involving abstract
DP mappings that are not necessarily scalar-valued was initiated by Mit-
ten [Mit74], and was followed up by a number of authors, including Sobel
[Sob75], Morin [Mor82], and Carraway and Morin [CaM88].

Section 1.3: The central role of Newton’s method for understanding ap-
proximation value space, rollout, and other reinforcement learning and ap-
proximate DP methods, was articulated in the author’s monograph [Ber20],
and was described in more detail in the book [Ber22].

Section 1.4: Generally, noncontractive total cost DP models with some
special structure beyond monotonicity, fall in three major categories: mono-
tone increasing models, principally represented by positive cost DP, mono-
tone decreasing models, principally represented by negative cost DP, and
transient models, exemplified by the SSP model of Example 1.2.6, where
the decision process terminates after a period that is random and subject to
control. Abstract DP models patterned after the first two categories have
been known since the author’s papers [Ber75], [Ber77], and are further
discussed in Section 4.3.

The semicontractive models, further discussed Chapter 3 and Sec-
tions 4.4-4.6, are patterned after the third category. They were introduced
and analyzed in the first edition of this book, as well as the subsequent
series of papers and reports, [Berl5], [Berl6a], [BeY16], [Berl7b], [Berl7c|,
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[Ber17d], [Ber19c]. Their analysis is based on the idea of separating poli-
cies into those that are well-behaved (these are called regular, and have
contraction-like properties) and those that are not (these are called irregu-
lar). The objective of the analysis is then to explain the detrimental effects
of the irregular policies, and to delineate the kind of model structure that
can limit these effects. As far as the author knows, this idea is new in the
context of abstract DP. One of the aims of the present monograph is to
develop this idea and to show that it leads to an important and insightful
paradigm for conceptualization and solution of major classes of practical
DP problems.

EXERCISES

1.1 (Multistep Contraction Mappings)

This exercise shows how starting with an abstract mapping, we can obtain mul-
tistep mappings with the same fixed points and a stronger contraction modulus.
Consider a set of mappings T, : B(X) — B(X), p € M, satisfying the con-
traction Assumption 1.2.2, let m be a positive integer, and let M,, be the set
of m-tuples v = (po,..., 4m—1), where ur € M, k = 1,...,m — 1. For each
v= (o, -, hm—1) € My,, define the mapping T, by

Ty =Tuy Ty, 7. v J € B(X).

Pm—1
Show the contraction properties
\T,J T, J| <a™|J-J|, v J,J € B(X), (1.39)

and
ITJ-TJ | <a™|J=J|, VJJ eB(X), (1.40)

where T is defined by

(TJ)(x) = inf (Tyg ++* Ty 1 ) (@), vV JeBX) xeX.

(HQ s s —1) EMm

Solution: By the contraction property of Ty, ..., Ty,,_,, we have for all J, J' €
B(X),
ITwJ =T,J'|| = 1Tuo -+ Ty = T -+ Tum71J,||
SallTyy - Tupyy = Ty - 'Tuqu,”
< a2||Tu2 Ty ] =Ty .Tl‘vm—l‘],”

<a|lJ =T,
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thus showing Eq. (1.39).
We have from Eq. (1.39)

(Tug -+ Ty 1 I ) (@) < (T - "Tumq']l)(f) +a™"||J = J || v(x), VrelX,

and by taking infimum of both sides over (T, - - Ty, ;) € M and dividing by
v(z), we obtain

(TJ)(x) — (TJ)(x)
v(z)

<a™||J - J, VaeX.

Similarly _ _
(TJ) (=) — (TJ)(x)
v(z)
and by combining the last two relations and taking supremum over x € X, Eq.

(1.40) follows.

<a™|J = J, VaeX,

1.2 (Relation of Temporal Difference Methods and Proximal
Algorithms [Ber16b], [Ber18c]|)

The purpose of this exercise is establish a close connection between the map-
pings underlying temporal difference and proximal methods (cf. Section 1.2.5).
Consider a linear mapping of the form

TJ = AJ +b,

where b is a vector in 1", and A is an n X n matrix with eigenvalues strictly
within the unit circle. Let A € (0,1) and ¢ = ﬁ7 and consider the multistep

mapping T™ given by
TV =1 =0 NTH Jern
£=0

and the proximal mapping pe given by

-1

POy = (ilf - A) (b+ lJ) . Jewn
c c

cf. Eq. (1.23) [equivalently, for a given J, P J is the unique vector Y € R" that

solves the equation

Y—TY:%(J—YL

(cf. Fig. 1.5.1)].
(a) Show that P is given by

P =(1-2) N,
£=0
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TN =TJ J=POJ

—p 4
<
<y

Figure 1.5.1. Illustration of the iterates TN J and PO J for finding the fixed
point J* of a linear mapping T. Given J, we find the proximal iterate J =
P(©)J and then add the amount %(j - J) to obtain TMJ = TP J. If T is a

contraction mapping, T(*) J is closer to J* than P(¢)J.

(c)

and can be written as
Py = AN 7 1§V,
where

N _ (1- )‘)Z)‘ZAZ’ E(A) _ Z)\HlAlb.
£=0 £=0

Verify that
TN = AN g 4™,

where - -
AN = (1— )\)Z)\ZAZJfl’ P> — Z)\ZAZI%
=0 £=0

and show that
T = 7P = plT, (1.41)

and that for all J € ",
c+1

POT=J4+NTMT—7),  TVI=J+—=(PT~J). (142
Thus T™ J is obtained by extrapolation along the line segment P J — J,
as illustrated in Fig. 1.5.1. Note that since T is a contraction mapping,

TWM J is closer to J* than P J.

Show that for a given J € %", the multistep and proximal iterates T J
and P J are the unique fixed points of the contraction mappings W and
W j given by

WY = (1 = \TJ+ATY, WY = (1—-\)J+\TY, Y e R,
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respectively.

Show that the fixed point property of part (c) yields the following formula
for the multistep mapping T,

TNV = (1-24) 7" (b+ (1= NAJ). (1.43)

(Multistep Contraction Property for Nonexpansive A [BeY09]) Instead of
assuming that A has eigenvalues strictly within the unit circle, assume
that the matrix I — A is invertible and A is nonexpansive [i.e., has all its
eigenvalues within the unit circle (possibly on the unit circle)]. Show that
A™ ig contractive (i-e., has eigenvalues that lie strictly within the unit
circle) and its eigenvalues have the form

o1 _ G(L=A) _
(1—X Z)\C e i=1,...,n, (1.44)
where (;, i = 1,...,n, are the eigenvalues of A. Note: For an intuitive

explanation of the result, note that the eigenvalues of AD can be viewed
as convex combinations of complex numbers from the unit circle at least
two of which are different from each other, since {; # 1 by assumption
(the nonzero corresponding eigenvalues of A and A? are different from each
other). As a result the eigenvalues of A™ lie strictly within the unit circle.

(Contraction Property of Projected Multistep Mappings) Under the assump-
tions of part (e), show that limx_,1 AN = 0. Furthermore, for any n x n
matrix W, the matrix WA® is contractive for A sufficiently close to 1.
In particular the projected mapping A and corresponding projected
proximal mapping (cf. Section 1.2.5) become contractions as A — 1.

Solution: (a) The inverse in the definition of P(®) is written as

which is equal to A% )J +0b

() "= (1) a2 Sy

=0
i AA) J+AZ AA)*
=0 =0

™. The formula P© = (1= X) Y02, AT follows

from this expression.
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(b) The formula T™.J = AN J 4+ 5™ is verified by straightforward calculation.
We have,

TP = AAY T 4+5Y) +b

= (=) NATT Y NTAT = AN g 4
¢=0 £=0
=1My,
thus proving the left side of Eq. (1.41). The right side is proved similarly. The in-
terpolation/extrapolation formula (1.42) follows by a straightforward calculation

from the definition of 7). As an example, to show the left side of Eq. (1.42),
we write

JH+AMTNVT = J) =1 =X J+ATVJ

=(1=A)J+2A <(1 -\ i NAT g 4 i A‘A‘b)

£=0 £=0
=(1-2X) <J +>° A‘A‘J) + Y OATA%
=1 £=0
_ AN g™
= P

(¢) To show that T™.J is the fixed point of W, we must verify that
TO g = W, (T ),
or equivalently that
TNT = (1= XNTJ+AT(TNT) = (1= \TJ + ATV(T).
The right-hand side, in view of the interpolation formula
(1=NJ+ATNMNI=P9J  VzeR,
is equal to P(9)(TJ), which from the formula T™ = P©)T [cf. part (b)], is equal
to T™ J. The proof is similar for W .

(d) The fixed point property of part (c) states that T™ J is the unique solution
of the following equation in Y:

Y=0Q-XNTJ+ATY =(1—-X)(AJ +b) + A\(AY +b),
from which the desired relation follows.

(e), (f) The formula (1.44) follows from the expression for A given in part (b).
This formula can be used to show that the eigenvalues of AN lie strictly within
the unit circle, using also the fact that the matrices A™, m > 1, and A have
the same eigenvectors (see [BeY09] for details). Moreover, the eigenvalue formula
shows that all eigenvalues of AN converge to 0 as A — 1, so that limy_,; AN = 0.
This also implies that WA™ is contractive for A sufficiently close to 1.
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1.3 (State-Dependent Weighted Multistep Mappings [YuB12])

Consider a set of mappings T}, : B(X) — B(X), u € M, satisfying the contraction
Assumption 1.2.2. Consider also the mappings Tﬁw) : B(X) — B(X) defined by

(T J) (x Z (z), =zeX, JeBX),

where w¢(x) are nonnegative scalars such that for all z € X,

Zwe(x):l
=1
Show that
(T 0) () — (T T) (@) & . ,
< we(x)a ||J =T, VoeelX,
o) 22: o(z)a’| [

so that T[Lw) is a contraction with modulus
o0

& = sup Zwe(x)al <a<l

reX —1

Moreover, for all 4 € M, the mappings T}, and T, [Lw) have the same fixed point.

Solution: By the contraction property of T},, we have for all J, J' € B(X) and
e X,

(T ) (@) = (T T @) 3202, we(@)(ThT) (@) = Y52 we(@)(Th) ()]
v(@) N v(@)

gfj o) |70 T |

< Zw(w)a‘) 17 ="l
=1

showing the contraction property of T,Ew).
Let J, be the fixed point of T},. By using the relation (T J,.)(z) = Ju (=),
we have for all z € X,

(T(w)J

nMg

= (Z we(m)> Ju(x) = JH(:C)7
£=1

so Jy, is the fixed point of T‘Ew) [which is unique since Téw) is a contraction].
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In this chapter we consider the abstract DP model of Section 1.2 under the
most favorable assumptions: monotonicity and weighted sup-norm contrac-
tion. Important special cases of this model are the discounted problems
with bounded cost per stage (Example 1.2.1-1.2.5), the stochastic shortest
path problem of Example 1.2.6 in the case where all policies are proper, as
well as other problems involving special structures.

We first provide some basic analytical results and then focus on two
types of algorithms: wvalue iteration and policy iteration. In addition to
exact forms of these algorithms, we discuss combinations and approximate
versions, as well as asynchronous distributed versions.

BELLMAN’S EQUATION AND OPTIMALITY CONDITIONS

In this section we recall the abstract DP model of Section 1.2, and derive
some of its basic properties under the monotonicity and contraction as-
sumptions of Section 1.3. We consider a set X of states and a set U of
controls, and for each x € X, a nonempty control constraint set U(xz) C U.
We denote by M the set of all functions p : X +— U with u(x) € U(z)
for all 2 € X, which we refer to as policies (or “stationary policies,” when
we want to emphasize the distinction from nonstationary policies, to be
discussed later).

We denote by R(X) the set of real-valued functions J : X — R. We
have a mapping H : X X U x R(X) — R and for each policy p € M, we
consider the mapping T}, : R(X) — R(X) defined by

(T J)(z) = H(z, u(x), J), VzeX.
We also consider the mapping T defined by
TJ = inf H(z,u,J)= inf (T,J)(x), VaoelX.
CN)@) = inf Hwd)= inf (L)@, Ve

[We will use frequently the second equality above, which holds because M
can be viewed as the Cartesian product IlyexU(z).] We want to find a
function J* € R(X) such that
J(z) = inf H(z,u,J"), VrzelX,
ueU(x)

i.e., to find a fixed point of T" within R(X). We also want to obtain a policy
p* € M such that Ty« J" =TJ".

Let us restate for convenience the contraction and monotonicity as-
sumptions of Section 1.2.2.

Assumption 2.1.1: (Monotonicity) If J,J' € R(X) and J < J/,
then
H(z,u,J) < H(z,u,J'), VeeX, uelU(z).




Sec. 2.1 Bellman’s Equation and Optimality Conditions 55

Note that the monotonicity assumption implies the following proper-
ties, for all J,J’ € R(X) and k =0,1,..., which we will use extensively:

J<J =  TkI<TE],  TRI<TE), YpeM,

J<TJ = TkJ < Tk+1], TR <TH'J, YpueM.

Here T*% and T} denotes the k-fold composition of T and T}, respectively.
For the contraction assumption, we introduce a function v : X — R
with
v(z) >0, VaoelX.

We consider the weighted sup-norm

o @
=38 o)

on B(X), the space of real-valued functions J on X such that J(x)/v(z) is
bounded over z € X (see Appendix B for a discussion of the properties of
this space).

Assumption 2.1.2: (Contraction) For all J € B(X) and p € M,
the functions 7T, J and T'J belong to B(X). Furthermore, for some
a € (0,1), we have

ITd — T Tl <allJ =T, V5,0 € B(X), e M.

The classical DP models where both the monotonicity and contrac-
tion assumptions are satisfied are the discounted finite-state Markovian
decision problem of Example 1.2.2, and the stochastic shortest path prob-
lem of Example 1.2.6 in the special case where all policies are proper; see
the textbook [Berl12a] for an extensive discussion. In the context of these
problems, the fixed point equation J = T'J is called Bellman’s equation, a
term that we will use more generally in this book as well. The following
proposition summarizes some of the basic consequences of the contraction
assumption.

Proposition 2.1.1: Let the contraction Assumption 2.1.2 hold. Then:

(a) The mappings T}, and T" are contraction mappings with modulus
a over B(X), and have unique fixed points in B(X), denoted J,
and J*, respectively.
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(b) For any J € B(X) and u € M,

lim ||J* = T*J||=0,  lim ||J, — TSJ|| = 0.
k—o0 k—o0

(c) We have T,,J" = TJ" if and only if J, = J".
(d) For any J € B(X),

1 «
J=J| < —|TJ-=J J=TJ| < ——||TJ = J||.
17" = I < =TT =Jl, | =TI < 2T - |

(e) For any J € B(X) and u € M,

1 «
1= Il < 7= ITud =N, =TIl < 7= ITud = 1.

1—

Proof: We showed in Section 1.2.2 that T is a contraction with modulus
a over B(X). Parts (a) and (b) follow from Prop. B.1 of Appendix B.

To show part (c), note that if 7),J" = T'J*, then in view of T.J* = J*,
we have T,,J" = J*, which implies that J* = J,, since J, is the unique
fixed point of T),. Conversely, if J* = J,, we have T,J" =T, J, = J, =
J=TJ".

To show part (d), we use the triangle inequality to write for every k,

k k
|T*T = J| <D ITET =T <Y al =TT = J|.
=1 =1
Taking the limit as k — oo and using part (b), the left-hand side inequality
follows. The right-hand side inequality follows from the left-hand side and
the contraction property of T. The proof of part (e) is similar to part (d)
[indeed it is the special case of part (d) where T is equal to Ty, i.e., when
U(z) = {p(z)} for all z € X]. Q.E.D.

Part (c) of the preceding proposition shows that there exists a p € M
such that J, = J* if and only if the minimum of H(z,u, J") over U(z) is
attained for all z € X. Of course the minimum is attained if U(z) is
finite for every x, but otherwise this is not guaranteed in the absence of
additional assumptions. Part (d) provides a useful error bound: we can
evaluate the proximity of any function J € B(X) to the fixed point J* by
applying T to J and computing ||T'J — J||. The left-hand side inequality of
part (e) (with J = J*) shows that for every e > 0, there exists a . € M
such that ||.J,. —J*|| < €, which may be obtained by letting pe(z) minimize
H(x,u,J") over U(x) within an error of (1 — a)ev(x), for all z € X.
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The preceding proposition and some of the subsequent results may
also be proved if B(X) is replaced by a closed subset B(X) C B(X). This is
because the contraction mapping fixed point theorem (Prop. B.1) applies to
closed subsets of complete spaces. For simplicity, however, we will disregard
this possibility in the present chapter.

An important consequence of monotonicity of H, when it holds in
addition to contraction, is that it implies that J*, the unique fixed point
of T', is the infimum over p € M of J,, the unique fixed point of T},.

Proposition 2.1.2: Let the monotonicity and contraction Assump-
tions 2.1.1 and 2.1.2 hold. Then

J*(z) :#ienj/[ Ju(z), VzeX.

Furthermore, for every e > 0, there exists p. € M such that

J(x) < Ju(z) < T (2) + ¢, VaoelX. (2.1)

Proof: We note that the right-hand side of Eq. (2.1) holds by Prop.
2.1.1(e) (see the remark following its proof). Thus inf,ecp Ju(z) < J*(x)
for all z € X. To show the reverse inequality as well as the left-hand side
of Eq. (2.1), we note that for all u € M, we have TJ" < T, J", and since
J* =TJ", it follows that J* < T, J*. By applying repeatedly T}, to both
sides of this inequality and by using the monotonicity Assumption 2.1.1,
we obtain J* < TFJ" for all k > 0. Taking the limit as k — oo, we see
that J* < J, for all 4 € M, so that J*(z) < infuepm Ju(x) for all z € X.
Q.E.D.

Note that without monotonicity, we may have inf,cp Ju(z) < J* ()
for some x. This is illustrated by the following example.

Example 2.1.1 (Counterexample Without Monotonicity)

Let X = {z1, 22}, U = {u1,uz2}, and let

) —ad(z2) if u=u, 0 ifu=u,
H(xl’u"]){—l—ka,](xl) if u = uo, H(xz’u’J)i{B if u = ug,

where B is a positive scalar. Then it can be seen that

* 1 *
J (501)2—1 ; J (x2) =0,

—

and J,» = J* where p*(z1) = u2 and p*(x2) = ui. On the other hand, for
w(z1) = w1 and p(z2) = w2, we have Ju(z1) = —aB and J,(x2) = B, so
Ju(z1) < J*(z1) for B sufficiently large.
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Optimality over Nonstationary Policies

The connection with DP motivates us to consider the set II of all sequences
m = {po, 11, - ..} with px € M for all k (nonstationary policies in the DP
context), and define

Jr(z) = limsup (Tpy - Ty J) (), VrelX,

k—o0

with .J being some function in B(X), where T}, - - - T, J denotes the com-
position of the mappings 7}, ..., Ty, applied to J, i.e.,

To T = Tpuo (Tpy -+ (Tpuge 1 (T 7)) - +)-

Note that under the contraction Assumption 2.1.2, the choice of J in
the definition of Jr does not matter, since for any two J, J' € B(X), we
have

[ Tho Ty - Ty = Tuo Ty -+ Ty, J'|| < BT = T,

so the value of J;(z) is independent of J. Since by Prop. 2.1.1(b), J,,(x) =
limy oo (T J)(z) for all p € M, J € B(X), and z € X, in the DP context
we recognize J, as the cost function of the stationary policy {u, i, ...}

We now claim that under the monotonicity and contraction Assump-
tions 2.1.1 and 2.1.2, J*, which was defined as the unique fized point of T,
is equal to the optimal value of Jx, i.e.,

J (x):;rel%Jﬂ(x), VaoelX.
Indeed, since M defines a subset of II, we have from Prop. 2.1.2,

* _ > . a
J(z) Hlenj/ljﬂ(x) _;rel%(] (x), VrelX,

while for every m € Il and z € X, we have

Jr(z) = limsup (T Ty, -+ Ty J)(z) > lim (T*+HLJ)(z) = J*(2)

k—00 k—o00

[the monotonicity Assumption 2.1.1 can be used to show that
Ty Ty - T#kj = T]H_ljv

and the last equality holds by Prop. 2.1.1(b)]. Combining the preceding
relations, we obtain J*(z) = infren Jx ().

Thus, in DP terms, we may view J* as an optimal cost function over
all policies, including nonstationary ones. At the same time, Prop. 2.1.2
states that stationary policies are sufficient in the sense that the optimal
cost can be attained to within arbitrary accuracy with a stationary policy
[uniformly for all z € X, as Eq. (2.1) shows].
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Error Bounds and Other Inequalities

The analysis of abstract DP algorithms and related approximations requires
the use of some basic inequalities that follow from the assumptions of con-
traction and monotonicity. We have obtained two such results in Prop.
2.1.1(d),(e), which assume only the contraction assumption. These results
can be strengthened if in addition to contraction, we have monotonicity.
To this end we first show the following useful characterization.

Proposition 2.1.3: The monotonicity and contraction Assumptions
2.1.1 and 2.1.2 hold if and only if for all J,J’ € B(X), p € M, and
scalar ¢ > 0, we have

J<J +cv = T,J<T,J +acwv, (2.2)

where v is the weight function of the weighted sup-norm || - ||.

Proof: Let the contraction and monotonicity assumptions hold. If J <
J' + cv, we have

H(z,u,J) < H(x,u,J'+cv) < H(z,u,J')+acv(z), VzeX uelU(x),

(2.3)
where the left-side inequality follows from the monotonicity assumption and
the right-side inequality follows from the contraction assumption, which
together with ||v|| = 1, implies that

H(z,u,J +cv) — H(x,u,J)
v(x)

<al|J+cv—J|| = ac

The condition (2.3) implies the desired condition (2.2). Conversely, con-
dition (2.2) for ¢ = 0 yields the monotonicity assumption, while for ¢ =
[[J7 = J|| it yields the contraction assumption. Q.E.D.

We can now derive the following useful variant of Prop. 2.1.1(d),(e),
which involves one-sided inequalities. This variant will be used in the
derivation of error bounds for various computational methods.

Proposition 2.1.4: (Error Bounds Under Contraction and
Monotonicity) Let the monotonicity and contraction Assumptions
2.1.1 and 2.1.2 hold. Then:
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(a) For any J € B(X) and ¢ > 0, we have

C
v,

TI<J+cv = J'<J+
1l—«

J<TJ+cv = J§J*+lc v.
—

(b) For any J € B(X), p € M, and ¢ > 0, we have

C

T,.J<J+cv = J#§J+1 v,

—

J<TJ+cv = JgJ,lec .
—

(¢) For all J € B(X),c>0,and k=0,1,..., we have

aoke

TJ<J+cv = J*STkJ+1 v,

—«

. oFc
J<TJ+cv = Tk < J —|—1 V.
—a

Proof: (a) We show the first relation. Applying Eq. (2.2) with J’ and J
replaced by J and T'J, respectively, and taking infimum over yu € M, we
see that if T'J < J + cv, then T2J < T'J 4+ acv. Proceeding similarly, it
follows that

T <T1J 4+ at1co.

We now write for every k,

k k
Tk] —J =Y (Tt -T-L) <Y at~lew,
=1 =1

from which, by taking the limit as k — oo, we obtain

c

J*SJ—i—1 v.

-«

The second relation follows similarly.

(b) This part is the special case of part (a) where T is equal to T,.
(c) Similar to the proof of part (a), the inequality

T <J+cv
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implies that for all k& we have
Tk+1J < TkJ + akcw.

Applying part (a) with J and ¢ replaced by TkJ and a*c, respectively,
we obtain the first desired relation. The second relation follows similarly.
Q.E.D.

LIMITED LOOKAHEAD POLICIES

In this section, we discuss a basic building block in the algorithmic method-
ology of abstract DP. Given some function J that approximates J*, we
obtain a policy by solving a finite-horizon problem where J is the termi-
nal cost function. The simplest possibility is a one-step lookahead policy 1w
defined by

fi(x) € argmin H (x, u, J), z e X. (2.4)

ueU(x)
Its cost function Jy was interpreted in Section 1.3.1 as the result of a
Newton iteration that starts from J and aims to solve the Bellman equation
J =TJ. The following proposition gives some bounds for its performance.

Proposition 2.2.1: (One-Step Lookahead Error Bounds) Let
the contraction Assumption 2.1.2 hold, and let 7z be a one-step looka-
head policy obtained by minimization in Eq. (2.4), i.e., satisfying
TwJ = TJ. Then

= o = =
1z =TI < 7= T = JI, (2.5)
a
where || - || denotes the weighted sup-norm. Moreover
I = ) < | = | (2.6
L “l-a ’ ’
and 5
Jg— T < ——||TJ - J||. 2.7
1z =Tl < 7= I (2.7)

Proof: Equation (2.5) follows from the second relation of Prop. 2.1.1(e)
with J = J. Also from the first relation of Prop. 2.1.1(e) with J = J*, we
have

* 1 * *
= T < =Tl = .
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By using the triangle inequality, and the relations ng =TJand J* =TJ",
we obtain
Tz ™ = | < | Tp* = T || + | Tw] = TI| + T = J*|
= |1 T" = T J | + ITT = TJ"||
<a|J* = J|| +a|J - T
=2a||J = J*,

and Eq. (2.6) follows by combining the preceding two relations.
Also, from the first relation of Prop. 2.1.1(d) with J = J,

- 1 L.
Jr—Jl < ——|TJ - Jl. 2.8
17 = I £ =TT - J| (28)
Thus
| Jz = J*|| < | Jz = TI|| + |1TT = J|| + ||J — J*|
I I 1 L.
<X NTT— |+ T = |+ ——|TT - J|
1—« 1—«
) L.
=—|TJ —-J
|77 J|.

where the second inequality follows from Eqs. (2.5) and (2.8). This proves
Eq. (2.7). Q.E.D.

Equation (2.5) provides a computable bound on the cost function Jz
of the one-step lookahead policy. The bound (2.6) says that if the one-step
lookahead approximation J is within € of the optimal, the performance of
the one-step lookahead policy is within

20ve

l1—«

of the optimal. Unfortunately, this is not very reassuring when « is close
to 1, in which case the error bound is large relative to €. Nonetheless, the
following example from [BeT96], Section 6.1.1, shows that this bound is
tight, i.e., for any @ < 1, there is a problem with just two states where
the error bound is satisfied with equality. What is happening is that an
O(e) difference in single stage cost between two controls can generate an
O(e/ (1- a)) difference in policy costs, yet it can be “nullified” in the fixed

point equation J* = T'J* by an O(e) difference between J* and .J.

Example 2.2.1

Consider a discounted optimal control problem with two states, 1 and 2, and
deterministic transitions. State 2 is absorbing, but at state 1 there are two
possible decisions: move to state 2 (policy u*) or stay at state 1 (policy w).
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The cost of each transition is 0 except for the transition from 1 to itself under
policy u, which has cost 2ae, where € is a positive scalar and « € [0,1) is the
discount factor. The optimal policy p* is to move from state 1 to state 2, and
the optimal cost-to-go function is J*(1) = J*(2) = 0. Consider the vector .J
with J(1) = —e and J(2) = ¢, so that

I =T =,

as assumed in Eq. (2.6) (cf. Prop. 2.2.1). The policy u that decides to stay
at state 1 is a one-step lookahead policy based on J, because

20e + aJ(1) = e = 0+ aJ (2).

We have
2e 2«

Ju(1) = 1T =T,

T l-a l-a

so the bound of Eq. (2.6) holds with equality.

Multistep Lookahead Policies with Approximations

Let us now consider a more general form of lookahead involving multiple
stages as well as other approximations of the type that we will consider later
in the implementation of various approximate value and policy iteration
algorithms. In particular, we will assume that given any J € B(X), we
cannot compute exactly T'J, but instead we can compute Je B(X) and
u € M such that

|J=TJ| <6,  ||TuJ—TJ||<e, (2.9)

where § and € are nonnegative scalars. These scalars are usually unknown,
so the resulting analysis will have a mostly qualitative character.

The case § > 0 arises when the state space is either infinite or it is
finite but very large. Then instead of calculating (T'J)(z) for all states z,
one may do so only for some states and estimate (T'J)(z) for the remain-
ing states x by some form of interpolation. Alternatively, one may use
simulation data [e.g., noisy values of (T'J)(x) for some or all z] and some
kind of least-squares error fit of (T'J)(z) with a function from a suitable
parametric class. The function .J thus obtained will satisfy ||J — T'J|| < &
with 4 > 0. Note that § may not be small in this context, and the resulting
performance degradation may be a primary concern.

Cases where ¢ > 0 may arise when the control space is infinite or
finite but large, and the minimization involved in the calculation of (T'.J)(z)
cannot be done exactly. Note, however, that it is possible that

6 >0, e =0,
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and in fact this occurs often in practice. In an alternative scenario, we may
first obtain the policy u subject to a restriction that it belongs to a certain
subset of structured policies, so it satisfies

|7, T < e

for some € > 0, and then we may set J = T,.J. In this case we have € = §
in Eq. (2.9).

In a multistep method with approximations, we are given a posi-
tive integer m and a lookahead function J,,, and we successively compute
(backwards in time) Jy,—1, ..., Jo and policies fim—1,. .., 4o satisfying

HJk_TJk‘FlH §57 HT#ka+1_TJk+1H SE, kzovvm_l (210)

Note that in the context of MDP, Ji can be viewed as an approximation to
the optimal cost function of an (m — k)-stage problem with terminal cost
function J,,. We have the following proposition.

Proposition 2.2.2: (Multistep Lookahead Error Bound) Let
the contraction Assumption 2.1.2 hold. The periodic policy

™= {uoa"'aum—lauoa"'7/1'771—17"'}
generated by the method of Eq. (2.10) satisfies

. 2am™ . € ale+26)(1 — am—1)
AN Py A
” I= ol I+ T T T a e a—am)
(2.11)

Proof: Using the triangle inequality, Eq. (2.10), and the contraction prop-
erty of T', we have for all k

-t = TFImll < |Jm—k = TTm—s1ll + | T Im—t41 — T2 T—t2||
oo [ TRV = TE |

§(5+Oz5+---+ak*16,
(2.12)

showing that

5(1 — ak)

Tt = TFIm|| < )
- < =2

k=1,...,m. (2.13)
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From Eq. (2.10), we have || J; — Ty, Jet1|| < 6 + ¢, so for all k

||Jmfk - Tu ' 'Tuqum” < HJmfk - Tum,kjmflwrl”
+ T, It — To
+ ||Tﬂm7k D Ime1 = Ty Tuqum”

<@+e)+ald+e) + - +ak1(5+e),

m—k

mfkT:“'mferrl Jm*k+2 ||

showing that

(0 +€)(1—ak)

11—«

Wk = Ty Ty Jon| < . k=1,...,m.

(2.14)

m—k
Using the fact ||T,,J1 — TJ1|| < € [cf. Eq. (2.10)], we obtain

HTuo Ty g I — TmeH < HTuo Ty I — Tqulll
+ T Jr = T + [T Ty = T ||
<al|Tyy - Ty Im — 1| + e+ af|J1 = Tm= 10|
N ale+26)(1 — am—1)

<e€
1 —«

3

where the last inequality follows from Egs. (2.13) and (2.14) for k = m — 1.
From this relation and the fact that T}, ---T,,_, and T™ are con-
tractions with modulus a™, we obtain

HTuo ’ "Tuqu* - J*H < HTuo ’ "Tuqu* — Ty - 'TuqumH
A Tuo - Ty I = T I | + [T T = T
ale+26)(1 — am—1)
1-a '

< 2am|[J* = Jo| + € +

We also have using Prop. 2.1.1(e), applied in the context of the multistep
mapping of Example 1.3.1,

* 1 * *
[ Jr —J ||§m”T#O'”T#m71J =J7.

Combining the last two relations, we obtain the desired result. Q.E.D.

Note that form = 1 and 6 = € = 0, i.e., the case of one-step lookahead
policy 7@ with lookahead function J; and no approximation error in the
minimization involved in T'Ji, Eq. (2.11) yields the bound

2«
Jp—=J|N < —||h = J"
A E N !
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which coincides with the bound (2.6) derived earlier.

Also, in the special case where € = ¢ and J, = Ty, Jpq1 (cf. the
discussion preceding Prop. 2.2.2), the bound (2.11) can be strengthened
somewhat. In particular, we have for all k&, Jp,—p =Ty, -+ Ty, 1 JIm, 5O
the right-hand side of Eq. (2.14) becomes 0 and the preceding proof yields,
with some calculation,

2am " 1) ad(l — am—1)
Im —J
1—04’”|| ”+1—am (1—a)(1—am)
20 )
= I = J* e
=

11—«

[T = J*|| <

We finally note that Prop. 2.2.2 shows that as the lookahead size m
increases, the corresponding bound for ||/ — J*|| tends to e+a(e+2§)/(1—

a), or

2000
limsup ||Jr — J*|| < €t2a0,
—a

m—r oo 1

We will see that this error bound is superior to corresponding error bounds
for approximate versions of value and policy iteration by essentially a factor
1/(1 — «). In practice, however, periodic suboptimal policies, as required
by Prop. 2.2.2, are typically not used.

There is an alternative and often used form of on-line multistep
lookahead, whereby at the current state x we compute a multistep pol-
icy {p0,--.,tm—1}, we apply the first component po(z) of that policy at
state x, then at the next state Z we recompute a new multistep policy
{fio, - -, fim—1}, apply fio(Z), etc. However, no error bound similar to the
one of Prop. 2.2.2 is currently known for this type of lookahead.

VALUE ITERATION
In this section, we discuss value iteration (VI for short), the algorithm
that starts with some J € B(X), and generates T'J, T2J,.... Since T is
a weighted sup-norm contraction under Assumption 2.1.2, the algorithm
converges to J*, and the rate of convergence is governed by

Tk — J*| < ok J = J, k=0,1,....
Similarly, for a given policy u € M, we have

ITET = Jull < k[T = Tl k=0,1,....

From Prop. 2.1.1(d), we also have the error bound

|The1T = | € o= [T = TR, k=01,
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This bound does not rely on the monotonicity Assumption 2.1.1.

The VI algorithm is often used to compute an approximation J to
J*, and then to obtain a policy 7 by minimizing H(x,u,.J) over u € U(x)
for each z € X. In other words J and 7 satisfy

|J—J5| <7, Ted =TJ,

where v is some positive scalar. Then by using Eq. (2.6), we have

207y
Jz—=J| < . 2.15
e (2.15)
If the set of policies is finite, this procedure can be used to compute an
optimal policy with a finite but sufficiently large number of exact VI, as
shown in the following proposition.

Proposition 2.3.1: Let the contraction Assumption 2.1.2 hold and
let J € B(X). If the set of policies M is finite, there exists an integer
k > 0 such that J,« = J* for all p* and k > k with T),«TkJ = Tk+1].

Proof: Let M be the set of policies such that Ju # J*. Since M is finite,
we have

inf ||J, —J*|| >0,
neM
so by Eq. (2.15), there exists sufficiently small § > 0 such that

|J=J<B and T,J=TJ = |Ju,—J=0 = pué¢M.
(2.16)
It follows that if k is sufficiently large so that |[|[T*J — J*|| < 3, then
T,«TkJ = Tk+1] implies that u* ¢ M so J« = J*. Q.E.D.

2.3.1 Approximate Value Iteration

We will now consider situations where the VI method may be imple-
mentable only through approximations. In particular, given a function
J, assume that we may only be able to calculate an approximation J to
TJ such that

|7 <8

where § is a given positive scalar. In the corresponding approximate VI
method, we start from an arbitrary bounded function Jp, and we generate
a sequence {Jy} satisfying

[ Jet1 — TTill <6, k=0,1,.... (2.17)
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This approximation may be the result of representing Jx1 compactly, as a
linear combination of basis functions, through a projection or aggregation
process, as is common in approximate DP (cf. the discussion of Section
1.2.4).
We may also simultaneously generate a sequence of policies {u*} such
that
||TMka—TJk|| <, k=0,1,..., (2.18)

where € is some scalar [which could be equal to 0, as in case of Eq. (2.10),
considered earlier|. The following proposition shows that the corresponding
cost functions J . “converge” to J” to within an error of order o(s/(1—

@)?) [plus a less significant error of order O(e/(1 — ))].

Proposition 2.3.2: (Error Bounds for Approximate VI) Let
the contraction Assumption 2.1.2 hold. A sequence {Ji} generated by
the approximate VI method (2.17)-(2.18) satisfies

)
limsup || Jx — J*|| < ——, (2.19)
k—o0 l-a

while the corresponding sequence of policies {uk} satisfies

€ 2006

li J e —J < . 2.20
lzri)sipll Lk ||_1_O[+(1_O[)2 (2.20)

Proof: Using the triangle inequality, Eq. (2.17), and the contraction prop-
erty of T', we have

| Ji = T*Jo|| < ||k — T J—-1l|
T Tt = T2 o] + - + | TF1J1 = TJo)|
<d4ad+-- 4 ak14,

and finally

1—ak)s
e — TkJo|| < % k=0,1,.... (2.21)

By taking limit as k — oo and by using the fact limy_,o T*Jo = J*, we
obtain Eq. (2.19).

We also have using the triangle inequality and the contraction prop-
erty of T and T,

||T#kJ* - J < ||T#k(]* - T#kaH + ||T#ka —TJi|| + || T T — J7|
<allJ" = Jill + e+ allJi = 7,
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while by using also Prop. 2.1.1(e), we obtain

€ n 2c
l-a 1—«

By combining this relation with Eq. (2.19), we obtain Eq. (2.20). Q.E.D.

* 1 * * *
1 = T € =T = T < I = I

The error bound (2.20) relates to stationary policies obtained from
the functions J by one-step lookahead. We may also obtain an m-step
periodic policy 7 from J by using m-step lookahead. Then Prop. 2.2.2
shows that the corresponding bound for || J —J*|| tends to (e+2ad)/(1—«)
as m — 0o, which improves on the error bound (2.20) by a factor 1/(1—«).

Finally, let us note that the error bound of Prop. 2.3.2 is predicated
upon generating a sequence {Jy} satisfying ||Jy41 — T Jx|| < ¢ for all k [cf.
Eq. (2.17)]. Unfortunately, some practical approximation schemes guar-
antee the existence of such a § only if {J;} is a bounded sequence. The
following example from [BeT96], Section 6.5.3, shows that boundedness of
the iterates is not automatically guaranteed, and is a serious issue that
should be addressed in approximate VI schemes.

Example 2.3.1 (Error Amplification in Approximate
Value Iteration)

Consider a two-state a-discounted MDP with states 1 and 2, and a single
policy. The transitions are deterministic: from state 1 to state 2, and from
state 2 to state 2. These transitions are also cost-free. Thus we have (T'J(1) =
(TJ)(2) =aJ(2), and J*(1) = J*(2) =0.

We consider a VI scheme that approximates cost functions within the
one-dimensional subspace of linear functions S = {(r, 2r) | r € §R} by using
a weighted least squares minimization; i.e., we approximate a vector J by its
weighted Euclidean projection onto S. In particular, given Ji = (g, 2r%), we
find Jk4+1 = (rk+1,27rk+1), where for weights £1,&2 > 0, 7541 is obtained as

Tk+1 € arg mrin [51 (r — (TJk)(l))2 +& (27‘ — (TJk)(2))2].

Since for a zero cost per stage and the given deterministic transitions, we
have T'Jy, = (2arg, 2ary), the preceding minimization is written as

Tk+1 € arg min [fl(r — 20¢rk)2 + & (2r — 2047"1@)2}7
i

which by writing the corresponding optimality condition yields rix+1 = afrg,
where 8 = 2(& + 2£2) (&1 + 4€2) > 1. Thus if @ > 1/, the sequence {ry}
diverges and so does {Ji}. Note that in this example the optimal cost func-
tion J* = (0,0) belongs to the subspace S. The difficulty here is that the
approximate VI mapping that generates Ji1 as the weighted Euclidean pro-
jection of T'J) is not a contraction (this is a manifestation of an important
issue in approximate DP and projected equation approximation, namely that
the projected mapping II7 need not be a contraction even if T is a sup-norm
contraction; see [DFVO00], [Ber12b] for examples and related discussions). At
the same time there is no ¢ such that ||Jx41 — T'Jx|| < 6 for all k, because of
error amplification in each approximate VI.
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POLICY ITERATION

In this section, we discuss policy iteration (PI for short), an algorithm
whereby we maintain and update a policy p*, starting from some initial
policy p9. The typical iteration has the following form (see Fig. 2.4.1 for a
one-dimensional illustration).

Policy iteration given the current policy p*:
Policy evaluation: We compute J, . as the unique solution of the
equation

Je =Tk k.

Policy improvement: We obtain a policy pk+1 that satisfies

Tuk+1 J#k = TJ#k .

We assume that the minimum of H(z,u,J ) over u € U(x) is at-
tained for all # € X, so that the improved policy pk+! is defined (we
use this assumption for all the PI algorithms of the book). The following
proposition establishes a basic cost improvement property, as well as finite
convergence for the case where the set of policies is finite.

Proposition 2.4.1: (Convergence of PI) Let the monotonicity
and contraction Assumptions 2.1.1 and 2.1.2 hold, and let {u*k} be
a sequence generated by the PI algorithm. Then for all k£, we have
Jk+1 < J ke, with equality if and only if J x = J*. Moreover,

lim [ J,x — J*|| =0
[ J e =7 =0,

and if the set of policies is finite, we have J,x = J* for some k.

Proof: We have
Toprrd e =TIk STk = J k.

Applying T’ k+1 to this inequality while using the monotonicity Assumption
2.1.1, we obtain

Tjk+1J#k STrnrd e =TJ ke <Tpd k= Jk.
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Figure 2.4.1 Geometric interpretation of PI and VI in one dimension (a single
state). Each policy p defines the mapping T),, and T'J is the function min,, T}, J.
When the number of policies is finite, T'J is a piecewise linear concave function,
with each piece being a linear function T, J that corresponds to a policy u. The
optimal cost function J* satisfies J* = T'J*, so it is obtained from the intersection
of the graph of T'J and the 45 degree line shown. Similarly J), is the intersection of
the graph of T, J and the 45 degree line. The VI sequence is indicated in the top
figure by the staircase construction, which asymptotically leads to J*. A single
policy iteration is illustrated in the bottom figure, and illustrates the connection
of PI with Newton’s method that was discussed in Section 1.3.2.
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Similarly, we have for all m > 0,
T:ZHJM <STJp < Jyk,
and by taking the limit as m — oo, we obtain
Jpr1r STT e < J i, k=0,1,.... (2.22)

If J#;Hl = J#k, it follows that TJ#;c = J#k, SO J#k is a fixed point of T" and
must be equal to J*. Moreover by using induction, Eq. (2.22) implies that

T <TRI0,  k=0,1,....

Since
J* S J#k’ kli>nolo ||Tk‘],u0 - J*” = 07

it follows that limy o [|J,x — J*| = 0.
Finally, if the number of policies is finite, Eq. (2.22) implies that there
can be only a finite number of iterations for which J k+1(x) < J,k () for

some z. Thus we must have Juk“ = Juk for some k, at which time
Je = J" as shown earlier [cf. Eq. (2.22)]. Q.E.D.

In the case where the set of policies is infinite, we may assert the
convergence of the sequence of generated policies under some compactness
and continuity conditions. In particular, we will assume that the state
space is finite, X = {1,...,n}, and that each control constraint set U(x)
is a compact subset of . We will view a cost function J as an element
of 7, and a policy u as an element of the set U(1) x --- x U(n) C fmn,
which is compact. Then {u*¥} has at least one limit point @, which must
be an admissible policy. The following proposition guarantees, under an
additional continuity assumption for H(x,-,-), that every limit point 7 is
optimal.

Assumption 2.4.1: (Compactness and Continuity)
(a) The state space is finite, X = {1,...,n}.

(b) Each control constraint set U(z), = 1,...,n, is a compact
subset of R™.

(c¢) Each function H(z,-,-), z = 1,...,n, is continuous over U(z) X
R

Proposition 2.4.2: Let the monotonicity and contraction Assump-
tions 2.1.1 and 2.1.2 hold, together with Assumption 2.4.1, and let
{p*} be a sequence generated by the PI algorithm. Then for every
limit point & of {p*}, we have Jg = J*.
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Proof: We have J » — J* by Prop. 2.4.1. Let 71 be the limit of a sub-
sequence {p¥}rex. We will show that TzJ" = T'J*, from which it follows
that Jz = J* [cf. Prop. 2.1.1(c)]. Indeed, we have TJ* > T'J*, so we focus
on showing the reverse inequality. From the equation

Toxd -1 =TJ k1,
we have
H(a:,,uk(a:),‘]uk,l) < H(z,u,J r1), x=1,...,n, ueU(x).

By taking limit in this relation as k — oo, k£ € K, and by using the
continuity of H(z,-,-) [cf. Assumption 2.4.1(c)], we obtain

H(z,f(z), J*) < H(z,u,J"), x=1,...,n, ueU(x).

By taking the minimum of the right-hand side over u € U(z), we obtain
Tz <TJ". QUE.D.

2.4.1 Approximate Policy Iteration

We now consider the PI method where the policy evaluation step and/or
the policy improvement step of the method are implemented through ap-
proximations. This method generates a sequence of policies {5} and a
corresponding sequence of approximate cost functions {.Ji} satisfying

| Jk — J el <6, T k1 T = T || <, k=0,1,..., (2.23)
where ¢ and € are some scalars, and ||-|| denotes the weighted sup-norm (the

one used in the contraction Assumption 2.1.2). The following proposition
provides an error bound for this algorithm.

Proposition 2.4.3: (Error Bound for Approximate PI) Let
the monotonicity and contraction Assumptions 2.1.1 and 2.1.2 hold.
The sequence {u*} generated by the approximate PI algorithm (2.23)
satisfies

€+ 2a6

m- (2.24)

limsup [|J,x — J*|| <
k— o0

The essence of the proof is contained in the following proposition,
which quantifies the amount of approximate policy improvement at each
iteration.
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Proposition 2.4.4: Let the monotonicity and contraction Assump-
tions 2.1.1 and 2.1.2 hold. Let J, &, and u satisfy

1T = Jull <6, NTg] =TJ|| <e,

where ¢ and e are some scalars. Then

* N €+ 2ad
I 71 < e — ) S22 (2.25)

Proof: We denote by v the weight function corresponding to the weighted
sup-norm. Using the contraction property of 1" and 13, which implies that
|T7Jy — TRJ|| < ad and | TJ —TJ,|| < ad, and hence TJ,, < TpJ + adv
and TJ < TJ, 4+ ad v, we have
Tpdy <Tgd +adv <TJ+ (e+ad)v <TJ,+ (e +2ad)v. (2.26)
Since T'J,, < T, J, = J,, this relation yields
Trdy < Ju+ (e 4 2ad) v,

and applying Prop. 2.1.4(b) with u = @, J = Ju, and ¢ = € + 2ad, we
obtain

€+ 2a0
v

Jr < J
msJat 1—«

(2.27)

Using this relation, we have

2a6
Jﬁ = Tﬁ]ﬁ = TE’]H + (Tﬁ]ﬁ — TE’]H) < TﬁJM 4+ 70[(6 +2a )

v,

11—«

where the inequality follows by using Prop. 2.1.3 and Eq. (2.27). Subtract-
ing J* from both sides, we have

200
Jr— J* < Ty — T+ M . (2.28)
—

Also by subtracting J* from both sides of Eq. (2.26), and using the
contraction property

TJ,—J =TJ,—TJ" <alJ,—J | v,
we obtain

Tady—J" <TJy—J" + (e+2ad)v < a|J,— J||v+ (e + 2a0) v.
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Combining this relation with Eq. (2.28), yields

200 200
L2 s (erad)e = all om0+ 220

)

Jp—J" < al|Ju—J | v+

which is equivalent to the desired relation (2.25). Q.E.D.

Proof of Prop. 2.4.3: Applying Prop. 2.4.4, we have

€+ 2ad
1—a’

[Ty = T < all T e = J7) +

which by taking the lim sup of both sides as k — oo yields the desired result.
Q.E.D.

We note that the error bound of Prop. 2.4.3 is tight, as can be shown
with an example from [BeT96], Section 6.2.3. The error bound is com-
parable to the one for approximate VI, derived earlier in Prop. 2.3.2. In
particular, the error [|.J » —J"| is asymptotically proportional to 1/(1—a)?
and to the approximation error in policy evaluation or value iteration, re-
spectively. This is noteworthy, as it indicates that contrary to the case of
exact implementation, approximate PI need not hold a convergence rate
advantage over approximate VI, despite its greater overhead per iteration.

Note that when § = e = 0, Eq. (2.25) yields

er = TN < @l T = Tl

Thus in the case of an infinite state space and/or control space, exact
PI converges at a geometric rate under the contraction and monotonicity
assumptions of this section. This rate is the same as the rate of convergence
of exact VI. It follows that judging solely from the point of view of rate
of convergence estimates, exact PI holds an advantage over exact VI only
when the number of states is finite. This raises the question what happens
when the number of states is finite but very large. However, this question
is not very interesting from a practical point of view, since for a very large
number of states, neither VI or PI can be implemented in practice without
approximations (see the discussion of Section 1.2.4).

2.4.2 Approximate Policy Iteration Where Policies Converge
Generally, the policy sequence {u*} generated by approximate PI may
oscillate between several policies. However, under some circumstances this

sequence may be guaranteed to converge to some [, in the sense that

Pkl =k =7 for some k. (2.29)
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An example arises when the policy sequence {p*} is generated by exact PI
applied with a different mapping Hin place of H, but the policy evaluation
and policy improvement error bounds of Eq. (2.23) are satisfied. The map-
ping H may for example correspond to an approximation of the original
problem (as in the aggregation methods of Example 1.2.10; see [Berllc]
and [Ber12a] for further discussion). In this case we can show the following
bound, which is much more favorable than the one of Prop. 2.4.3.

Proposition 2.4.5: (Error Bound for Approximate PI when
Policies Converge) Let the monotonicity and contraction Assump-
tions 2.1.1 and 2.1.2 hold, and assume that the approximate PI algo-
rithm (2.23) terminates with a policy & that satisfies condition (2.29).

Then we have + %06
€ o
Jz—J < . 2.30
1= Tl < S (2:30)

Proof: Let J be the cost function obtained by approximate policy evalu-
ation of 71 [i.e., J = Jg, where k satisfies the condition (2.29)]. Then we

have R ~ R
|J — Jzll <6, | T —TJ|| <e, (2.31)

where the latter inequality holds since we have
| Twd = TJ|| = IT g T = TRl < e,
cf. Eq. (2.23). Using Eq. (2.31) and the fact Jz = TzJz, we have
T = Jall < Tz =TI\ + T T = T | + | T = Jll
=TTz =TI+ TJ = TgJ || + [Tz — Tzl
<allJg = J| +e+all - Jg|
< e+ 2ad.

(2.32)

Using Prop. 2.1.1(d) with J = Jg, we obtain the error bound (2.30).
Q.E.D.

The preceding error bound can be extended to the case where two
successive policies generated by the approximate PI algorithm are “not too
different” rather than being identical. In particular, suppose that p and &
are successive policies, which in addition to

=gl <6 T -Tdl <e
[cf. Eq. (2.23)], also satisfy
1T = T < ¢,
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where ( is some scalar (instead of p = T, which is the case where policies
converge exactly). Then we also have

7T = TpJ| < | TT = Td|| + | Tz = Tud|| < e+,
and by replacing € with € + ¢ and @ with g in Eq. (2.32), we obtain

e+ ¢+ 2ad

11—«

A

When ¢ is small enough to be of the order of max{4, e}, this error bound
is comparable to the one for the case where policies converge.

OPTIMISTIC POLICY ITERATION AND M-POLICY
ITERATION

In this section, we discuss some variants of the PI algorithm of the preceding
section, where the policy evaluation

Jup =Typd yk

is approximated by using VI. The most straightforward of these methods is
optimistic PI (also called “modified” PI, see e.g., [Put94]), where a policy
uk is evaluated approximately, using a finite number of VI. Thus, starting
with a function Jo € B(X), we generate sequences {Ji} and {p*} with the
algorithm

Tudi =TTy e =T05Jk k=01, (2.33)

where {my} is a sequence of positive integers (see Fig. 2.5.1, which shows
one iteration of the method where my, = 3). There is no systematic guide-
line for selecting the integers my. Usually their best values are chosen
empirically, and tend to be considerably larger than 1 (in the case where
my = 1 the optimistic PI method coincides with the VI method). The
convergence of this method is discussed in Section 2.5.1.

Variants of optimistic PI include methods with approximations in the
policy evaluation and policy improvement phases (Section 2.5.2), and meth-
ods where the number my, is randomized (Section 2.5.3). An interesting
advantage of the latter methods is that they do not require the monotonic-
ity Assumption 2.1.1 for convergence in problems with a finite number of
policies.

A method that is conceptually similar to the optimistic PI method is
the A\-PI method defined by

Twdi=TJy,  Jrp1= Tlgguk, k=0,1,..., (2.34)
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TJo =Ty Jo Ji =T Jo
Approx. Policy Evaluation

Figure 2.5.1 Illustration of optimistic PI in one dimension. In this example, the
policy 0 is evaluated approximately with just three applications of T,0 to yield
J1 = TSO Jo.

where Jy is an initial function in B(X), and for any policy u and scalar
A€ (0,1), T,S)‘) is the multistep mapping defined by

TN =01-NY N, T e B(X),
£=0

(cf. Section 1.2.5). To compare optimistic PT and A-PI, note that they both
involve multiple applications of the VI mapping Tr: a fixed number my,
in the former case, and a geometrically weighted number in the latter case.
In fact, we may view the \-PI iterate T;E;“\)Jk as the expected value of the
optimistic PI iterate T:Z’“ Ik when my, is chosen by a geometric probability
distribution with parameter A.

One of the reasons that make A-PI interesting is its relation with
TD()) and other temporal difference methods on one hand, and the prox-
imal algorithm on the other. In particular, in A\-PI a policy evaluation is
performed with a single iteration of an extrapolated proximal algorithmy;
cf. the discussion of Section 1.2.5 and Exercise 1.2. Thus implementation
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of A-PI can benefit from the rich methodology that has developed around
temporal difference and proximal methods.

Generally the optimistic and A-PI methods have similar convergence
properties. In this section, we focus primarily on optimistic PI, and we
discuss briefly A-PI in Section 2.5.3, where we will prove convergence for a
randomized version. For a convergence proof of \-PI without randomiza-
tion in discounted stochastic optimal control and stochastic shortest path
problems, see the paper [Bel96] and the book [BeT96] (Section 2.3.1).

2.5.1 Convergence of Optimistic Policy Iteration

We will now focus on the optimistic PI algorithm (2.33). The following two
propositions provide its convergence properties.

Proposition 2.5.1: (Convergence of Optimistic PI) Let the
monotonicity and contraction Assumptions 2.1.1 and 2.1.2 hold, and
let {(Jk, pu*¥)} be a sequence generated by the optimistic PI algorithm
(2.33). Then

lim [|J; — J*|| =0,

k—o0

and if the number of policies is finite, we have J x = J* for all k
greater than some index k.

Proposition 2.5.2: Let the monotonicity and contraction Assump-
tions 2.1.1 and 2.1.2 hold, together with Assumption 2.4.1, and let
{(Jk,1*)} be a sequence generated by the optimistic PI algorithm
(2.33). Then for every limit point 7 of {u*}, we have Jz = J*.

We develop the proofs of the propositions through four lemmas. The
first lemma collects some properties of monotone weighted sup-norm con-
tractions, variants of which we noted earlier and we restate for convenience.

Lemma 2.5.1: Let W : B(X) — B(X) be a mapping that satisfies
the monotonicity assumption

J<J = WJ<WJ, VJ.JeBX),

and the contraction assumption
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\WJ—-wJ <alJ-J|, v J,J € B(X),
for some « € (0,1).

(a) For all J, J' € B(X) and scalar ¢ > 0, we have

J>J —cv = WJ>WJ — acw. (2.35)

(b) For all J € B(X),c¢>0,and k =0,1,..., we have

ak

J>WJ—cv = WkJ > J" — = cv, (2.36)

—

B
WI>J—cv =  J>Wki—-2

cv, (2.37)

11—«

where J* is the fixed point of W.

Proof: The proof of part (a) follows the one of Prop. 2.1.4(b), while the
proof of part (b) follows the one of Prop. 2.1.4(c). Q.E.D.

Lemma 2.5.2: Let the monotonicity and contraction Assumptions
2.1.1 and 2.1.2 hold, let J € B(X) and ¢ > 0 satisfy

J>TJ—co,

and let ;o € M be such that T,,J =T'J. Then for all £ > 0, we have

(07

TJ>TkJ - cv, (2.38)

11—«

and
ThkJ > T(TEJ) — akcv. (2.39)

Proof: Since J > TJ — cv = T,J — cv, by using Lemma 2.5.1(a) with
W =T; and J' = T,J, we have for all j > 1,

TIJ >Ti T —aicw. (2.40)
By adding this relation over j =1,...,k — 1, we have
g, a—ak a
TJ=T,J >TFJ =) aico=TH] - —cv =T - ——cv,

j=1
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showing Eq. (2.38). From Eq. (2.40) for j = k, we obtain

TET > T T — akev = T, (TET) — akev > T(TET) — akew,
showing Eq. (2.39). Q.E.D.

The next lemma applies to the optimistic PI algorithm (2.33) and
proves a preliminary bound.

Lemma 2.5.3: Let the monotonicity and contraction Assumptions
2.1.1 and 2.1.2 hold, let {(Jk,u*)} be a sequence generated by the
optimistic PI algorithm (2.33), and assume that for some ¢ > 0 we
have

Jo>TJy— co.

Then for all £ > 0,

TJ; + a

. aﬁkcv > Jit1 > TJpq1 — Bryicv, (2.41)

where Sy is the scalar given by

1 if k=0,
Br = {amﬁmmkl k> 0. (2.42)

with mj, 7 =0,1,..., being the integers used in the algorithm (2.33).

Proof: We prove Eq. (2.41) by induction on k, using Lemma 2.5.2. For
k =0, using Eq. (2.38) with J = Jo, p = 0, and k = myo, we have

TJ02J1—1a cv=J — Bocw,

— o 11—«

showing the left-hand side of Eq. (2.41) for £ = 0. Also by Eq. (2.39) with
u = p0 and k = mgp, we have

J>TJ —amocv=TJ; — Bicw.

showing the right-hand side of Eq. (2.41) for k = 0.
Assuming that Eq. (2.41) holds for £k — 1 > 0, we will show that it
holds for k. Indeed, the right-hand side of the induction hypothesis yields

Jy > TJ — Brco.

Using Egs. (2.38) and (2.39) with J = Ji, u = p*, and k = my, we obtain

Tk > Jews = 7=—=Brev,

-«
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and
Jry1 2 Ty — o™k fBrev = T g1 — Brgico,

respectively. This completes the induction. Q.E.D.

The next lemma essentially proves the convergence of the optimistic
PI (Prop. 2.5.1) and provides associated error bounds.

Lemma 2.5.4: Let the monotonicity and contraction Assumptions
2.1.1 and 2.1.2 hold, let {(Jk,u*)} be a sequence generated by the
optimistic PI algorithm (2.33), and let ¢ > 0 be a scalar such that

||J0 — TJ()H <ec. (2.43)
Then for all £ > 0,

E k4 1)ak
@ cv > J, + B chJ*ZJk—(—’—i)a
—« 1l—« 1l—«

Jk + 1 cv, (2.44)

where By, is defined by Eq. (2.42).

Proof: Using the relation Jy > T'Jo—cv [cf. Eq. (2.43)] and Lemma 2.5.3,
we have

Jp > TJ, — Brcv, k=0,1,....
Using this relation in Lemma 2.5.1(b) with W =T and k = 0, we obtain
Br
-«

which together with the fact o > (i, shows the left-hand side of Eq.
(2.44).

Using the relation T'Jy > Jo —cv [cf. Eq. (2.43)] and Lemma 2.5.1(b)
with W =T, we have

Je > J —

cv,

ak

J>TkJy — 7 cwv, k=0,1,.... (2.45)

Using again the relation Jo > T'Jy — cv in conjunction with Lemma 2.5.3,
we also have

« .
TJjZJjJ,_l—mﬁjCU, 7=0,...,k—1.

Applying T*=i=1 to both sides of this inequality and using the monotonicity
and contraction properties of Tk=i~1 we obtain

ak=i

Tk=3J; > Tk=i=1J;41 — Bjcv, 7=0,...,k—1,

l1—«
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cf. Lemma 2.5.1(a). By adding this relation over j = 0,...,k—1, and using
the fact §; < ad, it follows that

. Rl ogk-i kak
> _ J — — . .
Tk Jy > J, jgzol_aa cv=J, 1_acv (2.46)

Finally, by combining Egs. (2.45) and (2.46), we obtain the right-hand side
of Eq. (2.44). Q.E.D.

Proof of Props. 2.5.1 and 2.5.2: Let ¢ be a scalar satisfying Eq. (2.43).
Then the error bounds (2.44) show that limy_,o ||Jx —J || = 0, i.e., the first
part of Prop. 2.5.1. To show the second part (finite termination when the

number of policies is finite), let M be the finite set of nonoptimal policies.
Then there exists € > 0 such that ||7;J* — T J"|| > € for all i € M, which
implies that ||T;Ji — T Jg|| > € for all i € M and k sufficiently large. This

implies that uk ¢ M for all k sufficiently large. The proof of Prop. 2.5.2
follows using the compactness and continuity Assumption 2.4.1, and the
convergence argument of Prop. 2.4.2. Q.E.D.

Convergence Rate Issues

Let us consider the convergence rate bounds of Lemma 2.5.4 for optimistic
PI, and write them in the form

k 1 k mo—+-tmpy_q
[Jo=Tdl <ec = Jp— MG’U <J < J + 04701)'
l-a -«
(2.47)
We may contrast these bounds with the ones for VI, where
k k
|Jo—To|| <c = ThJo— 10‘ cv < JP< TRy + la cv (2.48)
-« -«

[cf. Prop. 2.1.4(c)].

In comparing the bounds (2.47) and (2.48), we should also take into
account the associated overhead for a single iteration of each method: op-
timistic PI requires at iteration k a single application of T" and my — 1
applications of T x (each being less time-consuming than an application of
T'), while VI requires a single application of T'. It can then be seen that the
upper bound for optimistic PI is better than the one for VI (same bound
for less overhead), while the lower bound for optimistic PI is worse than the
one for VI (worse bound for more overhead). This suggests that the choice
of the initial condition Jy is important in optimistic PI, and in particular
it is preferable to have Jo > T'Jy (implying convergence to J* from above)
rather than Jo < T'Jp (implying convergence to J* from below). This is
consistent with the results of other works, which indicate that the conver-
gence properties of the method are fragile when the condition Jy > T Jy
does not hold (see [WiB93], [BeT96], [BeY10], [BeY12], [YuB13a]).
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2.5.2 Approximate Optimistic Policy Iteration

We will now derive error bounds for the case where the policy evaluation
and policy improvement operations are approximate, similar to the nonop-
timistic PI case of Section 2.4.1. In particular, we consider a method that
generates a sequence of policies {#} and a corresponding sequence of ap-
proximate cost functions {J;} satisfying

e =T k| <6, T Je =Tl <6 k=0,1,..., (249)

[cf. Eq. (2.23)]. For example, we may compute (perhaps approximately,
by simulation) the values (T:]zk Jr—1)(x) for a subset of states x, and use a
least squares fit of these values to select Ji from some parametric class of
functions.

We will prove the same error bound as for the nonoptimistic case, cf.
Eq. (2.24). However, for this we will need the following condition, which
is stronger than the contraction and monotonicity conditions that we have
been using so far.

Assumption 2.5.1: (Semilinear Monotonic Contraction) For
all J € B(X) and p € M, the functions T,,J and T'J belong to B(X).
Furthermore, for some a € (0,1), we have for all J, J’ € B(X), u € M,
and z € X,

@I)E) - GI)@) | T6) - T)

G s Ao (2.50)

This assumption implies both the monotonicity and contraction As-
sumptions 2.1.1 and 2.1.2, as can be easily verified. Moreover the assump-
tion is satisfied in the discounted DP examples of Section 1.2, as well as
the stochastic shortest path problem of Example 1.2.6. It holds if 7}, is a
linear mapping involving a matrix with nonnegative components that has
spectral radius less than 1 (or more generally if T}, is the minimum or the
maximum of a finite number of such linear mappings).

For any function y € B(X), let us use the notation

o 1)
M(y) = sup -

Then the condition (2.50) can be written for all J, J’ € B(X), and p € M
as
M(T,J — T,J") < aM(J — J7), (2.51)
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and also implies the following multistep versions, for £ > 1,
T =TT < at!M(J — J ), M(TJ—TE)) <atM(J—J), (2.52)

which can be proved by induction using Eq. (2.51). We have the following
proposition.

Proposition 2.5.3: (Error Bound for Optimistic Approximate
PI) Let Assumption 2.5.1 hold, in addition to the monotonicity and
contraction Assumptions 2.1.1 and 2.1.2. Then the sequence {u*}
generated by the optimistic approximate PI algorithm (2.49) satisfies

€+ 2ad
(1-a)?

limsup || J,& — J*|| <
k— o0

Proof: Let us fix k£ > 1, and for simplicity let us assume that mj; = m for
some m, and denote

l:Jk—lu J:JkH M:Mka ﬂ:uk+17

s=Ju—Tpd, s=Jy—TrJ, t=TpJ—J, {=T0J—J".

We have
Jy—=J =J, =T J+ T —J =s+t. (2.53)

We will derive recursive relations for s and ¢, which will also involve the
residual functions

r=T,J —J, F=TJ —J.
We first obtain a relation between r and 7. We have

F=TpJ —J
= (ThJ = T,J) + (T, J — J)
< (Tpd = TJ) + (Tud = Tu(Ti" ) + (Ti L — J) + (T (Tyd) — T )
<ev+aM(J =T+ v+ amM(T,J — J)v

< (e+d)v+ adv + amM(r)v,

where the first inequality follows from Tj;J > T'J, and the second and third
inequalities follow from Egs. (2.49) and (2.52). From this relation we have

M(F) < (e+ (14 a)d) + BM(r),
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where 8 = a™. Taking limsup as k — oo in this relation, we obtain

lim sup M (r) < M.

msu -5 (2.54)

Next we derive a relation between s and r. We have

s=J, =TI J
=T, — T
<amM(J,—J)v

am

M(T,J —
DN (T = J)v

IN

where the first inequality follows from Eq. (2.52) and the second inequality
follows by using Prop. 2.1.4(b). Thus we have M(s) < %M(T), from
which by taking lim sup of both sides and using Eq. (2.54), we obtain

limsup M(s) < Plet(1+a))

msup M(s) < =05 (2.55)

Finally we derive a relation between t, t, and r. We first note that

TJ-TJ <aM(J—-J"w
=aM(J-TPJ+TJ —J )
<aM(J =T )v+aM(T;*] — J )
< adv + aM (t)v.

Using this relation, and Eqs. (2.49) and (2.52), we have
t=TrJ—J"

=(TJ =T ')+ + (T2 — Tad) + (Tpd = TJ) + (TJ —TJ")

<(am=l 4. 4+ a)M(Tpd — J)v + ev + adv + aM (t)v,

so finally
oa—am

l1—«

M) < M(7) + (e + ad) + aM (1).

By taking limsup of both sides and using Eq. (2.54), it follows that

) (a=B)(e+(1+a)) e+ad
RPN T T

(2.56)
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We now combine Eqgs. (2.53), (2.55), and (2.56). We obtain

limsup M (J,x — J*) < limsup M (s) + limsup M (t)

k—oo k—o0 k—o00
Ble+(1+a)d) (a—B)(e+(1+a)d) e+ad
T l-1-5) (1—a)2(1-5) 1—a
(ﬂ(l—oz)+(a—[3))(e—|—(1+a)5)+6+a5

= ap(-5) —a
_ale+(1+a)y)  e+asd
B (1-a)? 1-—«
e+ 2ad
(-

This proves the result, since in view of J , > J*, we have M (J, & — J*) =
17— J*|l. Q.E.D.

A remarkable fact is that approximate VI, approximate PI, and ap-
proximate optimistic PI have very similar error bounds (cf. Props. 2.3.2,
2.4.3, and 2.5.3). Approximate VI has a slightly better bound, but insignif-
icantly so in practical terms. When approximate PI produces a convergent
sequence of policies, the associated error bound is much better (cf. Prop.
2.4.5). However, special conditions are needed for convergence of policies
in approximate PI. These conditions are fulfilled in some cases, notably
including schemes where aggregation is used for policy evaluation (cf. Sec-
tion 1.2.4). In other cases, including some where the projected equation
is used for policy evaluation, approximate PI (both optimistic and nonop-
timistic) will typically generate a cycle of policies satisfying the bound of
Prop. 2.4.3; see Section 3.6 of the PI survey paper [Berllc], or Chapter 6
of the book [Ber12a].

2.5.3 Randomized Optimistic Policy Iteration

We will now consider a randomized version of the optimistic PI algorithm
where the number my of VI iterations in the kth policy evaluation is ran-
dom, while the monotonicity assumption need not hold. We assume, how-
ever, that each policy mapping is a contraction in a suitable space, that
the number of policies is finite, and that my = 1 with positive probability
(these assumptions can be modified and/or generalized in ways suggested
by the subsequent line of proof). In particular, for each positive integer j,
we have a probability p(j) > 0, where

p1)>0, S pl)=1.
j=1
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We consider the algorithm

Tk =TIk, Jr+1 ZTS;szk, k=0,1,..., (2.57)
where my, is chosen randomly according to the distribution p(j),

P(mg =j) = p(j), j=12.... (2.58)

The selection of my, is independent of previous selections. We will assume
the following.

Assumption 2.5.2: Let || - || be a norm on some complete space of
real-valued functions over X, denoted F(X), and assume the following.

(a) The set of policies M is finite.

(b) The mappings T, u € M, and T are contraction mappings from
F(X) into F(X).

The preceding assumption requires that the number of policies is
finite, but does not require any monotonicity condition (cf. Assumption
2.1.1), while its contraction condition (b) is weaker than the contraction
Assumption 2.1.2 since F(X) is a general complete normed space, not nec-
essarily B(X). This flexibility may be useful in algorithms that involve
cost function approximation within a subspace of basis functions. For such
algorithms, however, T" does not necessarily have a unique fixed point, as
discussed in Section 1.2.4. By contrast since F(X) is assumed complete,
Assumption 2.5.2 implies that 7}, and 7" have unique fixed points, which
we denote by J,, and J*, respectively.

An important preliminary fact (which relies on the finiteness of M)
is given in the following proposition. The proposition implies that near J*
the generated policies p* are “optimal” in the sense that Jp=J *, so the
algorithm does not tend to cycle. t

Proposition 2.5.4: Let Assumption 2.5.2 hold, and let M* be the
subset of all u € M such that T,,J* = T'J*. Then for all u € M*, we
have J, = J*. Moreover, there exists an € > 0 such that for all J with
|J — J*|| < € we have T,,J = TJ only if u € M*.

Proof: If p € M*, we have T,,J" = T'J* = J*. Thus J" is the unique
fixed point J,, of T},, and we have J, = J".

1 Note that without monotonicity, J* need not have any formal optimality
properties (cf. the discussion of Section 2.1 and Example 2.1.1).
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To prove the second assertion, we argue by contradiction, so we as-

sume that there exist a sequence of scalars {e;} and a sequence of policies
{p*} such that e, | 0 and

/Lk¢M*, T#kaZTJk, ||Jk—J*||<6k, VE=0,1,....
Since M is finite, we may assume without loss of generality that for some
o ¢ M*, we have p* =T for all k, so from the preceding relation we have

TﬁJkZTJk, ||Jk—J*||<€k, VE=0,1,....
Thus ||Jg — J|| = 0, and by the contraction Assumption 2.5.2(b), we have
| Tz dy — Tz J"|| = 0, \TJ, —TJ"| — 0.

Since TizJy, = T'Jj, the limits of {TzJi} and {T'J} are equal, i.e., TzJ" =
TJ* = J*. Since Jg is the unique fixed point of T over F(X), it follows
that Jz = J*, contradicting the earlier hypothesis that 7 ¢ M*. Q.E.D.

The preceding proof illustrates the key idea of the randomized opti-
mistic PI algorithm, which is that for 4 € M*, the mappings T},"* have a
common fixed point that is equal to J*, the fixed point of 7. Thus within
a distance € from J*, the iterates (2.57) aim consistently at J*. Moreover,
because the probability of a VI (an iteration with my = 1) is positive, the
algorithm is guaranteed to eventually come within e from J* through a
sufficiently long sequence of contiguous VI iterations. For this we need the
sequence {Ji} to be bounded, which will be shown as part of the proof of
the following proposition.

Proposition 2.5.5: Let Assumption 2.5.2 hold. Then for any start-
ing point Jo € F(X), a sequence {J;} generated by the randomized
optimistic PI algorithm (2.57)-(2.58) belongs to F(X) and converges
to J* with probability one.

Proof: We will show that {J;} is bounded by showing that for all k, we
have

1
Je — J|| < pk Jo— Ju| + —— Jo—Jl, (259
max [[Jx = Jul| < p* max|.Jo u”"’l_pugl,?f\/l”u wlls (2.59)

where p is a common contraction modulus of T),, 4 € M, and T'. Indeed,
we have for all p € M
1T = Jull < N = Ty | 4 1 =1 = il
= 17355 Tt = Tyra |+ 1 em1 = T
< pet | ey = T |4 | p-1 — T

< pME—1 Ji_ 1 — J J,—J
<p PTLIéaMXH k—1 u||+ugl,%>§w|| w u’”

< Joo1 —J, Jo—J
_pf}g@cll k-1 MII+H}3%>;4II w— Tl
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and finally, for all k,

T — Tl < Toq —J Jo— T
gg}&llk ull_pgleaMXIIkl u||+#51,8é)j4llu Al

From this relation, we obtain Eq. (2.59) by induction.
Thus in conclusion, we have {J;} C D, where D is the bounded set

1
D=4 J—Ju|| < Jo— Jull + —— Ju— Tl b
(7] magg = 2 < e = 2+ 1 mase 1= g0}

We use this fact to argue that with enough contiguous value iterations, i.e.,
iterations where my = 1, J, can be brought arbitrarily close to J*, and
once this happens, the algorithm operates like the ordinary VI algorithm.

Indeed, each time the iteration Jy41 = T'Jy is performed (i.e., when
my = 1), the distance of the iterate Jy, from J* is reduced by a factor p, i.e.,
| Jk+1 — || < pl|Jk — J7||. Since {Ji} belongs to the bounded set D, and
our randomization scheme includes the condition p(1) > 0, the algorithm is
guaranteed (with probability one) to eventually execute a sufficient number
of contiguous iterations Jx41 = T'Ji to enter a sphere

Se={JeFX)||J-J| <€}
of small enough radius € to guarantee that the generated policy u* belongs
to M*, as per Prop. 2.5.4. Once this happens, all subsequent iterations
reduce the distance ||.J, — J*|| by a factor p at every iteration, since

[T g =T\ < pl T T =T < pllJ =T, VueMs, m>1,JeS.

Thus once {J;} enters S, it stays within S. and converges to J*. Q.E.D.

A Randomized Version of A\-Policy Iteration
We now turn to the A\-PI algorithm. Instead of the nonrandomized version
Tpdy=TJk,  Jrs1= TIE;\.)Jk, k=0,1,...,

cf. Eq. (2.34), we consider a randomized version that involves a fixed prob-
ability p € (0,1). It has the form

TJy with probability p,
Ty I =Tk, Trt1 = { T;Q)Jk with probability 1 — p. (2.60)

The idea of the algorithm is similar to the one of the randomized
optimistic PI algorithm (2.57)-(2.58). Under the assumptions of Prop.
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2.5.5, the sequence {J}; } generated by the randomized A-PI algorithm (2.60)
belongs to F(X) and converges to J* with probability one. The reason is
that the contraction property of T, over F(X) with respect to the norm ||-||

implies that T;S)\) is well-defined, and also implies that T;E/\) is a contraction
over F(X). The latter assertion follows from the calculation

||TAE>\)J - J#H =

L= XN NTT = (1= X)) M,
£=0 £=0

S@=N)D M| = )
£=0

< (1= NS NI = g,
=0
= pllT = Tl

where the first inequality follows from the triangle inequality, and the sec-
ond inequality follows from the contraction property of T),. Given that

TﬁA) is a contraction, the proof of Prop. 2.5.5 goes through with mini-
mal changes. The idea again is that {J;} remains bounded, and through
a sufficiently long sequence of contiguous iterations where the iteration
Trp+1 = T Jy is performed, it enters the sphere S¢, and subsequently stays
within Se and converges to J*.

The convergence argument just given suggests that the choice of the
randomization probability p is important. If p is too small, convergence
may be slow because oscillatory behavior may go unchecked for a long
time. On the other hand if p is large, a correspondingly large number of
fixed point iterations xy+1 = T'Jir may be performed, and the hoped for
benefits of the use of the proximal iterations z;41 = T;Q)Jk may be lost.
Adaptive schemes that adjust p based on algorithmic progress may address
this issue. Similarly, the choice of the probability p(1) is significant in the
randomized optimistic PT algorithm (2.57)-(2.58).

ASYNCHRONOUS ALGORITHMS

In this section, we extend further the computational methods of VI and
PI for abstract DP models, by embedding them within an asynchronous
computation framework.

2.6.1 Asynchronous Value Iteration

Each VI of the form given in Section 2.3 applies the mapping 7' defined by

(TJ)(z) = inf H(x,u,J), VrelX,
ueU(x)
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for all states simultaneously, thereby producing the sequence T'J,T2J, ...
starting with some J € B(X). In a more general form of VI, at any one
iteration, J(z) may be updated and replaced by (T'J)(z) only for a subset
of states. An example is the Gauss-Seidel method for the finite-state case,
where at each iteration, J(x) is updated only for a single selected state T
and J(x) is left unchanged for all other states x # T (see [Ber12a]). In that
method the states are taken up for iteration in a cyclic order, but more
complex iteration orders are possible, deterministic as well as randomized.

Methods of the type just described are called asynchronous VI meth-
ods and may be motivated by several considerations such as:

(a) Faster convergence. Generally, computational experience with DP
as well as analysis, have shown that convergence is accelerated by
incorporating the results of VI updates for some states as early as
possible into subsequent VI updates for other states. This is known
as the Gauss-Seidel effect, which is discussed in some detail in the
book [BeT89].

(b) Parallel and distributed asynchronous computation. In this context,
we have several processors, each applying VI for a subset of states, and
communicating the results to other processors (perhaps with some
delay). One objective here may be faster computation by taking
advantage of parallelism. Another objective may be computational
convenience in problems where useful information is generated and
processed locally at geographically dispersed points. An example is
data or sensor network computations, where nodes, gateways, sensors,
and data collection centers collaborate to route and control the flow
of data, using DP or shortest path-type computations.

(¢c) Simulation-based implementations. In simulation-based versions of
VI, iterations at various states are often performed in the order that
the states are generated by some form of simulation.

With these contexts in mind, we introduce a model of asynchronous
distributed solution of abstract fixed point problems of the form J = TJ.
Let R(X) be the set of real-valued functions defined on some given set
X and let T map R(X) into R(X). We consider a partition of X into
disjoint nonempty subsets X, ..., X,,, and a corresponding partition of J
as J = (J1,...,Jm), where Jy is the restriction of J on the set X,. Our
computation framework involves a network of m processors, each updat-
ing corresponding components of J. In a (synchronous) distributed VI
algorithm, processor ¢ updates Jy at iteration ¢ according to

J(2) =T(JE, ... Jh) (2), VeeXy, 0=1,...,m.

Here to accommodate the distributed algorithmic framework and its over-
loaded notation, we will use superscript ¢ to denote iterations/times where
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some (but not all) processors update their corresponding components, re-
serving the index k for computation stages involving all processors, and
also reserving subscript ¢ to denote component/processor index.

In an asynchronous VI algorithm, processor ¢ updates Jy only for ¢ in
a selected subset Ry of iterations, and with components J;, j # ¢, supplied
by other processors with communication “delays” t — 7y;(t),

Tp1 (f) Tom (1) :
Jﬁl(x):{T(Jl N )(x) if1eR, v Xt )

Jé(l‘) ift%Rz, r € Xy.

Communication delays arise naturally in the context of asynchronous dis-
tributed computing systems of the type described in many sources (an
extensive reference is the book [BeT89]). Such systems are interesting for
solution of large DP problems, particularly for methods that are based on
simulation, which is naturally well-suited for distributed computation. On
the other hand, if the entire algorithm is centralized at a single physical
processor, the algorithm (2.61) ordinarily will not involve communication
delays, i.e., 7;(t) =t for all ¢, j, and t.

The simpler case where X is a finite set and each subset X, consists
of a single element ¢ arises often, particularly in the context of simulation.
In this case we may simplify the notation of iteration (2.61) by writing J}
in place of the scalar component Jf(¢), as we do in the following example.

Example 2.6.1 (One-State-at-a-Time Iterations)

Assuming X = {1,...,n}, let us view each state as a processor by itself, so
that X, = {¢}, £=1,...,n. Consider a VI algorithm that executes one-state-
at-a-time, according to some state sequence {:co, z',...}, which is generated

in some way, possibly by simulation. Thus, starting from some initial vector
JO, we generate a sequence {J'}, with J¢ = (Jf,...,J), as follows:

g — T(J, ..., JE) (&) if £ =2,
SR W if £ at,

where T'(J%, ..., J5)(¢) denotes the /-th component of the vector
T, ..., ) =TJ",

and for simplicity we write J; instead of J£(¢). This algorithm is a special
case of iteration (2.61) where the set of times at which J; is updated is

RzZ{t|:Ct=€}7

and there are no communication delays (as in the case where the entire algo-
rithm is centralized at a single physical processor).
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Note also that if X is finite, we can assume without loss of generality
that each state is assigned to a separate processor. The reason is that a
physical processor that updates a group of states may be replaced by a
group of fictitious processors, each assigned to a single state, and updating
their corresponding components of J simultaneously.

We will now discuss the convergence of the asynchronous algorithm
(2.61). To this end we introduce the following assumption.

Assumption 2.6.1: (Continuous Updating and Information
Renewal)

(1) The set of times Ry at which processor ¢ updates Jy is infinite,
foreach £ =1,...,m.

(2) limysoo 7¢(t) =00 for all 4,5 =1,...,m.

Assumption 2.6.1 is natural, and is essential for any kind of conver-
gence result about the algorithm. { In particular, the condition 74, () — oo
guarantees that outdated information about the processor updates will
eventually be purged from the computation. It is also natural to assume
that 74;(t) is monotonically increasing with ¢, but this assumption is not
necessary for the subsequent analysis.

We wish to show that J; — J; for all £, and to this end we employ
the following convergence theorem for totally asynchronous iterations from
the author’s paper [Ber83|, which has served as the basis for the treatment
of totally asynchronous iterations in the book [BeT89] (Chapter 6), and
their application to DP (i.e., VI and PI), and asynchronous gradient-based
optimization. For the statement of the theorem, we say that a sequence
{Jk} C R(X) converges pointwise to J € R(X) if

lim Jk(x) = J(x)
k—oc0
for all z € X.

Proposition 2.6.1 (Asynchronous Convergence Theorem): Let
T have a unique fixed point J*, let Assumption 2.6.1 hold, and assume
that there is a sequence of nonempty subsets {S(k)} C R(X) with

1 Generally, convergent distributed iterative asynchronous algorithms are
classified in totally and partially asynchronous [cf. the book [BeT89] (Chapters
6 and 7), or the more recent survey in the book [Berl6c] (Section 2.5)]. In the
former, there is no bound on the communication delays, while in the latter there
must be a bound (which may be unknown). The algorithms of the present section
are totally asynchronous, as reflected by Assumption 2.6.1.
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S(k+1)Cc S(k), k=0,1,...,

and is such that if {V*} is any sequence with V¥ € S(k), for all k£ > 0,
then {V*} converges pointwise to J*. Assume further the following:

(1) Synchronous Convergence Condition: We have

TJeSk+1), VJeSk), k=0,1,....

(2) Boxz Condition: For all k, S(k) is a Cartesian product of the form
S(k) = S1(k) x -+ x Sm(k),

where Sp(k) is a set of real-valued functions on Xy, £ =1,...,m.

Then for every JO € S(0), the sequence {Jt} generated by the asyn-
chronous algorithm (2.61) converges pointwise to J™.

Proof: To explain the idea of the proof, let us note that the given condi-
tions imply that updating any component Jp, by applying T to a function
J € S(k), while leaving all other components unchanged, yields a function
in S(k). Thus, once enough time passes so that the delays become “irrel-
evant,” then after J enters S(k), it stays within S(k). Moreover, once a
component Jy enters the subset Sp(k) and the delays become “irrelevant,”
Jr gets permanently within the smaller subset Sy(k+1) at the first time that
Jy is iterated on with J € S(k). Once each component J,, £ = 1,...,m,
gets within Sy(k + 1), the entire function J is within S(k + 1) by the Box
Condition. Thus the iterates from S(k) eventually get into S(k + 1) and
so on, and converge pointwise to J* in view of the assumed properties of
{S(k)}-

With this idea in mind, we show by induction that for each k& > 0,
there is a time ¢; such that:

(1) Jt € S(k) for all t > ty.
(2) For all £ and t € Ry with ¢t > ¢, we have

(7@, g ) € (k).

[In words, after some time, all fixed point estimates will be in S(k) and all
estimates used in iteration (2.61) will come from S(k).]

The induction hypothesis is true for k = 0 since JO € S(0). Assuming
it is true for a given k, we will show that there exists a time ¢;4; with the
required properties. For each £ = 1,...,m, let t(¢) be the first element of
R¢ such that ¢(¢) > t. Then by the Synchronous Convergence Condition,
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J = (J1,J2)

$2(0) [sk+1) e TJ::|’ :

51(0)

Figure 2.6.1 Geometric interpretation of the conditions of asynchronous con-
vergence theorem. We have a nested sequence of boxes {S(k)} such that TJ €
S(k+1) for all J € S(k).

we have T'J1(9) € S(k + 1), implying (in view of the Box Condition) that
JHOT € (k4 1).

Similarly, for every ¢ € Ry, t > t(£), we have J,T' € Sy(k + 1). Between
elements of Ry, J} does not change. Thus,

Jbe Sy(k+1), Vi>el)+1.
Let t}, = maxg {¢(¢)} + 1. Then, using the Box Condition we have
JteSk+1), Vix>t.

Finally, since by Assumption 2.6.1, we have 74;(t) — 0o as t — 00, t € Ry,
we can choose a time t;11 > ¢} that is sufficiently large so that 74;(t) > t},
for all ¢, j, and t € Ry with ¢ > tx11. We then have, for all t € Ry
with £ > 41 and j = 1,...,m, J/9“ € §;(k + 1), which (by the Box
Condition) implies that

(J{ﬂ“’, o J:;fm“>) €Sk +1).

The induction is complete. Q.E.D.

Figure 2.6.1 illustrates the assumptions of the preceding convergence
theorem. The challenge in applying the theorem is to identify the set se-
quence {S (k)} and to verify the assumptions of Prop. 2.6.1. In abstract
DP, these assumptions are satisfied in two primary contexts of interest.
The first is when S(k) are weighted sup-norm spheres centered at J*, and
can be used in conjunction with the contraction framework of the preced-
ing section (see the following proposition). The second context is based
on monotonicity conditions. It will be used in Section 3.6 in conjunction
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J1 Iterations

J = (J1, J2)

Jo Iteration

Figure 2.6.2 Geometric interpretation of the mechanism for asynchronous con-
vergence. Iteration on a single component of a function J € S(k), say Jg, keeps J
in S(k), while it moves Jp into the corresponding component Sg(k+1) of S(k+1),
where it remains throughout the subsequent iterations. Once all components Jy
have been iterated on at least once, the iterate is guaranteed to be in S(k + 1).

with semicontractive models for which there is no underlying sup-norm
contraction. It is also relevant to the noncontractive models of Section 4.3
where again there is no underlying contraction. Figure 2.6.2 illustrates the
mechanism by which asynchronous convergence is achieved.

We note a few extensions of the theorem. It is possible to allow T to be
time-varying, so in place of T' we operate with a sequence of mappings Tk,
k=0,1,.... Then if all T} have a common fixed point J*, the conclusion
of the theorem holds (see Exercise 2.2 for a more precise statement). This
extension is useful in some of the algorithms to be discussed later. Another
extension is to allow 7T to have multiple fixed points and introduce an
assumption that roughly says that N ,S(k) is the set of fixed points.
Then the conclusion is that any limit point (in an appropriate sense) of
{Jt} is a fixed point.

We now apply the preceding convergence theorem to the totally asyn-
chronous VI algorithm under the contraction assumption. Note that the
monotonicity Assumption 2.1.1 is not necessary (just like it is not needed
for the synchronous convergence of {T*.J} to J*).

Proposition 2.6.2: Let the contraction Assumption 2.1.2 hold, to-
gether with Assumption 2.6.1. Then if JO € B(X), a sequence {Jt}
generated by the asynchronous VI algorithm (2.61) converges to J*.

Proof: We apply Prop. 2.6.1 with
S(k)y ={J € BX) |||J*k = J|| < ak||JO— J|}, k=0,1,....

Since T is a contraction with modulus «, the synchronous convergence
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condition is satisfied. Since T is a weighted sup-norm contraction, the box
condition is also satisfied, and the result follows. Q.E.D.

2.6.2 Asynchronous Policy Iteration

We will now develop asynchronous PI algorithms that have comparable
properties to the asynchronous VI algorithm of the preceding subsection.
The processors collectively maintain and update an estimate J* of the op-
timal cost function, and an estimate p* of an optimal policy. The local
portions of Jt and p? of processor £ are denoted J} and pf, respectively,
ie., Ji(z) = Jt(z) and pl(z) = pt(z) for all z € X,.

For each processor ¢, there are two disjoint subsets of times Ry, Ry C
{0,1,...}, corresponding to policy improvement and policy evaluation iter-
ations, respectively. At the times t € Ry URy, the local cost function J} of

processor £ is updated using “delayed” local costs JjTZj ®) of other processors
j # £, where 0 < 74;(t) < t. At the times ¢ € Ry (the local policy improve-
ment times), the local policy p} is also updated. For various choices of Ry
and Ry, the algorithm takes the character of VI (when R, = {0,1,...}),
and PI (when R, contains a large number of time indices between succes-
sive elements of Ry). As before, we view t — 74;(t) as a “communication
delay,” and we require Assumption 2.6.1.}

In a natural asynchronous version of optimistic PI, at each time ¢,

each processor ¢ does one of the following:

(a) Local policy improvement: If t € Ry, processor £ sets for all z € Xy,

I () = ugbl&) H (z,u, 72O gpem ), (2.62)
pit ) € arg min H (e, 570, 0 0). (2.63)

(b) Local policy evaluation: If t € Ry, processor £ sets for all x € X,

T @) = H (z, pt (), 770 g ), (2.64)

and leaves i, unchanged, i.e., it (z) = pt(z) for all z € X,.

(¢) No local change: If t ¢ Rp U Re, processor £ leaves J; and g un-
changed, i.e., J{t (z) = Ji(z) and pit! (z) = pt(z) for all x € X,.

Unfortunately, even when implemented without the delays 7¢;(¢), the
preceding PI algorithm is unreliable. The difficulty is that the algorithm

T As earlier in all PI algorithms we assume that the infimum over u € U(x)
in the policy improvement operation is attained, and we write min in place of
inf.
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involves a mix of applications of T" and various mappings 7}, that have dif-
ferent fixed points, so in the absence of some systematic tendency towards
J* there is the possibility of oscillation (see Fig. 2.6.3). While this does
not happen in synchronous versions (cf. Prop. 2.5.1), asynchronous ver-
sions of the algorithm (2.33) may oscillate unless JO satisfies some special
condition (examples of this type of oscillation have been constructed in the
paper [WiB93]; see also [Ber10], which translates an example from [WiB93]
to the notation of the present book).

In this subsection and the next we will develop two distributed asyn-
chronous PI algorithms, each embodying a distinct mechanism that pre-
cludes the oscillatory behavior just described. In the first algorithm, there
is a simple randomization scheme, according to which a policy evaluation
of the form (2.64) is replaced by a policy improvement (2.62)-(2.63) with
some positive probability. In the second algorithm, given in Section 2.6.3,
we introduce a mapping F),, which has a common fixed point property: its
fixed point is related to J* and is the same for all i, so the anomaly illus-
trated in Fig. 2.6.3 cannot occur. The first algorithm is simple but requires
some restrictions, including that the set of policies is finite. The second
algorithm is more sophisticated and does not require this restriction. Both
of these algorithms do not require the monotonicity assumption.

An Optimistic Asynchronous PI Algorithm with Randomization

We introduce a randomization scheme for avoiding oscillatory behavior. It
is defined by a small probability p > 0, according to which a policy evalua-
tion iteration is replaced by a policy improvement iteration with probability
p, independently of the results of past iterations. We model this random-
ization by assuming that before the algorithm is started, we restructure
the sets Ry and R, as follows: we take each element of each set R,, and
with probability p, remove it from R, and add it to R, (independently of
other elements). We will assume the following:

Assumption 2.6.2:
(a) The set of policies M is finite.
(b) There exists an integer B > 0 such that

(ReUR)N{T|t<T<t+B}Y#0, Vt0UL.

(c) There exists an integer B’ > 0 such that

0<t—m,(t)<B, VYt j
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Nonmonotone /v' 7
Optimistic PI ] e (% Monotone
v Optimistic PI

Figure 2.6.3 Illustration of optimistic asynchronous PI under the monotonicity
and the contraction assumptions. When started with J° and u° satisfying

JO>TJ° =T,0J°

the algorithm converges monotonically to J* (see the trajectory on the right).
However, for other initial conditions, there is a possibility for oscillations, since
with changing values of 1, the mappings 7}, have different fixed points and “aim at
different targets” (see the trajectory on the left, which illustrates a cycle between
three policies u, p/, p''). It turns out that such oscillations are not possible when
the algorithm is implemented synchronously (cf. Prop. 2.5.1), but may occur in
asynchronous implementations.

Assumption 2.6.2 guarantees that each processor ¢ will execute at
least one policy evaluation or policy improvement iteration within every
block of B consecutive iterations, and places a bound B’ on the communi-
cation delays. The convergence of the algorithm is shown in the following
proposition.

Proposition 2.6.3: Under the contraction Assumption 2.1.2, and As-
sumptions 2.6.1, and 2.6.2, for the preceding algorithm with random-
ization, we have

lim Jt(z) = J*(x), VazeX,

t—o0

with probability one.

Proof: Let J* and J, be the fixed points of T and T}, respectively, and
denote by M* the set of optimal policies:

Ms={peM|J,=T}={peM|T,J =TJ"}.
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We will show that the algorithm eventually (with probability one) enters
a small neighborhood of J* within which it remains, generates policies in
M*, becomes equivalent to asynchronous VI, and therefore converges to
J* by Prop. 2.6.2. The idea of the proof is twofold; cf. Props. 2.5.4 and
2.5.5.

(1) There exists a small enough weighted sup-norm sphere centered at
J*, call it S*, within which policy improvement generates only poli-
cies in M*, so policy evaluation with such policies as well as policy
improvement keep the algorithm within S* if started there, and re-
duce the weighted sup-norm distance to J*, in view of the contraction
and common fixed point property of 7" and T},, u € M*. This is a
consequence of Prop. 2.3.1 [cf. Eq. (2.16)].

1th probability one, thanks to the randomization device, the algo-
2) With bability thank th domization device, the alg
rithm will eventually enter permanently S* with a policy in M*.

We now establish (1) and (2) in suitably refined form to account for
the presence of delays and asynchronism. As in the proof of Prop. 2.5.5,
we can prove that given JO, we have that {Jt} C D, where D is a bounded
set that depends on J9. We define

Sy ={J | |7~ || < ake},

where ¢ is sufficiently large so that D C S(0). Then J* € D and hence
Jt € S(0) for all ¢.
Let k* be such that

JeS(k*) and T,J=TJ =  peM=* (2.65)

Such a k* exists in view of the finiteness of M and Prop. 2.3.1 [cf. Eq.
(2.16)].

We now claim that with probability one, for any given k£ > 1, J?
will eventually enter S(k) and stay within S(k) for at least B’ additional
consecutive iterations. This is because our randomization scheme is such
that for any ¢ and k, with probability at least p*(B+B") the next k(B + B)
iterations are policy improvements, so that

Jt+k(B+B)—¢ ¢ S(k)

for all &€ with 0 < £ < B’ [if t > B’ — 1, we have Jt=¢ € S(0) for all
with 0 < & < B, so Jt+B+B'=¢ ¢ §(1) for 0 < £ < B, which implies that
JtH2(B+B)=¢ ¢ §(2) for 0 < € < B/, etc].

It follows that with probability one, for some ¢ we will have J7 € S(k*)
for all 7 with # — B/ < 7 < %, as well as ut € M* [cf. Eq. (2.65)]. Based
on property (2.65) and the definition (2.63)-(2.64) of the algorithm, we see
that at the next iteration, we have pt+! € M* and

[T =T < (TP = T < o,
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so Ji+1 € S(k*); this is because in view of JF= J*, and the contraction
property of T" and TM;, we have

|7 (2) — J; ()]
(x)

< allJt = J*|| < ak"+lc, (2.66)

for all z € X, and £ such that ¥ € R, U Ry, while
Jf-i-l(x) = Jf(x)

for all other z. Proceeding similarly, it follows that for all ¢ > # we will
have

Jre S(k*), VYtwitht— B <7<t

as well as pt € M*. Thus, after at most B iterations following ¢ [after all
components J; are updated through policy evaluation or policy improve-
ment at least once so that

[ Jg (@) — I ()]

< a||Jt = J|| < aF +lc,
v(x)

for every i, © € Xy, and some t with t <t <t + B, cf. Eq. (2.66)], Jt will
enter S(k* + 1) permanently, with ut € M* (since ut € M* for all t > ©
as shown earlier). Then, with the same reasoning, after at most another
B’ + B iterations, Jt will enter S(k* + 2) permanently, with ut € M* etc.
Thus Jt will converge to J* with probability one. Q.E.D.

The proof of Prop. 2.6.3 shows that eventually (with probability one
after some iteration) the algorithm will become equivalent to asynchronous
VI (each policy evaluation will produce the same results as a policy im-
provement), while generating optimal policies exclusively. However, the
expected number of iterations for this to happen can be very large. More-
over the proof depends on the set of policies being finite. These observa-
tions raise questions regarding the practical effectiveness of the algorithm.
However, it appears that for many problems the algorithm works well, par-
ticularly when oscillatory behavior is a rare occurrence.

A potentially important issue is the choice of the randomization prob-
ability p. If p is too small, convergence may be slow because oscillatory
behavior may go unchecked for a long time. On the other hand if p is
large, a correspondingly large number of policy improvement iterations
may be performed, and the hoped for benefits of optimistic PI may be lost.
Adaptive schemes which adjust p based on algorithmic progress may be an
interesting possibility for addressing this issue.
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2.6.3 Optimistic Asynchronous Policy Iteration with a Uniform
Fixed Point

We will now discuss another approach to address the convergence difficul-
ties of the “natural” asynchronous PI algorithm (2.62)-(2.64). As illus-
trated in Fig. 2.6.3 in connection with optimistic PI, the mappings 7" and
T,, have different fixed points. As a result, optimistic and distributed PI,
which involve an irregular mixture of applications of T, and 7', do not have
a “consistent target” at which to aim.

With this in mind, we introduce a new mapping that is parametrized
by p and has a common fized point for all p, which in turn yields J*. This
mapping is a weighted sup-norm contraction with modulus «, so it may be
used in conjunction with asynchronous VI and PI. An additional benefit is
that the monotonicity Assumption 2.1.1 is not needed to prove convergence
in the analysis that follows; the contraction Assumption 2.1.2 is sufficient
(see Exercise 2.3 for an application).

The mapping operates on a pair (V, Q) where:

e V is a function with a component V' (z) for each x (in the DP context
it may be viewed as a cost function).

e ( is a function with a component Q(z,u) for each pair (z,u) [in the
DP context Q(x,u), is known as a Q-factor].

The mapping produces a pair

(MF,(V,Q), Fu(V,Q)),

where

e F,(V,Q) is a function with a component F,(V, Q)(x, u) for each (x, u),
defined by
F,(V,Q)(z,u) = H(z,u,min{V,Q.}), (2.67)

where for any () and p, we denote by @Q,, the function of 2 defined by

Q#(x) = Q('rhu’(x))’ reX, (2'68)

and for any two functions V4 and V2 of x, we denote by min{Vj, Va}
the function of x given by

min{ V1, V2}(z) = min {Vi(z), Va(z)}, z e X.

e MF,(V,Q) is a function with a component (MF,(V,Q))(z) for each
x, where M denotes minimization over u, so that

(MF,(V,Q))(x) = ugggﬁ)Fu(V, Q)(x, u). (2.69)



104 Contractive Models Chap. 2

Example 2.6.2 (Asynchronous Optimistic Policy Iteration for
Discounted Finite-State MDP)

Consider the special case of the finite-state discounted MDP of Example 1.2.2.
We have

H(z,u,J) =Y pay(w) (9(z,1,9) + (),

and
Fu(V,Q)(w,u) = H(z,u,min{V, Q,.})

=) pay(u) (9(507 u,y) + amin {V(y), Q(y, u(y))})7

(ME(V, Q) (@) = min > pu(w) (90w, 9) + amin {V (), Qy. nly)} ).

[cf. Egs. (2.67)-(2.69)]. Note that F,,(V,Q) is the mapping that defines Bell-
man’s equation for the Q-factors of a policy p in an optimal stopping problem
where the stopping cost at state y is equal to V (y).

We now consider the mapping G, given by
G#(V,Q) = (MF#(‘/?Q)aF#(VaQ))v (2-70)

and show that it has a uniform contraction property and a corresponding
uniform fixed point. To this end, we introduce the norm

[(V, Q)| = max {|[V]]. |Q] }
in the space of (V, Q), where ||V|| is the weighted sup-norm of V', and ||Q||
is defined by
|Q, u)]

QI = Sup W

zeX,uelU(x)
We have the following proposition.

Proposition 2.6.4: Let the contraction Assumption 2.1.2 hold. Con-
sider the mapping G, defined by Egs. (2.67)-(2.70). Then for all u:

(a) (J*,Q") is the unique fixed point of G,,, where Q™ is defined by

Q" (z,u) = H(z,u,J"), ze X, ueU(x). (2.71)

(b) The following uniform contraction property holds for all (V,Q)
and (V,Q):

HGIJ«(V7Q) - GM(Vac})H < OéH(V,Q) - (V,Q)H
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Proof: (a) Using the definition (2.71) of Q, we have

J(x) = (TJ")(z) = ueigfz)H(x,u,J*) = ueigfz)Q*(:v,u), VrelX,

so that
min {J*(z), Q" (z, u(x)) } = J*(x), VeeX, peM.

Using the definition (2.67) of F),, it follows that F,(J*,Q") = Q" and also
that MF,(J*,Q") = J*, so (J*,Q") is a fixed point of G, for all u. The
uniqueness of this fixed point will follow from the contraction property of
part (b).

(b) We first show that for all (V,Q) and (V,Q), we have

HFM(Vv Q) - FM(Vv Q)H < a|| min{V, QH} - min{vv QH}H

- - (2.72)

<amax {[|V-V], |Q - Ql}.
Indeed, the first inequality follows from the definition (2.67) of F, and
the contraction Assumption 2.1.2. The second inequality follows from a
nonexpansiveness property of the minimization map: for any Ji, Ja, J1,
J 2, we have

| min{J1, Jo} — min{.J1, jQ}H < max {||J; — Jull, || J2 — j2||}, (2.73)
[to see this, write for every x,

; ; I (@)
SmaX{Hjl—J1||,HJ2—J2||}+W, m=1,2,

take the minimum of both sides over m, exchange the roles of J,, and J m,
and take supremum over z]. Here we use the relation (2.73) for J; = V,
Ji =V, and Ja(z) = Q(z, p(x)), Jo(z) = Q(w,u(m)), for all x € X.

We next note that for all Q,Q, t

IMQ ~ MQ|l < [1Q - Ql,

1 For a proof, we write

v(x) vo(x)

VueU(x), z€X,

take infimum of both sides over u € U(z), exchange the roles of @ and Q, and
take supremum over x € X.



106 Contractive Models Chap. 2
which together with Eq. (2.72) yields

max {||MF,(V,Q) — MF,(V,Q)

Fu(V,Q) — Fu(V, Q)| }
<amax {[[V - V|, |Q - Q|},

)

or equivalently ||G,(V,Q) — G.(V, Q)| < of|[(V.Q) - (V,Q)|. Q.E.D.

Because of the uniform contraction property of Prop. 2.6.4(b), a dis-
tributed fixed point iteration, like the VI algorithm of Eq. (2.61), can be
used in conjunction with the mapping (2.70) to generate asynchronously
a sequence {(Vt,Qt)} that is guaranteed to converge to (J*, Q") for any
sequence {ut}. This can be verified using the proof of Prop. 2.6.2 (more
precisely, a proof that closely parallels the one of that proposition); the
mapping (2.70) plays the role of T in Eq. (2.61). f

Asynchronous PI Algorithm

We now describe a PI algorithm, which applies asynchronously the com-
ponents M F,,(V,Q) and F,(V,Q) of the mapping G,.(V, Q) of Eq. (2.70).
The first component is used for local policy improvement and makes a local
update to V and pu, while the second component is used for local policy
evaluation and makes a local update to (). The algorithm draws its validity
from the weighted sup-norm contraction property of Prop. 2.6.4(b) and the
asynchronous convergence theory (Prop. 2.6.2 and Exercise 2.2).

The algorithm is a modification of the “natural” asynchronous PI
algorithm (2.63)-(2.64) [without the “communication delays” ¢ — 7¢,(t)]. It
generates sequences {V*t, Qt, ut}, which will be shown to converge, in the
sense that Vt — J*, Q! — Q. Note that this is not the only distributed
iterative algorithm that can be constructed using the contraction property
of Prop. 2.6.4, because this proposition allows a lot of freedom of choice for
the policy . The paper by Bertsekas and Yu [BeY12] provides an extensive
discussion of alternative possibilities, including stochastic simulation-based
iterative algorithms, and algorithms that involve function approximation.

To define the asynchronous computation framework, we consider again
m processors, a partition of X into sets X1, ..., X,,, and assignment of each
subset Xy to a processor £ € {1,...,m}. For each ¢, there are two infinite
disjoint subsets of times Ry, Ry C {0,1,...}, corresponding to policy im-
provement and policy evaluation iterations, respectively. Each processor
¢ operates on Vt(x), Qt(x,u), and pt(z), only for the states x within its
“local” state space Xy. Moreover, to execute the steps (a) and (b) of the
algorithm, processor ¢ needs only the values Qt (x, ,ut(a:)) of @t [which are

T Because F}, and G, depend on p, which changes as the algorithm pro-
gresses, it is necessary to use a minor extension of the asynchronous convergence
theorem, given in Exercise 2.2, for the convergence proof.
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equal to ta (2); cf. Eq. (2.68)]. In particular, at each time ¢, each processor
¢ does one of the following:

(a) Local policy improvement: If t € Ry, processor ¢ sets for all x € Xy, }

Vitl(z) = Hllji{l)H(x,u,min{Vt,QZt}) = (MF#t(Vt,Qt))(JI),
uelU(x

sets ptt1l(z) to a w that attains the minimum, and leaves @ un-

changed, i.e., Q1 (z,u) = Q(z,u) for all z € Xy and u € U(x).

(b) Local policy evaluation: If t € Ry, processor £ sets for all z € X, and
u e U(x),

QY (z,u) = H(z,u, min{V?, ta}) =F(Vt,Q!)(x,u),

and leaves V and p unchanged, i.e., Vi+l(z) = Vt(z) and pttl(z) =
pt(zx) for all z € X,.

(c) No local change: If t ¢ Ry U Ry, processor £ leaves Q, V, and pu
unchanged, i.e., Q1 (z,u) = Q!(z,u) for all z € X, and u € U(z),
Vitl(z) = Vi(z), and ptti(z) = pt(x) for all x € X,.

Note that while this algorithm does not involve the “communication
delays” t — 74;(t), it can clearly be extended to include them. The reason
is that our asynchronous convergence analysis framework in combination
with the uniform weighted sup-norm contraction property of Prop. 2.6.4
can tolerate the presence of such delays.

Reduced Space Implementation

The preceding PI algorithm may be used for the calculation of both J* and
Q*. However, if the objective is just to calculate J*, a simpler and more
efficient algorithm is possible. To this end, we observe that the preceding
algorithm can be operated so that it does not require the maintenance of
the entire function (. The reason is that the values Q!(z,w) with u #
ut(x) do not appear in the calculations, and hence we need only the values
ta (z) = Q(z, ut(x)), which we store in a function Jt:

Ji(a) = Q. ut(x)).

This observation is the basis for the following algorithm.
At each time ¢ and for each processor £:

(a) Local policy improvement: If t € Ry, processor £ sets for all z € Xy,

Jttl(x) = Vitl(z) = ng? : H (z,u, min{V?, Jt}), (2.74)
uelU(x

T As earlier we assume that the infimum over v € U(z) in the policy im-
provement operation is attained, and we write min in place of inf.
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and sets pft1(z) to a u that attains the minimum.
(b) Local policy evaluation: If t € Ry, processor £ sets for all x € Xy,
Ji+(z) = H (z, pt(x), min{V't, Jt}), (2.75)
and leaves V and p unchanged, i.e., for all x € Xy,

Vitt(z) = Vi(z),  pti(z) = pt(z).

(c) No local change: If t ¢ Ry U Ry, processor £ leaves J, V, and u
unchanged, i.e., for all x € Xy,

() = JH(x), VN (z) = Vi(z), pt(z) = ph(e).

Example 2.6.3 (Asynchronous Optimistic Policy Iteration for
Discounted Finite-State MDP - Continued)

As an illustration of the preceding reduced space implementation, consider
the special case of the finite-state discounted MDP of Example 2.6.2. Here

ZC u, J pry :C u7y)+OéJ(y))7
and the mapping F,(V, Q) given by
(VQ x, U pry ( z U7y)+am1n{v(y)7Q(y7N(y))})v

defines the Q—factors of u in a corresponding stopping problem. In the PI
algorithm (2.74)-(2.75), policy evaluation of p aims to solve this stopping
problem, rather than solve a linear system of equations, as in classical PI. In
particular, the policy evaluation iteration (2.75) is

AN szy (@) (9(a ' (@).9) + amin V'), ')} )

for all + € X,. The policy improvement iteration (2.74) is a VI for the
stopping problem:

I @) =V (@ zug&)zpw (xu7y)+amin{Vt(y)7Jt(y)})7

for all z € X, while the current policy is locally updated by
t+1 : : ¢ ¢
(z) € arg mmx)zpzy(U) (g(rc,% y) + amin {V*(y), J (y)}),

for all z € X,. The “stopping cost” V'(y) is the most recent cost value,
obtained by local policy improvement at y.
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Example 2.6.4 (Asynchronous Optimistic Policy Iteration for
Minimax Problems and Dynamic Games)

Consider the optimistic PI algorithm (2.74)-(2.75) for the case of the minimax
problem of Example 1.2.5 of Chapter 1, where

Hizu )= swp l9e,u,w) + 0 (f @0, w) |.

Then the local policy evaluation step [cf. Eq. (2.75)] is written as

T@) = sw [g(wat@),w)
wEW (z,ut (z))

+amin {V*(f(z.p' (@), 0)), J* (S ' (@), w)) }) |
The local policy improvement step [cf. Eq. (2.74)] takes the form

JNz) =V (z) = min  sup [g(axu7 w)
ueU(z) weW (z,u)

+ amin{Vt(f(:c7u7w))7Jt(f(m7u7w)) }}7

and sets p'T'(2) to a u that attains the minimum.

Similarly for the discounted dynamic game problem of Example 1.2.4 of
Chapter 1, a local policy evaluation step [cf. Eq. (2.75)] consists of a local VI
for the maximizer’s DP problem assuming a fixed policy for the minimizer,
and a stopping cost V* as per Eq. (2.75). A local policy improvement step [cf.
Eq. (2.74)] at state = consists of the solution of a static game with a payoff
matrix that also involves min{V*, J} in place of J*, as per Eq. (2.74).

A Variant with Interpolation

While the use of min{V* Jt} (rather than J!) in Eq. (2.75) provides a
convergence enforcement mechanism for the algorithm, it may also become
a source of inefliciency, particularly when V*(z) approaches its limit J*(x)
from lower values for many x. Then Jtt1(x) is set to a lower value than

the iterate R
Ji+i(z) = H(z, pt(z), Jt), (2.76)

given by the “standard” policy evaluation iteration, and in some cases this
may slow down the algorithm.

A possible way to address this is to use an algorithmic variation that
modifies appropriately Eq. (2.75), using interpolation with a parameter
v € (0,1], with ¢ — 0. In particular, for t € Ry and = € X/, we calculate
the values Jt+1(x) and Jt+1(z) given by Eqs. (2.75) and (2.76), and if

JtH1(z) < JtH1(z), (2.77)
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we reset Ji+1(z) to
(1= 7)Y (@) + 7o+ (). (2.78)

The idea of the algorithm is to aim for a larger value of Jt+1(z) when
the condition (2.77) holds. Asymptotically, as y; — 0, the iteration (2.77)-
(2.78) becomes identical to the convergent update (2.75). For a detailed
analysis we refer to the paper by Bertsekas and Yu [BeY10].

NOTES, SOURCES, AND EXERCISES

Section 2.1: The contractive DP model of this section was first studied
systematically by Denardo [Den67], who assumed an unweighted sup-norm,
proved the basic results of Section 2.1, and described some of their appli-
cations. In this section, we have extended the analysis of [Den67] to the
case of weighted sup-norm contractions.

Section 2.2: The abstraction of the computational methodology for finite-
state discounted MDP within the broader framework of weighted sup-norm
contractions and an infinite state space (Sections 2.2-2.6) follows the au-
thor’s survey [Ber12b], and relies on several earlier analyses that use more
specialized assumptions.

Section 2.3: The multistep error bound of Prop. 2.2.2 is based on Scher-
rer [Sch12], which explores periodic policies in approximate VI and PI in
finite-state discounted MDP (see also Scherrer and Lesner [ShL12], who
give an example showing that the bound for approximate VI of Prop. 2.3.2
is essentially sharp for discounted finite-state MDP). For a related discus-
sion of approximate VI, including the error amplification phenomenon of
Example 2.3.1, and associated error bounds, see de Farias and Van Roy
[DEV00].

Section 2.4: The error bound of Prop. 2.4.3 extends a standard bound for
finite-state discounted MDP, derived by Bertsekas and Tsitsiklis [BeT96]
(Section 6.2.2), and shown to be tight by an example.

Section 2.5: Optimistic PI has received a lot of attention in the literature,
particularly for finite-state discounted MDP, and it is generally thought to
be computationally more efficient in practice than ordinary PI (see e.g.,
Puterman [Put94], who refers to the method as “modified PI”). The con-
vergence analysis of the synchronous optimistic PI (Section 2.5.1) follows
Rothblum [Rot79], who considered the case of an unweighted sup-norm
(v = e); see also Canbolat and Rothblum [CaR13]. The error bound for
optimistic PI (Section 2.5.2) is due to Thierry and Scherrer [ThS10b], which
was given for the case of a finite-state discounted MDP. We follow closely
their line of proof. Related error bounds and analysis are given by Scherrer
[Sch11].
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The A-PI method [cf. Eq. (2.34)] was introduced by Bertsekas and
Toffe [Bel96], and was also presented in the book [BeT96], Section 2.3.1. It
is the basis of the LSPE(\) policy evaluation method, described by Nedié
and Bertsekas [NeB03], and by Bertsekas, Borkar, and Nedi¢ [BBNO04]. It
was studied further in approximate DP contexts by Thierry and Scherrer
[ThS10a], Bertsekas [Berllb], and Scherrer [Sch1l]. An extension of A-PI,
called A-PI, uses a different parameter \; for each state 7, and is discussed
in Section 5 of the paper by Yu and Bertsekas [YuB12]. Based on the
discussion of Section 1.2.5 and Exercise 1.2, A-PI may be viewed as a
diagonally scaled version of the proximal algorithm, i.e., one that uses a
different penalty parameter for each proximal term.

When the state and control spaces are finite, and cost approximation
over a subspace {®r | r € 5} is used (cf. Section 1.2.4), a prominent
approximate PI approach is to replace the exact policy evaluation equation

Sk =T kd k
with an approximate version of the form
Dry, = WTMk(‘I)rk), (2.79)

where W is some n X n matrix whose range space is the subspace spanned
by the columns of ®, where n is the number of states. For example the
projected and aggregation equations, described in Section 1.2.4, have this
form. The next policy pk+1 is obtained using the policy improvement
equation

Tﬂk+1 (CI)T;.C) = T(CI)Tk). (2.80)

A critical issue for the validity of such a method is whether the ap-
proximate Bellman equations

Or = WT(Pr)

and
Or =WT,(Pr), peM,

have a unique solution. This is true if the composite mappings W o T
and W o T, are contractions over R”. In particular, in the case of an
aggregation equation, where W = ® D, the rows of ® and D are probability
distributions, and T},, 4 € M, are monotone sup-norm contractions, the
mappings W o T and W o T}, are also monotone sup-norm contractions.
However, in other cases, including when policy evaluation is done using
the projected equation, W o T' need not be monotone or be a contraction
of any kind, and the approximate PI algorithm (2.79)-(2.80) may lead to
systematic oscillations, involving cycles of policies (see related discussions
in [BeT96], [Berllc], and [Berl2a]). This phenomenon has been known
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since the early days of approximate DP ([Ber96] and the book [BeT96]),
but its practical implications have not been fully assessed. Generally, the
line of analysis of Section 2.5.3, which does not require monotonicity or sup-
norm contraction properties of the composite mappings WoT and WoT,,
can be applied to the approximate PI algorithm (2.79)-(2.80), but only in
the case where these mappings are contractions over ®* with respect to a
common norm || - ||; see Exercise 2.6 for further discussion.

Section 2.6: Asynchronous VI (Section 2.6.1) for finite-state discounted
MDP and games, shortest path problems, and abstract DP models, was
proposed in the author’s paper on distributed DP [Ber82]. The asyn-
chronous convergence theorem (Prop. 2.6.1) was first given in the author’s
paper [Ber83], where it was applied to a variety of algorithms, including
VI for discounted and undiscounted DP, and gradient methods for uncon-
strained optimization (see also Bertsekas and Tsitsiklis [BeT89], where a
textbook account is presented). The key convergence mechanism, which
underlies the proof of Prop. 2.6.1, is that while the algorithm iterates asyn-
chronously on the components J; of J, an iteration with any one com-
ponent does not impede the progress made by iterations with the other
components, thanks to the box condition. At the same time, progress to-
wards the solution is continuing thanks to the synchronous convergence
condition.

Earlier references on distributed asynchronous iterative algorithms in-
clude the work of Chazan and Miranker [ChM69] on Gauss-Seidel methods
for solving linear systems of equations (who attributed the original algo-
rithmic idea to Rosenfeld [Ros67]), and also Baudet [Bau78] on sup-norm
contractive iterations. We refer to [BeT89] for detailed references.

Asynchronous algorithms have also been studied and applied to simu-
lation-based DP, particularly in the context of Q-learning, first proposed
by Watkins [Wat89], which may be viewed as a stochastic version of VI,
and is a central algorithmic concept in approximate DP and reinforcement
learning. Two principal approaches for the convergence analysis of asyn-
chronous stochastic algorithms have been suggested.

The first approach, initiated in the paper by Tsitsiklis [Tsi94], con-
siders the totally asynchronous computation of fixed points of abstract
sup-norm contractive mappings and monotone mappings, which are de-
fined in terms of an expected value. The algorithm of [Tsi94] contains as
special cases Q-learning algorithms for finite-spaces discounted MDP and
SSP problems. The analysis of [Tsi94] shares some ideas with the theory
of Section 2.6.1, and also relies on the theory of stochastic approximation
methods. For a subsequent analysis of the convergence of Q-learning for
SSP, which addresses the issue of boundedness of the iterates, we refer to
Yu and Bertsekas [YuB13b].

The second approach, treats asynchronous algorithms of the stochas-
tic approximation type under some restrictions on the size of the communi-
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cation delays or on the time between consecutive updates of a typical com-
ponent. This approach was initiated in the paper by Tsitsiklis, Bertsekas,
and Athans [TBA86], and was also developed in the book by Bertsekas
and Tsitsiklis [BeT89] for stochastic gradient optimization methods. A re-
lated analysis that uses the ODE approach for more general fixed point
problems was given in the paper by Borkar [Bor98], and was refined in
the papers by Abounadi, Bertsekas, and Borkar [ABB02], and Borkar and
Meyn [BoM00], which also considered applications to Q-learning. We refer
to the monograph by Borkar [Bor08] for a more comprehensive discussion.

The convergence of asynchronous PI for finite-state discounted MDP
under the condition

JO > T,0.J0

was shown by Williams and Baird [WiB93], who also gave examples show-
ing that without this condition, cycling of the algorithm may occur. The
asynchronous PI algorithm with a uniform fixed point (Section 2.6.3) was
introduced in the papers by Bertsekas and Yu [BeY10], [BeY12], [YuB13a],
in order to address this difficulty. Our analysis follows the analysis of these
papers.

In addition to resolving the asynchronous convergence issue, the asyn-
chronous PI algorithm of Section 2.6.3, obviates the need for minimization
over all controls at every iteration (this is the generic computational ef-
ficiency advantage that optimistic PI typically holds over VI). Moreover,
the algorithm admits a number of variations thanks to the fact that Prop.
2.6.4 asserts the contraction property of the mapping G|, for all p. This
can be used to prove convergence in variants of the algorithm where the
policy pt is updated more or less arbitrarily, with the aim to promote some
objective. We refer to the paper [BeY12], which also derives related asyn-
chronous simulation-based Q-learning algorithms with and without cost
function approximation, where ut is replaced by a randomized policy to
enhance exploration.

The randomized asynchronous optimistic PI algorithm of Section
2.6.2, introduced in the first edition of this book, also resolves the asyn-
chronous convergence issue. The fact that this algorithm does not require
the monotonicity assumption may be useful in nonDP algorithmic contexts
(see [Ber1l6b] and Exercise 2.6).

In addition to discounted stochastic optimal control, the results of this
chapter find application in the context of the stochastic shortest path prob-
lem of Example 1.2.6, when all policies are proper. Then, under some addi-
tional assumptions, it can be shown that 7" and T}, are weighted sup-norm
contractions with respect to a special norm. It follows that the analysis and
algorithms of this chapter apply in this case. For a detailed discussion, we
refer to the monograph [BeT96] and the survey [Berl2b]. For extensions
to the case of countable state space, see the textbook [Berl2a], Section 3.6,
and Hinderer and Waldmann [HiWO05].
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EXERCISES

2.1 (Periodic Policies)

Consider the multistep mappings T, = o " Ty 1> V € Muy, defined in Exer-
cise 1.1 of Chapter 1, where M, is the set of m-tuples v = (uo, ..., thm—1), with
pue € M, k=1,...,m—1, and m is a positive integer. Assume that the mappings
T,, satisfy the monotonicity and contraction Assumptions 2.1.1 and 2.1.2, so that
the same is true for the mappings T, (with the contraction modulus of T, being
a™, cf. Exercise 1.1).

(a)

(b)

Show that the unique fixed point of T, is J, where 7 is the nonstationary
but periodic policy ™ = {fo, .-+ fhm—15 L0y -« y frmn—1,- - - }-
Show that the multistep mappings T - Tppy—1> Lug = Loy 1 Lo -+ -

Typy—1Tug -+ * T, o, have unique corresponding fixed points Jo, J1,.. .,

Jm—1, which satisfy
Jo=TpgJr, i =Ty J2, oo s T 0 =Ty o Jum—1> Jum—1 = Lpipy_1Jo-
Hint: Apply T}, to the fixed point relation

Ji=Tyy T,

Km—1

Tuo Ty

to show that T}, J1 is the fixed point of T}, --- T}, 4, i.e., is equal to Jo.
Similarly, apply 7., to the fixed point relation

Jo =Ty T,

Km—1

Tyo Ty, J2,

to show that 7)., Jo is the fixed point of T}, - T}, Ty, etc.

Solution: (a) Let us define

. =k . =1 / . =k /
Jo= lim T,J, Ji= lim T,(Ty,J), --., Jm—1 = lim T, (T, --T, J),
0T mn T T v(Tuo ") 10 (T wm—2)
where J' is some function in B(X). Since T,,js a contraction mapping, Jo, ..., Jm—1
are all equal to the unique fixed point of T',. Since Jy,...,Jm—1 are all equal,
they are also equal to Jr (by the definition of Jr). Thus Jx is the unique fixed

point of T',.

(b) Follow the hint.
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2.2 (Asynchronous Convergence Theorem for Time-Varying
Maps)

In reference to the framework of Section 2.6.1, let {T}} be a sequence of mappings
from R(X) to R(X) that have a common unique fixed point J*, let Assumption
2.6.1 hold, and assume that there is a sequence of nonempty subsets {S (k)} C
R(X) with S(k+ 1) C S(k) for all k, and with the following properties:

(1) Synchronous Convergence Condition: Every sequence {J*} with J* € S(k)
for each k, converges pointwise to J*. Moreover, we have

T;J € S(k+1), vV JeSk), k,t=0,1,....

(2) Boz Condition: For all k, S(k) is a Cartesian product of the form
S(k) = S1(k) x -+ x Sm(k),

where S¢(k) is a set of real-valued functions on X, £=1,...,m.

Then for every J° € S(0), the sequence {J'} generated by the asynchronous
algorithm

it (z) = T, g DY) it e Re, @€ X,
‘ Jt(z) if t ¢ Re, z € Xo,

[cf. Eq. (2.61)] converges pointwise to J*.

Solution: A straightforward adaptation of the proof of Prop. 2.6.1.

2.3 (Nonmonotonic Contractive Models — Fixed Points of
Concave Sup-Norm Contractions [Berl6b))

The purpose of this exercise is to make a connection between our abstract DP
model and the problem of finding the fixed point of a (not necessarily monotone)
mapping that is a sup-norm contraction and has concave components. Let T :
R — R"™ be a real-valued function whose n scalar components are concave. Then
the components of T' can be represented as

(TJ)(x) :ueirl}fm{F(az,u)—J/u}, x=1,...,n, (2.81)

where u € R", J'u denotes the inner product of J and u, F(z,-) is the conju-
gate convex function of the convex function —(7'J)(x), and U(z) = {u e R |
F(z,u) < oo} is the effective domain of F(z,-) (for the definition of these terms,
we refer to books on convex analysis, such as [Roc70] and [Ber09]). Assuming
that the infimum in Eq. (2.81) is attained for all z, show how the VI algorithm of
Section 2.6.1 and the PI algorithm of Section 2.6.3 can be used to find the fixed
point of T in the case where T is a sup-norm contraction, but not necessarily
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monotone. Note: For algorithms that relate to the context of this exercise and
are inspired by approximate PI, see [Ber16b], [Ber18c|.

Solution: The analysis of Sections 2.6.1 and 2.6.3 does not require monotonicity
of the mapping T}, given by

(T,J)(@) = F (2, p(@)) - T'n(a).

2.4 (Discounted Problems with Unbounded Cost per Stage)

Consider a countable-state MDP, where X = {1,2,...}, the discount factor is
a € (0,1), the transition probabilities are denoted pyy(u) for z,y € X and
u € U(z), and the expected cost per stage is denoted by g(z,u), z € X, u € U(x).
The constraint set U(z) may be infinite. For a positive weight sequence v =
{1}(1),1}(2)7 . }, we consider the space B(X) of sequences J = {J(l), J(2),.. }
such that ||J|| < oo, where || - || is the corresponding weighted sup-norm. We
assume the following.

(1) The sequence G = {G1,Ga,...}, where

, zeX,

Go= s Jgfan)
u€eU (x)

belongs to B(X).
(2) The sequence V = {V1, V5, ...}, where

VI = Sup szy(u)v(y), ZUGX,

belongs to B(X).

(3) We have
e x Pay(w0(y)

<1, VaoelX.
v(z)

Consider the monotone mappings 7}, and T, given by

(1)) (@) = gz, 1m(@)) + @ Y pay (1(@)) I (W), zEX,

yeX
TJ = inf oy (1)J , X.
(T7)(x) ugm)me+az;pum<m v €
Y

Show that 7;, and T map B(X) into B(X), and are contraction mappings with
modulus o.
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Solution: We have

W)(“”)‘<%+a2pzy(u(£))v(y)|ﬂy”v VzeX, peM,

o(z) T v(z) v(y)

yeXx

from which, using assumptions (1) and (2),

T.J)(x
W <Gl + VI, VeeX peM.

A similar argument shows that

[(TJ) ()]
v(x)

It follows that T,,J € B(X) and TJ € B(X) if J € B(X).
For any J, J' € B(X) and u € M, we have

<G+ v, veeX.

‘a X ex ey (1(2)) (J (@) = J'(2)) ‘
sup
z€X v(z)
oS e pen (@) ) (96) - 0 )
52, e P (1) o)
< sup «

reX ’U(ZB)

<alJ =T,

1T =T, J'|

IN

7= |

where the last inequality follows from assumption (3). Hence T}, is a contraction
of modulus «a.
To show that T is a contraction, we note that

!
(T#J)(:E) < (T#J)(LL') +Oé||J—J/H, T EX, Me/\/‘7
v(z) v(z)
so by taking infimum over p € M, we obtain
!
()@ _ TN o sex.
v(z) v(z)

Similarly,
(TJ)(x) _ (TT)(x)

v(@) T (@)

and by combining the last two relations the contraction property of T' follows.

+alJ =T, z € X,
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2.5 (Solution by Mathematical Programming)

Let the monotonicity and contraction Assumptions 2.1.1 and 2.1.2 hold. Show
that if J < TJ and J € B(X), then J < J*. Use this fact to show that if
X = {1,...,n} and U(4) is finite for each ¢ = 1,...,n, then J*(1),...,J%(n)

solves the following problem (in z1,...,2zn):
maximize Z'Z’
=1
subject to z; < H(i,u, z), 1=1,...,n, uweU®),
where z = (21,...,2n). Note: This is a linear or nonlinear program (depending

on whether H is linear in J or not) with n variables and as many as n x m
constraints, where m is the maximum number of elements in the sets U (7).

Solution: If J < T'J, by monotonicity we have J < limy_0o T%J = J*. Any
feasible solution z of the given optimization problem satisfies z; < H (i, u, z) for
all t = 1,...,n and u € U(i), so that z < Tz. It follows that z < J*, which
implies that J* solves the optimization problem.

2.6 (Conditions for Convergence of PI with Cost Function
Approximation [Berllc])

Let the monotonicity and contraction Assumptions 2.1.1 and 2.1.2 hold, and
assume that there are n states, and that U(z) is finite for every x. Consider a PI
method that aims to approximate a fixed point of T on a subspace S = {®r | r €
R°}, where @ is an n X s matrix, and evaluates a policy u € M with a solution

J . of the following fixed point equation in the vector J € R™:
J=WT,J (2.82)

where W : R"™ — R™ is some mapping (possibly nonlinear, but independent of
1), whose range is contained in S. Examples where W is linear include policy
evalution using the projected and aggregation equations; see Section 1.2.4. The
algorithm is given by

Ory, = WTMk (Pry), TMkJrl (Pri) = T(Prw); (2.83)
[cf. Egs. (2.79)-(2.80)]. We assume the following:

(1) For each J € R", there exists p € M such that T, J = TJ.

(2) For each € M, Eq. (2.82) has a unique solution that belongs to S and is
denoted J,. Moreover, for all J such that WT,J < J, we have

Ju = lim (WT,)*J.
k—oco
(3) For each u € M, the mappings W and WT,, are monotone in the sense
that

WJ<WJ', WT,J<WT,J', VJJ R withJ<J. (2.84)
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Note that conditions (1) and (2) guarantee that the iterations (2.83) are well-
defined. Assume that the method is initiated with some policy in M, and it is
operated so that it terminates when a policy 1 is obtained such that ngg = Tjg.
Show that the method terminates in a finite number of iterations, and the vector
jp obtained upon termination is a fixed point of WT. Note: Condition (2) is
satisfied if WT), is a contraction, while condition (b) is satisfied if W is a matrix
with nonnegative components and 7}, is monotone for all y. For counterexamples
to convergence when the conditions (2) and/or (3) are not satisfied, see [BeT96],
Section 6.4.2, and [Ber12al, Section 2.4.3.

Solution: Similar to the standard proof of convergence of (exact) PI, we use
the policy improvement equation T3J, = T'J,, the monotonicity of W, and the
policy evaluation equation to write

WTiJ, =WTJ, <WTuJ, = J,.

By iterating with the monotone mapping W7} and by using condition (2), we
obtain _ _ _
Jz= lim (WTp)"J, < J,.
k—oo

There are finitely many policies, so we must have jg =J w after a finite number
of iterations, which using the policy improvement equation 13 J,, = T'J,,, implies
that ngg = ij. Thus the algorithm terminates with @, and since jﬁ =
Wngf it follows that jg is a fixed point of WT.

s
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We will now consider abstract DP models that are intermediate between
the contractive models of Chapter 2, where all stationary policies involve a
contraction mapping, and noncontractive models to be discussed in Chapter
4, where there are no contraction-like assumptions (although there are some
compensating conditions, including monotonicity).

A representative instance of such an intermediate model is the deter-
ministic shortest path problem of Example 1.2.7, where we can distinguish
between two types of stationary policies: those that terminate at the des-
tination from every starting node, and those that do not. A more general
instance is the stochastic shortest path (SSP for short) problem of Example
1.2.6. In this problem, the analysis revolves around two types of stationary
policies p: those with a mapping 7}, that is a contraction with respect to
some norm, and those with a mapping 7}, that is not a contraction with
respect to any norm (it can be shown that the former are the ones that
terminate with probability 1 starting from any state).

In the models of this chapter, like in SSP problems, we divide policies
into two groups, one of which has favorable characteristics. We loosely
refer to such models as semicontractive to indicate that these favorable
characteristics include contraction-like properties of the mapping 7). To
develop a more broadly applicable theory, we replace the notion of contrac-
tiveness of T}, with a notion of S-regularity of u, where S is an appropriate
set of functions of the state (roughly, this is a form of “local stability” of
T,., which ensures that the cost function J, is the unique fixed point of T},
within S, and that T}¥J converges to .J,, regardless of the choice of J from
within S). We allow that some policies are S-regular while others are not.

Note that the term “semicontractive” is not used in a precise mathe-
matical sense here. Rather it refers qualitatively to a collection of models
where some policies have a regularity /contraction-like property but others
do not. Moreover, regularity is a relative property: the division of policies
into “regular” and “irregular” depends on the choice of the set S. On the
other hand, typically in practical applications an appropriate choice of .S
is fairly evident.

Our analysis will involve two types of assumptions:

(a) Favorable assumptions, under which we obtain results that are nearly
as strong as those available for the contractive models of Chapter 2.
In particular, we show that J* is a fixed point of T', that the Bellman
equation J = T'J has a unique solution, at least within a suitable
class of functions, and that variants of the VI and PI algorithms are
valid. Some of the VI and PI approaches are suitable for distributed
asynchronous computation, similar to their Section 2.6 counterparts
for contractive models.

(a) Less favorable assumptions, under which serious difficulties may oc-
cur: J* may not be a fixed point of T', and even when it is, it may not
be found using the VI and PI algorithms. These anomalies may ap-
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pear in simple problems, such as deterministic and stochastic shortest
path problems with some zero length cycles. To address the difficul-
ties, we will consider a restricted problem, where the only admissible
policies are the ones that are S-reqular. Under reasonable conditions
we show that this problem is better-behaved. In particular, J;, the
optimal cost function over the S-regular policies only, is the unique
solution of Bellman’s equation among functions J € S with J > J ;,
while VI converges to J;i starting from any J € S with J > J;.
We will also derive a variety of PI approaches for finding J. ; and an
S-regular policy that is optimal within the class of S-regular policies.

We will illustrate our analysis in Section 3.5, both under favorable and
unfavorable assumptions, by means of four classes of practical problems.
Some of these problems relate to finding a path to a destination in a graph
under stochastic or set membership uncertainty, while others relate to the
control of a continuous-state system to a terminal state. In particular, we
will consider SSP problems, affine monotonic problems, including problems
with multiplicative or risk-sensitive exponential cost function, minimax-
type shortest path problems, and continuous-state deterministic problems
with nonnegative cost, such as linear-quadratic problems.

The chapter is organized as follows. In Section 3.1, we illustrate the
pathologies regarding solutions of Bellman’s equation, and the VI and PI
algorithms. To this end, we use four simple examples, ranging from finite-
state shortest path problems, to continuous-state linear-quadratic prob-
lems. These examples provide orientation and motivation for S-regular
policies later. In Section 3.2, we formally introduce our abstract DP model,
and the notion of an S-regular policy. We then develop some of the basic
associated results relating to Bellman’s equation, and the convergence of
VI and PI, based primarily on the ideas underlying the PI algorithm. In
Section 3.3 we refine the results of Section 3.2 under favorable conditions,
obtaining results and algorithms that are almost as powerful as the ones for
contractive models. In Section 3.4 we develop a complementary analytical
approach, which is based on the use of perturbations and applies under less
favorable assumptions. In Section 3.5, we discuss in detail the application
and refinement of the results of Sections 3.2-3.4 in some important shortest
path-type practical contexts. In Section 3.6, we focus on variants of VI and
PI-type algorithms for semicontractive DP models, including some that are
suitable for asynchronous distributed computation.

PATHOLOGIES OF NONCONTRACTIVE DP MODELS

In this section we provide a general overview of the analytical and compu-
tational difficulties in noncontractive DP models, using for the most part
shortest path-type problems. For illustration we will first use two of the
simplest and most widely encountered finite-state DP problems: deter-
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ministic and SSP problems, whereby we are aiming to reach a destination
state at minimum cost.t We will also discuss an example of continuous-
state shortest path problem that involves a linear system and a quadratic
cost function.

We will adopt the general abstract DP model of Section 1.2. We give
a brief description that is adequate for the purposes of this section, and
defer a more formal definition to Section 3.2. In particular, we introduce
a set of states X, and for each x € X, the nonempty control constraint set
U(z). For each policy p, the mapping T, is given by

(Tu))(@) = H(z,pu(2),J), VaeX,
where H is a suitable function of (x,u, J). The mapping T is given by

(TJ)(x) = inf H(z,u,J), VaoelX.
ueU(x)

The cost function of a policy m = {po, p1,...} is

Jr(x) =limsup Jr n(z) = imsup(Tyy Ty, - - - Tuy_, J)(2), x€ X,

N—o0 N—o0

where J is some function. i We want to minimize J, over 7, i.e., to find
J*(z) = inf Jx(x), € X,
s

and a policy that attains the infimum.

For orientation purposes, we recall from Chapter 1 (Examples 1.2.1
and 1.2.2) that for a stochastic optimal control problem involving a finite-
state Markov chain with state space X = {1,...,n}, transition probabilities
pay(u), and expected one-stage cost function g, the mapping H is given by

H(I,U,J):g(IE,’UJ)—I—szy(U)J(y), z € X,

y=1

and J(z) = 0. The SSP problem arises when there is an additional ter-
mination state that is cost-free, and corresponding transition probabilities
pat(u), x € X.

T These problems are naturally undiscounted, and cannot be readily ad-
dressed by introducing a discount factor close to 1, because then the optimal
policies may exhibit undesirable behavior. In particular, in the presence of dis-
counting, they may involve moving initially along a small-length cycle in order
to postpone the use of an optimal but unavoidably costly path until later, when
the discount factor will reduce substantially the cost of that path.

T In the contractive models of Chapter 2, the choice of .J is immaterial, as we
discussed in Section 2.1. Here, however, the choice of J is important, and affects
important characteristics of the model, as we will see later.
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A more general undiscounted stochastic optimal control problem in-
volves a stationary discrete-time dynamic system where the state is an
element of a space X, and the control is an element of a space U. The
control uy is constrained to take values in a given set U(zy) C U, which
depends on the current state xy [ur € U(xy), for all 2 € X]. For a policy
m = {po, {41, - - .}, the state evolves according to a system equation

Th+1 :f(Ik,,Uk(iZ?k),wk), k:O,l,..., (31)

where wy, is a random disturbance that takes values from a space W. We
assume that wg, k = 0,1, ..., are characterized by probability distributions
P(- | zx,ux) that are identical for all k, where P(wy | zx,ur) is the prob-
ability of occurrence of wg, when the current state and control are z; and
uy, respectively. Here, we allow infinite state and control spaces, as well as
problems with discrete (finite or countable) state space (in which case the
underlying system is a Markov chain). However, for technical reasons that
relate to measure-theoretic issues, we assume that W is a countable set. T
Given an initial state xo, we want to find a policy # = {uo, p1,- - .},
where pp : X — U, pp(zr) € U(zy), for all 2, € X, kK = 0,1,..., that

minimizes

k
Ir(z0) = limsupE{Z g(a:t,,ut(a:t),wt)} , (3.2)
k—o00 =0

subject to the system equation constraint (3.1), where g is the one-stage
cost function. The corresponding mapping of the abstract DP problem is

H(z,u,J) = E{g(x,u,w) + J(f(x,u,w))},

and J(z) = 0. Again here, (T, - Ty, J)(z) is the expected cost of the
first k 4+ 1 periods using 7 starting from z, and with terminal cost O.
A discounted version of the problem is defined by the mapping

H(z,u,J) = E{g(x,u,w) + aJ(f(:c,u,w))},

where a € (0,1) is the discount factor. It corresponds to minimization of

k

Jx(20) = limsup £ {Z atg(ze, pe(ae), we) } .
k—o0 =0

If the cost per stage g is bounded, then a problem that fits the contractive

framework of Chapter 2 is obtained, and can be analyzed using the methods

of that chapter. However, there are interesting infinite-state discounted

optimal control problems where g is not bounded.

T Measure-theoretic issues are not addressed at all in this third edition of the
book. The first edition addressed some of these issues within an abstract DP
context in its Chapter 5 and Appendix C (this material is posted at the book’s
web site); see also the monograph by Bertsekas and Shreve [BeS78], and the paper
by Yu and Bertsekas [YuB15]. An orientation summary is given in Appendix A
of the author’s textbook [Ber12a].
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A Summary of Pathologies

The four examples to be discussed in Sections 3.1.1-3.1.4 are special cases
of deterministic and stochastic optimal control problems of the type just
described. In each of these examples, we will introduce a subclass of
“well-behaved” policies and a restricted optimization problem, which is
to minimize the cost over the “well-behaved” subclass (in Section 3.2 the
property of being “well-behaved” will be formalized through the notion
of S-regularity). The optimal cost function over just the “well-behaved”
policies is denoted .J (we will also use the notation J; later). Here is a
summary of the examples and the pathologies that they reveal:

(a) A finite-state, finite-control deterministic shortest path problem (Sec-
tion 3.1.1). Here the mapping T' can have infinitely many fixed points,
including J* and J. There exist policies that attain the optimal costs
J* and J. Depending on the starting point, the VI algorithm may
converge to J* or to J or to a third fixed point of T" (for cases where
J* # J, VI converges to J starting from any J > J). The PI algo-
rithm can oscillate between two policies that attain J* and J , respec-
tively.

(b) A finite-state, finite-control stochastic shortest path problem (Section
3.1.2). The salient feature of this example is that J* is not a fixed
point of the mapping T'. By contrast J is a fixed point of T'. The VI
algorithm converges to J starting from any J > J, while it does not
converge otherwise.

(c) A finite-state, continuous-control stochastic shortest path problem (Sec-
tion 3.1.3). We give three variants of this example. In the first variant
(a classical problem known as the “blackmailer’s dilemma”), all the
policies are “well-behaved,” so J* = J , and VI converges to J* start-
ing from any real-valued initial condition, while PI also succeeds in
finding J* as the limit of the generated sequence {.J, u’“}' However, PI
cannot find an optimal policy, because there is no optimal stationary
policy. In a second variant of this example, PI generates a sequence of
“well-behaved” policies {y*} such that J . | J, but {uk} converges
to a policy that is either infeasible or is strictly suboptimal. In the
third variant of this example, the problem data can strongly affect
the multiplicity of the fixed points of T', and the behavior of the VI
and PI algorithms.

(d) A continuous-state, continuous-control deterministic linear-quadratic
problem (Section 3.1.4). Here the mapping T has exactly two fixed
points, J* and J , within the class of positive semidefinite quadratic
functions. The VI algorithm converges to J starting from all positive
initial conditions, and to J* starting from all other initial conditions.
Moreover, starting with a “well-behaved” policy (one that is stable),
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the PI algorithm converges to J and to an optimal policy within the
class of “well-behaved” (stable) policies.

It can be seen that the examples exhibit wide-ranging pathological
behavior. In Section 3.2, we will aim to construct a theoretical framework
that explains this behavior. Moreover, in Section 3.3, we will derive condi-
tions guaranteeing that much of this type of behavior does not occur. These
conditions are natural and broadly applicable. They are used to exclude
from optimality the policies that are not “well-behaved,” and to obtain
results that are nearly as powerful as their counterparts for the contractive
models of Chapter 2.

3.1.1 Deterministic Shortest Path Problems

Let us consider the classical deterministic shortest path problem, discussed
in Example 1.2.7. Here, we have a graph of n nodes x = 1,...,n, plus
a destination ¢, and an arc length agy for each directed arc (x,y). The
objective is to find for each x a directed path that starts at x, ends at ¢,
and has minimum length (the length of a path is defined as the sum of the
lengths of its arcs). A standard assumption, which we will adopt here, is
that every node x is connected to the destination, i.e., there exists a path
from every x to t.

To formulate this shortest path problem as a DP problem, we embed
it within a “larger” problem, whereby we view all paths as admissible,
including those that do not terminate at t. We also view ¢ as a cost-
free and absorbing node. Of course, we need to deal with the presence of
policies that do not terminate, and the most common way to do this is to
assume that all cycles have strictly positive length, in which case policies
that do not terminate cannot be optimal. However, it is not uncommon to
encounter shortest path problems with zero length cycles, and even negative
length cycles. Thus we will not impose any assumption on the sign of the
cycle lengths, particularly since we aim to use the shortest path problem
to illustrate behavior that arises in a broader undiscounted /noncontractive
DP setting.

As noted in Section 1.2, we can formulate the problem in terms of an
abstract DP model where the states are the nodes x = 1,...,n, and the
controls available at « can be identified with the outgoing neighbors of z
[the nodes w such that (z,u) is an arc]. The mapping H that defines the
corresponding abstract DP problem is

. r=1,...
Azt ifu=rt, L

H(z,u,J) = {(Imu +J(u) ifu#t,

A stationary policy p defines the subgraph whose arcs are (3:, ,u(az)),
xz=1,...,n. Wesay that p is proper if this graph is acyclic, i.e., it consists
of a tree of paths leading from each node to the destination. If y is not
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Cost a

Destination

Cost b

Figure 3.1.1. A deterministic shortest path problem with a single node 1 and a
termination node ¢t. At 1 there are two choices; a self-transition, which costs a,
and a transition to t, which costs b.

proper, it is called improper. Thus there exists a proper policy if and only
if each node is connected to ¢ with a path. Furthermore, an improper policy
has cost greater than —oo starting from every initial state if and only if all
the cycles of the corresponding subgraph have nonnegative cycle cost.

Let us now get a sense of what may happen by considering the simple
one-node example shown in Fig. 3.1.1. Here there is a single state 1 in
addition to the termination state t. At state 1 there are two choices: a
self-transition, which costs a, and a transition to ¢, which costs b. The
mapping H, abbreviating J(1) with just the scalar J, is

_ Ja+J if u: self transition,
H(1,u,J) = { b if w: transition to t, JeR
There are two policies here: the policy u that transitions from 1 to ¢,
which is proper, and the policy p/ that self-transitions at state 1, which is
improper. We have

T,J=0b, TyJ=a+J, JeR,

and
TJ = min{b, a + J}, JeR.

Note that for the proper policy p, the mapping 7}, : & — t is a contraction.
For the improper policy p/, the mapping 7,/ : ® = R is not a contraction,
and it has a fixed point within R only if a = 0, in which case every J € R
is a fixed point.

We now consider the optimal cost J*, the fixed points of T' within R,
and the behavior of the VI and PI methods for different combinations of
values of a and b.

(a) If a > 0, the optimal cost, J* = b, is the unique fixed point of 7', and
the proper policy is optimal.
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(b) If a = 0, the set of fixed points of T' (within ) is the interval (—oo, b].
Here the improper policy is optimal if b > 0, and the proper policy is
optimal if b < 0 (both policies are optimal if b = 0).

(¢) Ifa=0andb > 0, the proper policy is strictly suboptimal, yet its cost
at state 1 (which is b) is a fixed point of T'. The optimal cost, J* = 0,
lies in the interior of the set of fixed points of T', which is (—o0, b].
Thus the VI method that generates {T*J} starting with J # J*
cannot find J*. In particular if J is a fixed point of T', VI stops at J,
while if J is not a fixed point of T (i.e., J > b), VI terminates in two
iterations at b # J*. Moreover, the standard PI method is unreliable
in the sense that starting with the suboptimal proper policy u, it
may stop with that policy because T,,J, = b = min{b, J,} = T'J,
(the improper/optimal policy ' also satisfies T),.J,, = T'J,,, so a rule
for breaking the tie in favor of u is needed but such a rule may not
be obvious in general).

(d) If a = 0 and b < 0, the improper policy is strictly suboptimal, and
we have J* = b. Here it can be seen that the VI sequence {T*J}
converges to J* for all J > b, but stops at J for all J < b, since the
set of fixed points of T is (—oo,b]. Moreover, starting with either
the proper policy or the improper policy, the standard form of PI
may oscillate, since T),J,, =TJ,y and T,/ J, = T'J,, as can be easily
verified [the optimal policy p also satisfies T),J, = T'J, but it is not
clear how to break the tie; compare also with case (c) above].

(e) If @ < 0, the improper policy is optimal and we have J* = —oo.
There are no fixed points of T' within ¥, but J* is the unique fixed
point of T within the set [—o0, 00]. The VI method will converge to
J* starting from any J € [—o00, o0]. The PI method will also converge
to the optimal policy starting from either policy.

3.1.2 Stochastic Shortest Path Problems

We consider the SSP problem, which was described in Example 1.2.6 and
will be revisited in Section 3.5.1. Here a policy is associated with a station-
ary Markov chain whose states are 1,...,n, plus the cost-free termination
state t. The cost of a policy starting at a state x is the sum of the expected
cost of its transitions up to reaching ¢. A policy is said to be proper, if in
its Markov chain, every state is connected with ¢ with a path of positive
probability transitions, and otherwise it is called improper. Equivalently, a
policy is proper if its Markov chain has ¢ as its unique ergodic state, with
all other states being transient.

In deterministic shortest path problems, it turns out that J, is always
a fixed point of T),, and J* is always a fixed point of T'. This is a generic
feature of deterministic problems, which was illustrated in Section 1.1 (see
Exercise 3.1 for a rigorous proof). However, in SSP problems where the
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Destination
Cost 0

Figure 3.1.2. An example of an improper policy u, where J, is not a fixed
point of T},. All transitions under p are shown with solid lines. These transitions
are deterministic, except at state 1 where the next state is 2 or 5 with equal
probability 1/2. There are additional high cost transitions from nodes 1, 4, and
7 to the destination (shown with broken lines), which create a suboptimal proper
policy. We have J* = J, and J* is not a fixed point of T

cost per stage can take both positive and negative values this need not be
so, as we will now show with an example due to [BeY16].

Let us consider the problem of Fig. 3.1.2. It involves an improper
policy u, whose transitions are shown with solid lines in the figure, and
form the two zero length cycles shown. All the transitions under p are
deterministic, except at state 1 where the successor state is 2 or 5 with
equal probability 1/2. The problem has been deliberately constructed so
that corresponding costs at the nodes of the two cycles are negatives of
each other. As a result, the expected cost at each time period starting
from state 1 is 0, implying that the total cost over any number or even
infinite number of periods is 0.

Indeed, to verify that J,(1) = 0, let ¢, denote the cost incurred at
time k, starting at state 1, and let sy (1) = Zg:_ol ¢k denote the N-step
accumulation of ¢j starting from state 1. We have

sny(1)=0 fN=1lorN=4+3tt=0,1,...,

sn(1) =1 or sy(1) = —1 with probability 1/2 each
fN=2+3tor N=3+3tt=01,....
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Thus E{sn(1)} = 0 for all N, and

Ju(1) = limsup E{sy(1)} = 0.
N—o0

On the other hand, using the definition of .J,, in terms of limsup, we
have
Ju(2) = Ju(5) = 1,

(the sequence of N-stage costs undergoes a cycle {1,—1,0,1,—1,0,...}
when starting from state 2, and undergoes a cycle {—1,1,0,—1,1,0,...}
when starting from state 5). Thus the Bellman equation at state 1,

Ju(1) = 1(Ju(2) + Ju(5)),

is not satisfied, and J,, is not a fixed point of T,.

The mathematical reason why Bellman’s equation J, = T,J,, may
not hold for stochastic problems is that lim sup may not commute with the
expected value operation that is inherent in 7}, and the proof argument
given for deterministic problems in Section 1.1 breaks down. We can also
modify this example so that there are multiple policies. To this end, we can
add for i = 1,4, 7, another control that leads from i to ¢ with a cost ¢ > 1
(cf. the broken line arcs in Fig. 3.1.2). Then we create a proper policy that
is strictly suboptimal, while not affecting J*, which again is not a fixed
point of T.

Let us finally note an anomaly around randomized policies in noncon-
tractive models. The improper policy shown in Fig. 3.1.2 may be viewed as
a randomized policy for a deterministic shortest path problem: this is the
problem for which at state 1 we must (deterministically) choose one of the
two successor states 2 and 5. For this deterministic problem, J* takes the
same values as before for all 4 # 1, but it takes the value J*(1) = 1 rather
than J*(1) = 0. Thus, remarkably, once we allow randomized policies into
the problem, the optimal cost function ceases to be a solution of Bellman’s
equation and simultaneously the optimal cost at state 1 is improved!

In subsequent sections we will see that favorable results hold in SSP
problems where the restricted optimal cost function over just the proper
policies is equal to the overall optimal J*. This can be guaranteed by
assumptions that essentially imply that improper polices cannot be optimal
(see Sections 3.3 and 3.5.1). We will then see that not only is J* a fixed
point of T, but it is also the unique fixed point (within the class of real-
valued functions), and that the VI and PI algorithms yield J* and an
optimal proper policy in the limit.

3.1.3 The Blackmailer’s Dilemma

This is a classical example involving a profit maximizing blackmailer. We
formulate it as an SSP problem involving cost minimization, with a single
state x = 1, in addition to the termination state t.
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Prob. 1 — u?

Destination

Prob. u2
! ()

Control u € (0, 1]
Cost —u

Figure 3.1.3. Transition diagram for the first variant of the blackmailer problem.
At state 1, the blackmailer may demand any amount u € (0,1]. The victim will
comply with probability 1 —u? and will not comply with probability u2, in which
case the process will terminate.

In a first variant of the problem, at state 1, we can choose a control u €
(0, 1], while incurring a cost —u; we then move to state ¢ with probability
u2, and stay in state 1 with probability 1—u?; see Fig. 3.1.3. We may regard
u as a demand made by the blackmailer, and state 1 as the situation where
the victim complies. State ¢ is arrived at when the victim (permanently)
refuses to yield to the blackmailer’s demand. The problem then can be
viewed as one where the blackmailer tries to maximize his expected total
gain by balancing his desire for increased demands (large u) with keeping
his victim compliant (small u).

For notational simplicity, let us abbreviate J(1) and p(1) with just
the scalars J and p, respectively. Then in terms of abstract DP we have

X = {1}, U =(0,1], J =0, H(l,u,J) = —u+ (1 —u2)J,
and for every stationary policy u, we have
T,J =—p+ (1—pu2)d. (3.3)

Clearly T},, viewed as a mapping from ¥ to I, is a contraction with modulus
1 — p2, and its unique fixed point within &, J,, is the solution of

S =Tpdp = —p+ (1= p2)Jp,

which yields

Jy=——.
o

Here all policies are proper in the sense that they lead asymptotically to
t with probability 1, and the infimum of .J, over p is —oco, implying also
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that J* = —oo. However, there is no optimal stationary policy within the
class of proper policies. t

Another interesting fact about this problem is that 7}, is a contrac-
tion for all u. However the theory of contractive models does not apply
because there is no uniform modulus of contraction (o < 1) that applies
simultaneously to all x4 € (0,1] [cf. Eq. (3.3)]. As a result, the contraction
Assumption 2.1.2 of Section 2.1 does not hold.

Let us now consider Bellman’s equation. The mapping 7" is given by

TJ= inf {—u+(1-u2)J},

0<u<1

and Bellman’s equation is written as

J=J— sup {u+u?J}.
0<u<l

It can be verified that this equation has no real-valued solution. How-
ever, J* = —oo is a solution within the set of extended real numbers
[—00,00]. Moreover the VI method will converge to J* starting from any
J € [-00,00). The PI method, starting from any policy u0, will pro-
duce the ever improving sequence of policies {u*} with gkt = pk/2 and
Jp b J *, while p* will converge to 0, which is not a feasible policy.

A Second Problem Variant

Consider next a variant of the problem where at state 1, we terminate at
no cost with probability u, and stay in state 1 at a cost —u with probability
1 — u. The control constraint is still u € (0, 1].

Here we have

H,u,J) =01 —u)(—u) + (1 —u)J.

It can be seen that for every policy p, T}, is again a contraction and we have
Ju = p—1. Thus J* = —1, but again there is no optimal policy, stationary
or not. Moreover, T has multiple fixed points: its set of fixed points within
Ris {J | J < —1}. Here the VI method will converge to J* starting from
any J € [—1,00). The PI method will produce an ever improving sequence
of policies {uk} with J,. | J*, starting from any policy u®, while u* will
converge to 0, which is not a feasible policy.

T An unusual fact about this problem is that there exists a nonstationary pol-
icy 7" that is optimal in the sense that J,» = J* = —oo (for a proof see [Ber12a],
Section 3.2). The underlying intuition is that when the amount demanded w is
decreased toward 0, the probability of noncompliance, u?, decreases much faster.
This fact, however, will not be significant in the context of our analysis.
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A Third Problem Variant

Finally, let us again assume that
H1,u,J)=(1—u)(—u) + (1 —u)J, vV u e (0,1],

but also allow, in addition to u € (0, 1], the choice u = 0 that self-transitions
to state 1 at a cost ¢ (this is the choice where the blackmailer can forego
blackmail for a single period in exchange for a fixed payment —c). Here
there is the extra (improper) policy p’ that chooses p/(1) = 0. We have

Ty =c+J,

and the mapping 7T is given by
— mi : _ 2 —
TJ mln{c—i—J, 0;221{ u—+u?+ (1 u)J}} (3.4)

Let us consider the optimal policies and the fixed points of T in the two
cases where ¢ > 0 and ¢ < 0.

When ¢ > 0, we have J* = —1, while J,; = oo (if ¢ > 0) or J» =0
(if ¢ = 0). It can be seen that there is no optimal policy, and that all
J € (—o0, —1] are fixed points of T', including J*. Here the VI method will
converge to J* starting from any J € [—1,00). The PI method will produce
an ever improving sequence of policies {u*}, with J,x | J*. However, p*
will converge to 0, which is a feasible but strictly suboptimal policy.

When ¢ < 0, we have J,, = —oo, and the improper policy p' is
optimal. Here the optimal cost over just the proper policies is J = -1,
while J* = —oco. Moreover J is not a fixed point of T, and in fact T
has no real-valued fixed points, although J* is a fixed point. It can be
verified that the VI algorithm will converge to J* starting from any scalar
J. Furthermore, starting with a proper policy, the PI method will produce
the optimal (improper) policy within a finite number of iterations.

3.1.4 Linear-Quadratic Problems

One of the most important optimal control problems involves a linear sys-
tem and a cost per stage that is positive semidefinite quadratic in the state
and the control. The objective here is roughly to bring the system at or
close to the origin, which can be viewed as a cost-free and absorbing state.
Thus the problem has a shortest path character, even though the state
space is continuous.

Under reasonable assumptions (involving the notions of system con-
trollability and observability; see e.g., [Berl7al, Section 3.1), the problem
admits a favorable analysis and an elegant solution: the optimal cost func-
tion is positive semidefinite quadratic and the optimal policy is a linear
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function of the state. Moreover, Bellman’s equation can be equivalently
written as an algebraic Riccati equation, which admits a unique solution
within the class of nonnegative cost functions.

On the other hand, the favorable results just noted depend on the
assumptions and the structure of the linear-quadratic problem. There is
no corresponding analysis for more general deterministic continuous-state
optimal control problems. Moreover, even for linear-quadratic problems,
when the aforementioned controllability and observability assumptions do
not hold, the favorable results break down and pathological behavior can
occur. This suggests analytical difficulties in more general continuous-state
contexts, which we will discuss later in Section 3.5.5.

To illustrate what can happen, consider the scalar system

Tk+1 = YTk + Uk, xp €N, up, € N,

with X = U(xz) = R, and a cost per stage equal to u2. Here we have
J*(x) = 0 for all x € R, while the policy that applies control v = 0 at
every state x is optimal. This is reminiscent of the deterministic shortest
path problem of Section 3.1.1, for the case where a = 0 and there is a zero
length cycle. Bellman’s equation has the form

= 1 2
J(z) Znelg{u +J(yz +u)}, x € R,

and it is seen that J* is a solution. We will now show that there is another
solution, which has an interesting interpretation.

Let us assume that v > 1 so the system is unstable (the instability of
the system is important for the purpose of this example). It is well-known
that for linear-quadratic problems the class of quadratic cost functions,

S={J|J(x)=pa?, p>0},
plays a special role. Linear policies of the form
w(x) = rz,

where 7 is a scalar, also play a special role, particularly the subclass £ of
linear policies that are stable, in the sense that the closed-loop system

Tpt1 = (Y +17)ak

is stable, i.e., |y+7r| < 1. For such a policy, the generated system trajectory
{z}}, starting from an initial state o, is {('y—l—r)kxo}, and the correspond-
ing cost function is quadratic as shown by the following calculation,

r2

Ju(zo) = Z (,u(a:k))Q = Zﬂxi = Z’I‘Q("y +r)2kgd = ﬁx%
k=0 k=0 k=0 (y+7) 55)
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Note that there is no policy in £ that is optimal, since the optimal policy
w*(z) = 0 is unstable and does not belong to L.
Let us consider fixed points of the mapping 7T,

(T0)(x) = inf {u2 +J (v +w)},

within the class of nonnegative quadratic functions S. For J(z) = pz? with
p > 0, we have
(TJ)(z) = inf {v* +p(yz +u)?},

and by setting to 0 the derivative with respect to u, we see that the infimum

is attained at
ut = pY

— xZ.
1+0p

By substitution into the formula for T'J, we obtain

(TJ)(z) = %gﬂ. (3.6)

Thus the function J(z) = px? is a fixed point of T if and only if p solves
the equation

This equation has two solutions:
p=0 and p=~%—-1,

as shown in Fig. 3.1.4. Thus there are exactly two fixed points of T" within
S: the functions

J(x)=0 and  J(x)= (72— 1)a2,

The fixed point J has some significance. It turns out to be the optimal
cost function within the subclass L of linear policies that are stable. This
can be verified by minimizing the expression (3.5) over the parameter r. In
particular, by setting to 0 the derivative with respect to r of

r2
L= (y+r)?

we obtain after a straightforward calculation that it is minimized for r =
(1 —~2)/v, which corresponds to the policy

i) = L=
fi(zr) = — %
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Figure 3.1.4. Illustrating the fixed points of T, and the convergence of the VI
algorithm for the one-dimensional linear-quadratic problem.

while from Eq. (3.5), we can verify that
Ja(r) = (2 = 1)z2.
Thus, we have

Ja(@) = inf Ju(@) = J(z), @ eR.

Let us turn now to the VI algorithm starting from a function in S.
Using Eq. (3.6), we see that it generates a sequence of functions Ji € S of
the form

Jk (.I) = pkx2a

where the sequence {py} is generated by
PEY?

= , k=0,1,....
Pk+1 1+ pr

From Fig. 3.1.4 it can be seen that starting with py > 0, the sequence {py}
converges to

ﬁ:72_17
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which corresponds to J. In summary, starting from any nonzero function
in S, the VI algorithm converges to the optimal cost function J over the
linear stable policies £, while starting from the zero function, it converges
to the optimal cost function J*.

Finally, let us consider the PI algorithm starting from a linear stable
policy. We first note that given any u € L, i.e.,

p(x) =rx with l[v+r <1,

we can compute J, as the limit of the VI sequence {T}J}, where J is any
function in S, i.e.,

J(x) = px? with p > 0.
This can be verified by writing
(Tpd) (@) = (r2 + p(y +1)2)2?,
and noting that the iteration that maps p to 72 + p(y + )2 converges to

r2

PTG

in view of |y + r| < 1. Thus,
TET — Jy, Vupuecl, Jebs.

Moreover, we have J,, =T}, J,.

We now use a standard proof argument to show that PI generates
a sequence of linear stable policies starting from a linear stable policy.
Indeed, we have for all &,

Jyo =Ty > Tdyo =Ty do > ThJ0 > TH =],

where the second inequality follows by the monotonicity of 7,1 and the

third inequality follows from the fact J,0 > J. By taking the limit as
k — oo, we obtain A
Jo=2TJo>Jp = J.

It can be verified that 1 is a nonzero linear policy, so the preceding relation
implies that p! is linear stable. Continuing similarly, it follows that the
policies ¥ generated by PI are linear stable and satisfy for all k,

T 2T > T > .

By taking the limit as & — oo, we see that the sequence of quadratic
functions {J x } converges monotonically to a quadratic function Je, which
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is a fixed point of T" and satisfies Joo > J. Since we have shown that .J is
the only fixed point of 7' in the range [J, 00), it follows that Jo = J. In
summary, the PI algorithm starting from a linear stable policy converges
to J , the optimal cost function over linear stable policies.

In Section 3.5.4, we will consider a more general multidimensional
version of the linear-quadratic problem, using in part the analysis of Section
3.4. We will then explain the phenomena described in this section within
a more general setting. We will also see there that the unusual behavior in
the present example is due to the fact that there is no penalty for a nonzero
state. For example, if the cost per stage is dz2 + w2, where § > 0, rather
than u2, then the corresponding Bellman equation has a unique solution
with the class of positive semidefinite quadratic functions. We will analyze
this case within a more general setting of deterministic optimal control
problems in Section 3.5.5.

3.1.5 An Intuitive View of Semicontractive Analysis

In the preceding sections we have demonstrated various aspects of the char-
acter of semicontractive analysis in the context of several examples. The
salient feature is a class of “well-behaved” policies (e.g., proper policies in
shortest path problems, stable policies in linear-quadratic problems), and
the restricted optimal cost function J over just these policies. The main
results we typically derived were that J is a fixed point of T'; and that the
VI and PI algorithms are attracted to J, at least from within some suitable
class of initial conditions. In the favorable case where J = J *, these results
hold also for J*, but in general J* need not be a fixed point of 7.

The central issue of semicontractive analysis is the choice of a class
of “well-behaved” policies M C M such that the corresponding restricted
optimal cost function Jisa fized point of T'. Such a choice is often fairly ev-
ident, but there are also several systematic approaches to identify a suitable
class M and to show its fixed point property; see the end of Section 3.2.2
for a discussion of various alternatives. As an example, let us introduce a
class of policies M C M for which we assume the following;:

(a) M is well-behaved with respect to VI: For all e M and real-valued
functions .J, we have

Ju=Tpduy  Ju= lim THJ. (3.7)

Moreover J, is real-valued.

(b) M is well-behaved with respect to PI. For each u € /T/l\, any policy u/
such that
Tyd,=TJ,

belongs to M\, and there exists at least one such p'.
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We can show that J is a fixed point of T and obtain our main results
with the following line of argument. The first step in this argument is
to show that the cost functions of a Pl-generated sequence {uk} C M

(starting from a po € M) are monotonically nonincreasing. Indeed, we
have using Eq. (3.7),

J#k = T#kJ#k > TJ#k = T#k+1z]‘uk
Using the monotonicity property of T x+1, it follows that
Jp 2TJ 2 klirlgo T:kaJMk =Jp1 2 J, (3.8)

where the equality holds by Eq. (3.7), and the rightmost inequality holds
since pktl € M [by assumption (b) above]. Thus we obtain J,x | Joo > J,
for some function Joo

Now by taking the limit as & — oo in the relation J, . > T'J x > J k11
[cf. Eq. (3.8)], it follows (under a mild continuity assumption) that Joo is
a fixed point of T" with Joo > J. 1 We claim that Jo = J. Indeed we have

J<Joo=Tho <ThJo < T, YpeM, k=0,1,....

By taking the limit as k — oo, and using the fact . € M [cf. Eq. (3. 7)]
obtain J < Jo < J, for all p e M. By taking the infimum over yu € M it
follows that Joo = J.

. Finally, let J be real-valued and satisfy J > J. We claim that T*kJ —
J. Indeed, since we have shown that J is a fixed point of T, we have

TET>TkI>Tki=J,  VYpeM, k>0,

T We elaborate on this argument; see also the proof of Prop. 3.2.4 in the
next section. From Eq. (3.8), we have Je =TIk > T, so by letting k — oo,
we obtain Joo > T'Jx. For the reverse inequality, we assume that H has the
property that H(z,u,J) = limm—oo H(z,u, Jm) for all x € X, u € U(x), and
sequence {Jm} of real-valued functions with J,,, | J. Thus we have

H(z,u,Joo) = len;oH(x,u, Jk) 2> khﬁn;o (TJ k) (), z € X, ueU(x).

By taking the limit in Eq. (3.8), we obtain

lim (TJ k)(z) > lm J ki1 (x) = Joo(x), z € X,
k—o0 H k—oo M

and from the preceding two relations we have H(z,u, J) > Joo(z). By taking

the infimum over u € U(x), it follows that TJoo > Joo. Combined with the

relation Joo > T'Joo shown earlier, this implies that J is a fixed point of 7.
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so by taking the limit as k — oo and using Eq. (3.7), we obtain

Ju> lm T >J, VpueM

k—o0

By taking the infimum over u € /T/T, it follows that T*.J — J, i.e., that VI
converges to J stating from all initial conditions J > J.

The analysis of the following two sections will be based to a large ex-
tent on refinements of the preceding argument. Note that in this argument
we have not assumed that J = J*, which leaves open the possibility that
J* is not a fixed point of T'. Indeed this can happen, as we have seen in the
SSP example of Section 3.1.2. Moreover, we have not assumed that J [ is
real-valued. In fact J may not be real-valued even though all Jyu, peM,
are; see the first variant of the blackmailer problem of Section 3.1.3.

An alternative analytical approach, which does not rely on M being
well-behaved with respect to PI, is given in Section 3.4. The idea there is to
introduce a small d-perturbation to the mapping H and a corresponding “4-
perturbed” problem. The perturbation is chosen so that the cost function
of some policies, the “well-behaved” ones, is minimally affected [say by
O(9)], while the cost function of the policies that are not “well-behaved” is
driven to oo for some initial states, thereby excluding these policies from
optimality. Thus as § | 0, the optimal cost function Js of the d-perturbed
problem approaches J (not J*). Assuming that Js is a solution of the
d-perturbed Bellman equation, and we can then use a limiting argument
to show that J is a fixed point of T', as well as other results relating to
the VI and PI algorithms. The perturbation approach will become more
prominent in our semicontractive analysis of Chapter 4 (Sections 4.5 and
4.6), where we will consider “well-behaved” policies that are nonstationary,
and thus do not lend themselves to a PI-based analysis.

SEMICONTRACTIVE MODELS AND REGULAR POLICIES

In the preceding section we illustrated a general pattern of pathologies in
noncontractive models, involving the solutions of Bellman’s equation, and
the convergence of the VI and PI algorithms. To summarize:

(a) Bellman’s equation may have multiple solutions (equivalently, 7" may
have multiple fixed points). Often but not always, J* is a fixed point
of T'. Moreover, a restricted problem, involving policies that are “well-
behaved” (proper in shortest path problems, or linear stable in the
linear-quadratic case), may be meaningful and play an important role.

(b) The optimal cost function over all policies, J*, may differ from J, the
optimal cost function over the “well-behaved” policies. Furthermore,
it may be that J (not J*) is “well-behaved” from the algorithmic
point of view. In particular, J is often a fixed point of T', in which
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case it is the likely limit of the VI and the PI algorithms, starting
from an appropriate set of initial conditions.

In this section we will provide an analytical framework that explains
this type of phenomena, and develops the kind of assumptions needed in or-
der to avoid them. We will introduce a concept of regularity that formalizes
mathematically the notion of “well-behaved” policy, and we will consider
a restricted optimization problem that involves regular policies only. We
will show that the optimal cost function of the restricted problem is a fixed
point of T under several types of fairly natural assumptions. Moreover, we
will show that it can be computed by versions of VI and PI, starting from
suitable initial conditions.

Problem Formulation

Let us first introduce formally the model that we will use in this chap-
ter. Compared to the contractive model of Chapter 2, it maintains the
monotonicity assumption, but not the contraction assumption.

We introduce the set X of states and the set U of controls, and for
each z € X, the nonempty control constraint set U(x) C U. Since in
the absence of the contraction assumption, the cost function J, of some
policies p may take infinite values for some states, we will use the set of
extended real numbers * = R U {00, —oo} = [—00, 0c]. The mathematical
operations with co and —oo are standard and are summarized in Appendix
A. We consider the set of all extended real-valued functions J : X — R*,
which we denote by £(X). We also denote by R(X) the set of real-valued
functions J : X — R.

As earlier, when we write lim, limsup, or liminf of a sequence of
functions we mean it to be pointwise. We also write Jp — J to mean that
Ji(xz) = J(x) for each z € X; see Appendix A.

We denote by M the set of all functions p : X +— U with p(x) € U(z),
for all z € X, and by II the set of policies m = {uo, 1, . ..}, where u € M
for all k. We refer to a stationary policy {p,u,...} simply as u. We
introduce a mapping H : X x U x £(X) — R* that satisfies the following.

Assumption 3.2.1: (Monotonicity) If J,J’ € £(X) and J < J/,
then
H(z,u,J) < H(z,u,J'), VeeX, uelU(x).

The preceding monotonicity assumption will be in effect throughout
this chapter. Consequently, we will not mention it explicitly in various
propositions. We define the mapping T': £(X) — £(X) by

(TJ)(x) = 13{ )H(a:,u,J), VeeX, Je&X),
ueU(z
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and for each p € M the mapping T, : £(X) — £(X) by
(TpJ)(z) = H(z, pu(z), J), VzeX,Je&X).

The monotonicity assumption implies the following properties for all J, J’ €
E(X)and k=0,1,...,

J<J =  TEI<Tk],  TEI<TEF, VpueM,

J<TJ = TkJ < Th+1], TET <TFHJ, VueM,

which we will use extensively in various proof arguments.

We now define cost functions associated with T, and T'. In Chapter
2 our starting point was to define J, and J* as the unique fixed points of
T, and T, respectively, based on the contraction assumption used there.
However, under our assumptions in this chapter this is not possible, so we
use a different definition, which nonetheless is consistent with the one of
Chapter 2 (see the discussion of Section 2.1, following Prop. 2.1.2). We
introduce a function J € £(X), and we define the infinite horizon cost of a
policy in terms of the limit of its finite horizon costs with .J being the cost
function at the end of the horizon. Note that in the case of the optimal
control problems of the preceding section we have taken J to be the zero
function, J(x) = 0 [cf. Eq. (3.2)].

Definition 3.2.1: Given a function J € £(X), for a policy 7 € II
with m = {uo, 1, . . .}, we define the cost function of = by

Jr(z) = limsup (Tpy - Ty J) (), VzeX.

k—o00

In the case of a stationary policy u, the cost function of y is denoted
by J, and is given by

Ju(x) = limsup (TFJ)(z), VaoelX.

k— o0

The optimal cost function J* is given by

J(z) = ;Q%Jﬂ(x), VaoelX.

An optimal policy 7* € II is one for which J,* = J".
Note two important differences from Chapter 2:

(1) J, is defined in terms of a pointwise lim sup rather than lim, since we
don’t know whether the limit exists.
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S-regular policy u S-irregular policy [
TkEJ
w

Figure 3.2.1. Illustration of S-regular and S-irregular policies. Policy u is S-
regular because J, € S and T/fJ — Jy, for all J € S. Policy 1 is S-irregular.

(2) Jr and J, in general depend on .J, so J becomes an important part
of the problem definition.

Similar to Chapter 2, under the assumptions to be introduced in this chap-
ter, stationary policies will typically turn out to be “sufficient” in the sense
that the optimal cost obtained with nonstationary policies that depend on
the initial state is matched by the one obtained by stationary ones.

3.2.1 S-Regular Policies

Our objective in this chapter is to construct an analytical framework with
a strong connection to fixed point theory, based on the idea of separating
policies into those that have “favorable” characteristics and those that do
not. Clearly, a favorable property for a policy p is that J, is a fixed point
of T,,. However, .J, may depend on J, even though T,, does not depend on
J. Tt would thus appear that a related favorable property for u is that J,
stays the same if J is changed arbitrarily within some set S. We express

these two properties with the following definition (see Fig. 3.2.1).

Definition 3.2.2: Given a set of functions S C £(X), we say that a
stationary policy w is S-regular if:

(@) Jp €S and J, =T,.J,.
(b) THJ — J,, for all J € S.
A policy that is not S-regular is called S-irregular.

Thus a policy p is S-regular if the VI algorithm corresponding to
ty Jp41 = TuJk, represents a dynamic system that has J, as its unique
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Figure 3.2.2. Illustration of S-regular and S-irregular policies for the case where
there is only one state and S = R. There are three mappings 7}, corresponding
to S-irregular policies: one crosses the 45-degree line at multiple points, another
crosses at a single point but at an angle greater than 45 degrees, and the third is
discontinuous and does not cross at all. The mapping 7}, of the R-regular policy
has J;, as its unique fixed point and satisfies T/fJ — Jy, for all J € R.

equilibrium within S, and is asymptotically stable in the sense that the
iteration converges to J,, starting from any J € S.

For orientation purposes, we note the distinction between the set .S
and the problem data: S is not part of the problem’s definition. Its choice,
however, can enable analysis and clarify properties of J, and J*. For
example, we will later prove local fixed point statements such as

“J* is the unique fixed point of T" within S”
or local region of attraction assertions such as
“the VI sequence {T*J} converges to J* starting from any J € S.”

Results of this type and their proofs depend on the choice of S: they may
hold for some choices but not for others.

Generally, with our selection of S we will aim to differentiate between
S-regular and S-irregular policies in a manner that produces useful results
for the given problem and does not necessitate restrictive assumptions.
Examples of sets S that we will use are R(X), B(X), £(X), and subsets of
R(X), B(X), and £(X) involving functions J satisfying J > J* or J > J.
However, there is a diverse range of other possibilities, so it makes sense to
postpone making the choice of S more specific. Figure 3.2.2 illustrates the
mappings T}, of some S-regular and S-irregular policies for the case where
there is a single state and S = R. Figure 3.2.3 illustrates the mapping
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7,7 A

S-regular

Figure 3.2.3. Illustration of a mapping 7, where there is only one state and S
is a subset of the real line. Here T, has two fixed points, J, and J. If S is as
shown, p is S-regular. If S is enlarged to include J, u becomes S-irregular.

T, of an S-regular policy p, where T}, has multiple fixed points, and upon
changing .S, the policy may become S-irregular.

3.2.2 Restricted Optimization over S-Regular Policies

We will now introduce a restricted optimization framework where S-regular
policies are central. Given a nonempty set S C £(X), let Mg denote the
set of policies that are S-regular, and consider optimization over just the
set Mg. The corresponding optimal cost function is denoted J;:

Jg(z) = #g}és Ju(r), VzeX. (3.9)

We say that p* is Mg-optimal if T
W e Mg and Jur = Jg.

An important question is whether J ; is a fixed point of T" and can
be obtained by the VI algorithm. Naturally, this depends on the choice of
S, but it turns out that reasonable choices can be readily found in several
important contexts, so the consequences of J ; being a fixed point of T" are

T Note that while S is assumed nonempty, it is possible that Mg is empty.
In this case our results will not be useful, but J; is still defined by Eq. (3.9) as
J;(m) = oo. This is convenient in various proof arguments.
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Fixed Point of T'

¢ Jy for pe Mg
Jg//=/ \=\=\= jES >
< > JES(X)

Well-Behaved Region Wg

Figure 3.2.4. Interpretation of Prop. 3.2.1, where for illustration purposes, £(X)
is represented by the extended real line. A set S C £(X) such that J¥ is a fixed
point of T', demarcates the well-behaved region Wg [cf. Eq. (3.10)], within which
T has a unique fixed point, and starting from which the VI algorithm converges
to Jg.

interesting. The next proposition shows that if J; is a fixed point of T,
then the VI algorithm is convergent starting from within the set

Ws ={J € EX) | Js < J<J for some J € S}, (3.10)

which we refer to as the well-behaved region (see Fig. 3.2.4). Note that by
the definition of S-regularity, the cost functions J,, u € Mg, belong to
S and hence also to Wgs. The proposition also provides a necessary and
sufficient condition for an S-regular policy u* to be M g-optimal.

Proposition 3.2.1: (Well-Behaved Region Theorem) Given a
set S C £(X), assume that Jg is a fixed point of 7. Then:

(a) (Uniqueness of Fived Point) If J' is a fixed point of 7" and there
exists J € S such that J’ < J, then J' < J;. In particular, if
Ws is nonempty, J ; is the unique fixed point of T" within Ws.

(b) (VI Convergence) We have T*.J — Jg for every J € Ws.
(c) (Optimality Condition) If yu is S-regular, Jg € S, and T, Jg =

TJ;, then p is Mg-optimal. Conversely, if p is M g-optimal,
then T, J¢ = T Jg.

Proof: (a) For every u € Mg, we have using the monotonicity of T},
J=TJ <T,J < - <TFJ <TkJ, k=1,2,....

Taking limit as kK — oo, and using the S-regularity of p, we obtain J’ < J,

for all 4 € Mg. Taking the infimum over yp € Mg, we have J' < J;.
Assume that Wg is nonempty. Then J; is a fixed point of T' that

belongs to Wg. To show its uniqueness, let J’ be another fixed point that
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belongs to Wg, so that J; < J’ and there exists J € S such that J’ < J.
By what we have shown so far, J’ < J;, implying that J’ = J;.

(b) Let J € Wg, so that J; < J < J for some J € S. We have for all k > 1
and € Mg, ~ R
Jg=TkJg <Tk] <Tk] <TkJ,

where the equality follows from the fixed point property of J;, while the
inequalities follow from the monotonicity and the definition of T. The
right-hand side tends to J, as k — oo, since p is S-regular and Jes.
Hence the infimum over p € Mg of the limit of the right-hand side tends
to the left-hand side Jg. It follows that T*.J — Jg.

(c) From the assumptions T, Jg = T'Jg and T'Jg = Jg, we have T, J5 = Jg,
and since J; € S and p is S-regular, we have J; = Ju. Thus p is Ms-
optimal. Conversely, if p is Mg-optimal, we have J, = J;i, so that the
fixed point property of J; and the S-regularity of p imply that

Tlg=Jg=Juy="Tuly=T.Jg.

Q.E.D.

Some useful extensions and modified versions of the preceding propo-
sition are given in Exercises 3.2-3.5. Let us illustrate the proposition in the
context of the deterministic shortest path example of Section 3.1.1.

Example 3.2.1

Consider the deterministic shortest path example of Section 3.1.1 for the case
where there is a zero length cycle (a = 0), and let S be the real line R. There
are two policies: p which moves from state 1 to the destination at cost b, and
u' which stays at state 1 at cost 0. We use X = {1} (i.e., we do not include
t in X, since all function values of interest are 0 at ¢). Then by abbreviating
function values J(1) with J, we have

Ju =10, Js =0, J* = min{b, 0};

I

cf. Fig. 3.2.5. The corresponding mappings Ty, T}/, and T are
T,J=0b, TyJ=J, J=TJ=min{b, J}, J e &(X),

and the initial function J is taken to be 0. It can be seen from the definition of
S-regularity that u is S—regular, while the policy u’ is not. The cost functions
Ju, J, and J* are fixed points of the corresponding mappings, but the sets of
fixed points of T}, and T within S are R and (—oo, b], respectively. Moreover,
Js = J, =0, so Jg is a fixed point of T and Prop. 3.2.1 applies.

The figure also shows the well-behaved regions for the two cases b > 0
and b < 0. It can be seen that the results of Prop. 3.2.1 are consistent with
the discussion of Section 3.1.1. In particular, the VI algorithm fails when
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u/, Cost 0
Stationary policy costs

Ju(1) =0, Jw(1) =0 Destination

, Cost b
Optimal cost J*(1) = min{b,0} _u__oi_ ’

\

Set of Fixed Points of T’ Well-Behaved Region
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J=Jg=Jdu=b<0 Ju=0
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Set of Fixed Points of T Well-Behaved Region

Figure 3.2.5. The well-behaved region of Eq. (3.10) for the deterministic shortest
path example of Section 3.1.1 when where there is a zero length cycle (a = 0). For
S = R, the policy u is S-regular, while the policy p’ is not. The figure illustrates
the two cases where b > 0 and b < 0.

started outside the well-behaved region, while when started from within the
region, it is attracted to J§ rather than to J*.

Let us now discuss some of the fine points of Prop. 3.2.1. The salient
assumption of the proposition is that J% is a fixed point of T'. Depending on
the choice of S, this may or may not be true, and much of the subsequent
analysis in this chapter is geared towards the development of approaches
to choose S so that J§ is a fixed point of 7" and has some other interesting
properties. As an illustration of the range of possibilities, consider the three
variants of the blackmailer problem of Section 3.1.3 for the choice S = R

(a) In the first variant, we have J* = J; = —o0, and J; is a fixed point
of T that lies outside S. Here parts (a) and (b) of Prop. 3.2.1 apply.
However, part (c) does not apply (even though we have T, Jg = T'Jg
for all policies u) because J. ; ¢ S, and in fact there is no M g-optimal
policy. In the subsequent analysis, we will see that the condition
J ; € S plays an important role in being able to assert existence of an
Mg-optimal policy (see the subsequent Props. 3.2.5 and 3.2.6).

(b) In the second variant, we have J* = Jg = —1, and Jg is a fixed point
of T that lies within S. Here parts (a) and (b) of Prop. 3.2.1 apply,
but part (c¢) still does not apply because there is no S-regular p such
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that TMJ; = TJ;7 and in fact there is no Mg-optimal policy.

(¢) In the third variant with ¢ < 0, we have J* = —o0, Jg = —1, and Jg
is not a fixed point of T'. Thus Prop. 3.2.1 does not apply, and in fact
we have TkJ — J* for every J € Wy (and not TkJ — Jg).

Another fine point is that Prop. 3.2.1(b) asserts convergence of the
VI algorithm to J ; only for initial conditions J satisfying J. ; < J < J for
some J € S. For an illustrative example of an S-regular x, where {TkJ}
does not converge to J, starting from some J > J, that lies outside S,
consider a case where there is a single state and a single policy p that is
S-regular, so J;i = J,. Suppose that T}, : ® — R has two fixed points: J,
and another fixed point J/ > J,,. Let

J=(J+J0/2, 8= (00,

and assume that 7T}, is a contraction mapping within S (an example of this
type can be easily constructed graphically). Then starting from any J € S,
we have T*J — J,, so that u is S-regular. However, since J’ is a fixed
point of T, the sequence {T%J'} stays at J’ and does not converge to J,.
The difficulty here is that Ws = [J,, J] and J’ ¢ Ws.

Still another fine point is that if there exists an M g-optimal policy g,
we have Jg = T, Jg (since Jg = J, and p is S-regular), but this does not
guarantee that J; is a fixed point of T', which is essential for Prop. 3.2.1.
This can be seen from an example given in Fig. 3.2.6, where there exists
an Mg-optimal policy, but both J; and J* are not fixed points of T' (in
this example the M g-optimal policy is also overall optimal so J. ; =J%). In
particular, starting from J ;, the VI algorithm converges to some J’ # J;
that is a fixed point of T'.

Convergence Rate when a Contractive Policy is Mg-Optimal

In many contexts where Prop. 3.2.1 applies, there exists an M g-optimal
policy p such that T}, is a contraction with respect to a weighted sup-norm.
This is true for example in the shortest path problem to be discussed in
Section 3.5.1. In such cases, the rate of convergence of VI to J; is linear,
as shown in the following proposition.

Proposition 3.2.2: (Convergence Rate of VI) Let S be equal to
B(X), the space of all functions over X that are bounded with respect
to a weighted sup-norm || - ||, corresponding to a positive function
v: X — R. Assume that J ; is a fixed point of T', and that there exists
an M g-optimal policy p such that T}, is a contraction with respect to
|| - [Jo, with modulus of contraction . Then Jg € B(X), Ws C B(X),
and
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TzJ
R-irregular

Figure 3.2.6. Illustration of why the assumption that Jg is a fixed point of T' is
essential for Prop. 3.2.1. In this example there is only one state and S = R. There
are two stationary policies: p for which T}, is a contraction, so p is R-regular,
and 7 for which T3 has multiple fixed points, so & is R-irregular. Moreover,
Ty is discontinuous from above at Jy, as shown. Here, it can be verified that
Ty -+ TpyJ > Jy for all po, ..., pu, and k, so that J > J,, for all m and the S-
regular policy p is optimal, so J§ = J*. However, as can be seen from the figure,
we have J§ = J* # T J* = TJ. Moreover, starting at J§, the VI sequence Tng
converges to J’, the fixed point of T' shown in the figure, and all parts of Prop.
3.2.1 fail.

ITT = T5lle < BIT = Tgle, YV J € Ws. (3.11)

Moreover, we have

. 1 J(z) — (TJ)(z)
I = T3l < = omp ==y

VJeWs. (312

Proof: Since y is S-regular and S = B(X), we have Jg = J, € B(X) as
well as Wg C B(X). By using the Mg-optimality of p and Prop. 3.2.1(c),

J; zTng =TJ§,
so for all z € X and J € Wg,

(D@~ T3@) _ G)@) — GID@) _ ,  Ja) — Ty(a)
v(z) = v(z) <P reX v(z) ’

where the second inequality holds by the contraction property of 7),. By
taking the supremum of the left-hand side over z € X, and by using the
fact TJ > T Jg = Jg for all J € Wg, we obtain Eq. (3.11).
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By using again the relation THJ; = TJ;, we have for all x € X and
all J € Wg,

J(@) = Js(x) _ J@) = (TN)@)  (T])(x) = T(x)
(

v(z) v(z) v(x
< J(x) —((T)J)(iv) L @) (@) — ()Tng)(iv)

J(2) = (TJ)(z)
v(z)

By taking the supremum of both sides over x, we obtain Eq. (3.12). Q.E.D.

+ BT = Tglo-

Approaches to Show that J; is a Fixed Point of T’

The critical assumption of Prop. 3.2.1 is that J; is a fixed point of T'. For
a specific application, this must be proved with a separate analysis after a
suitable set S is chosen. To this end, we will provide several approaches
that guide the choice of S and facilitate the analysis.

One approach applies to problems where J* is generically a fixed
point of T, in which case for every set S such that J;i = J*, Prop. 3.2.1
applies and shows that J* can be obtained by the VI algorithm starting
from any J € Wg. Exercise 3.1 provides some conditions that guarantee
that J* is a fixed point of T. These conditions can be verified in wide
classes of problems such as deterministic models. Sections 3.5.4 and 3.5.5
illustrate this approach. Other important models where J* is guaranteed to
be a fixed point of T" are the monotone increasing and monotone decreasing
models of Section 4.3. We will discuss the application of Prop. 3.2.1 and
other related results to these models in Chapter 4.

In the present chapter the approach for showing that J ; is a fixed
point of T will be mostly based on the PI algorithm; cf. the discussion of
Section 3.1.5. An alternative and complementary approach is the perturba-
tion-based analysis to be given in Section 3.4. This approach will be applied
to a variety of problems in Section 3.5, and will also be prominent in
Sections 4.5 and 4.6 of the next chapter.

3.2.3 Policy Iteration Analysis of Bellman’s Equation

We will develop a PI-based approach for showing that J; is a fixed point
of T. The approach is applicable under assumptions that guarantee that
there is a sequence {p%} of S-regular policies that can be generated by PI.
The significance of S-regularity of all p* lies in that the corresponding cost
function sequence {J .} belongs to the well-behaved region of Eq. (5.10),
and is monotonically nonincreasing (see the subsequent Prop. 3.2.3). Un-
der an additional mild technical condition, the limit of this sequence is a
fixed point of T" and is in fact equal to J; (see the subsequent Prop. 3.2.4).
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Let us consider the standard form of the PI algorithm, which starts
with a policy pu® and generates a sequence {uf} of stationary policies ac-
cording to

Tprrd o =Tk, k=0,1,.... (3.13)

This iteration embodies both the policy evaluation step, which computes
J,,x in some way, and the policy improvement step, which computes phtl(z)
as a minimum over u € U(x) of H(x,u,J, ) for each x € X. Of course, to
be able to carry out the policy improvement step, there should be enough
assumptions to guarantee that the minimum is attained for every x. One
such assumption is that U(z) is a finite set for each z € X. A more general
assumption, which applies to the case where the constraint sets U(x) are
infinite, will be given in Section 3.3.

The evaluation of the cost function J,, of a policy p may be done
by solving the equation J,, = T},J,, which holds when p is an S-regular
policy. An important fact is that if the PI algorithm generates a sequence
{p*} consisting exclusively of S-regular policies, then not only the policy
evaluation is facilitated through the equation J, = T,J,, but also the
sequence of cost functions {Juk} is monotonically nonincreasing, as we
will show next.

Proposition 3.2.3: (Policy Improvement Under S-Regularity)
Given a set S C £(X), assume that {u*} is a sequence generated by
the PT algorithm (3.13) that consists of S-regular policies. Then

Sk 2 J e, k=0,1,....

Proof: Using the S-regularity of p¥ and Eq. (3.13), we have
J#k = T#kJ#k > TJ#k = T#k+1 J#k. (3.14)
By using the monotonicity of T k41, we obtain

Jue 2Ty > T T T = e, (3.15)
where the equation on the right holds since p*+1 is S-regular and Jp €8
(in view of the S-regularity of p*). Q.E.D.

The preceding proposition shows that if a sequence of S-regular poli-
cies {uk} is generated by PI, the corresponding cost function sequence
{J,x} is monotonically nonincreasing and hence converges to a limit Ju.
Under mild conditions, we will show that J is a fixed point of T and is
equal to J;. This is important as it brings to bear Prop. 3.2.1, and the
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associated results on VI convergence and optimality conditions. Let us first
formalize the property that the PI algorithm can generate a sequence of
S-regular policies.

Definition 3.2.3: (Weak PI Property) We say that a set S C
E(X) has the weak PI property if there exists a sequence of S-regular
policies that can be generated by the PI algorithm [i.e., a sequence
{p*} that satisfies Eq. (3.13) and consists of S-regular policies].

Note a fine point here. For a given starting policy u°, there may be
many different sequences {u*} that can be generated by PI [i.e., satisfy Eq.
(3.13)]. While the weak PI property guarantees that some of these consist
of S-regular policies exclusively, there may be some that do not. The policy
improvement property shown in Prop. 3.2.3 holds for the former sequences,
but not necessarily for the latter. The following proposition provides the
basis for showing that J; is a fixed point of T based on the weak PI

property.

Proposition 3.2.4: (Weak PI Property Theorem) Given a set
S C £(X), assume that:

(1) S has the weak PI property.
(2) For each sequence {J,} C S with Jp, | J for some J € £(X),

we have

H(z,u,J) = lim H(x,u,Jn), VeeX, ueU(z). (3.16)

m—r oo

Then:
(a) Jg is a fixed point of T and the conclusions of Prop. 3.2.1 hold.

(b) (PI Convergence) Every sequence of S-regular policies {y*} that
can be generated by PI satisfies J x | J;. If in addition the set
of S-regular policies is finite, there exists & > 0 such that p* is
M g-optimal.

Proof: (a) Let {u*F} be a sequence of S-regular policies generated by the
PI algorithm (there exists such a sequence by the weak PI property). Then
by Prop. 3.2.3, the sequence {J #k} is monotonically nonincreasing and must

converge to some Joo > J;.
We first show that J is a fixed point of T. Indeed, from Eq. (3.14),
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we have

Juk > TJMk > TJso,

so by letting k — oo, we obtain Joo > T'Joo. From Eq. (3.15) we also have
TJ#k > J#k+1 Taking the limit in this relation as k& — oo, we obtain

lim (TJ,x)(z) > lim J i (2) = Joo(w), z e X.
k— o0

k—o00

By using Eq. (3.16) we also have

H(z,u,Joo) = kli)ngo H(z,u,J %) > klim (T ke )(2), x e X, ueU(x).

— 00

By combining the preceding two relations, we obtain
H(z,u, Joo) > Joo(z), ze X, uelU(zx),

and by taking the infimum of the left-hand side over u € U(z), it follows
that T'Joo > Joo. Thus J is a fixed point of T.
Finally, we show that Jo = J;. Indeed, since J; < J,k, we have

Jo < Joo =ThJoo < ThJoo < ThJ 0, VueMs, k=0,1,....

By taking the limit as & — oo, and using the fact p € Mg and J,0 € S, it

follows that J; < Joo < Jy, for all p € Mg. By taking the infimum over
w e Mag, it follows that Joo = J;, SO J; is a fixed point of T'.

(b) The limit of {J#k} was shown to be equal to J; in the preceding proof.
Moreover, the finiteness of Mg and the policy improvement property of
Prop. 3.2.3 imply that some p* is Mg-optimal. Q.E.D.

Note that under the weak PI property, the preceding proposition
shows convergence of the PIl-generated cost functions J Lk 10 J, ; but not
necessarily to J*. An example of this type of behavior was seen in the
linear-quadratic problem of Section 3.1.4 (where S is the set of nonnega-
tive quadratic functions). Let us describe another example, which shows
in addition that under the weak PI property, it is possible for the PI algo-
rithm to generate a nonmonotonic sequence of policy cost functions that

includes both optimal and strictly suboptimal policies.

Example 3.2.2: (Weak PI Property and the Deterministic
Shortest Path Example)

Consider the deterministic shortest path example of Section 3.1.1 for the case
where there is a zero length cycle (a = 0), and let S be the real line R, as
in Example 3.2.1. There are two policies: p which moves from state 1 to the
destination at cost b, and p' which stays at state 1 at cost 0. Starting with
the S-regular policy p, the PI algorithm generates the policy that corresponds



156 Semicontractive Models Chap. 3

to the minimum in 7'J, = min{b, J,} = min{b,b}. Thus both the S-regular
policy p and the S-irregular p' can be generated at the first iteration. This
means that the weak PI property holds (although the strong PI property,
which will be introduced shortly, does not hold). Indeed, consistent with
Prop. 3.2.4, we have that J§ = J, = b is a fixed point of T', in fact the only
fixed point of T in the well-behaved region {J | J > b}.

An interesting fact here is that when b < 0, and PI is started with the
optimal S-regular policy p, then it may generate the S-irregular policy u’,
and from that policy, it will generate p again. Thus the weak PI property
does not preclude the PI algorithm from generating a policy sequence that
includes S-irregular policies, with corresponding policy cost functions that
are oscillating.

Let us also revisit the blackmailer example of Section 3.1.3. In the first
variant of that example, when S = R, all policies are S-regular, the weak
PI property holds, and Prop. 3.2.4 applies. In this case, PI will generate a
sequence of S-regular policies that converges to J ; = —00, which is a fixed
point of T, consistent with Prop. 3.2.4 (even though J; ¢ S and there is
no Mg-optimal policy).

Analysis Under the Strong PI Property

Proposition 3.2.4(a) does not guarantee that every sequence {p*} generated
by the PI algorithm satisfies J, ) ; This is true only for the sequences
that consist of S-regular policies. We know that when the weak PI property
holds, there exists at least one such sequence, but PI can also generate
sequences that contain S-irregular policies, even when started with an S-
regular policy, as we have seen in Example 3.2.2. 'We thus introduce a
stronger type of PI property, which will guarantee stronger conclusions.

Definition 3.2.4: (Strong PI Property) We say that a set S C
E(X) has the strong PI property if:

(a) There exists at least one S-regular policy.

(b) For every S-regular policy p, any policy u' such that T),.J, =
TJ, is S-regular, and there exists at least one such p'.

The strong PI property implies that every sequence that can be gen-
erated by PI starting from an S-regular policy consists exclusively of S-
regular policies. Moreover, there exists at least one such sequence. Hence
the strong PI property implies the weak PI property. Thus if the strong
PI property holds together with the mild continuity condition (2) of Prop.
3.2.4, it follows that J; is a fixed point of T" and Prop. 3.2.1 applies. We
will see that the strong PI property implies additional results, relating to
the uniqueness of the fixed point of T'.
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The following proposition provides conditions guaranteeing that .S
has the strong PI property. The salient feature of these conditions is that
they preclude optimality of an S-irregular policy [see condition (4) of the
proposition].

Proposition 3.2.5: (Verifying the Strong PI Property) Given

a set S C £(X), assume that:
(1) J(z) < o for all J € S and z € X.
(2) There exists at least one S-regular policy.
(3) For every J € S there exists a policy p such that T,,J = TJ.
(4)

4) For every J € S and S-irregular policy pu, there exists a state

x € X such that

limsup (T} J)(z) = . (3.17)

k—o00

Then:

(a) A policy u satisfying T,,J < J for some function J € S is S-
regular.

(b) S has the strong PI property.

Proof: (a) By the monotonicity of T},, we have limsup,_, ., T4J < J, and
since by condition (1), J(z) < oo for all z, it follows from Eq. (3.17) that
1 is S-regular.

(b) In view of condition (3), it will suffice to show that for every S-regular
policy u, any policy p’ such that T),.J, = TJ, is also S-regular. Indeed

TyJy=TJy <TuJy = Jyu,
so ' is S-regular by part (a). Q.E.D.

A representative example where the preceding proposition applies is
a deterministic shortest path problem where all cycles have positive length
(see the subsequent Example 3.2.3, and other examples later that involve
SSP problems; see Sections 3.3 and 3.5). For an example where the as-
sumptions of the proposition fail, consider the linear-quadratic problem of
Section 3.1.4. Here S is the set of nonnegative quadratic functions, but
the optimal policy u* that applies control u = 0 at all states is S-irregular,
since we do not have T;]f*J — Jux = 0 for J equal to a positive quadratic
function, while condition (4) of the proposition does not hold. Thus we can-
not conclude that the strong PI property holds in the absence of additional
analysis.
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We next derive some of the implications of the strong PI property
regarding fixed properties of J;. In particular, we show that if J; e s,
then J ; is the unique fixed point of 7" within S. This result will be the
starting point for the analysis of Section 3.3.

Proposition 3.2.6: (Strong PI Property Theorem) Let S sat-
isfy the conditions of Prop. 3.2.5.

(a) (Uniqueness of Fized Point) If T has a fixed point within S, then
this fixed point is equal to J;.

(b) (Fized Point Property and Optimality Condition) If Jg € S, then
J; is the unique fixed point of T within S and the conclusions of
Prop. 3.2.1 hold. Moreover, every policy u that satisfies 7}, ; =
TJ ; is M g-optimal and there exists at least one such policy.

(¢) (PI Convergence) If for each sequence {Jn} C S with J,, | J for
some J € £(X), we have

H (z,u,J) = lim H(z,u,Jn), VaeeX, ueU(x),

m—r o0

then J; is a fixed point of T, and every sequence {u*} generated
by the PI algorithm starting from an S-regular policy u9 satisfies
Ik ) ; Moreover, if the set of S-regular policies is finite, there

exists k > 0 such that p* is Mg-optimal.

Proof: (a) Let J’ € S be a fixed point of T'. Then for every u € Mg and
k> 1, wehave J/ =TkJ < T[fJ’. By taking the limit as k — oo, we have
J' < J,, and by taking the infimum over 4 € Mg, we obtain J/ < J;. For
the reverse inequality, let p/ be such that J' = T'J' = T,,,J' [cf. condition
(3) of Prop. 3.2.5]. Then by Prop. 3.2.5(a), it follows that p/ is S-regular,
and since J’ € S, by the definition of S-regularity, we have J' = J,» > J, ;,
showing that J/ = J;.

(b) For every u € Mg we have J,, > J;, so that

Jp=TpJy > T,Jg > TJg.

Taking the infimum over all 4 € Mg, we obtain J; > TJ;. Let 1 be a policy
such that T'J¢ = T),Jg, [there exists one by condition (3) of Prop. 3.2.5,

since we assume that J. ; € S]. The preceding relations yield J ; >T,J ;,
so by Prop. 3.2.5(a), p is S-regular. Therefore, we have

nggzngzgﬁm@:%z@,

where the second equality holds since p was proved to be S-regular, and
J; € S by assumption. Hence equality holds throughout in the above
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relation, which proves that J. ; is a fixed point of T' (implying the conclusions
of Prop. 3.2.1) and that p is M g-optimal.

(c) Since the strong PI property [which holds by Prop. 3.2.5(b)] implies the
weak PI property, the result follows from Prop. 3.2.4(b). Q.E.D.

The preceding proposition does not address the question whether J*
is a fixed point of T', and does not guarantee that VI converges to J; or
J* starting from every J € S. We will consider both of these issues in the
next section. Note, however, a consequence of part (a): if J* is known to
be a fixed point of 7' and J* € S, then J* = Jg.

Let us now illustrate with examples some of the fine points of the
analysis. For an example where the preceding proposition does not apply,
consider the first two variants of the blackmailer problem of Section 3.1.3.
Let us take S = R, so that all policies are S-regular and the strong PI
property holds. In the first variant of the problem, we have J* = .J ; =
—oo, and consistent with Prop. 3.2.4, J; is a fixed point of T'. However,
J; ¢ S, and T has no fixed points within S. On the other hand if we
change S to be [—00,00), there are no S-regular policies at all, since for
J = —00 € S, we have T}.J = —oo < J,, for all . As noted earlier, both
Props. 3.2.1 and 3.2.4 do apply. In the second variant of the problem, we
have J* = Jg = —1, while the set of fixed points of T’ within S is (—o0, —1],
so Prop. 3.2.6(a) fails. The reason is that the condition (3) of Prop. 3.2.5
is violated.

The next example, when compared with Example 3.2.2, illustrates
the difference in Pl-related results obtained under the weak and the strong
PI properties. Moreover it highlights a generic difficulty in applying PI,
even if the strong PI property holds, namely that an initial S-regular policy
must be available.

Example 3.2.3: (Strong PI Property and the Deterministic
Shortest Path Example)

Consider the deterministic shortest path example of Section 3.1.1 for the case
where the cycle has positive length (a > 0), and let S be the real line &, as
in Example 3.2.1. The two policies are: p which moves from state 1 to the
destination at cost b and is S-regular, and u’ which stays at state 1 at cost
a, which is S-irregular. However, p’ has infinite cost and satisfies Eq (3.17).
As a result, Prop. 3.2.5 applies and the strong PI property holds. Consistent
with Prop. 3.2.6, J¢ is the unique fixed point of T' within S.

Turning now to the PI algorithm, we see that starting from the S-regular
1, which is optimal, it stops at u, consistent with Prop. 3.2.6(c). However,
starting from the S-irregular policy p’ the policy evaluation portion of the
PI algorithm must be able to deal with the infinite cost values associated
with y'. This is a generic difficulty in applying PI to problems where there
are irregular policies: we either need to know an initial S-regular policy, or
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appropriately modify the PI algorithm. See the discussions in Sections 3.5.1
and 3.6.2.

3.2.4 Optimistic Policy Iteration and A-Policy Iteration

We have already shown the validity of the VI and PI algorithms for com-
puting J ; (subject to various assumptions, and restrictions involving the
starting points). In this section and the next one we will consider some ad-
ditional algorithmic approaches that can be justified based on the preceding
analysis.

An Optimistic Form of PI

Let us consider an optimistic variant of PI, where policies are evaluated
inexactly, with a finite number of VIs. In particular, this algorithm starts
with some Jy € £(X) such that Jo > TJo, and generates a sequence
{Jk, u¥} according to

Tudi=TJyy e =Tk k=01, (3.18)

where my, is a positive integer for each k.

The following proposition shows that optimistic PI converges under
mild assumptions to a fixed point of 7', independently of any S-regularity
framework. However, when such a framework is introduced, and the se-
quence generated by optimistic PI generates a sequence of S-regular poli-
cies, then the algorithm converges to J ;, which is in turn a fixed point of
T, similar to the PI convergence result under the weak PI property; cf.
Prop. 3.2.4(b).

Proposition 3.2.7: (Convergence of Optimistic PI) Let Jy €
E(X) be a function such that Jy > T'Jy, and assume that:

(1) For all n € M, we have J, = T,,J,, and for all J € £(X) with
J < Jo, there exists i1 € M such that T J =TJ.

(2) For each sequence {Jp,} C £(X) with J,,, | J for some J € £(X),

we have

H(z,u,J)= lim H(z,u,Jmn), YzeX, uel(x).

m—r o0

Then the optimistic PI algorithm (3.18) is well defined and the follow-
ing hold:

(a) The sequence {Ji} generated by the algorithm satisfies Ji | Joo,
where J is a fixed point of T
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(b) If for a set S C £(X), the sequence {u*k} generated by the algo-
rithm consists of S-regular policies, and we have J; € S for all
k, then Jj | Jg and Jg is a fixed point of 7.

Proof: (a) Condition (1) guarantees that the sequence {Jj,u*} is well
defined in the following argument. We have

Jo>TJy = T#OJO > T:(;OJO =.J1

> T;go'f‘ljo = T#Oz]l >TJ = T#1J1 > >,
(3.19)

and continuing similarly, we obtain
Jp > T, > Jgt1, k=0,1,.... (3.20)
Thus Ji, | Js for some Joo.
The proof that J is a fixed point of T is similar to the case of the

PI algorithm (3.13) in Prop. 3.2.4. In particular, from Eq. (3.20), we have
Jr > T'Js, and by taking the limit as k — oo,

Joo 2 T'Jso.
For the reverse inequality, we use Eq. (3.20) to write
H(z,u, Jg) > (TJg)(x) > Joo(x), VeeX, ueU(z).
By taking the limit as k — oo and using condition (2), we have that
H(z,u, Joo) > Joo(), Vee X, ueU(x).
By taking the infimum over u € U(z), we obtain
TJso > Joo,

thus showing that TJs = Joo-

(b) In the case where all the policies p* are S-regular and {Jx} C S, from
Eq. (3.19), we have Jy11 > Jk for all k, so it follows that

Joo = lim J > liminf J 5 > Jg.
k—o0 k—oo M

We will also show that the reverse inequality holds, so that Jo = J;.
Indeed, for every S-regular policy p and all £ > 0, we have

Joo = TrJoe < ThJoo < Tk Jo,
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from which by taking limit as k — oo and using the assumption Jy € S,
we obtain
Joo < lim TEJo = J,, YV pu e Ms.
k—o00

Taking infimum over u € Mg, we have Joo < J;. Thus, Js = J;, and by
using the properties of Jo proved in part (a), the result follows. Q.E.D.

Note that, in general, the fixed point J in Prop. 3.2.7(a) need not be
equal to J ; or J*. As an illustration, consider the shortest path Example
3.2.1 with S =R, and a =0, b > 0. Then if 0 < Jy < b, it can be seen
that Ji = Jo for all k, s0 J* =0 < Jo and Joo < Jg = b.

A-Policy Iteration

We next consider A-policy iteration (A-PI for short), which was described
in Section 2.5. It involves a scalar A € (0,1) and it is defined by

Tdi =Tk, Ty =T, (3.21)

where for any policy u and scalar A € (0, 1), T;S)\) is the multistep mapping
discussed in Section 1.2.5:

(TN () = (1= N) i (T ) (2), zeX. (3.22)
t=0

Here we assume that the limit of the series above is well-defined as a func-
tion in £(X) forall z € X, p € M, and J € E(X).
We will also assume that 7, and T;S)\) commute, i.e.,

TATNT) = TN(T,T),  VupeM, Je&X). (3.23)

This assumption is commonly satisfied in DP problems where T}, is linear,
such as the stochastic optimal control problem of Example 1.2.1.

To compare the A-PI method (3.21) with the exact PI algorithm
(3.13), note that by the analysis of Section 1.2.5 (see also Exercise 1.2),
the mapping bei) is an extrapolated version of the proximal mapping for
solving the fixed point equation J = T Thus in A-PI, the policy evalua-
tion phase is done approzimately with a single iteration of the (extrapolated)
prozimal algorithm.

As noted in Section 2.5, the A-PI and the optimistic PI methods are
related. The reason is that both mappings Ti;\) and T"* involve multiple
applications of the VI mapping T)x: a fixed number my, in the latter case,
and a geometrically weighted infinite number in the former case [cf. Eq.
(3.22)]. Thus A\-PI and optimistic PI use VI in alternative ways to evaluate
Ik approzimately.
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Since A-PI and optimistic PI are related, it is not surprising that
they have the same type of convergence properties. We have the following
proposition, which is similar to Prop. 3.2.7.

Proposition 3.2.8: (Convergence of \-PI) Let Jy € £(X) be a
function such that Jo > T'Jy, assume that the limit in the series (3.22)
is well defined and Eq. (3.23) holds. Assume further that:

(1) For all 4 € M, we have J, = T,,J,, and for all J € £(X) with
J < Jo, there exists i1 € M such that T J =TJ.

(2) For each sequence {Jn,} C £(X) with J,,, | J for some J € £(X),
we have

H(z,u,J)= lim H(z,u,Jm), YVzeX, uel(x).

m—r o0

Then the A-PI algorithm (3.21) is well defined and the following hold:

(a) A sequence {Ji} generated by the algorithm satisfies Ji | Joo,
where J is a fixed point of T

(b) If for a set S C £(X), the sequence {u*¥} generated by the algo-
rithm consists of S-regular policies, and we have J; € S for all
k, then Jj | Jg and Jg is a fixed point of 7.

Proof: (a) We first note that for all 4 € M and J € £(X) such that
J >T,J, we have
T,J > TN,

This follows from the power series expansion (3.22) and the fact that J >
T,J implies that

T,J>T2] > >T"), ¥Ym>1.
Using also the monotonicity of 7, and TL(LA), and Eq. (3.23), we have that
J>T,J = T,J>TNJ>T1NT0) =TT ).
The preceding relation and our assumptions imply that
Jo>TJo=TuyJo > T Jo = Jy
> T (TN Jo) = Tyt 2 TIy =Ty > -+ > Jo.

Continuing similarly, we obtain Ji > T'Jy, > Ji41 for all k. Thus J; | Jso
for some Jo. From this point, the proof that J is a fixed point of T is
similar to the one of Prop. 3.2.7(a).

(b) Similar to the proof of Prop. 3.2.7(b). Q.E.D.
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3.2.5 A Mathematical Programming Approach

Let us finally consider an alternative to the VI and PI approaches. It is
based on the fact that J ; is an upper bound to all functions J € S that
satisfy J < T'J, as we will show shortly. We will exploit this fact to obtain a
method to compute J ; that is based on solution of a related mathematical
programming problem. We have the following proposition.

Proposition 3.2.9: Given a set S C £(X), for all functions J € S
satisfying J < T'J, we have J < J;.

Proof: If J € S and J < T'J, by repeatedly applying T to both sides
and using the monotonicity of T', we obtain J < TkJ < T[fJ for all £ and
S-regular policies p. Taking the limit as kK — oo, we obtain J < J,,, so by
taking the infimum over yu € Mg, we obtain J < J;. Q.E.D.

Thus if J; is a fixed point of 7', it is the “largest” fixed point of T, and
we can use the preceding proposition to compute J; by maximizing an ap-
propriate monotonically increasing function of JJ subject to the constraints
J € Sand J <TJ.t This approach, when applied to finite-spaces Marko-
vian decision problems, is usually referred to as the linear programming
solution method, since then the resulting optimization problem is a linear
program (see e.g., see Exercise 2.5 for the case of contractive problems or
[Ber12al, Ch. 2).

Suppose now that X = {1,...,n}, S = R", and J; is a fixed point of
T. Then Prop. 3.2.9 shows that Jg = (J¢(1),...,Jg(n)) is the unique solu-
tion of the following optimization problem in the vector J = (J(1),...,J(n)):

maximize Z BiJ (i)
i=1
subject to J(i) < H(i,u,J), i=1,...,n, wueU(®),

where (1,...,0, are any positive scalars. If H is linear in J and each
U(7) is a finite set, this is a linear program, which can be solved by using
standard linear programming methods.

1 For the mathematical programming approach to apply, it is sufficient that
Js < TJ§. However, we generally have J§ > T'J§ (this follows by writing

Ju =Ty, >TJ,>TJ5 ¥V peMs,

and taking the infimum over all 4 € Mg), so the condition Jg < T'J3 is equivalent
to J§ being a fixed point of T.
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IRREGULAR POLICIES/INFINITE COST CASE

The results of the preceding section guarantee (under various conditions)
that J; is a fixed point of T', and can be found by the VI and PI algorithms,
but they do not assert that J* is a fixed point of 7" or that J* = Jg. In this
section we address these issues by carrying the strong PI property analysis
further with some additional assumptions. A critical part of the analysis
is based on the strong PI property theorem of Prop. 3.2.6. We first collect
all of our assumptions. We will verify these assumptions in the context of
several applications in Section 3.5.

Assumption 3.3.1: We have a subset S C R(X) satisfying the fol-
lowing:

(a) S contains .J, and has the property that if .J1, J2 are two functions
in S, then S contains all functions J with J; < J < Ja.

(b) The function Jg = inf e g Ju belongs to S.

(c) For each S-irregular policy p and each J € S, there is at least
one state € X such that

limsup (T} J)(z) = cc.

k—o0

(d) The control set U is a metric space, and the set
{ueU(z) | H(z,u,J) < A}

is compact for every J € S, x € X, and A € R.
(e) For each sequence {J} C S with Jp, T J for some J € S,

lim H(z,u,Jm)=H (z,u,J), VeeX, uelU(z).

m—r oo

(f) For each function J € S, there exists a function J’ € S such that
J' < Jand J' <TJ'.

An important restriction of the preceding assumption is that S con-
sists of real-valued functions. This underlies the mechanism of differenti-
ating between S-regular and S-irregular policies that is embodied in As-
sumption 3.3.1(c).

The conditions (b) and (c) of the preceding assumption have been in-
troduced in Props. 3.2.5 and 3.2.6 in the context of the strong PI property-
related analysis. New conditions, not encountered earlier, are (a), (e), and
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(f). They will be used to assert that J* = Jg, that J* is the unique fixed
point of T" within S, and that the VI and PI algorithms have improved
convergence properties compared with the ones of Section 3.2.

Note that in the case where S is the set of real-valued functions R(X)
and J € R(X), condition (a) is automatically satisfied, while condition
(e) is typically verified easily. The verification of condition (f) may be
nontrivial in some cases. We postpone the discussion of this issue for later
(see the subsequent Prop. 3.3.2).

The main result of this section is the following proposition, which
provides results that are almost as strong as the ones for contractive models.

Proposition 3.3.1: Let Assumption 3.3.1 hold. Then:

(a) The optimal cost function J* is the unique fixed point of 7' within
the set S.

(b) We have TkJ — J* for all J € S.

(c) A policy u is optimal if and only if T},J* = T'J*. Moreover, there
exists an optimal policy that is S-regular.

(d) For any J € S, if J < TJ we have J < J*, and if J > T'J we
have J > J*.

(e) If in addition for each sequence {J,} C S with J,, | J for some
J € S, we have

H (z,u,J) = lim H(z,u,Jn), VaeeX, ueU(x),
m—0o0
then every sequence {u*} generated by the PI algorithm starting
from an S-regular policy u0 satisfies J uk 4 *. Moreover, if the
set of S-regular policies is finite, there exists & > 0 such that p*
is optimal.

We will prove Prop. 3.3.1 through a sequence of lemmas, which delin-
eate the assumptions that are needed for each part of the proof. Our first
lemma guarantees that starting from an S-regular policy, the PI algorithm
is well defined.

Lemma 3.3.1: Let Assumption 3.3.1(d) hold. For every J € S, there
exists a policy p such that 1), J =1TJ.

Proof: For any z € X with (T'J)(z) < oo, let {Am(z)} be a decreasing
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scalar sequence with

A inf  H(z,u,J).

The set
Un(z) = {ueU(z) | H(z,u,J) < An(z)},

is nonempty, and by assumption it is compact. The set of points attain-
ing the infimum of H(z,u,J) over U(x) is NS_ Un(x), and is therefore
nonempty. Let u, be a point in this intersection. Then we have

H(z,ug,J) < Am(x), Y m > 0. (3.24)

Consider now a policy p, which is formed by the point u, for x with
(T'J)(x) < o0, and by any point u, € U(x) for  with (T'J)(z) = co. Taking
the limit in Eq. (3.24) as m — oo shows that u satisfies (T, J)(z) = (T'J)(x)
for x with (T'J)(z) < oo. For x with (T'J)(z) = oo, we also have trivially
(Tpd)(z) = (TJ)(z),s0 T,J =TJ. Q.E.D.

The next two lemmas follow from the analysis of the preceding section.

Lemma 3.3.2: Let Assumption 3.3.1(c) hold. A policy u that satis-
fies T},J < J for some J € S is S-regular.

Proof: This is Prop. 3.2.5(a). Q.E.D.

Lemma 3.3.3: Let Assumption 3.3.1(b),(c),(d) hold. Then:

(a) The function Jg of Assumption 3.3.1(b) is the unique fixed point
of T within S.

(b) Every policy u satisfying T,,Jg = T'J is optimal within the set
of S-regular policies, i.e., p is S-regular and J, = J;. Moreover,
there exists at least one such policy.

Proof: This is Prop. 3.2.6(b) [Assumption 3.3.1(d) guarantees that for
every J € S, there exists a policy u such that T,J = T'J (cf. Lemma
3.3.1), which is part of the assumptions of Prop. 3.2.6]. Q.E.D.

Let us also prove the following technical lemma, which makes use of
the additional part (e) of Assumption 3.3.1.
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Lemma 3.3.4: Let Assumption 3.3.1(b),(c),(d),(e) hold. Then if J €
S, {TkJ} C S, and T*kJ 1 Jo for some J € S, we have Jo = J;.

Proof: We fix x € X, and consider the sets
Up(z) = {u € U(z) | H(x,u, THJ) < Joo(x)}, k=0,1,..., (3.25)

which are compact by assumption. Let ug € U(x) be such that

H(z,up, TrJ) = elll}f(' )H(x,u,TkJ) = (TFt1J)(z) < Joo(x)

(such a point exists by Lemma 3.3.1). Then uy € Uy (x).
For every k, consider the sequence {u;}5°,. Since Tk J 1 J, it follows
using the monotonicity of H, that for all ¢ > k,

H(z,u;, TRT) < H(x,u;, THJ) < Joo(x).

Therefore from the definition (3.25), we have {u;}5°, C Ug(x). Since Uy(x)
is compact, all the limit points of {u;}$°, belong to U(x) and at least one
limit point exists. Hence the same is true for the limit points of the whole
sequence {u;}. Thus if @ is a limit point of {u;}, we have

€ NP2 Ug(x).
By Eq. (3.25), this implies that
H(:z:,ﬁ,TkJ)gJoo(:z), k=0,1,....
Taking the limit as kK — oo and using Assumption 3.3.1(e), we obtain
(TJso)(x) < H(x, 0, Joo) < Joo().

Thus, since x was chosen arbitrarily within X, we have TJyx < Js. To
show the reverse inequality, we write T*J < Joo, apply T to this inequality,
and take the limit as & — oo, so that Joo = limp_oo TF 1T < TJ. It
follows that Jo = T'Js. Since Jo € S by assumption, by applying Lemma
3.3.3(a) we have Joo = Jg. Q.E.D.

We are now ready to prove Prop. 3.3.1 by making use of the additional
parts (a) and (f) of Assumption 3.3.1.

Proof of Prop. 3.3.1: (a), (b) We will first prove that T*.J — Jg for all
J € S, and we will use this to prove that J; = J* and that there exists
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an optimal S-regular policy. Thus parts (a) and (b), together with the
existence of an optimal S-regular policy, will be shown simultaneously.
We fix J € S, and choose J’ € S such that J' < J and J' < TJ’
[cf. Assumption 3.3.1(f)]. By the monotonicity of T', we have T*kJ" 1 Juo
for some Joo € £(X). Let p be an S-regular policy such that J, = Jg [cf.
Lemma 3.3.3(b)]. Then we have, using again the monotonicity of T,

Joo = lim TkJ' < limsupT*J < lim TFJ = J, = Jg. (3.26)
k—o0 k—o00

k—o0

Since J’ and J; belong to S, and J' < TkJ < Jo < J;, Assumption
3.3.1(a) implies that {T*J'} C S, and J € S. From Lemma 3.3.4, it
then follows that Jo = J;. Thus equality holds throughout in Eq. (3.26),
proving that limy_,oo T*J = J;.

There remains to show that J;i = J* and that there exists an optimal
S-regular policy. To this end, we note that by the monotonicity Assumption
3.2.1, for any policy m = {po, pi1,. ..}, we have

Ty Ty, J >TFJ.
Taking the limit of both sides as k — oo, we obtain

Jr > lim TkJ = Jg,
k— o0
where the equality follows since T*J — .J s for all J € S (as shown earlier),
and J € S [cf. Assumption 3.3.1(a)]. Thus for all 7 € II, J, > Jg = J,,
implying that the policy p that is optimal within the class of S-regular

policies is optimal over all policies, and that J; =J".

(c) If p is optimal, then J, = J* € S, so by Assumption 3.3.1(c), 4 is
S-regular and therefore T),J, = J,,. Hence,

Ty J* =Tpdy = J,=J =TJ".

Conversely, if

J=TJ =T,J",
p is S-regular (cf. Lemma 3.3.2), so J* = limg 00 TfJ* = J,.. Therefore,
1 is optimal.
(d) If J € S and J < TJ, by repeatedly applying T to both sides and using
the monotonicity of T', we obtain J < T*.J for all k. Taking the limit as

k — oo and using the fact TkJ — J* [cf. part (b)], we obtain J < J*. The
proof that J > T'J implies J > J* is similar.

(e) As in the proof of Prop. 3.2.4(b), the sequence {J .} converges mono-
tonically to a fixed point of T', call it J. Since Jo lies between Juo es

and J; € S, it must belong to S, by Assumption 3.3.1(a). Since the only
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fixed point of T within S is J* [cf. part (a)], it follows that Jo = J*.
Q.E.D.

Note that Prop. 3.3.1(d) provides the basis for a solution method
based on mathematical programming; cf. the discussion following Prop.
3.2.9. Here is an example where Prop. 3.3.1 does not apply, because the
compactness condition of Assumption 3.3.1(d) fails.

Example 3.3.1

Consider the third variant of the blackmailer problem (Section 3.1.3) for the
case where ¢ > 0 and S = R. Then the (nonoptimal) S-irregular policy f
whereby at each period, the blackmailer may demand no payment (u = 0)
and pay cost ¢ > 0, has infinite cost (Jz = o). However, T" has multiple fixed
points within the real line, namely the set (—oo, —1]. By choosing S = R, we
see that the uniqueness of fixed point part (a) of Prop. 3.3.1 fails because the
compactness part (d) of Assumption 3.3.1 is violated (all other parts of the
assumption are satisfied). In this example, the results of Prop. 3.2.1 apply
with S = R, because Jg is a fixed point of T'.

In various applications, the verification of part (f) of Assumption 3.3.1
may not be simple. The following proposition is useful in several contexts,
including some that we will encounter in Section 3.5.

Proposition 3.3.2: Let S be equal to Ry(X), the subset of R(X)
that consists of functions J that are bounded above and below, in the
sense that for some b € R, we have |J(z)| < b for all z € X. Let parts
(b), (¢), and (d) of Assumption 3.3.1 hold, and assume further that
for all scalars r > 0, we have

TJg—re <T(Jg—re), (3.27)

where e is the unit function, e(x) = 1. Then part (f) of Assumption
3.3.1 also holds.

Proof: Let J € Ry(z), and let 7 > 0 be a scalar such that Jg —re < J
[such a scalar exists since Jg € Ry(z) by Assumption 3.3.1(b)]. Define
J = J; — re, and note that by Lemma 3.3.3, J; is a fixed point of T. By
using Eq. (3.27), we have

J =Jg—re=TJi—re<T(Jg—re)=TJ,
while J’ € Ry(x), thus proving part (f) of Assumption 3.3.1. Q.E.D.

The relation (3.27) is satisfied among others in stochastic optimal
control problems (cf. Example 1.2.1), where

(TJ)(z) = ueigfz)E{g(:zr,u,w) +aJ(f(z,u,w))}, reX,
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with @ € (0,1]. Note that application of the preceding proposition is
facilitated when X is a finite set, in which case Ry(X) = R(X). This
fact will be used in the context of some of the applications of Sections
3.5.1-3.5.4.

IRREGULAR POLICIES/FINITE COST CASE -
A PERTURBATION APPROACH

In this section, we address problems where some S-irregular policies may
have finite cost for all states [thus violating Assumption 3.3.1(c)], so Prop.
3.3.1 cannot be used. Our approach instead will be to assert that J ; is a
fixed point of T, so that Prop. 3.2.1 applies and can be used to guarantee
convergence of VI to J; starting from Jp > J;.

Our line of analysis is quite different from the one of Sections 3.2.3
and 3.3, which was based on PI ideas. Instead, we add a perturbation to
the mapping H, designed to provide adequate differentiation between S-
regular and S-irregular policies. Using a limiting argument, as the size of
the perturbation diminishes to 0, we are able to prove that J; is a fixed
point of T'. Moreover, we provide a perturbation-based PI algorithm that
may be more reliable than the standard PI algorithm, which can fail for
problems where irregular policies may have finite cost for all states; cf.
Example 3.2.2. We will also use the perturbation approach in Sections 4.5
and 4.6, where we will extend the notion of S-regularity to nonstationary
policies that do not lend themselves to a PI-based analysis.

An example where the approach of this section will be shown to apply
is an SSP problem where Assumption 3.3.1 is violated while J*(x) > —o0
for all  (see also Section 3.5.1). Here is a classical problem of this type.

Example 3.4.1 (Search Problem)

Consider a situation where the objective is to move within a finite set of
states searching for a state to stop while minimizing the expected cost. We
formulate this as a DP problem with finite state space X, and two controls
at each x € X: stop, which yields an immediate cost s(z), and continue, in
which case we move to a state f(z,w) at cost g(z,w), where w is a random
variable with given distribution that may depend on . The mapping H is

s(zx) if u = stop,

H(z,u,J) = {E{g(x,w) + J(f(x7w))} if u = continue,

and the function .J is identically 0.

Letting S = R(X), we note that the policy & that stops nowhere is
S-irregular, since T3 cannot have a unique fixed point within S (adding any
unit function multiple to J adds to T5zJ the same multiple). This policy may
violate Assumption 3.3.1(c) of the preceding section, because its cost may be
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finite for all states. A special case where this occurs is when g(z,w) = 0 for
all z. Then the cost function of 7 is identically 0.

Note that case (b) of the deterministic shortest path problem of Sec-
tion 3.1.1, which involves a zero length cycle, is a special case of the search
problem just described. Therefore, the anomalous behavior we saw there
(nonconvergence of VI to J* and oscillation of PI; cf. Examples 3.2.1 and
3.2.2) may also arise in the context of the present example. We will see that
by adding a small positive constant to the length of the cycle we can rectify
the difficulties of VI and PI, at least partially; this is the idea behind the
perturbation approach that we will use in this section.

We will address the finite cost issue for irregular policies by intro-
ducing a perturbation that makes their cost infinite for some states. We
can then use Prop. 3.3.1 of the preceding section. The idea is that with a
perturbation, the cost functions of S-irregular policies may increase dispro-
portionately relative to the cost functions of the S-regular policies, thereby
making the problem more amenable to analysis.

We introduce a nonnegative “forcing function” p : X — [0,00), and
for each § > 0 and policy p, we consider the mappings

(TusJ)(x) = H(:v,u(ac), J) +p(z), z€X, TsJ = 15{/1 Ty,s.
o

We refer to the problem associated with the mappings 7}, s as the J-
perturbed problem. The cost functions of policies m = {uo, u1,...} € 1
and p € M for this problem are
Jr,s = limsup T} 5 ~T#k15j, Ju,s = limsup T576j,
k—o0 k—o0
and the optimal cost function is Js = infrem Jrs.

The following proposition shows that if the §-perturbed problem is
“well-behaved” with respect to a subset of S-regular policies, then its cost
function Js can be used to approximate the optimal cost function over this
subset of policies only. Moreover J. ; is a fixed point of T. Note that the
unperturbed problem need not be as well-behaved, and indeed J* need not
be a fixed point of T.

Proposition 3.4.1: Given a set S C £(X), let M be a subset of S-
regular policies, and let J be the optimal cost function over the policies
in M only, i.e.,
J= inf J,.
pneM
Assume that for every § > 0:

(1) The optimal cost function Js of the d-perturbed problem satisfies
the corresponding Bellman equation Js = TjJs.
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(2) We have infﬂeﬁ I = Js, i.e., for every z € X and € > 0, there

exists a policy fiz,e € M such that g e,5(x) < Js(z) + €.

(3) For every u € M, we have
s < Jp+wps,

where wy, s is a function such that limsjow,s = 0.

(4) For every sequence {J,,} C S with J,, | J, we have

lim H(z,u,Jn)=H(z,u,J), VeeX, uelU(x).

m—r oo

Then J; is a fixed point of 7" and the conclusions of Prop. 3.2.1 hold.
Moreover, we have

=7 =limJs.

Proof: For every x € X, using conditions (2) and (3), we have for all
0>0,e>0,and u € M,

j(x)—e < Juge(x)—€ < Jﬂx,sxé(‘r)_e < j(;(:v) < Jus(@) < Ju(@)+wys(z).
By taking the limit as € | 0, we obtain for all § > 0 and pu € M\,
j < j6 < Ju,ts < JH +wu,6-

By taking the limit as ¢ | 0 and then the infimum over all p € M , it follows
[using also condition (3)] that

J < limj[; < inf limJ,s < inf J, = j,
pnemM 510 pneM
so that J = lims o j(;.
Next we prove that J is a fixed point of T and use this fact to show
that J = J;i, thereby concluding the proof. Indeed, from condition (1) and
the fact Js5 > J shown earlier, we have for all § > 0,

Js = TsJs > TJs > TJ,

and by taking the limit as § | 0 and using part (a), we obtain J >TJ. For
the reverse inequality, let {0,,} be a sequence with d,, | 0. Using condition
(1) we have for all m,

H(z,u, Js5,) + 6mp(x) > (Ts,, Js,,) (@) = Js,, (x), VzeX, uelU().
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Taking the limit as m — oo, and using condition (4) and the fact Js,, | J
shown earlier, we have

H(z,u,J) > J(z), VeeX, ueU(x),

so that T.J > J. Thus J is aAﬁxed point of T. R
Finadly7 to show that J = J ;, we first note that Jg < < J since every

policy in M is S-regular. For the reverse inequality, let y be S-regular.

We have J = T.J < T,J < T}J for all k > 1, so that for all 1/ eM,
J < lim T[fJ < hm Thd, = Jy,

k—o0

where the equality follows since p and p/ are S- regular (so Jy €8). Takmg

the infimum over all S-regular y, we obtain J < JS, so that JS = J.
Q.E.D.

Aside from S-regularity of the set M\, a key assumption of the pre-

ceding proposition is that infueﬁl Jus = Js, i.e., that with a perturbation

added, the subset of policies M is sufficient (the optimal cost of the 4-
perturbed problem can be achieved using the policies in M\) This is the
key insight to apply when selecting M.

Note that the preceding proposition applies even if

161%1 Js(x) > J"(x)

for some x € X. This is illustrated by the deterministic shortest path
example of Section 3.1.1, for the zero-cycle case where a = 0 and b > 0.
Then for S = R, we have J ; =b > 0 = J%, while the proposition applies
because its assumptions are satisfied with p( )=1. Cons1stently with the
conclusions of the proposition, we have J5 =b+14, so JS =J= lims o J(;
and Js is a fixed point of T.

Proposition 3.4.1 also applies to Example 3.4.1. In particular, it can
be used to assert that J; is a fixed point of T, and hence also that the
conclusions of Prop. 3.2.1 hold. These conclusions imply that J; is the
unique fixed point of 7 within the set {J | J > Jg} and that the VI
algorithm converges to J; starting from within this set.

We finally note that while Props. 3.3.1 and 3.4.1 relate to qualitatively
different problems, they can often be used synergistically. In particular,
Prop. 3.3.1 may be applied to the d-perturbed problem in order to verify
the assumptions of Prop. 3.4.1.

A Policy Iteration Algorithm with Perturbations
We now consider a subset M of S-regular policies, and introduce a ver-

sion of the PI algorithm that uses perturbations and generates a sequence
{1k} C M such that Jp = Jg. We assume the following.
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Assumption 3.4.1: The subset of S-regular policies M is such that:
(a) The conditions of Prop. 3.4.1 are satisfied.

(b) Every policy p € Mis S-regular for all the §-perturbed problems,
d>0.

(¢) Given a policy p € M and a scalar § > 0, every policy ' such
that
Twdus =TJpus

belongs to /\//\l, and at least one such policy exists.

The perturbed version of the PI algorithm is defined as follows. Let
{8k} be a positive sequence with 5 | 0, and let x0 be a policy in M. At
iteration k, we have a policy pu* € M, and we generate pkt1 € M according

to
Tprd k5, =Tk 5, - (3.28)

Note that by Assumption 3.4.1(c) the algorithm is well-defined, and is

guaranteed to generate a sequence of policies {uk} C M. We have the
following proposition.

Proposition 3.4.2: Let Assumption 3.4.1 hold. Then J; is a fixed
point of T' and for a sequence of S-regular policies {u*} generated by
the perturbed PT algorithm (3.28), we have Sk 5, + J; and Jx — J;.

Proof: We have that J;i is a fixed point of T' by Prop. 3.4.1. The algorithm
definition (3.28) implies that for all m > 1 we have

m
Tuk“ﬁk Juk 5, < Tyrr 5,k 5,

= TJ#k)(;k +0pp < J#k)(;k.
From this relation it follows that
J#k+115k+1 < J#k+115k = mlgnoo T$+116k¢]#k)5k < J#k15k7
where the equality holds because p++1 and p* are S-regular for all the 6-
perturbed problems. It follows that {J,x s, } is monotonically nonincreas-

ing, so that J#’“ﬁk } Joo for some J. Moreover, we must have Joo > J;
. *
since J#k)(;k > J#k > Jg. Thus

Jg < Joo = Jim T e s, (3.29)
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We also have

< i i ;
Y

uEHI}Em) H(w,u. klinéo J“kv‘sk)

inf H(z,u, Jsx),
ueU(x)

where the first inequality follows from the fact Joo < J, kS which implies
that H(z,u, Joo) < H(az,u, J#kﬁk)’ and the first equality follows from the
continuity property that is assumed in Prop. 3.4.1. Thus equality holds
throughout above, so that

lim T =T (3.30)

Combining Egs. (3.29) and (3.30), we obtain Jg < Je = T'Js. By re-
placing J with Js in the last part of the proof of Prop. 3.4.1, we obtain
Jg = Joo. Thus J,k 5 | Jg, which in view of the fact J . 5 > Jx > Jg,
implies that J,. — Jg. Q.E.D.

When the control space U is finite, Prop. 3.4.2 also implies that the
generated policies pu* will be optimal for all k sufficiently large. The reason
is that the set of policies is finite and there exists a sufficiently small € > 0,
such that for all nonoptimal x4 there is some state x such that J,(z) >
J(z)+e. This convergence behavior should be contrasted with the behavior
of PI without perturbations, which may lead to oscillations, as noted earlier.

However, when the control space U is infinite, the generated sequence
{p*} may exhibit some serious pathologies in the limit. If {u*}g is a
subsequence of policies that converges to some [i, in the sense that

kﬂgr’rzelcuk(:c)—u(x), Ve=1,...,n,
it does not follow that & is S-regular. In fact it is possible that the generated
sequence of S-regular policies {uF} satisfies limg—_s o0 Juk — J; = J*, yet
{p*} may converge to an S-irregular policy whose cost function is strictly
larger than J;, as illustrated by the following example.

Example 3.4.2
Consider the third variant of the blackmailer problem (Section 3.1.3) for the

case where ¢ = 0 (the blackmailer may forgo demanding a payment at cost
¢ = 0); see Fig. 3.4.1. Here the mapping T is given by

_ . . _ 2 _
TJ_mm{J70<12f§1{ u+u + (1 u)J}}7
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Prob. 1 —u
Cost —u

Destination

Prob. u
: Cost 0 -

Control u € [0, 1]

Figure 3.4.1. Transition diagram for a blackmailer problem (the third variant
of Section 3.1.3 in the case where ¢ = 0). At state 1, the blackmailer may
demand any amount u € [0,1]. The victim will comply with probability
1 — u and will not comply with probability u, in which case the process will
terminate.

[cf. Eq. (3.4)], and can be written as
TJ = min {—u+u2+(1—u)J}.

0<u<l1
Letting S = R, it can be seen that the set of fixed points of T' within S
is (—oo, —1]. Here the policy whereby the blackmailer demands no payment
(u = 0) and pays no cost at each period, is S-irregular and strictly suboptimal,
yet has finite (zero) cost, so part (c) of Assumption 3.3.1 is violated (all other
parts of the assumption are satisfied).
It can be seen that

*:J§:—17

J¢ is a fixed point of T, Prop. 3.2.1 applies, and VI converges to J* starting
from any J > J*. Moreover, starting from any policy (including the S-
irregular one that applies u = 0), the PI algorithm (3.28) generates a sequence
of S-regular policies {x*} with J i — Js. However, {u*} converges to the
S-irregular and strictly suboptimal policy that applies u = 0.

Here a phenomenon of “oscillation in the limit” is observed: starting
with the S-irregular policy that applies u = 0, we generate a sequence of
S-regular policies that converges to the S-irregular policy we started from!
The perturbation-based PI algorithm of this section cannot rectify this type
of behavior; it can only guarantee that a sequence of S-regular policies with
J e = Jg is generated.

3.5 APPLICATIONS IN SHORTEST PATH AND OTHER
CONTEXTS

In this section we will apply the results of the preceding sections to various
problems with a semicontractive character, including shortest path and
deterministic optimal control problems of various types.
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As we are about to apply the theory developed so far in this chapter,
it may be helpful to summarize our results. Given a suitable set of functions
S, we have been dealing with two problems. These are the original prob-
lem whose optimal cost function is J*, and the restricted problem whose
optimal cost function is J;, the optimal cost over the S-regular policies.
In summary, the aims of our analysis have been the following:

(a) To establish the fixed point properties of T. We have showed under
various conditions (cf. Prop. 3.2.1) that J; is the unique fixed point
of T within the well-behaved region Ws, and moreover the VI algo-
rithm converges from above to J;. Related analyses involve the use
of infinite cost assumptions for S-irregular policies (Section 3.3), pos-
sibly in conjunction with the use of perturbations (Section 3.4). A
favorable case is when Jg = J*. However, we may also have Jg # J*.
Generally, proving that J* is a fixed point of T is a separate issue,
which may either be addressed in conjunction with the analysis of
properties of J; as in Section 3.3 (cf. Prop. 3.3.1), or independently
of J ; (for example J* is generically a fixed point of T' in deterministic
problems, among other classes of problems; see Exercise 3.1).

(b) To delineate the initial conditions under which the VI and PI algo-
rithms are guaranteed to converge to J ; or to J*. This was done in
conjunction with the analysis of the fixed point properties of T'. For
example, a major line of analysis for establishing that J;i is a fixed
point of T is based on the PI algorithm (cf. Sections 3.2.3 and 3.3).
We have also obtained several other results relating to the conver-
gence of variants of PI (the optimistic version, cf. Prop. 3.2.7, the
A-PI version, cf. Prop. 3.2.8, and the perturbation-based version, cf.
Prop. 3.4.2), and to the mathematical programming-based solution,
cf. Section 3.2.5.

(¢) To establish the existence of optimal policies for the original or for
the restricted problem, and the associated optimality conditions. This
was accomplished in conjunction with the analysis of the fixed points
of T, and under special compactness-like conditions (cf. Props. 3.2.1,
3.2.6, and 3.3.1).

As we apply our analysis to various specific contexts in this section, we
will make frequent reference to the pathological behavior that we witnessed
in the examples of Section 3.1. In particular, we will explain this behavior
through our theoretical results, and we will discuss how to preclude this
behavior through appropriate assumptions.

3.5.1 Stochastic Shortest Path Problems

Let us consider the SSP problem that we discussed in Section 1.3.2. It
involves a directed graph with nodes z = 1,...,n, plus a destination node
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t that is cost-free and absorbing. At each node x, we must select a control
u € U(x), which defines a probability distribution p,(u) over all possible
successor nodes y = 1,...,n,t, while a cost g(x, u) is incurred. We wish to
minimize the expected cost of the traversed path, with cost accumulated
up to reaching the destination.

Note that if for every feasible control the corresponding probability
distribution assigns probability 1 to a single successor node, we obtain the
deterministic shortest path problem of Section 3.1.1. This problem admits
a relatively simple analysis, yet exhibits pathological behavior that we have
described. The pathologies exhibited by SSP problems are more severe, and
were illustrated in Sections 3.1.2 and 3.1.3.

We formulate the SSP problem as an abstract DP problem where:

(a) The state space is X = {1,...,n} and the control constraint set is
U(z) for all x € X. (For technical reasons, it is convenient to exclude
from X the destination ¢; we know that the optimal cost starting from
t is 0, and including ¢ within X would just complicate the notation
and the analysis, with no tangible benefit.)

(b) The mapping H is given by

H(:c,u,J):g(a:,u)—l—mey(u)J(y), r=1,...,n.

y=1

(c) The function J is identically 0, J(x) = 0 for all z.

We continue to denote by £(X) the set of all extended real-valued
functions J : X — R*, and by R(X) the set of real-valued functions J :
X — R. Note that since X = {1,...,n}, R(X) is essentially the n-
dimensional space R™.

Here the mapping T}, corresponding to a policy p maps R(X) to
R(X), and is given by

(Tud)(@) = g (@, p(@) + Y poy (@) I(y),  x=1,...,n.
y=1

The corresponding cost for a given initial state o € {1,...,n} is
k—1
Ju(z0) = limsup(TJ)(zo) = limsup Z E{g(azm,,u(xm))},
k—o00 k—o00 m—0

where {x,} is the (random) state trajectory generated under policy u,
starting from initial state zo. The expected value E{g(zm, pt(xm))} above
is defined in the natural way: it is the weighted sum of the numerical values
g(z,u(x)), = 1,...,n, weighted by the probabilities p(zm = = | zo, )
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that x,, = x given that the initial state is x¢ and policy p is used. Thus
Ju(x0) is the upper limit as k — oo of the cost for the first &k steps or up
to reaching the destination, whichever comes first.

A stationary policy p is said to be proper if for every initial state
there is positive probability that the destination will be reached under that
policy after at most n stages. A stationary policy that is not proper is said
to be improper. The relation between proper policies and S-regularity is
given in the following proposition.

Proposition 3.5.1: (Proper Policies and Regularity) A policy
is proper if and only if it is R(X)-regular.

Proof: Clearly p1 is R(X)-regular if and only if the n x n matrix P,, whose
components are pzy (u(x)), xz,y =1,...,n, is a contraction (since T}, is a
linear mapping with matrix P,). If p is proper then P, is a contraction
mapping with respect to some weighted sup-norm; this is a classical result,
given for example in [BeT89], Section 4.2. Conversely, it can be seen that
if p is improper, P, is not a contraction mapping since the Markov chain
corresponding to p has multiple ergodic classes and hence the equilibrium
equation ¢’ = £’ P, has multiple solutions. Q.E.D.

Looking back to the shortest path examples of Sections 3.1.1-3.1.3,
we can make some observations. In deterministic shortest path problems,
w(x) can be identified with the single successor node of node x. Thus p is
proper if and only if the corresponding graph of arcs (a:, u(a:)) is acyclic.
Moreover, there exists a proper policy if and only if each node is connected
to the destination with a sequence of arcs. Every improper policy involves
at least one cycle. Depending on the sign of the length of their cycle(s),
improper policies can be strictly suboptimal (if all cycles have positive
length), or may be optimal (possibly together with some proper policies,
if all cycles have nonnegative length). Moreover, if there are cycles with
negative length, no proper policy can be optimal and for the states x that
lie on some negative length cycle we have J*(x) = —oc.

A further characterization of the optimal solution is possible in deter-
ministic shortest path problems. Since the sets U(x) are finite, there exists
an optimal policy, which can be separated into a “proper” part consisting
of arcs that form an acyclic subgraph, and an “improper” part consisting
of cycles that have negative or zero length. These facts can be proved with
simple arguments, which will not be given here (deterministic shortest path
theory and algorithms are developed in detail in the author’s text [Ber98]).

In SSP problems, the situation is more complicated. In particular,
the cost function of an improper policy u may not be a fixed point of
T,, while J* may not be a fixed point of T (cf. the example of Section
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3.1.2). Moreover, there may not exist an optimal stationary policy even if
all policies are proper (cf. the three variants of the blackmailer example of
Section 3.1.3).

In this section we will use various assumptions, which we will in turn
translate into the conditions and corresponding results of Sections 3.2-3.4.
Throughout this section we will assume the following.

Assumption 3.5.1: There exists at least one proper policy.

Depending on the circumstances, we will also consider the use of one
or both of the following assumptions.

Assumption 3.5.2: The control space U is a metric space. Moreover,
for each state x, the set U(x) is a compact subset of U, the functions
Pzy(+), y =1,...,n, are continuous over U(z), and the function g(z, -)
is lower semicontinuous over U (z).

Assumption 3.5.3: For every improper policy p and function J &€
R(X), there exists at least one state z € X such that J,(z) = cc.

An important consequence of Assumption 3.5.2 is that it implies the
compactness condition (d) of Assumption 3.3.1. We will also see from the
proof of the following proposition that Assumption 3.5.3 implies the infinite
cost condition (c¢) of Assumption 3.3.1.

Analysis Under the Strong SSP Conditions

The preceding three assumptions, referred to as the strong SSP condi-
tions, T were introduced in the paper [BeT91], and they were used to show
strong results for the SSP problem. In particular, the following proposition
was shown.

Proposition 3.5.2: Let the strong SSP conditions hold. Then:

(a) The optimal cost function J* is the unique solution of Bellman’s
equation J = T'J within R(X).

T The strong SSP conditions and the weak SSP conditions, which will be
introduced shortly, relate to the strong and weak PI properties of Section 3.2.
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(b) The VI sequence {T*.J} converges to J* starting from any J €
R(X).

(c) A policy u is optimal if and only if T},J* = T'J*. Moreover, there
exists an optimal policy that is proper.

(d) The PI algorithm, starting from any proper policy, is valid in the
sense described by the conclusions of Prop. 3.3.1(e).

We will prove the proposition by using the strong SSP conditions to
verify Assumption 3.3.1 for S = R(X), and then by applying Prop. 3.3.1.
To this end, we first state without proof the following result relating to
proper policies from [BeT91].

Proposition 3.5.3: Under the strong SSP conditions, the optimal
cost function J over proper policies only,

J(x)= inf Ju(x), z e X,

f: proper

is real-valued.

The preceding proposition holds trivially if the control space U is
finite (since then the set of all policies is finite), or if J* is somehow known to
be real-valued [for example if g(x,u) > 0 for all (x,u)]. The three variants
of the blackmailer problem of Section 3.1.3 provide examples illustrating
what can happen if U is infinite. In particular, in the first variant of the
blackmailer problem all policies are proper (and hence Assumptions 3.5.1
and 3.5.3 are satisfied), but J is not real-valued. The proof of Prop. 3.5.3
in the case of an infinite control space U was given as part of Prop. 2 of
the paper [BeT91]. Despite the intuitive nature of Prop. 3.5.3, the proof
embodies a fairly complicated argument (see Lemma 3 of [BeT91]).

Another related result is that if all policies are proper, then for all
wE M, T, is a contraction mapping with respect to a common weighted
sup-norm, so the contractive model analysis and algorithms of Chapter 2
apply (see [BeT96], Prop. 2.2). However, this fact will not be useful to us
in this section.

Proof of Prop. 3.5.2: In the context of Section 3.3, let us choose S =
R(X), so the proper policies are identified with the S-regular policies by
Prop. 3.5.1. We will verify Assumption 3.3.1.

Indeed parts (a) and (e) are trivially satisfied, part (b) is satisfied
by Prop. 3.5.3, part (d) can be easily verified by using Assumption 3.5.2.
To verify part (f), we use Prop. 3.3.2, which applies because S = R(X) =
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Ry (X) (since X is finite) and Eq. (3.27) clearly holds. Finally, to verify part
(¢) we must show that given an improper policy u, for every J € R(X) there
exists an € X such that limsup,_, (T4 J)(x) = oo. This follows since
by Assumption 3.5.3, J,(z) = limsup,_,.. (T} J)(z) = oo, for some z € X,
and (T J)(z) and (T} J)(x) differ by E{.J(x)}, an amount that is finite
since J is real-valued and has a finite number of components J(x). Thus
Assumption 3.3.1 holds and the result follows from Prop. 3.3.1. Q.E.D.

Analysis Under the Weak SSP Conditions

Under the strong SSP conditions, we showed in Prop. 3.5.2 that J* is the
unique fixed point of 7' within R(X). Moreover, we showed that a policy p*
is optimal if and only if 7« J* = T'J", and an optimal proper policy exists
(so in particular J*, being the cost function of a proper policy, is real-
valued). In addition, J* can be computed by the VI algorithm starting
with any J € Rn.

We will now replace Assumption 3.5.3 (improper policies have cost
oo for some initial states) with the following weaker assumption:

Assumption 3.5.4: The optimal cost function J* is real-valued.

We will refer to the Assumptions 3.5.1, 3.5.2, and 3.5.4 as the weak
SSP conditions. The examples of Sections 3.1.1 and 3.1.2 show that under
these assumptions, it is possible that

J'# = inf
p: proper

while J* need not be a fixed point of T' (Section 3.1.2). The key fact is that
under Assumption 3.5.4, we can use the perturbation approach of Section
3.4, whereby adding 6 > 0 to the mapping 7}, makes all improper policies
have infinite cost for some initial states, so the results of Prop. 3.5.2 can be
used for the d-perturbed problem. In particular, Prop. 3.5.1 implies that
J;i = j, so from Prop. 3.4.1 it follows that J is a fixed point of T" and the
conclusions of Prop. 3.2.1 hold. We thus obtain the following proposition,
which provides additional results, not implied by Prop. 3.2.1; see Fig. 3.5.1.

Proposition 3.5.4: Let the weak SSP conditions hold. Then:

(a) The optimal cost function over proper policies, J, is the largest
solution of Bellman’s equation J = T'J within R(X), i.e., J is
a solution that belongs to R(X), and if J’ € R(X) is another
solution, we have J’ < J.
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Paths of VI

S =R //

Fixed Points of T’
\\\\ X

\ J: Largest fixed point of T
°
°

Figure 3.5.1. Schematic illustration of Prop. 3.5.4 for a problem with two states,
so R(X) = %2 = S. We have that J is the largest solution of Bellman’s equation,
while VI converges to J starting from J > J. As shown in Section 3.1.2, J* need
not be a solution of Bellman’s equation.

(b) The VI sequence {T"*J} converges linearly to J starting from any
J € R(X) with J > J.

(c) Let p be a proper policy. Then p is optimal within the class of
proper policies (i.e., J, = J) if and only if T,,J = T'J.

(d) For every J € R(X) such that J < T.J, we have J < .J.

Proof: (a), (b) Let S = R(X), so the proper policies are identified with
the S-regular policies by Prop. 3.5.1. We use the perturbation framework
of Section 3.4 with forcing function p(z) = 1. From Prop. 3.5.2 it follows
that Prop. 3.4.1 applies so that J is a fixed point of T', and the conclusions
of Prop. 3.2.1 hold, so T*.J — J starting from any J € R(X) with J > J.
The convergence rate of VI is linear in view of Prop. 3.2.2 and the existence
of an optimal proper policy to be shown in part (¢). Finally, let J’ € R(X)
be another solution of Bellman’s equation, and let J € R(X) be such that
J>Jand J > J'. Then TkJ — J, while TFJ > TkJ’ = J'. Tt follows
that J > J.

(c) If the proper policy u satisfies J, = J, we have J = J, = T,,.J, = T},
so, using also the relation J = T.J [cf. part (a)], we obtain T),J = T
Conversely, if p satisfies T#JA = TJ, then using part (a), we have Tﬂj =
and hence limy_, T[fj = J. Since 1 is proper, we have J, = limy_, T[f
so J, = J.

(d) Let J < TJ and § > 0. We have J < T'J + de = Ts5J, and hence
J < TEJ for all k. Since the strong SSP conditions hold for the d-perturbed

J,
J.
J
J,
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problem, it follows that TF.J — Js, so J < Js. By taking 6 | 0 and using
Prop. 3.4.1, it follows that J < J. Q.E.D.

The first variant of the blackmailer Example 3.4.2 shows that un-
der the weak SSP conditions there may not exist an optimal policy or an
optimal policy within the class of proper policies if the control space is
infinite. This is consistent with Prop. 3.5.4(c). Another interesting fact is
provided by the third variant of this example in the case where ¢ < 0. Then
J*(1) = —oco (violating Assumption 3.5.4), but .J is real-valued and does
not solve Bellman’s equation, contrary to the conclusion of Prop. 3.5.4(a).

Part (d) of Prop. 3.5.4 shows that .J is the unique solution of the
problem of maximizing Y., ; B;J(i) over all J = (J(1),...,J(n)) such
that J < TJ, where f1,..., B, are any positive scalars (cf. Prop. 3.2.9).
This problem can be written as

n
maximize Z J(i)
i=1

subject to J(x) < g(z,u) + Zpij(u)J(j), i=1,...,n, uweU(),

y=1

and is a linear program if each U (i) is a finite set.

Generally, under the weak SSP conditions the strong PI property may
not hold, so a sequence generated by PI starting from a proper policy need
not have the cost improvement property. An example is the deterministic
shortest path problem of Section 3.1.1, when there is a zero length cycle
(a = 0) and the only optimal policy is proper (b = 0). Then the PI
algorithm may oscillate between the optimal proper policy and the strictly
suboptimal improper policy. We will next consider the modified version of
the PI algorithm that is based on the use of perturbations (Section 3.4).

Policy Iteration with Perturbations

To deal with the oscillatory behavior of PI, which was illustrated in the de-
terministic shortest path Example 3.2.2, we may use the perturbed version
of the PI algorithm of Section 3.4, with forcing function p(z) = 1. Thus,
we have

(Tp57)(x) = H (2, u(x), J) +6, z€X, T5J = HiéquA Ty.s5J.

The algorithm generates the sequence {u*} as follows.

Let {0} be a positive sequence with dx | 0, and let 49 be any proper
policy. At iteration k, we have a proper policy p*, and we generate pk+!
according to

T,U,k+1J,uk,6k. == TJuk,5k7 (3.31)
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where J i 5, 18 computed as the unique fixed point of the mapping T#kﬁk
given by
THk;‘SkJ - THkJ + 5k€.

The policy p*+1 of Eq. (3.31) exists by the compactness Assumption
3.5.2. We claim that pf+1 is proper. To see this, note that

Tl"k+116k‘]y‘k16k = TJlu‘kv‘;k + 5k € S T:U'k J/U'kv‘;k: + 6k €= Jl"kvék,
so that by the monotonicity of T[f"’l,
TZZZ+1;5]§ Jlu‘kvtsk S Ttu'k+116k:Jlu‘k16k = TJlu‘kv‘;k: + 5k € S Jlu‘kvék’ v m 2 1-

Since Jukﬁk forms an upper bound to T:}ﬂﬂ,ék J#’“ﬁk’ it follows that pk+1
is proper [if it were improper, we would have (T;%H,ék Ik 5, ) (@) = oo for
some z, because of the perturbation dx]. Thus the sequence {u#} generated

by the perturbed PT algorithm (3.31) is well-defined and consists of proper
policies. We have the following proposition.

Proposition 3.5.5: Let the weak SSP conditions hold. Then the se-
quence {J,x } generated by the perturbed PI algorithm (3.31) satisfies

Jﬂk — J.

Proof: We apply the perturbation framework of Section 3.4 with § =
R(X), M equal to the set of proper policies, and the forcing function
p(z) = 1. Clearly Assumption 3.4.1 holds, so Prop. 3.4.2 applies. Q.E.D.

When the control space U is finite, the generated policies p* will be
optimal for all k sufficiently large, as noted following Prop. 3.4.2. However,
when the control space U is infinite, the generated sequence {uF} may
exhibit some serious pathologies in the limit, as we have seen in Example
3.4.2.

3.5.2 Affine Monotonic Problems

In this section, we consider a class of semicontractive models, called affine
monotonic, where the abstract mapping 7T}, associated with a stationary
policy u is affine and maps nonnegative functions to nonnegative functions.
These models include as special cases stochastic undiscounted nonnegative
cost problems, and multiplicative cost problems, such as risk-averse prob-
lems with exponentiated additive cost and a termination state (see Example
1.2.8). Here we will focus on the special case where the state space is finite
and a certain compactness condition holds.
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We consider a finite state space X = {1,...,n} and a (possibly in-
finite) control constraint set U(z) for each state x. For each u € M the
mapping 7, is given by

TyJ = b, + Ay,

where b, is a vector of " with components b(:v, u(m)), r=1,...,n, and
A, is an n x n matrix with scalar components Ay (u(x)), r,y=1,...,n.
We assume that b(z,u) and Az, (u) are nonnegative,

b(z,u) >0, Agzy(u) >0, Vae,y=1,...,n, ue U(x).

Thus T, maps (X)) into E+(X), where £(X) denotes the set of non-
negative extended real-valued functions J : X ~— [0,00]. Moreover T},
also maps R+(X) to R+ (X), where R+ (X) denotes the set of nonnegative
real-valued functions J : X — [0, 00).

The mapping T : E+(X) — E+(X) is given by

(T))(@) = inf (L)),  z€X,

or equivalently,

(TJ)(x) = inf b(a,u)+ Y Am(w)(y)|, zEX.

Multiplicative and Exponential Cost SSP Problems

Affine monotonic models appear in several contexts. In particular, finite-
state sequential stochastic control problems (including SSP problems) with
nonnegative cost per stage (see, e.g., [Ber12a], Chapter 3, and Section 4.1)
are special cases where J is the identically zero function [J(x) = 0]. We
will describe another type of SSP problem, where the cost function of a
policy accumulates over time multiplicatively, rather than additively.

As in the SSP problems of the preceding section, we assume that there
are n states x = 1,...,n, and a cost-free and absorbing state ¢t. There are
probabilistic state transitions among the states x = 1,...,n, up to the
first time a transition to state ¢ occurs, in which case the state transitions
terminate. We denote by py:(u) and pgy(u) the probabilities of transition
under u from z to t and to y, respectively, so that

pmt(u)—l—mey(u):l, z=1,...,n, ueU(x).
y=1

We introduce nonnegative scalars h(z,u,t) and h(z,u,y),

h(z,u,t) >0, h(z,u,y) >0, Va,y=1,...,n, ue U(x),
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and we consider the affine monotonic problem where the scalars Az, (u)
and b(x,u) are defined by

Amy(u) :pmy(u)h’(xvuay)? z,Y = 15 SN, uE U(‘r)v

and
b(z,u) = pet(w)h(z,u,t), x=1,...,n, ue U(z),

and the vector J is the unit vector,

The cost function of this problem has a multiplicative character as we show
next.

Indeed, with the preceding definitions of Agy(u), b(x,u), and J, we
will prove that the expression for the cost function of a policy 7 = {uo, p1, . - .},

Jr(zo) = limsup (Tyo - Tun_, J)(@0), xo=1,...,n,

N—o0

can be written in the multiplicative form

N-1
Jﬂ'(xo) = thU.p E{ H h(xkuuk(xk)uxk-‘rl)} ) xo=1,...,m,

N—oo k=0
(3.32)
where:

(a) {xo,x1,...} is the random state trajectory generated starting from
Zo, using .

(b) The expected value is with respect to the probability distribution of
that trajectory.

(c) We use the notation

h(zk, o (@k), Thg1) = 1, if xp = 241 =1,

(so that the multiplicative cost accumulation stops once the state
reaches t).

Thus, we claim that Jr(xo) can be viewed as the expected value of cost ac-
cumulated multiplicatively, starting from xo up to reaching the termination
state t (or indefinitely accumulated multiplicatively, if t is never reached).
To verify the formula (3.32) for Jr, we use the definition T,J =
by + AuJ, to show by induction that for every = = {po, ft1, ...}, we have

N—-1
Tyo - Tyyyd = Apg -+ Ay T +bug + > Apg - Ay by (3.33)
k=1
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We then interpret the n components of each vector on the right as condi-
tional expected values of the expression

N-1

H h(wk,uk(:vk),xkﬂ) (3.34)
k=0

multiplied with the appropriate conditional probability. In particular:

(a) The ith component of the vector Ay, -+ Auy_,J in Eq. (3.33) is the
conditional expected value of the expression (3.34), given that z¢ = i
and zy # t, multiplied with the conditional probability that xy # t,
given that xzg = 1.

(b) The ith component of the vector by, in Eq. (3.33) is the conditional
expected value of the expression (3.34), given that 2o = ¢ and a1 = ¢,
multiplied with the conditional probability that xz; = ¢, given that
Tro = 1.

(c) The ith component of the vector A, --- Ay, by, in Eq. (3.33) is
the conditional expected value of the expression (3.34), given that
xo =1, T1,...,Tk—1 # t, and xp = t, multiplied with the conditional
probability that xz1,..., zx_1 # t, and xp = t, given that xo = 7.

By adding these conditional probability expressions, we obtain the ith com-
ponent of the unconditional expected value

E{ 1:[ h(wk,uk(fck),kaﬂ)} ,

k=0

thus verifying the formula (3.32).

A special case of multiplicative cost problem is the risk-sensitive SSP
problem with exponential cost function, where for all x = 1,...,n, and
u e U(x),

h(z,u,y) = exp(g(:v, u,y)), y=1,...,n,t,
and the function g can take both positive and negative values. The mapping
T, has the form

(T) (@) = pat (u(x))exp (g (2, p(x), 1))

—|—mey(u(:v))exp(g(x,u(x),y))J(y), r=1,...,n,

(3.35)
where pzy(u) is the probability of transition from z to y under u, and
g(x,u,y) is the cost of the transition. The Bellman equation is

@)= inf Pat(w)exp(g(z,u,t)) + > pay(w)exp(g(x, u,))J (y)
y=1
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Based on Eq. (3.32), we have that Jx(zo) is the limit superior of the ex-
pected value of the exponential of the N-step additive finite horizon cost
up to termination, i.e., Zzzog(a:k,,uk(a:k), xk+1), where k is equal to the
first index prior to N — 1 such that xz,, =1, or is equal to N — 1 if there
is no such index. The use of the exponential introduces risk aversion, by
assigning a strictly convex increasing penalty for large rather than small
cost of a trajectory up to termination (and hence a preference for small
variance of the additive cost up to termination).

The deterministic version of the exponential cost problem where for
each u € U(z), one of the transition probabilities put(u), po1 (), . . ., Dan(w)
is equal to 1 and all others are equal to 0, is mathematically equivalent
to the classical deterministic shortest path problem (since minimizing the
exponential of a deterministic expression is equivalent to minimizing that
expression). For this problem a standard assumption is that there are
no cycles that have negative total length to ensure that the shortest path
length is finite. However, it is interesting that this assumption is not re-
quired for the analysis of the present section: when there are paths that
travel perpetually around a negative length cycle we simply have J*(z) = 0
for all states = on the cycle, which is permissible within our context.

Assumptions on Policies - Contractive Policies
Let us now derive an expression for the cost function of a policy. By

repeatedly applying the mapping T}, to the equation 7,J = b, + A, J, we
have

N-1
TNT =ANT+ > Afb,,  VJeEHX), N=1.2,...,
k=0
and hence -
Ju = limsup 7Y .J = limsup A .J + >~ Alb, (3.36)
N —o00 N —o00

k=0

(the series converges since A, and b, have nonnegative components).

We say that p is contractive if A, has eigenvalues that are strictly
within the unit circle. In this case T}, is a contraction mapping with re-
spect to some weighted sup-norm (see Prop. B.3 in Appendix B). If y is
contractive, then A}.J — 0 and from Eq. (3.36), it follows that

Ju = ZAﬁbu = (I = Au)~ oy,
k=0

and J,, is real-valued as well as nonnegative, i.e., J, € R+(X). Moreover, a
contractive p is also R+ (X )-regular, since J,, does not depend on the initial
function J. The reverse is also true as shown by the following proposition.



Sec. 3.5 Applications in Shortest Path and Other Contexts 191

Proposition 3.5.6: A policy p is contractive if and only if it is
R+t (X)-regular. Moreover, if p is noncontractive and all the com-
ponents of b, are strictly positive, there exists a state 2 such that the
corresponding component of the vector Z;OZO Akb,, is oco.

Proof: As noted earlier, if p is contractive it is R+(X)-regular. It will
thus suffice to show that for a noncontractive p and strictly positive com-
ponents of by, some component of Y77, Akb, is co. Indeed, according
to the Perron-Frobenius Theorem, the nonnegative matrix A, has a real
eigenvalue A\, which is equal to its spectral radius, and an associated non-
negative eigenvector £ # 0 [see Prop. B.3(a) in Appendix B]. Choose v > 0
to be such that b, > 7€, so that

D Afiby =)y ARg =1 (ZM) 3
k=0 k=0 k=0

Since some component of £ is positive while A > 1 (since p is noncon-
tractive), the corresponding component of the infinite sum on the right is
infinite, and the same is true for the corresponding component of the vector
Yoo Akb, on the left. Q.E.D.

Let us introduce some assumptions that are similar to the ones of the
preceding section.

Assumption 3.5.5: There exists at least one contractive policy.

Assumption 3.5.6: (Compactness and Continuity) The control
space U is a metric space, and Azy(-) and b(z, -) are continuous func-
tions of u over U(z), for all x and y. Moreover, for each state x, the
sets

{u € U(z) ‘ b, u) + Y Auy(u) I (y) < )\}

are compact subsets of U for all scalars A € R and J € R*(X).

Case of Infinite Cost Noncontractive Policies

We now turn to questions relating to Bellman’s equation, the convergence of
the VI and PI algorithms, as well as conditions for optimality of a stationary
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policy. We first consider the following assumption, which parallels the
infinite cost Assumption 3.5.3 for SSP problems.

Assumption 3.5.7: (Infinite Cost Condition) For every noncon-
tractive policy u, there is at least one state such that the corresponding
component of the vector > -, Afb, is equal to co.

We will now show that for S = R+(X), Assumptions 3.5.5, 3.5.6,
and 3.5.7 imply all the parts of Assumption 3.3.1 of Section 3.3, so Prop.
3.3.1 can be applied to the affine monotonic model. Indeed parts (a), (e)
of Assumption 3.3.1 clearly hold. Part (b) also holds, since by Assumption
3.5.5 there exists a contractive and hence S-regular policy, so we have J ; €
R+ (X). Moreover Assumption 3.5.6 implies part (d), while Assumption
3.5.7 implies part (c). Finally part (f) holds since for every J € R+(X), the
zero function, J'(z) = 0, lies in Rt (X), and satisfies J' < J and J' < T.J'.
Thus Prop. 3.3.1 yields the following result.

Proposition 3.5.7: (Bellman’s Equation, Policy Iteration, Va-
lue Iteration, and Optimality Conditions) Let Assumptions 3.5.5,
3.5.6, and 3.5.7 hold.

(a) The optimal cost vector J* is the unique fixed point of 7" within
RH(X).
(b) We have T*J — J* for all J € RT(X).

(c) A policy p is optimal if and only if 7,,J* = T'J*. Moreover there
exists an optimal policy that is contractive.

(d) For any J € R+(X), if J < T'J we have J < J*, and if J > T'J
we have J > J*.

(e) Every sequence {u*} generated by the PI algorithm starting from
a contractive policy 0 satisfies Je L J *. Moreover, if the set of

contractive policies is finite, there exists k& > 0 such that u* is
optimal.

Example 3.5.1 (Exponential Cost Shortest Path Problem)

Consider the deterministic shortest path example of Section 3.1.1, but with
the exponential cost function of the present subsection; cf. Eq. (3.35). There
are two policies denoted p and pu'; see Fig. 3.5.2. The corresponding mappings
and costs are shown in the figure, and Bellman’s equation is given by

J(1) = (T'J)(1) = min { exp(b), exp(a)J(l)}.
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Length a
Policy p/
Destination
Jw (1) = limy 00 exp(alN) Length b Ju(1) = exp(b)
(T07)(1) = expla).J(1) S (T,7)(1) = exp(b)

Figure 3.5.2. Shortest path problem with exponential cost function.

We consider three cases:

(a) a > 0: Here the proper policy p is optimal, and the improper policy
' is RT(X)-irregular (noncontractive) and has infinite cost, J,/(1) =
0o. The assumptions of Prop. 3.5.7 hold, and consistently with the
conclusions of the proposition, J*(1) = exp(b) is the unique solution of
Bellman’s equation.

(b) a = 0: Here the improper policy ' is R* (X)-irregular (noncontractive)
and has finite cost, JM/(l) = 1, so the assumptions of Prop. 3.5.7 are
violated. The set of solutions of Bellman’s equation within S = R (X)
is the interval [07 exp(b)].

(¢) a < 0: Here both policies are contractive, including the improper pol-
icy ¢/. The assumptions of Prop. 3.5.7 hold, and consistently with

the conclusions of the proposition, J*(1) = 0 is the unique solution of
Bellman’s equation.

The reader may also verify that in the cases where a # 0, the assumptions
and the results of Prop. 3.5.7 hold.

Case of Finite Cost Noncontractive Policies

We will now eliminate Assumption 3.5.7, thus allowing noncontractive poli-
cies with real-valued cost functions, similar to the corresponding case of the
preceding section, under the weak SSP conditions. Let us denote by J the
optimal cost function that can be achieved with contractive policies only,

J(z) = inf Ju(z), x=1,...,n. (3.37)

p: contractive

We use the perturbation approach of Section 3.4 and Prop. 3.4.1 to show
that .J is a solution of Bellman’s equation. In particular, we add a constant
0 > 0 to all components of b,. By using arguments that are entirely
analogous to the ones for the SSP case of Section 3.5.1, we obtain the
following proposition, which is illustrated in Fig. 3.5.3. A detailed analysis
and proof is given in the exercises.
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Paths of VI

//

Fixed Points of T /

J: Largest fixed point of 7'

6T 1

\/

Figure 3.5.3. Schematic illustration of Prop. 3.5.8 for a problem with two states.
The optimal cost function over contractive policies, J, is the largest solution of
Bellman’s equation, while VI converges to J starting from J > J.

Proposition 3.5.8: (Bellman’s Equation, Value Iteration, and
Optimality Conditions) Let Assumptions 3.5.5 and 3.5.6 hold. Then:

(a) The optimal cost function over contractive policies, .J, is the
largest solution of Bellman’s equation J = T'J within R+(X),
i.e., J is a solution that belongs to R+(X), and if J/ € R+(X)
is another solution, we have J’ < J.

(b) We have T*kJ — J for every J € R+(X) with J > J.

(c) Let u be a contractive policy. Then p is optimal within the class
of contractive policies (i.e., J, = J) if and only if T),J = TJ.

(d) For every J € R+(X) such that J < T'J, we have J < J.

The other results of Section 3.5.1 for SSP problems also have straight-
forward analogs. Moreover, there is an adaptation of the example of Section
3.1.2, which provides an affine monotonic model for which J* is not a fixed
point of T' (see the author’s paper [Berl6a], to which we refer for further
discussion).

Example 3.5.2 (Deterministic Shortest Path Problem with
Exponential Cost - Continued)

Consider the problem of Fig. 3.5.2, for the case a = 0. This is the case where
the noncontractive policy u’ has finite cost, so Assumption 3.5.7 is violated
and Prop. 3.5.7 does not apply. However, it can be seen that the assumptions
of Prop. 3.5.8 hold. Consistent with part (a) of the proposition, the optimal
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cost over contractive policies, J(1) = exp(b), is the largest of the fixed points
of T'. The other parts of Prop. 3.5.8 may also be easily verified.

We note that in the absence of the infinite cost Assumption 3.5.7,
it is possible that the only optimal policy is noncontractive, even if the
compactness Assumption 3.5.6 holds and J = J*. This is shown in the
following example.

Example 3.5.3 (A Counterexample on the Existence of an
Optimal Contractive Policy)

Consider the exponential cost version of the blackmailer problem of Example
3.4.2 (cf. Fig. 3.4.1). Here there is a single state 1, at which we must choose
u € [0,1]. Then, we terminate at no cost [g(1,u,t) = 0 in Eq. (3.35)] with
probability u, and we stay at state 1 at cost —u [i.e., g(1,u,1) = —u in Eq.
(3.35)] with probability 1 — u. We have

b(i,u) = uexp (0) = u, Arr(u) = (1 — u) exp (—u),

so that
H(l,u,J)=u+ (1 —u)exp (—u)J.

Here there is a unique noncontractive policy u': it chooses u = 0 at state 1,

and has cost J,/(1) = 1. Every policy u with u(1) € (0,1] is contractive, and
J, can be obtained by solving the equation J, =T, J,, i.e.,

Ju(1) = (1) + (1 = (D)) exp = (1)) (D).

We thus obtain

Ju(1) = (1) .
=1z (1 p(1)) exp (— p(1))

By minimizing over x(1) € (0, 1] this expression, it can be seen that J(1) =
J*(1) = %, but there exists no optimal policy, and no optimal policy within
the class of contractive policies [J,, (1) decreases monotonically to 3 as p(1) —
0].

3.5.3 Robust Shortest Path Planning

We will now discuss how the analysis of Sections 3.3 and 3.4 applies to min-
imax shortest path-type problems, following the author’s paper [Berl9c|,
to which we refer for further discussion. To formally describe the problem,
we consider a graph with a finite set of nodes X U {t} and a finite set of
directed arcs A C {(z,y) | 2,y € X U{t}}, where t is a special node called
the destination. At each node z € X we may choose a control u from a
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nonempty set U(z), which is a subset of a finite set U. Then a succes-
sor node y is selected by an antagonistic opponent from a nonempty set
Y(x,u) C X U{t} and a cost g(x,u,y) is incurred. The destination node
t is absorbing and cost-free, in the sense that the only outgoing arc from ¢
is (t,t), and we have Y (¢t,u) = {t} and g(¢t,u,t) = 0 for all u € U(%).

As earlier, we denote the set of all policies by II, and the finite set of
all stationary policies by M. Also, we denote the set of functions J : X —
[—00,00] by £(X), and the set of functions J : X +— (—o0,00) by R(X).
We introduce the mapping H : X x U x £(X) — [—00, 0] given by

H(z,u,J)= max [g(z,u,y)+ J(y)], z € X, (3.38)
yeY (xz,u)

where for any .J € £(X) we denote by J the function given by

f(y)—{g(y) E‘Zif (3.39)

We consider the mapping T : £(X) — £(X) defined by

(TJ)(z) = H}Ji?)H(:zr,u,J), zxeX, (3.40)
uel(x

and for each policy p, the mapping 7}, : £(X) — £(X), defined by
(TpJ)(z) = H(z, pu(z), J), r € X. (3.41)
We let J be the zero function,
J(x) =0, VaoelX.
The cost function of a policy m = {uo, p1,. ..} is

Jr(z) = limsup (Tpy - - Ty ) (@), reX,
k—o0
and J*(z) = infren Jx(x), cf. Definition 3.2.1.
For a policy u € M, we define a possible path under u starting at
node xg € X to be an arc sequence of the form

p = {(z0, 1), (x1,22),... },

such that zx41 € Y(:vk,u(xk)) for all k& > 0. The set of all possible
paths under p starting at zo is denoted by P(xo, ). The length of a path
p € P(xo,p) is defined by

m

L,(p) = limsup Z g(:ck, w(zg), zk+1).
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Using Egs. (3.38)-(3.41), we see that for any y € M and x € X, (TFJ)(z)
is the result of the k-stage DP algorithm that computes the length of the
longest path under p that starts at x and consists of & arcs.

For completeness, we also define the length of a portion

{(:Chxi-i-l)a (fL'i+1,.’IJi+2), SER) (xm7$m+l)}

of a path p € P(xo, i), consisting of a finite number of consecutive arcs, by

m

Zg(iﬂmu(%),mﬂ).

k=1

When confusion cannot arise we will also refer to such a finite-arc por-
tion as a path. Of special interest are cycles, i.e., paths of the form
{(a:l-, Tit1)y (Tik1, Tig2)s- - -y (a:lqrm,a:i)}. Paths that do not contain any
cycle other than the self-cycle (¢,t) are called simple.

For a given policy u € M and x¢ # t, a path p € P(xo, ) is said to
be terminating if it has the form

p={(z0,21), (z1,32), ..., (Tm, 1), (t,1),... }, (3.42)

where m is a positive integer, and xg,...,Z, are distinct nondestination
nodes. Since g(t, u,t) = 0 for all u € U(t), the length of a terminating path
p of the form (3.42), corresponding to p, is given by

—

m—

Lu(p) = g(@m, p(wm),t) + > 9@k, wl@r), wrs1),
k=0

and is equal to the finite length of its initial portion that consists of the
first m + 1 arcs.

An important characterization of a policy u € M is provided by the
subset of arcs

Ap=Upex{(z,y) |y € Y (2, u(2)) }.

Thus A, U (t,t) can be viewed as the set of all possible paths under g,
Uzex P(z, 1), in the sense that it contains this set of paths and no other
paths. We refer to A, as the characteristic graph of . We say that A, is
destination-connected if for each z € X there exists a terminating path in
P(z, ).

We say that p is proper if the characteristic graph A, is acyclic
(i.e., contains no cycles). Thus p is proper if and only if all the paths
in Uzex P(x, 1) are simple and hence terminating (equivalently p is proper
if and only if A, is destination-connected and has no cycles). The term
“proper” is consistent with the one used in Section 3.5.1 for SSP prob-
lems, where it indicates a policy under which the destination is reached



198 Semicontractive Models Chap. 3

Destination

Improper policy p Proper Policy p/

Figure 3.5.4. A robust shortest path problem with X = {1, 2}, two controls at
node 1, and one control at node 2. The two policies, u and p’, correspond to the
two controls at node 1. The figure shows the characteristic graphs A, and A,/.

with probability 1. If u is not proper, it is called improper, in which case
the characteristic graph A,, must contain a cycle; see the examples of Fig.
3.5.4. Intuitively, a policy is improper, if and only if under that policy there
are initial states such that the antagonistic opponent can force movement
along a cycle without ever reaching the destination.

The following proposition clarifies the properties of J, when p is
improper.

Proposition 3.5.9: Let u be an improper policy.

(a) If all cycles in the characteristic graph .4, have nonpositive length,
Ju(x) < oo for all x € X.

(b) If all cycles in the characteristic graph .4, have nonnegative
length, J,(x) > —oo for all x € X.

(c) If all cycles in the characteristic graph A, have zero length, J,
is real-valued.

(d) If there is a positive length cycle in the characteristic graph A,
we have J,,(z) = oo for at least one node x € X. More generally,
for each J € R(X), we have limsup,_, .. (TFJ)(xz) = oo for at
least one z € X.

Proof: Any path with a finite number of arcs, can be decomposed into a
simple path, and a finite number of cycles (see e.g., the path decomposition
theorem of [Ber98], Prop. 1.1, and Exercise 1.4). Since there is only a
finite number of simple paths under p, their length is bounded above and
below. Thus in part (a) the length of all paths with a finite number of



Sec. 3.5 Applications in Shortest Path and Other Contexts 199

arcs is bounded above, and in part (b) it is bounded below, implying that
Ju(x) < oo for all z € X or J,(x) > —oo for all z € X, respectively. Part
(c) follows by combining parts (a) and (b).

To show part (d), consider a path p, which consists of an infinite
repetition of the positive length cycle that is assumed to exist. Let Cf(p)
be the length of the path that consists of the first k cycles in p. Then
Ck(p) — oo and Cf(p) < J,(z) for all k, where z is the first node in the
cycle, thus implying that J,(z) = co. Moreover for every J € R(X) and
all k, (TFJ)(z) is the maximum over the lengths of the k-arc paths that
start at x, plus a terminal cost that is equal to either J(y) (if the terminal
node of the k-arc path is y € X), or 0 (if the terminal node of the k-arc
path is the destination). Thus we have,

(TFJ)(z) 4+ min {O, I%l% J(x)} < (TkJ)(z).
Since lim supy,_, o (T J)(z) = J,(x) = oo as shown earlier, it follows that
lim sup,_, o (TFJ)(z) = o for all J € R(X). Q.E.D.

Note that if there is a negative length cycle in the characteristic graph
Ay, it is not necessarily true that for some z € X we have J,(z) = —oo0.
Even for z on the negative length cycle, the value of J,(z) is determined
by the longest path in P(x, i), which may be simple in which case J,(z)
is a real number, or contain an infinite repetition of a positive length cycle
in which case J,,(z) = oo.

Properness and Regularity

We will now make a formal connection between the notions of properness
and R(X)-regularity. We recall that p is R(X)-regular if J, € R(X),
Jy, =TyJy, and TFJ — J, for all J € R(X) (cf. Definition 3.2.2). Clearly
if u is proper, we have J, € R(X) and the equation J,, = T},J,, holds (this
is Bellman’s equation for the longest path problem involving the acyclic
graph A,,). We will also show that T}7J — J,, for all J € R(X), so that a
proper policy is R(X)-regular. However, the following proposition shows
that there may be some R (X )-regular policies that are improper, depending
on the sign of the lengths of their associated cycles.

Proposition 3.5.10: The following are equivalent for a policy p:
(i) pis R(X)-regular.

(ii) The characteristic graph A, is destination-connected and all its
cycles have negative length.

(iii) p is either proper or else it is improper, all the cycles of the
characteristic graph A, have negative length, and J, € R(X).
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Proof: To show that (i) implies (ii), let x be R(X)-regular and to arrive
at a contradiction, assume that .4, contains a nonnegative length cycle.
Let « be a node on the cycle, consider the path p that starts at = and
consists of an infinite repetition of this cycle, and let L% (p) be the length
of the first k arcs of that path. Let also J be a constant function, J(z) = r,
where r is a scalar. Then we have

LE(p) +r < (ThJ)(x),

since from the definition of T},, we have that (T}}.J)(x) is the maximum
over the lengths of all k-arc paths under p starting at z, plus r, if the last
node in the path is not the destination. Since p is R(X)-regular, we have
J,, € R(X) and limsupy_, .. (T5J)(x) = Ju(x) < oo, so that for all scalars
T?
limsup (LE(p) + 1) < Ju(z) < oo.

k—o0
Taking supremum over r € R, it follows that limsup,_,., L (p) = —oo,
which contradicts the nonnegativity of the cycle of p. Thus all cycles of A,
have negative length. To show that A, is destination-connected, assume
the contrary. Then there exists some node x € X such that all paths in
P(z, 1) contain an infinite number of cycles. Since the length of all cycles
is negative, as just shown, it follows that J,(r) = —oo, which contradicts
the R(X)-regularity of p.

To show that (ii) implies (iii), we assume that p is improper and show
that J, € R(X). By (ii) A, is destination-connected, so the set P(x, u)
contains a simple path for all z € X. Moreover, since by (ii) the cycles
of A, have negative length, each path in P(x,u) that is not simple has
smaller length than some simple path in P(x, ). This implies that J,(z)
is equal to the largest path length among simple paths in P(x, u), so J,(z)
is a real number for all x € X.

To show that (iii) implies (i), we note that if u is proper, it is R(X)-
regular, so we focus on the case where y is improper. Then by (iii), J, €
R(X), so to show R(X)-regularity of u, we must show that (T}J)(z) —
Ju(z) for all x € X and J € R(X), and that J, = T,,J,,. Indeed, from the
definition of T},, we have

(Tji T) () = i [Lii(p) + J (xp)] (3.43)

where Lf (p) is the length of the first k arcs of path p, } is the node reached
after k arcs along the path p, and J(t) is defined to be equal to 0. Thus as
k — oo, for every path p that contains an infinite number of cycles (each
necessarily having negative length), the sequence L (1) + J(z}) approaches
—o0. It follows that for sufficiently large &, the supremum in Eq. (3.43) is
attained by one of the simple paths in P(z,p), so 5 = ¢ and J(zf) = 0.
Thus the limit of (T}.J)(z) does not depend on J, and is equal to the limit
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Destination

Figure 3.5.5. The characteristic graph A, corresponding to an improper policy,
for the case of a single node 1 and a destination node t. The arcs lengths are
shown in the figure.

of (TEJ)(z), i.e., Ju(x). To show that J, = T,J,, we note that by the
preceding argument, J,(z) is the length of the longest path among paths
that start at  and terminate at t. Moreover, we have

(Tyd ) (z) = [9(z, (), y) + Ju ()]

max
yeY (z,u(x))

where we denote J, () = 0. Thus (T, J,)(z) is also the length of the longest
path among paths that start at  and terminate at ¢, and hence it is equal
to Ju(z). Q.E.D.

We illustrate the preceding proposition, in relation to the infinite
cost condition of Assumption 3.3.1, with a two-node example involving
an improper policy with a cycle that may have positive, zero, or negative
length.

Example 3.5.4:

Let X = {1}, and consider the policy u where at state 1, the antagonistic
opponent may force either staying at 1 or terminating, i.e., Y(Lu(l)) =
{1,t}; cf. Fig. 3.5.5. Then p is improper since its characteristic graph A,
contains the self-cycle (1,1). Let

9(17/1'(1)7 1) = a, 9(17/1'(1)775) =0.

Then,
(TpJy)(1) = max [0: a+ Ju(l)}:

and

_ foo ifa>0,
J‘L(l)i{o ifa<O0.

Consistently with Prop. 3.5.10, the following hold:

(a) For a > 0, the cycle (1, 1) has positive length, and p is R(X)-irregular.
Here we have J,,(1) = 0o, and the infinite cost condition of Assumption
3.3.1 is satisfied.
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(b) For a = 0, the cycle (1,1) has zero length, and p is R(X)-irregular.
Here we have J,(1) = 0, and the infinite cost condition of Assumption
3.3.1 is violated because for a function J € R(X) with J(1) >0

limsup (T J)(z) = J(1) > 0 = J,u(1).

k—oo

(c) For a < 0, the cycle (1, 1) has negative length, and p is R(X)-regular.
Here we have J, € R(X), Ju(1) = max [O a+ Ju(1 )} (T du)(1),
and for all J € R(X),

lim (TFJ)(1) = 0 = J,(1).

k—oo

We will now apply the regularity results of Sections 3.2-3.4 with S =
R(X). To this end, we introduce assumptions that will allow the use of
Prop. 3.3.1.

Assumption 3.5.8:
(a) There exists at least one R(X)-regular policy.

(b) For every R(X)-irregular policy p, some cycle in the character-
istic graph A,, has positive length.

Assumption 3.5.8 is implied by the weaker conditions given in the
following proposition. These conditions may be more easily verifiable in
some contexts.

Proposition 3.5.11: Assumption 3.5.8 holds if anyone of the follow-
ing two conditions is satisfied.

(1) There exists at least one proper policy, and for every improper
policy g, all cycles in the characteristic graph A,, have positive
length.

(2) Every policy u is either proper or else it is improper and its
characteristic graph A, is destination-connected with all cycles
having negative length, and J,, € R(X).

Proof: Under condition (1), by Prop. 3.5.10, a policy is R(X)-regular if
and only if it is proper. Moreover, since each R(X)-irregular and hence
improper policy p has cycles with positive length, it follows that for all
J € R(X), we have

limsup(T}J)(x) = oo

k—o0



Sec. 3.5 Applications in Shortest Path and Other Contexts 203

for some z € X. The proof under condition (2) is similar, using Prop.
3.5.10. Q.E.D.

We now show our main result for the problem of this section.

Proposition 3.5.12: Let Assumption 3.5.8 hold. Then:

(a) The optimal cost function J* is the unique fixed point of T' within
R(X).

(b) We have TkJ — J* for all J € R(X).

(c) A policy p* is optimal if and only if T,«J" = T'J*. Moreover,
there exists an optimal proper policy.

(d) For any J € R(X), if J < TJ we have J < J*, and if J > T'J
we have J > J*.

Proof: We verify the parts (a)-(f) of Assumption 3.3.1 with S = R(X),
and we then use Prop. 3.3.1. To this end we argue as follows:

(1) Part (a) is satisfied since S = R(X).

(2) Part (b) is satisfied since by Assumption 3.5.8(a), there exists at least
one R(X)-regular policy. Moreover, for each R(X)-regular policy u,
we have J, € R(X). Since the number of all policies is finite, it
follows that Jg € R(X).

(3) To show that part (c) is satisfied, note that by Prop. 3.5.10 ev-
ery R(X)-irregular policy 1 must be improper, so by Assumption
3.5.8(b), the characteristic graph A, contains a cycle of positive
length. By Prop. 3.5.9(d), this implies that for each J € R(X) and
for at least one x € X, we have limsup,_, (T} J)(z) = cc.

(4) Part (d) is satisfied since U(z) is a finite set.

(5) Part (e) is satisfied since X is finite and T}, is a continuous function
that maps the finite-dimensional space R(X) into itself.

(6) Part (f) follows from Prop. 3.3.2, which applies because S = R(X) =
Ry(X) (since X is finite) and Eq. (3.27) clearly holds.

Thus all parts of Assumption 3.3.1 are satisfied, and Prop. 3.3.1 applies
with S = R(X). The conclusions of this proposition are precisely the
results we want to prove [since improper policies have infinite cost for some
initial states, as argued earlier, optimal S-regular policies must be proper;
cf. the conclusion of part (¢)]. Q.E.D.

The following example illustrates what may happen in the absence of
Assumption 3.5.8(b), when there may exist improper policies that involve
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Destination Destination

Proper Policy p Improper Policy u/

Figure 3.5.6. A counterexample involving a single node 1 in addition to the
destination ¢. There are two policies, u and p’, with corresponding characteristic
graphs A, and A,/, and arc lengths shown in the figure. The improper policy p’
is optimal when a < 0. It is R(X)-irregular if a = 0, and it is R(X)-regular if
a < 0.

a nonpositive length cycle.

Example 3.5.5:

Let X = {1}, and consider the proper policy u with Y(Lp,(l)) = {t} and
the improper policy u’ with Y(Lu'(l)) = {1,t} (cf. Fig. 3.5.6). Let

g(1,u(1),t) =1, g(1,4/(1),1) =a <0, g(1,4/(1),t) = 0.

The improper policy is the same as the one of Example 3.5.4. It can be seen
that under both policies, the longest path from 1 to ¢ consists of the arc (1,t).
Thus,

Ju(1) =1, J, (1) =0,

I

so the improper policy 4’ is optimal, and strictly dominates the proper policy
. To explain what is happening here, we consider two different cases:

(1) a = 0: In this case, the optimal policy p’ is both improper and R(X)-
irregular, but with finite cost J,/(1) < co. Thus the conditions of Props.
3.3.1 and 3.5.12 do not hold because Assumptions 3.3.1(c) and 3.5.9(b)
are violated.

(2) a < 0: In this case, p’ is improper but R(X)-regular, so there are no
R(X)-irregular policies. Then all the conditions of Assumption 3.5.8
are satisfied, and Prop. 3.5.12 applies. Consistent with this proposition,
there exists an optimal R(X)-regular policy (i.e., optimal over both
proper and improper policies), which however is improper.

For further analysis and algorithms for the robust shortest path plan-
ning problem, we refer to the paper [Berl9c]. In particular, this paper
applies the perturbation approach of Section 3.4 to the case where it may
be easier to guarantee nonnegativity rather than positivity of the lengths



Sec. 3.5 Applications in Shortest Path and Other Contexts 205

of cycles corresponding to improper policies, which is required by Assump-
tion 3.5.8(b). The paper shows that the VI algorithm terminates in a finite
number of iterations starting from the initial function J with J(z) = oo
for all x € X. Moreover the paper provides a Dijkstra-like algorithm for
problems with nonnegative arc lengths.

3.5.4 Linear-Quadratic Optimal Control

In this subsection, we consider a classical problem from control theory,
which involves the deterministic linear system

Tr41 = Axy + Bug, k=0,1,...,

where z; € R, up, € ™ for all k, and A and B are given matrices. The
cost function of a policy m = {po, pi1, ...} has the form

N—1
Jr(20) = lim (74, Qur + (k) Ry (k)
N —o00 Pt
where z/ denotes the transpose of a column vector z, Q) is a positive semidef-
inite symmetric n X n matrix, and R is a positive definite symmetric m x m
matrix. This is a special case of the deterministic optimal control prob-
lem of Section 1.1, and was discussed briefly in the context of the one-
dimensional example of Section 3.1.4.

The theory of this problem is well-known and is discussed in vari-
ous forms in many sources, including the textbooks [AnM79] and [Ber17a]
(Section 3.1). The solution revolves around stationary policies p that are
linear, in the sense that

u(z) = Lz,

where L is some m X n matrix, and stable, in the sense that the matrix
A+ BL has eigenvalues that are strictly within the unit circle. Thus for a
linear stable policy, the closed loop system

Tht1 = (A + BL)xk

is stable. We assume that there exists at least one linear stable policy.
Among others, this guarantees that the optimal cost function J* is real-
valued (it is bounded above by the real-valued cost function of every linear
stable policy).

The solution also revolves around the algebraic matriz Riccati equa-
tion, which is given by

P=A(P-PB(B'PB+ R)~'B'P)A+Q,

where the unknown is P, a symmetric n x n matrix. It is well-known that
if @ is positive definite, then the Riccati equation has a unique solution P*
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within the class of positive semidefinite symmetric matrices, and that the
optimal cost function has the form

J*(x) = o' P*x.

Moreover, there is a unique optimal policy, and this policy is linear stable
of the form

p*(z) = Lz, L= —(B'P*B+ R)~1B'P*A.

The existence of an optimal linear stable policy can be extended to the case
where @ is instead positive semidefinite, but satisfies a certain “detectabil-
ity” condition; see the textbooks cited earlier.

However, in the general case where @) is positive semidefinite without
further assumptions (e.g., @ = 0), the example of Section 3.1.4 shows that
the optimal policy need not be stable, and in fact the optimal cost function
over just the linear stable policies may be different than J*.1 We will
discuss this case by using the perturbation-based approach of Section 3.4,
and provide results that are consistent with the behavior observed in the
example of Section 3.1.4.

To convert the problem to our abstract format, we let

X =R, U(z) = Rm, J(x) =0, VoelX,
H(z,u,J) =2'Qx + v Ru+ J(Az + Bu).
Let S be the set of positive semidefinite quadratic functions, i.e.,

S ={J|J(z) = a'Pxz, P:positive semidefinite symmetric}.

Let M be the set of linear stable policies, and note that every linear stable
policy is S-regular. This is due to the fact that for every quadratic function
J(x) = 2’ Pz and linear stable policy u(x) = Lz, the k-stage costs (T} J)(z)
and (T} J)(z) differ by the term

/(A + BL)¥'P(A + BL)*z,

which vanishes in the limit as £ — oo, since p is stable.
Consider the perturbation framework of Section 3.4, with forcing
function

p(x) = ).

1 This is also true in the discounted version of the example of Section 3.1.4,
where there is a discount factor o € (0,1). The Riccati equation then takes
the form P = A'(aP — o’ PB(aB'PB + R)"'B'P)A + Q, and for the given

. 2
system and cost per stage, it has two solutions, P* =0 and P = %71 The VI
algorithm converges to P starting from any P > 0.
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Then for 6 > 0, the mapping 7}, 5 has the form
(T 5)() = 2/(Q + 01w + p(w) Ru(w) + J (Az + Bp(a)),

where [ is the identity, and corresponds to the linear-quadratic problem
where @ is replaced by the positive definite matrix @ + §I. This problem
admits a quadratic positive definite optimal cost jg(l‘) = o'Pjx, and an
optimal linear stable policy. Moreover, all the conditions of Prop. 3.4.1 can
be verified. It follows that J ; is equal to the optimal cost over just the
linear stable policies J , and is obtained as limg_,¢ j5, which also implies
that j(x) = 2/ Pz where P = limg_, P;.

The perturbation line of analysis of the linear-quadratic problem will
be generalized in Section 4.5. This generalization will address a determin-
istic discrete-time infinite horizon optimal control problem involving the
system

:vk+1=f(xk,uk), kZO,l,...,

a nonnegative cost per stage g(z,u), and a cost-free termination state. We
will introduce there a notion of stability, and we will show that the optimal
cost function over the stable policies is the largest solution of Bellman’s
equation. Moreover, we will show that the VI algorithm and several ver-
sions of the PI algorithm are valid for suitable initial conditions.

3.5.5 Continuous-State Deterministic Optimal Control

In this section, we consider an optimal control problem, where the objective
is to steer a deterministic system towards a cost-free and absorbing set of
states. The system equation is

Th+1 = f(xk,uk), k= 0,1,..., (344)

where z;, and uj are the state and control at stage k, belonging to sets
X and U, respectively, and f is a function mapping X x U to X. The
control uj must be chosen from a constraint set U(xy). No restrictions are
placed on the nature of X and U: for example, they may be finite sets as
in deterministic shortest path problems, or they may be continuous spaces
as in classical problems of control to the origin or some other terminal set,
including the linear-quadratic problem of Section 3.5.4. The cost per stage
is denoted by g(x,u), and is assumed to be a real number. {

Because the system is deterministic, given an initial state xg, a policy
m = {po, {41, - - .} when applied to the system (3.44), generates a unique se-
quence of state-control pairs (wk, i (xk)), k=0,1,.... The corresponding

1 In Section 4.5, we will consider a similar problem where the cost per stage
will be assumed to be nonnegative, but some other assumptions from the present
section (e.g., the subsequent Assumption 3.5.9) will be relaxed.
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cost function is

N-1

J.n.(l‘o) = limsup Z g(mk‘aﬂk‘(xk))a Ty € X.
N—o0 k=0

We assume that there is a nonempty stopping set Xo C X, which consists
of cost-free and absorbing states in the sense that

g(z,u) =0, x = f(z,u), Ve Xy, ueU(x). (3.45)

Based on our assumptions to be introduced shortly, the objective will be
roughly to reach or asymptotically approach the set Xy at minimum cost.

To formulate a corresponding abstract DP problem, we introduce the
mapping T, : R(X) — R(X) by

(THJ)(x) :9(%#(%)) +J(f(1'7p($))), reX,
and the mapping T : £(X) — £(X) given by

(TJ)(x) :ueul}f(’x {g(z,u) + J(f(z,u))}, xz € X.

Here as earlier, we denote by R(X) the set of real-valued functions over
X, and by £(X) the set of extended real-valued functions over X. The
initial function J is the zero function [J(z) = 0]. An important fact is that
because the problem is deterministic, J* is a fized point of T (cf. Exercise
3.1).

The analysis of the linear-quadratic problem of the preceding section
has revealed two distinct types of behavior for the case where g > 0:

(a) J* is the unique fixed point of 7" within the set S (the set of nonneg-
ative definite quadratic functions).

(b) J* and the optimal cost function J over a restricted subset of S-
regular policies (the linear stable policies) are both fixed points of T
within the set S, but J* # J and the VI algorithm converges to J
when started with a function J > J.

In what follows we will introduce assumptions that preclude case (b); we
will postpone the discussion of of problems where we can have J* # J for
Section 4.5, where we will use a perturbation-based line of analysis. Similar
to the linear-quadratic problem, the restricted set of policies that we will
consider have some “stability” property: they are either terminating (reach
Xo in a finite number of steps), or else they asymptotically approach Xj
in a manner to be made precise later.

As a first step in the analysis, let us introduce the effective domain
of J*, i.e., the set

"={reX|J(z) <oo}.
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Ordinarily, in practical applications, the states in X™ are those from which
one can reach the stopping set Xy, at least asymptotically. We say that a
policy p is terminating if starting from any xo € X, the state sequence
{z1} generated using p reaches Xy in finite time, i.e., satisfies zz € Xo for
some index k. The set of terminating policies is denoted by M.

Our key assumption in this section is that for all x € X™, the optimal
cost J*(z) can be approximated arbitrarily closely by using terminating
policies. In Section 4.5 we will relax this assumption.

Assumption 3.5.9: (Near-Optimal Termination) For every pair
(x,€) with x € X* and € > 0, there exists a terminating policy u
[possibly dependent on (z, €)] that satisfies J,,(z) < J*(z) +e.

This assumption implies in particular that the optimal cost function
over terminating policies,

J(z) = inf Ju,(z), x€X,
pneM

is equal to J*. Note that Assumption 3.5.9 is equivalent to a seemingly
weaker assumption where nonstationary policies can be used for termina-
tion (see Exercise 3.7).

Specific and easily verifiable conditions that imply Assumption 3.5.9
are given in the exercises. A prominent case is when X and U are finite, so
the problem becomes a deterministic shortest path problem. If all cycles
of the state transition graph have positive length, then for every 7 and
2 with Jr(z) < oo the generated path starting from 2z and using 7 must
reach the destination, and this implies that there exists an optimal policy
that terminates from all € X*. Thus, in this case Assumption 3.5.9 is
naturally satisfied.

Another interesting case arises when g(x,u) = 0 for all (x,u) except if
x ¢ Xo and the next state f(z,u) is a termination state, in which case the
cost of the stage is strictly negative, i.e., g(z,u) < 0 only when f(z,u) €
Xo. Thus no cost is incurred except for a negative cost upon termination.
Intuitively, this is the problem of trying to find the best state from which
to terminate, out of all states that are reachable from the initial state xg.
Then, assuming that Xy can be reached from all states, Assumption 3.5.9
is satisfied.

When X is the n-dimensional Euclidean space ", it may easily hap-
pen that the optimal policies are not terminating from some z € X", but
instead the optimal state trajectories may approach Xy asymptotically.
This is true for example in the linear-quadratic problem of the preceding
section, where X = R, Xo = {0}, U = R™, the system is linear of the form
Ti4+1 = Az + Buy, where A and B are given matrices, and the optimal cost
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function is positive definite quadratic. There the optimal policy is linear
stable of the form p*(x) = Lz, where L is some matrix obtained through
the steady-state solution of the Riccati equation. Since the optimal closed-
loop system has the form xp41 = (A4 BL)xy, the state will typically never
reach the termination set X¢ = {0} in finite time, although it will approach
it asymptotically. However, the Assumption 3.5.9 is satisfied under some
natural and easily verifiable conditions (see Exercise 3.8).
Let us consider the set of functions

S={Je&X)| Jx)=0,YVze X, Jz)eR,Vaec X"}

Since Xo consists of cost-free and absorbing states [cf. Eq. (3.45)], and
J*(x) > —oco for all z € X (by Assumption 3.5.9), the set S contains the
cost functions J,, of all terminating policies i, as well as J*. Moreover
it can be seen that every terminating policy is S-regular, i.e., Mc Mg,
implying that J; = J*. The reason is that the terminal cost is zero after
termination for any terminal cost function J € S, i.e.,

(Tii J)(x) = (T T)(x) = Ju(2),

for p € M\, x € X", and k sufficiently large.

The following proposition is a consequence of the well-behaved region
theorem (Prop. 3.2.1), the deterministic character of the problem (which
guarantees that J* is a fixed point of T’; Exercise 3.1), and Assumption
3.5.9 (which guarantees that Jg = J*).

Proposition 3.5.13: Let Assumption 3.5.9 hold. Then:

(a) J* is the unique solution of the Bellman equation J = T'J within
the set of all J € S such that J > J*.

(b) We have TkJ — J* for every J € S such that J > J".

(¢) If pu* is terminating and T),«J" = T'J*, then p* is optimal. Con-
versely, if p* is terminating and is optimal, then T),=J" = TJ".

Generally, the convergence T*J — J* for every J € S [Prop. 3.5.13(b)]
cannot be shown except in special cases, such as finite-state problems (see
Prop. 1.1(b), Ch. 4, of the book by Bertsekas and Tsitsiklis [BeT89]). To
see what may happen in the absence of Assumption 3.5.9, consider the de-
terministic shortest path example of Section 3.1.1 with a = 0, b > 0, and
S = R. Here Assumption 3.5.9 is violated and we have 0 = J* < J = b,
while the set of fixed points of T is the interval (—oo, b]. However, for the
same example, but with b < 0 instead of b > 0, Assumption 3.5.9 is satis-
fied and Prop. 3.5.13 applies. Consider also the linear-quadratic example of
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Section 3.1.4. Here Assumption 3.5.9 is violated. This results in multiple
fixed points of T within S: the functions J*(z) = 0 and J(z) = (y2 — 1)a2.
In Section 4.5, we will reconsider this example, as well as the problem of
this section for the case g(x,u) > 0 for all (z,u), but under assumptions
that are much weaker than Assumption 3.5.9. There, we will make a con-
nection between regularity, perturbations like the ones of Section 3.4, and
traditional notions of stability.

Another interesting fact is that when the model of this section is
extended in the natural way to a stochastic model with infinite state space,
then under the analog of Assumption 3.5.9, J* need not be the unique
solution of Bellman’s equation within the set of all J € S such that J > J*.
Indeed, we will show this in Section 4.6.1 with a stochastic example that
involves a single control per state and nonnegative but unbounded cost per
stage (if the cost per stage is nonnegative and bounded, and the optimal
cost over the proper policies only is equal to J*, then J* will be proved to
be the unique solution of Bellman’s equation within the set of all bounded
J such that J > 0). This is a striking difference between deterministic
and stochastic optimal control problems with infinite state space. Another
striking difference is that J* is always a solution of Bellman’s equation in
deterministic problems (cf. Exercise 3.1), but this is not so in stochastic
problems, even when the state space is finite (cf. Section 3.1.2).

ALGORITHMS

We have already discussed some VI and PI algorithms for finding J* and
an optimal policy as part of our analysis under the weak and strong PI
properties in Section 3.2. Moreover, we have shown that the VI algorithm
converges to the optimal cost function J* for any starting function J € S in
the case of Assumption 3.3.1 (cf. Prop. 3.3.1), or to the restricted optimal
cost function Jg under the assumptions of Prop. 3.4.1(b).

In this section, we will introduce additional algorithms. In Section
3.6.1, we will discuss asynchronous versions of VI and will prove satisfactory
convergence properties under reasonable assumptions. In Section 3.6.2, we
will focus on a modified version of PI that is unaffected by the presence of
S-irregular policies. This algorithm is similar to the optimistic PI algorithm
with uniform fixed point (cf. Section 2.6.3), and can also be implemented
in a distributed asynchronous computing environment.

3.6.1 Asynchronous Value Iteration

Let us consider the model of Section 2.6.1 for asynchronous distributed
computation of the fixed point of a mapping T, and the asynchronous
distributed VI method described there. The model involves a partition of X
into disjoint nonempty subsets X1, ..., X;,, and a corresponding partition
of Jas J = (Ji,...,Jm), where Jy is the restriction of J on the set Xj.
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We consider a network of m processors, each updating asynchronously
corresponding components of J. In particular, we assume that J, is up-
dated only by processor £, and only for times ¢ in a selected subset R of it-
erations. Moreover, as in Section 2.6.1, processor ¢ uses components J; sup-
plied by other processors j # ¢ with communication “delays” ¢ —;(¢) > 0:

71 (t) sz(t)) ;
7 (a) = T(J1 ) (@) e Ry e Xe g0
Jé(l‘) ift&Rz, r € Xy.

We can prove convergence within the frameworks of Sections 3.3 and
3.4 by using the asynchronous convergence theorem (cf. Prop. 2.6.1), and
the fact that 7" is monotone and has J* as its unique fixed point within the
appropriate set. We assume that the continuous updating and information
renewal Assumption 2.6.1 holds. For simplicity we restrict attention to the
framework of Section 3.3, under Assumption 3.3.1 with S = B(X). Assume
further that we have two functions V.,V € S such that

VSTV <TV <V, (3.47)
so that, by Prop. 3.3.1, TFV < J* < T*V for all k, and
TkV 1+ J*, TKV | J*.

Then we can show asynchronous convergence of the VI algorithm (3.46),
starting from any function J° with V. < J0 < V.
Indeed, let us apply Prop. 2.6.1 with the sets S(k) given by

S(ky={JeS|TFV <J <TKV},  k=0,1,....

The sets S(k) satisfy S(k+ 1) C S(k) in view of Eq. (3.47) and the mono-
tonicity of T. Using Prop. 3.3.1, we also see that S(k) satisfy the syn-
chronous convergence and box conditions of Prop. 2.6.1. Thus, together
with Assumption 2.6.1, all the conditions of Prop. 2.6.1 are satisfied, and
the convergence of the algorithm follows starting from any J° € S(0).

3.6.2 Asynchronous Policy Iteration

In this section, we focus on PI methods, under Assumption 3.3.1 and some
additional assumptions to be introduced shortly. We first discuss briefly
a natural form of PI algorithm, which generates S-regular policies exclu-
sively. Let u0 be an initial S-regular policy [there exists one by Assumption
3.3.1(b)]. At the typical iteration k, we have an S-regular policy u*, and
we compute a policy pu#*1 such that T x+1.J,x = T'Jx (this is possible by
Lemma 3.3.1). Then pf+1 is S-regular, by Lemma 3.3.2, and we have

Juk = TMkJMk > TJH’“ = Tuk+1JHk > rr}iillmTfk+1J“k = JHk+1'
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We can thus construct a sequence of S-regular policies {u¥} and a cor-
responding nonincreasing sequence {Juk}' Under some additional mild
conditions it is then possible to show that J x | J*, cf. Prop. 3.3.1(e).

Unfortunately, when there are S-irregular policies, the preceding PI
algorithm is somewhat limited, because an initial S-regular policy may not
be known. Moreover, when asynchronous versions of the algorithm are
implemented, it is difficult to guarantee that all the generated policies are
S-regular.

In what follows in this section, we will discuss a PI algorithm that
works in the presence of S-irregular policies, and can operate in a dis-
tributed asynchronous environment, like the PI algorithm for contractive
models of Section 2.6.3. The main assumption is that J* is the unique fixed
point of T within R(X), the set of real-valued functions over X. This as-
sumption holds under Assumption 3.3.1 with S = R(X), but it also holds
under weaker conditions. Our assumptions also include finiteness of U,
which among others facilitates the policy evaluation and policy improve-
ment operations, and ensures that the algorithm generates iterates that
lie in R(X). The algorithm and its analysis also go through if R(X) is
replaced by R+(X) (the set of all nonnegative real-valued functions) in the
following assumptions, arguments, and propositions.

Assumption 3.6.1: In addition to the monotonicity Assumption 3.2.1,
the following hold.

(a) H(z,u,J) is real-valued for all J € R(X), x € X, and u € U(z).
(b) U is a finite set.

(c) For each sequence {J} C R(X) with either Jp, T J or Jm | J
for some J € R(X), we have

lim H(z,u,Jm)=H (z,u,J), VezeX, uelU(z).

m—r oo

(d) For all scalars r > 0 and functions J € R(X), we have

H(z,u,J+re) < H(x,u,J)+re, VaeeX, ueU(x),
(3.48)
where e is the unit function.

(e) J* is the unique fixed point of T" within R(X).

Part (d) of the preceding assumption is a nonexpansiveness condition
for H(x,u,-), and can be easily verified in many DP models, including
deterministic, minimax, and stochastic optimal control problems. It is not
readily satisfied, however, in the affine monotonic model of Section 3.5.2.
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Similar to Section 2.6.3, we introduce a new mapping that is parametri-
zed by p and can be shown to have a common fixed point for all u. It
operates on a pair (V, Q) where:

e V is a real-valued function with a component denoted V (z) for each
zeX.

e () is areal-valued function with a component denoted Q(x, u) for each
pair (z,u) with x € X, u € U(z).

The mapping produces a pair

(MFL(V.Q), Fu(V,Q)),

where

e F,(V,Q) is a function with a component F,(V, Q)(x, u) for each (x, u),
defined by
FM(VuQ)(‘Tuu) = H(w,u,min{V, QM})7 (349)

where for any () and p, we denote by @Q,, the function of 2 defined by

Qu(z) = Q(z,u(x)), ze€X,

and for any two functions Vi and Va2, we denote by min{Vi,V2} the
function of x given by

min{V1, Va}(z) = min {Vi(z), Va(2)}, z e X.

e MF,(V,Q) is a function with a component (MF,(V,Q))(z) for each
x, where M is the operator of pointwise minimization over u:

(MQ)(x) = min Q(z,u),

ueU(x)

so that

(MF,(V,Q))(x) = i Fu(V,Q)(x, u).
Note that under Assumption 3.6.1, M maps real-valued functions
to real-valued functions, since by part (b) of that assumption, U is
assumed finite.

We consider an algorithm that is similar to the asynchronous PI al-
gorithm given in Section 2.6.3 for contractive models. It applies asyn-
chronously the mapping M F,,(V, Q) for local policy improvement and up-
date of V' and pu, and the mapping F,(V,Q) for local policy evaluation
and update of ). The algorithm involves a partition of the state space
into sets Xi,..., X, and assignment of each subset Xy to a processor
¢ e {l,...,m}. For each ¢, there are two infinite disjoint subsets of times
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Re, Re € {0,1,...}, corresponding to policy improvement and policy eval-
uation iterations, respectively. At time ¢, each processor ¢ operates on
Vi(x), Qt(z,u), and pt(z), only for x in its “local” state space X,. In
particular, at each time ¢, each processor ¢ does one of the following:

(a) Local policy improvement: If t € Ry, processor ¢ sets for all z € Xy,

Vitl(xz) = min H(a:,u,min{Vt,QZt}) = (MF#t(Vt,Qt))(.I),

weU (z)
(3.50)
sets ptt1l(z) to a w that attains the minimum, and leaves @ un-
changed, i.e., Q1 (z,u) = Q(z,u) for all z € Xy and u € U(x).

(b) Local policy evaluation: If t € Ry, processor £ sets for all z € X, and
u e U(x),

Q" (x,u) = H(x,u, min{V?, ta}) =F(Vt,Q")(x,u), (3.51)

and leaves V and p unchanged, i.e., Vitl(z) = Vt(z) and pitl(z) =
pt(x) for all z € X,.

(c) No local change: If t ¢ R, U Ry, processor £ leaves Q, V, and u
unchanged, i.e., Q1 (z,u) = Qt(z,u) for all z € X, and u € U(z),
Vitl(z) = Vi(z), and pttl(z) = pt(z) for all z € X,.

Under Assumption 3.6.1, the algorithm generates real-valued func-
tions if started with real-valued V9 and Q9. We will prove that it con-
verges to (J*,Q"), where J* is the unique fixed point of T" within R(X)
[cf. Assumption 3.6.1(e)], and Q™ is defined by

Q" (z,u) = H(z,u,J"), z e X, ueU(x). (3.52)
To this end, we introduce the mapping F' defined by
(FQ)(z,u) = H(x,u, MQ), zxe X, ueU(zx), (3.53)

and we show the following proposition.

Proposition 3.6.1: Let Assumption 3.6.1 hold. Then Q" is the
unique fixed point of F' within the class of real-valued functions.

Proof: By minimizing over u € U(z) in Eq. (3.52) and noting that J* is a
fixed point of 7', we have MQ* = T'J* = J*. Thus, by applying Eq. (3.53)
and then Eq. (3.52), we obtain

(FQ*)(z,u) = H(x,u, J*) = Q*(x,u), VeeX, ueU(x).
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Thus Q" is a fixed point of F', and it is real-valued since J* is real-valued
and H is real-valued.

To show uniqueness, let @)’ be any real-valued fixed point of F'. Then
Q' (z,u) = H(z,u, MQ') for all x € X, u € U(z), and by minimization over
u € U(zx), we have MQ' = T(MQ'). Hence M@’ is equal to the unique
fixed point J* of T, so that the equation Q' = FQ' yields Q'(z,u) =
H(z,u,MQ') = H(x,u,J"), for all (z,u). From the definition (3.52) of
Q", it then follows that Q' = Q*. Q.E.D.

We introduce the p-dependent mapping

Lu(V,Q) = (MQ, Fu(V,Q)), (3.54)

where F,,(V,Q) is given by Eq. (3.49). For this mapping and other re-
lated mappings to be defined shortly, we implicitly assume that it operates
on real-valued functions, so by Assumption 3.6.1(a),(b), it produces real-
valued functions. Note that the policy evaluation part of the algorithm [cf.
Eq. (3.51)] amounts to applying the second component of L,, while the
policy improvement part of the algorithm [cf. Eq. (3.50)] amounts to ap-
plying the second component of L,,, and then applying the first component
of L,. The following proposition shows that (J*, Q") is the common fixed
point of the mappings L, for all p.

Proposition 3.6.2: Let Assumption 3.6.1 hold. Then for all u € M,
the mapping L, of Eq. (3.54) is monotone, and (J*, Q") is its unique
fixed point within the class of real-valued functions.

Proof: Monotonicity of L, follows from the monotonicity of the operators
M and F),. To show that L, has (J*, Q") as its unique fixed point, we first
note that J* = MQ* and Q* = FQ"; cf. Prop. 3.6.1. Then, using also the
definition of F},, we have

J*:MQ*, Q*:FQ*:F#(J*vQ*)v

which shows that (J*, Q") is a fixed point of L.
To show uniqueness, let (V/,Q’) be a real-valued fixed point of L,,
ie, V=M@ and Q' = F,(V',Q’). Then

Q =F.(V.Q)=FQ,

where the last equality follows from V/ = M@Q’. Thus @’ is a fixed point
of I, and since Q™ is the unique fixed point of F' (cf. Prop. 3.6.1), we have
Q' = Q*. Tt follows that V/ = MQ* = J*, so (J*,Q") is the unique fixed
point of L, within the class of real-valued functions. Q.E.D.
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The uniform fixed point property of L, just shown is, however, in-
sufficient for the convergence proof of the asynchronous algorithm, in the
absence of a contraction property. For this reason, we introduce two map-
pings L and L that are associated with the mappings L, and satisfy

L(V,Q) < Lu(V,Q) < L(V,Q), VYpeM. (3.55)

These are the mappings defined by

L,Q) = (3Q.mip F(V.Q)) . ZV.Q) = (M@ V) )

(3.56)
where the min and max over u are attained in view of the finiteness of M
[cf. Assumption 3.6.1(b)]. We will show that L and L also have (J*, Q") as
their unique fixed point. Note that there exists i that attains the maximum
in Eq. (3.56), uniformly for all V' and (x,u), namely a policy i for which

Q(z, i(x)) = Joax Q(z,u), VzeX,

[cf. Eq. (3.49)]. Similarly, there exists y that attains the minimum in Eq.
(3.56), uniformly for all V and (x,u). Thus for any given (V, @), we have

LV,Q) = Ly(V.Q),  L(V,Q) = Lu(V,Q), (3.57)

where p and i are some policies. The following proposition shows that

(J*,Q"), the common fixed point of the mappings Ly, for all y, is also the
unique fixed point of L and L.

Proposition 3.6.3: Let Assumption 3.6.1 hold. Then the mappings
L and L of Eq. (3.56) are monotone, and have (J*, Q") as their unique
fixed point within the class of real-valued functions.

Proof: Monotonicity of L and L follows from the monotonicity of the
operators M and F),. Since (J*,Q") is the common fixed point of L, for
all i (cf. Prop. 3.6.2), and there exists p such that L(J*, Q") = L.(J", Q")
[cf. Eq. (3.57)], it follows that (J*,Q") is a fixed point of L. To show
uniqueness, suppose that (V, Q) is a fixed point, so (V,Q) = L(V, Q). Then
by Eq. (3.57), we have

for some p € M. Since by Prop. 3.6.2, (J*,Q") is the only fixed point of
Ly, it follows that (V,Q) = (J*,Q"), so (J*,Q") is the only fixed point of
L. Similarly, we show that (J*, Q") is the unique fixed point of L. Q.E.D.



218 Semicontractive Models Chap. 3

We are now ready to construct a sequence of sets needed to apply
Prop. 2.6.1 and prove convergence. For a scalar ¢ > 0, we denote

J;:J*_Cea Qg:Q*_CeQN
J=J +ce, F=Q" +ceq,

with e and eg are the unit functions in the spaces of J and (), respectively.

Proposition 3.6.4: Let Assumption 3.6.1 hold. Then for all ¢ > 0,
= = * * —k * *
LF(Je,Qc) 1 (J7,Q7), L'(J5Q5) L (J7,Q), (3.58)

where L (or fk) denotes the k-fold composition of L (or L, respec-
tively).

Proof: For any p € M, using the assumption (3.48), we have for all (z,u),
F#(ij Qj)(-f, ’LL) = H('Iv u, mln{‘]jv Qj})
= H(z,u,min{J",Q"} + ce)
< H(z,u,min{J",Q"}) + ¢
= Q* (Ia U) +c
= Qz_ (Ia U),
and similarly
Qe (z,u) < Fu(Je, Qe )(w, u).

We also have MQF = J& and MQ; = J: . From these relations, the
definition of L,, and the fact L,(J",Q") = (J*, Q") (cf. Prop. 3.6.2), we
have

(o, Qe) < Lu(Je, Qe) < (J7,Q7) < Lu(J, Q) < (S, Q).
Using this relation and Egs. (3.55) and (3.57), we obtain
(Jo,Qe) S L(Jo,Qe) < (J7,Q7) < L(JS, QL) < (5, QL. (3.59)
Denote for £ =0,1,...,

(Vi@ =T (J5,Q5), (V4. Q,) = L*(J:, Q7).

From the monotonicity of L and L and Eq. (3.59), we have that (V, Q)
converges monotonically from above to some pair

(V,Q) = (J,Q"),
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while (V, Qk) converges monotonically from below to some pair

V,Q) < (J", Q).

By taking the limit in the equation

(Vk-l-l ) @kJrl) = I(Vkv @k)a

and using the continuity from above and below property of L, implied

by Assumption 3.6.1(c), it follows that (V,Q) = L(V,Q), so (V,Q) must
be equal to (J*,Q"), the unique fixed point of L. Thus, fk(Jj,Qj) l
(J*, Q). Similarly, LF(Jo,Q:) 1 (J*,Q%). Q.E.D.

To show asynchronous convergence of the algorithm (3.50)-(3.51),
consider the sets

S(k) = {(V,Q) | L*(J-,Qz) < (V,Q) < T"(JH,QH)},  k=0,1,...,

whose intersection is (J*, Q™) [cf. Eq. (3.58)]. By Prop. 3.6.4 and Eq. (3.55),
this set sequence together with the mappings L, satisfy the synchronous
convergence and box conditions of the asynchronous convergence theorem
of Prop. 2.6.1 (more precisely, its time-varying version of Exercise 2.2). This
proves the convergence of the algorithm (3.50)-(3.51) for starting points
(V,Q) € S(0). Since ¢ can be chosen arbitrarily large, it follows that the
algorithm is convergent from an arbitrary starting point.

Finally, let us note some variations of the asynchronous PI algorithm.
One such variation is to allow “communication delays” t — 7;(t). Another
variation, for the case where we want to calculate just J*, is to use a
reduced space implementation similar to the one discussed in Section 2.6.3.
There is also a variant with interpolation, cf. Section 2.6.3.

NOTES, SOURCES, AND EXERCISES

The semicontractive model framework of this chapter was first formulated
in the 2013 edition of the book, and it has since been extended through
a series of papers and reports by the author: [Berl5], [Berl6a], [BeY16],
[Ber17c], [Berl7d], [Ber19c]. The framework is inspired from the analysis of
the SSP problem of Example 1.2.6, which involves finite state and control
spaces, as well as a termination state. In the absence of a termination
state, a key idea has been to generalize the notion of a proper policy from
one that leads to termination with probability 1, to one that is S-regular
for an appropriate set of functions S.

Section 3.1: The counterexample showing that J* may fail to solve Bell-
man’s equation in SSP problems is due to Bertsekas and Yu [BeY16]. The
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blackmailer’s dilemma is a classic problem in the DP literature. The book
by Whittle [Whi82] has a substantial discussion. The set of solutions of the
Riccati equation in continuous-time linear-quadratic optimal control (cf.
Section 3.1.4) has been described in the paper by Willems [Wil71], which
stimulated considerable further work on the subject (see the book by Lan-
caster and Rodman [LaR95] for an extensive account). The pathologies of
infinite horizon linear-quadratic optimal control problems can be largely
eliminated under some well-studied controllability and observability condi-
tions (see, e.g., [Berl7al, Section 3.1).

Section 3.2: The Pl-based analysis of Section 3.2 was developed in the
author’s paper [Berl5] after the 2013 edition of the book was published.
The author’s joint work with H. Yu [BeY16] was also influential. In partic-
ular, the SSP example of Section 3.1.2, where J* does not satisfy Bellman’s
equation, and the perturbation analysis of Section 3.4 were given in the pa-
per [BeY16]. This is also the source for the convergence rate result of Prop.
3.2.2. The A-PI method was introduced by Bertsekas and Toffe [Bel96] in
the context of discounted and SSP problems, and subsequent work includes
the papers by Nedi¢ and Bertsekas [NeB03], and by Bertsekas, Borkar, and
Nedi¢ [BBN04] on the LSPE(A) method. The analysis of A-PI in Section
3.2.4 is new and is related to an analysis of a linearized form of the proximal
algorithm given in the author’s papers [Ber16b], [Ber18c].

Section 3.3: The central result of Section 3.3, Prop. 3.3.1, was given in
the 2013 edition of the book. It is patterned after a result of Bertsekas and
Tsitsiklis [BeT91] for SSP problems with finite state space and compact
control constraint sets, which is reproduced in Section 3.5.1. The proof
given there contains an intricate demonstration of a real-valued lower bound
on the cost functions of proper policies (Lemma 3 of [BeT91], which implies
Prop. 3.5.3).

Section 3.4: The perturbation approach of Section 3.4 was introduced in
the 2013 edition of the book. It is presented here in somewhat stronger
form, which will also be applied to nonstationary S-regular policies in the
next chapter.

Section 3.5: The SSP problem analysis of Section 3.5.1 for the case of
the strong SSP conditions is due to Bertsekas and Tsitsiklis [BeT91]. For
the case of the weak SSP conditions it is due to Bertsekas and Yu [BeY16].
The perturbation-based PI algorithm was given in Section 3.3.3 of the 2013
edition of the book. A different PI algorithm that embodies a mechanism
for breaking ties in the policy improvement step was given by Guillot and
Stauffer [GuS17] for the case of finite state and control spaces.

The affine monotonic model of Section 3.5.2 was initially formulated
and analyzed in the 2013 edition of the book, in a more general setting
where the state space can be an infinite set. The analysis of Section 3.5.2
of the finite-state case comes from the author’s paper [Berl6a], which con-
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tains more details. The exponentiated cost version of the SSP problem was
analyzed in the papers by Denardo and Rothblum [DeR79], and by Patek
[Pat01]. The paper [DeR79] assumes that the state and control spaces are
finite, that there exists at least one contractive policy (a transient policy
in the terminology of [DeR79]), and that every improper policy is noncon-
tractive and has infinite cost from some initial state. These assumptions
bypass the pathologies around infinite control spaces and multiple solu-
tions or no solution of Bellman’s equation. Also the approach of [DeR79]
is based on linear programming (relying on the finite control space), and
is thus quite different from ours. The paper [Pat01] assumes that the state
space is finite, that the control constraint set is compact, and that the ex-
pected one-stage cost is strictly positive for all state-control pairs, which is
much stronger than what we have assumed. Our results of Section 3.5.2,
when specialized to the exponential cost problem, are consistent with and
subsume the results of Denardo and Rothblum [DeR79], and Patek [Pat01].

The discussion on robust shortest path planning in Section 3.5.3 fol-
lows the author’s paper [Ber19c]. This paper contains further analysis
and computational methods, including a finitely terminating Dijkstra-like
algorithm for problems with nonnegative arc lengths.

The deterministic optimal control model of Section 3.5.5 is discussed
in more detail in the author’s paper [Ber17b] under Assumption 3.5.9 for the
case where g > 0; see also Section 4.5 and the paper [Ber17c|. The analysis
under the more general assumptions given here is new. Deterministic and
minimax infinite-spaces optimal control problems have also been discussed
by Reissig [Reil6] under assumptions different than ours.

Section 3.6: The asynchronous VI algorithm of Section 3.6.1 was first
given in the author’s paper on distributed DP [Ber82]. It was further
formalized in the paper [Ber83], where a DP problem was viewed as a
special case of a fixed point problem, involving monotonicity and possibly
contraction assumptions.

The analysis of Section 3.6.2, parallels the one of Section 2.6.3, and is
due to joint work of the author with H. Yu, presented in the papers [BeY12]
and [YuB13a]. In particular, the algorithm of Section 3.6.2 is one of the op-
timistic PI algorithms in [YuB13a], which was applied to the SSP problem
of Section 3.5.1 under the strong SSP conditions. We have followed the line
of analysis of that paper and the related paper [BeY12], which focuses on
discounted problems. These papers also analyzed asynchronous stochastic
iterative versions of PI, and proved convergence results that parallel those
for classical Q-learning for SSP, given in Tsitsiklis [Tsi94], and Yu and
Bertsekas [YuB13b]. An earlier paper, which deals with a slightly differ-
ent asynchronous abstract PI algorithm without a contraction structure, is
Bertsekas and Yu [BeY10].

By allowing an infinite state space, the analysis of the present chapter
applies among others to SSP problems with a countable state space. Such
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problems often arise in queueing control settings where the termination
state corresponds to an empty queue. The problem then is to empty the
queue with minimum expected cost. Generalized forms of SSP problems,
which involve an infinite (uncountable) number of states, in addition to
the termination state, were analyzed by Pliska [Pli78], Hernandez-Lerma
et al. [HCP99], and James and Collins [JaC06]. The latter paper allows
improper policies, assumes that g is bounded and J* is bounded below,
and generalizes the results of [BeT91] to infinite (Borel) state spaces, using
a similar line of proof. Infinite spaces SSP problems will also be discussed
in Section 4.6.

A notable SSP problem with infinite state space arises under imper-
fect state information. There the problem is converted to a perfect state
information problem whose states are belief states, i.e., posterior probabil-
ity distributions of the original state given the observations thus far. The
paper by Patek [Pat07] addresses SSP problems with imperfect state in-
formation and proves results that are similar to the ones for their perfect
state information counterparts. These results can also be derived using the
line of analysis of this chapter. In particular, the critical condition that the
cost functions of proper policies are bounded below by some real-valued
function [cf. Assumption 3.3.1(b)] is proved as Lemma 5 in [Pat07], using
the fact that the cost functions of the proper policies are bounded below
by the optimal cost function of a corresponding perfect state information
problem.

EXERCISES

3.1 (Conditions for J* to be a Fixed Point of T')

The purpose of this exercise is to show that the optimal cost function J* is a fixed
point of T under some assumptions, which among others, are satisfied generically
in deterministic optimal control problems. Let II be a subset of policies such that:

(1) We have A A
(u,m) €11 if and only if peM, mell,

where for p € M and ™ = {po, p1,...}, we denote by (u, ) the policy
{t, o, 1, . ..}. Note: This condition precludes the possibility that II is
the set of all stationary policies (unless there is only one stationary policy).

(2) For every m = {0, ju1,...} € II, we have
Jr = Tug s

where m is the policy m1 = {u1, 2, ...}
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(3) We have A
inf TuJr= inf T,J,
REM, TEIL HEM

where the function J is given by

J(z) = inf J.(x), z e X.

mell

Show that:

(a) J is a fixed point of T. In particular, if I = II, then J* is a fixed point of
T.

(b) The assumptions (1)-(3) hold with II = II in the case of the deterministic
mapping

H(z,u,J) :g(mu)—I—J(f(ar,’7u))7 z e X, ueu(z), JeE(X). (3.60)

(¢) Consider the SSP example of Section 3.1.2, where J* is not a fixed point
of T. Which of the conditions (1)-(3) is violated?

Solution: (a) For every z € X, we have

J@) =l Je(@) = inf (@) = inf (1)) = (T)(@),

where the second equality holds by conditions (1) and (2), and the third equality
holds by condition (3).

(b) This is evident in the case of the deterministic mapping (3.60). Notes: (i)
If I = II, parts (a) and (b) show that J*, which is equal to J, is a fixed point
of T. Moreover, if we choose a set S such that J§ can be shown to be equal to
J*, then Prop. 3.2.1 applies and shows that J* is the unique fixed point of T

with the set {J €e&X)|Js <J < j} for some J € S. In addition the VI
sequence {T*J} converges to J* starting from every J within that set. (ii) The
assumptions (1)-(3) of this exercise also hold for other choices of I1. For example,
when 1II is the set of all eventually stationary policies, i.e., policies of the form
{10y« -« ks by iy - - -}, Where pio, ..., uk, p € M and k is some positive integer.

(c) For the SSP problem of Section 3.1.1, condition (2) of the preceding proposi-
tion need not be satisfied (because the expected value operation need not com-
mute with lim sup).

3.2 (Alternative Semicontractive Conditions I)

This exercise provides a different starting point for the semicontractive analysis of
Section 3.2. In particular, the results of Prop. 3.2.1 are shown without assuming
that J§ is a fixed point of T', but by making different assumptions, which include
the existence of an S-regular policy that is optimal. Let S be a given subset of
E(X). Assume that:
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(1) There exists an S-regular policy u* that is optimal, i.e., J,» = J*.
(2) The policy p* satisfies Ty« J* =TJ".
Show that the following hold:

(a) The optimal cost function J* is the unique fixed point of 7" within the set
{JeS|J>J}.

(b) We have T*J — J* for every J € S with J > J*.

(¢c) An S-regular policy p that satisfies T,,J* = T'J* is optimal. Conversely if
w is an S-regular optimal policy, it satisfies T, J* = T'J*.

Note: Part (a) and the assumptions show that Jg is a fixed point of T' (as well
as that JG = J* € S), so parts (b) and (c) also follow from Prop. 3.2.1.

Solution: (a) We first show that any fixed point J of T that lies in S satisfies
J < J*. Indeed, if J = T'J, then for the optimal S-regular policy p*, we have
J < T« J, so in view of the monotonicity of 7),» and the S-regularity of p*,

J< lim Thd = J,» = J".

k—oo

Thus the only function within {J € S| J > J*} that can be a fixed point of T is
J*. Using the optimality and S-regularity of p*, and condition (2), we have

* :JM* :TM*JH* :,I'M*JgF :TJ*7

so J* is a fixed point of T'. Finally, J* € S since J* = J,» and p* is S-regular,
so J* is the unique fixed point of T" within {J € S| J > J*}.

(b) For the optimal S-regular policy u* and any J € S with J > J*, we have
oI >T I >TV T =g, k=0,1,....

Taking the limit as £ — oo, and using the fact limg_, o T[f* J=Jpx = J*, which
holds since p* is S-regular and optimal, we see that TFJ — J*.

(c) If w satisfies T,,J* = T'J*, then using part (a), we have T,,J" = J* and hence
limyg o0 T"fJ* = J*. If p is in addition S-regular, then J, = limy_ o T"fJ* =J*
and p is optimal. Conversely, if p is optimal and S-regular, then J, = J* and
Ju =T, J,, which combined with J* = T'J* [cf. part (a)], yields T, J* =TJ".

3.3 (Alternative Semicontractive Conditions IT)

Let S be a given subset of £(X). Show that the assumptions of Exercise 3.2 hold
if and only if J* € S, T'J* < J*, and there exists an S-regular policy u such that
T,J " =TJ".

Solution: Let the conditions (1) and (2) of Exercise 3.2 hold, and let u* be the
S-regular policy that is optimal. Then condition (1) implies that J* = J,« € S
and J* = T,,=J* > TJ", while condition (2) implies that there exists an S-regular
policy p such that T, J* =TJ".
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Conversely, assume that J* € S, TJ* < J*, and there exists an S-regular
policy p such that T,J* = TJ*. Then we have T,J* = TJ* < J*. Hence
T,If,]* < J* for all k, and by taking the limit as k& — oo, we obtain J, < J*.
Hence the S-regular policy p is optimal, and the conditions of Exercise 3.2 hold.

3.4 (Alternative Semicontractive Conditions III)

Let S be a given subset of £(X). Assume that:
(1) There exists an optimal S-regular policy.
(2) For every S-irregular policy &, we have TzJ" > J*.
Show that the assumptions of Exercise 3.2 hold.
Solution: It will be sufficient to show that conditions (1) and (2) imply that

J* = TJ". Assume to obtain a contradiction, that J* # T.J*. Then J* > TJ"*,
as can be seen from the relations

J =dpw =Ty dy» > Ty =TJ",

where p* is an optimal S-regular policy. Thus the relation J* # TJ* implies
that there exists 4’ and x € X such that

T (z) 2 (T, J")(z), VzeX,

with strict inequality for some z [note here that we can choose fi(z) = p*(z) for
all z such that J*(z) = (T'J*)(x), and we can choose fi(z) to satisfy J*(z) >
(TzJ™)(x) for all other x]. If T were S-regular, we would have

J>TRJ > lim TeJ = J,,

k—oo

with strict inequality for some = € X, which is impossible. Hence p’ is S-irregular,
which contradicts condition (2).

3.5 (Restricted Optimization over a Subset of S-Regular
Policies)

This exercise provides a useful extension of Prop. 3.2.1. Given a set .S, it may be
more convenient to work with a subset M C Mg. Let J denote the corresponding

restricted optimal value: R
J(@) = inf_Ju(a),

and assume that J is a fixed point of T. Show that the following analogs of the
conclusions of Prop. 3.2.1 hold:

(a) (Uniqueness of Fized Point) If J' is a fixed point of T' and there exists
J € S such that J' < J, then J’ < J. In particular, if the set W given by

1//\\/:{J€<‘Z(X)|jgJSjforsomeJES}7
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is nonempty, then J is the unique fixed point of T" within W.
(b) (VI Convergence) We have T*.J — .J for every J € W.

Solution: The proof is nearly identical to the one of Prop. 3.2.1. Let J € V/\\/7 SO
that

J<g<J

>

for some J € S. We have for all k > 1 and u € /\//\i7

where the equality follows from the fixed point property of J, while the inequal-
ities follow by using the monotonicity and the definition of 7. The right-hand
side tends to J,, as k — oo, since p is S-regular and J € S. Hence the infimum
over p € M of the limit of the right-hand side tends to the left-hand side J. It

follows that T*J — J, proving part (b). To prove part (a), let J' be a fixed

point of T" that belongs to W. Then J' is equal t0 limg_,00 7%J’, which has been
proved to be equal to J.

3.6 (The Case J% < J)

Within the framework of Section 3.2, assume that J§ < J. (This occurs in
particular in the monotone decreasing model where J > T},J for all u € M; see
Section 4.3.) Show that if J§ is a fixed point of T, then we have J§ = J*. Note:
This result manifests itself in the shortest path Example 3.2.1 for the case where
b < 0.

Solution: For all k£ and policies m = {po, p1, ...}, we have

ngkmnJ*J;glmmupTﬂiglmwupﬂm.nT J = Jx,
— 00

Pr—1
k—oo k—oo

and by taking the infimum over 7 € II, we obtain J§ < J*. Since generically we
have Jg > J*, it follows that Jg = J*.

3.7 (Weakening the Near-Optimal Termination Assumption)

Consider the deterministic optimal control problem of Section 3.5.5. The purpose
of this exercise is to show that the Assumption 3.5.9 is equivalent to a seemingly
weaker assumption where nonstationary policies can be used for termination.
Given a state x € X™, we say that a (possibly nonstationary) policy m € II
terminates from x if the sequence {z}, which is generated starting from z and
using 7, reaches X in the sense that zz € X for some index k. Assume that for
every € X, there exists a policy m € II that terminates from x. Show that:

(a) The set .//\/l\ of terminating stationary policies is nonempty, i.e., there exists
a stationary policy that terminates from every z € X™.
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(b) Assumption 3.5.9 is satisfied if for every pair (z,€) with z € X* and € > 0,
there exists a policy 7 € II that terminates from x and satisfies Jx(z) <
J*(z) + e

Solution: (a) Consider the sequence of subsets of X defined for £ =0,1,..., by
X = {z € X" | there exists 7 € II that terminates from z in k steps or less},

starting with the stopping set Xo. Note that Up2 (X, = X™. Define a stationary
policy i as follows: For each z € X, with x ¢ Xj_1, let {po, 1, ...} be a policy
that terminates from x in the minimum possible number of steps (which is k),
and let o = po. For each z ¢ X™, let f(z) be an arbitrary control in U(x). It
can be seen that i is a terminating stationary policy.

(b) Given any state T € X* with Z ¢ Xo, and a nonstationary policy m =
{wo, p1,...} that terminates from Z, we construct a stationary policy u that
terminates from every x € X* and generates essentially the same trajectory as
m starting from Z (i.e., after cycles are subtracted). To construct such a u, we
consider the sequence generated by 7 starting from z. If this sequence contains
cycles, we shorten the sequence by eliminating the cycles, and we redefine m so
that starting from Z it generates a terminating trajectory without cycles. This
redefined version of m, denoted 7’ = {u(, pt, ...}, terminates from Z and has cost
J.(Z) < Jx(Z) [since all the eliminated transitions that belonged to cycles have
nonnegative cost, in view of the fact J*(x) > —oo for all z, which is implied by
Assumption 3.5.9]. We now consider the sequence of subsets of X defined by

X = {z € X | 7’ terminates from z in k steps or less}, k=0,1,...,

where X is the stopping set. Let k be the first £ > 1 such that € X},. Construct
the stationary policy u as follows: for z € U¥_, X, let

w(x) = py_, (o), ifreXyanda ¢ X1, k=1,2,...,

and for = ¢ U¥_, X}, let u(x) = fi(z), where [i is a stationary policy that termi-
nates from every x € X* [and was shown to exist in part (a)]. Then it is seen
that p terminates from every x € X*, and generates the same sequence as 7’
starting from the state z, so it satisfies J,,(z) = J./(Z) < J=(T).

3.8 (Verifying the Near-Optimal Termination Assumption)

In the context of the deterministic optimal control problem of Section 3.5.5,
assume that X is a normed space with norm denoted || - ||. We say that 7
asymptotically terminates from x if the sequence {xx} generated starting from x
and using 7 converges to X in the sense that

lim dist(xx, Xo) = 0,

k—oo

where dist(z, Xo) denotes the minimum distance from z to Xo,

dist(z, Xo) = inf ||z —y], z e X.
y€Xq
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The purpose of this exercise is to provide a readily verifiable condition that
guarantees Assumption 3.5.9. Assume that

0<g(wu), w€X, ucUl),
and that

J (z) >0, V¢ Xo.
Assume further the following;:

(1) For every x € X* = {:c €eX|J(z) < oo} and € > 0, there exits a policy
7 that asymptotically terminates from z and satisfies Jr(z) < J*(z) + €.

(2) For every e > 0, there exists a d¢ > 0 such that for each x € X* with
dist(z, Xo) < de,

there is a policy 7 that terminates from x and satisfies Jr(z) < e.
Then:
(a) Show that Assumption 3.5.9 holds.
(b) Show that condition (1) holds if for each 6 > 0 there exists e > 0 such that

11{}? )g(:mu) > €, V « € X such that dist(z, Xo) > 0.
uelU(z

Note: For further discussion, analysis, and application to the case of a linear
system, see the author’s paper [Ber17b].

Solution: (a) Fix z € X* and ¢ > 0. Let m be a policy that asymptotically
terminates from z, and satisfies Jx(z) < J*(z) +¢, as per condition (1). Starting
from z, this policy will generate a sequence {z} such that for some index k we
have dist(zj, Xo) < de, so by condition (2), there exists a policy 7 that terminates
from xj and is such that Jz(zj) < €. Consider the policy ' that follows 7 up to
index k and follows 7 afterwards. This policy terminates from « and satisfies

Jor (x) = Jo 5 (%) + Jr(wg) < (@) + Jr(wg) < 7 (2) + 26,

where J,_ z(x) is the cost incurred by 7 starting from z up to reaching zz. From
Exercise 3.7 it follows that Assumption 3.5.9 holds.

(b) For any x and policy 7 that does not asymptotically terminate from z, we
will have Jx(z) = oo, so that if z € X™, all policies 7 with J(z) < co must be
asymptotically terminating from .

3.9 (Perturbations and S-Regular Policies)

The purpose of this exercise is to illustrate that the set of S-regular policies may
be different in the perturbed and unperturbed problems of Section 3.4. Consider
a single-state problem with J = 0 and two policies p and p’, where

T,J =min{l1,J},  T,J=p>0.
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Let S=R.
(a) Verify that u is S-irregular and J, = J* = 0.
(b) Verify that ' is S-regular and J,, = J§ = 3.

(¢) For § > 0 consider the d-perturbed problem with p(z) = 1, where z is
the only state. Show that both y and u' are S-regular for this problem.
Moreover, we have Js = min{1, 8} + 4.

(d) Verify that Prop. 3.4.1 applies for M = {'} and B < 1, but does not

apply if M= {p, '} or B > 1. Which assumptions of the proposition are
violated in the latter case?

Solution: Parts (a) and (b) are straightforward. It is also straightforward to
verify the definition of S-regularity for both policies in the d-perturbed problem,
and that J,s = 1+4d and J, 5 = B+45. If 8 < 1, the policy u' is optimal
for the é-perturbed problem, and Prop. 3.4.1 applies for M= {1} because all
its assumptions are satisfied. However, when 8 > 1 and M= {1} there is no
e-optimal policy in ./\//T for the §-perturbed problem (contrary to the assumption

of Prop. 3.4.1), and indeed we have 8 = J5 > lims,o Js = 1. Also when M =
{w, '}, the policy u is not S-regular, contrary to the assumption of Prop. 3.4.1.

3.10 (Perturbations in Affine Monotonic Models [Ber16a])

Consider the affine monotonic model of Section 3.5.2, and let Assumptions 3.5.5
and 3.5.6 hold. In a perturbed version of this model we add a constant § > 0 to all
components of b, thus obtaining what we call the d-perturbed affine monotonic
problem. We denote by Js and J .5 the corresponding optimal cost function and
policy cost functions, respectively.

(a) Show that for all § > 0, Js is the unique solution within R’ of the equation

J() = (TJ)(@) +6, i=1,...,n.

(b) Show that for all § > 0, a policy p is optimal for the §-perturbed problem
(i.e., Jus = Js) if and only if T,,.J5 = T'Js5. Moreover, for the d-perturbed
problem, all optimal policies are contractive and there exists at least one
contractive policy that is optimal.

(¢) The optimal cost function over contractive policies .J [cf. Eq. (3.37)] satisfies

J(z)z%lﬁ)lt](g(z)7 i=1,...,n.

(d) If the control constraint set U(7) is finite for all states ¢ = 1,...,n, there
exists a contractive policy f that attains the minimum over all contractive
policies, i.e., Ju = J.

(e) Show Prop. 3.5.8.
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Solution: (a), (b) By Prop. 3.5.6, we have that Assumption 3.3.1 holds for the
d-perturbed problem. The results follow by applying Prop. 3.5.7 [the equation of
part (a) is Bellman’s equation for the d-perturbed problem)].

(c) For an optimal contractive policy uj of the §-perturbed problem [cf. part (b)],
we have

J = conitrgctive Ju < Jug‘ < J‘Lz’(g =Js < Ju s V i’ : contractive.
w:

Since for every contractive policy p’, we have lims o Jy.s = Jy, it follows that

J < lim J5 < JM/7 A4 ;/ : contractive.
510

By taking the infimum over all u’ that are contractive, the result follows.

(d) Let {6x} be a positive sequence with dx | 0, and consider a corresponding se-
quence {u} of optimal contractive policies for the dx-perturbed problems. Since
the set of contractive policies is finite [in view of the finiteness of U(i)], some
policy i will be repeated infinitely often within the sequence {ux}, and since
{5, } is monotonically nonincreasing, we will have

J < Ju < J5,s
for all k sufficiently large. Since by part (c), Jgk I j7 it follows that J; = J.

(e) For all contractive y, we have Jy =Tpdu 2Ty J > T.J. Taking the infimum
over contractive p, we obtain J>TJ. Conversely, for all 6 > 0 and pu € M, we
have

j(g = Tj(s +de < Tuj(s + de.

Taking limit as § | 0, and using part (c), we obtain J < jiuj for all p € M.
Taking infimum over p € M, it follows that J < T'J. Thus J is a fixed point of
T.
A For all J € R"™ with J > J and contractive 1, we have by using the relation
J =TJ just shown,

j:hmTJ<hmTJ<hmTJ Jy.

k—oo k—oo

Taking the infimum over all contractive u, we obtain

J< lim T <J,  VJ=J.
k— o0
This proves that T%J — J. Finally, let J' € R(X) be another solution of
Bellman’s equation, and let J € R(X) be such that J > J and J > J'. Then
T%J — J, while T"J > T*J' = J'. Tt follows that J > .J'.
To prove Prop. 3.5. 8(c) note that if p is a contractive  policy with J, = J,
we have J = Jy=TpJy =Ty J, so, using also the relation J = T'J [cf. part (a)],
we obtain T}, J = TJ. Conversely, if u satisfies T, J =TJ, then from part (a),
we have Tuj = J and hence limy s 0o TllfJA = J. Since 1 is contractive, we obtain
Jy =limg 00 Tllfj, so J, = J.
The proof of Prop. 3.5.8(d) is nearly identical to the one of Prop. 3.5.4(d).
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In this chapter, we consider abstract DP models that are similar to the
ones of the earlier chapters, but we do not assume any contraction-like
property. We discuss both finite and infinite horizon models, and introduce
just enough assumptions (including monotonicity) to obtain some minimal
results, which we will strengthen as we go along.

In Section 4.2, we consider a general type of finite horizon problem.
Under some reasonable assumptions, we show the standard results that one
may expect in an abstract setting.

In Section 4.3, we discuss an infinite horizon problem that is moti-
vated by the well-known positive and negative DP models (see [Berl2al,
Chapter 4). These are the special cases of the infinite horizon stochastic
optimal control problem of Example 1.2.1, where the cost per stage g is
uniformly nonpositive or uniformly nonnegative. For these models there is
interesting theory (the validity of Bellman’s equation and the availability
of optimality conditions in a DP context), which originated with the works
of Blackwell [Bla65b] and Strauch [Str66], and is discussed in Section 4.3.1.
There are also interesting computational methods, patterned after the VI
and PI algorithms, which are discussed in Sections 4.3.2 and 4.3.3. How-
ever, the performance guarantees for these methods are not as powerful as
in the contractive case, and their validity hinges upon certain additional
assumptions.

In Section 4.4, we extend the notion of regularity of Section 3.2 so that
it applies more broadly, including situations where nonstationary policies
need to be considered. The mathematical reason for considering nonsta-
tionary policies is that for some of the noncontractive models of Section
4.3, stationary policies are insufficient in the sense that there may not exist
e-optimal policies that are stationary. In this section, we also discuss some
applications, including some general types of optimal control problems with
nonnegative cost per stage. Principal results here are that J* is the unique
solution of Bellman’s equation within a certain class of functions, and other
related results regarding the convergence of the VI algorithm.

In Section 4.5, we discuss a nonnegative cost deterministic optimal
control problem, which combines elements of the noncontractive models
of Section 4.3, and the semicontractive models of Chapter 3 and Section
4.4. Within this setting we explore the structure and the multiplicity of
solutions of Bellman’s equation. We draw inspiration from the analysis of
Section 4.4, but we also use a perturbation-based line of analysis, similar
to the one of Section 3.4. In particular, our starting point is a perturbed
version of the mapping 7}, that defines the “stable” policies, in place of a
subset S that defines the S-regular policies. Still with a proper definition
of S, the “stable” policies are S-regular.

Finally, in Section 4.6, we extend the ideas of Section 4.5 to stochastic
optimal control problems, by generalizing the notion of a proper policy to
the case of infinite state and control spaces. This analysis is considerably
more complex than the finite-spaces SSP analysis of Section 3.5.1.
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NONCONTRACTIVE MODELS - PROBLEM FORMULATION

Throughout this chapter we will continue to use the model of Section 3.2,
which involves the set of extended real numbers i* = R U {00, —oc0}. To
repeat some of the basic definitions, we denote by £(X) the set of all
extended real-valued functions J : X +— R* by R(X) the set of real-
valued functions J : X — R, and by B(X) the set of real-valued functions
J : X — R that are bounded with respect to a given weighted sup-norm.

We have a set X of states and a set U of controls, and for each x € X,
the nonempty control constraint set U(xz) C U. We denote by M the set
of all functions p : X +— U with p(x) € U(z), for all z € X, and by II the
set of “nonstationary policies” © = {uo, 1, ...}, with pr € M for all k.
We refer to a stationary policy {p, i, ...} simply as p.

We introduce a mapping H : X x U x £(X) — $*, and we define the
mapping T : £(X) — £(X) by

(TJ)(z) = 13% )H(m,u,]), VoeelX,Jel(X),
uwel(x

and for each p € M the mapping T}, : £(X) — E(X) by
(TpJ) () = H(z, u(z), J), VaeelX,Jel(X).

We continue to use the following assumption throughout this chapter, with-
out mentioning it explicitly in various propositions.

Assumption 4.1.1: (Monotonicity) If J, J' € £(X) and J < J/,
then
H(z,u,J) < H(x,u,J), VeeX, uelU(x).

A fact that we will be using frequently is that for each J € £(X) and
scalar € > 0, there exists a yu. € M such that for all z € X,

(TI)(x)+e if (TJT)(x) > —o0,
(T J)(z) < .
—(1/e) it (TJ)(z) = —o0.
In particular, if J is such that
(TJ)(x) > —o0, VaoelX,

then for each € > 0, there exists a yu. € M such that

(TueJ)(z) < (TJT)(z) + ¢, VaoelX.
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We will often use in our analysis the unit function e, defined by e(z) = 1,
so for example, we write the preceding relation in shorthand as

T,.J <TJ+ce.

We define cost functions for policies consistently with Chapters 2 and
3. In particular, we are given a function J € £(X), and we consider for
every policy m = {uo,p1,...} € II and positive integer N the function
JInx € E(X) defined by

IN® (@) = Tyy -+ Tup_, ) (), VaoelX,
and the function J; € £(X) defined by
Jr(z) = limsup (T - Ty, J) (%), VaoelX.
k—o0
We refer to Jn,» as the N-stage cost function of 7 and to Jr as the infinite
horizon cost function of 7 (or just “cost function” if the length of the
horizon is clearly implied by the context). For a stationary policy m =

{1, i, ...} we also write Jr as J,.
In Section 4.2, we consider the N-stage optimization problem

minimize Jy ()

. (4.1)
subject to 7 € II,
while in Sections 4.3 and 4.4 we discuss its infinite horizon version
minimize Jr(x
(z) (4.2)

subject to m € II.

For a fixed x € X, we denote by Jy(z) and J*(z) the optimal costs
for these problems, i.e.,

Jy(x) = inf. IN (), J*(x) = inf Jo(z), VweX.
We say that a policy 7* € Il is N-stage optimal if
INg (@) = Iy(z), VazeX,
and (infinite horizon) optimal if
Jor (2) = T (2), VaelX.
For a given € > 0, we say that 7. is N-stage e-optimal if
Iy(x) +e if Jy(z) > —oo,
IN gz () < .
—(1fe) i Tyla) = —o0,

and we say that m¢ is e-optimal if
J(x) +e if J(x) > —o0,

Ir(x) <
®) —(1/e) if J*(z) = —oc.
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FINITE HORIZON PROBLEMS

Consider the N-stage problem (4.1), where the cost function Jy - is defined
by
INg(@) = T+ Ty, J) (@), VrelX.

Based on the theory of finite horizon DP, we expect that (at least under
some conditions) the optimal cost function J;, is obtained by N successive
applications of the DP mapping 7" on the initial function J, i.e.,

Jy = inf Iy =TNJ.
mwell

This is the analog of Bellman’s equation for the finite horizon problem in
a DP context.

The Case Where Uniformly N-Stage Optimal Policies Exist

A favorable case where the analysis is simplified and we can easily show that
J;, = TN J is when the finite horizon DP algorithm yields an optimal policy
during its execution. By this we mean that the algorithm that starts with
J, and sequentially computes T.J,T2J,...,TNJ, also yields corresponding
N1y BN —a) - s b € M such that

T, TN—k=1] = TNk ], k=0,...,N—1. (4.3)
k

While pk;_4,. .., uy € M satisfying this relation need not exist (because
the corresponding infimum in the definition of T is not attained), if they
do exist, they both form an optimal policy and also guarantee that

Jy =TNJ.
The proof is simple: we have for every m = {uo, p1,...} € II

INg =Ty - 'T#Nflj >TNJ = THS T TH*N—1j7 (4.4)
where the inequality follows from the monotonicity assumption and the def-
inition of T, and the last equality follows from Eq. (4.3). Thus {ug, 13, ...}
has no worse N-stage cost function than every other policy, so it is N-stage
optimal and J;, = T#S . -T#}«Wl J. By taking the infimum of the left-hand

side over 7 € II in Eq. (4.4), we obtain Jy = TN.J.

The preceding argument can also be used to show that {x}, Hg1s - 3
is (N — k)-stage optimal for all k = 0,..., N — 1. Such a policy is called
uniformly N -stage optimal. The fact that the finite horizon DP algorithm
provides an optimal solution of all the k-stage problems for k =1,..., N,
rather than just the last one, is a manifestation of the classical principle
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of optimality, expounded by Bellman in the early days of DP (the tail

portion of an optimal policy obtained by DP minimizes the corresponding

tail portion of the finite horizon cost). Note, however, that there may exist

an N-stage optimal policy that is not k-stage optimal for some k < N.
We state the result just derived as a proposition.

Proposition 4.2.1: Suppose that a policy {u$, pi, ...} satisfies the
condition (4.3). Then this policy is uniformly N-stage optimal, and
we have Jy = TN J.

While the preceding result is theoretically limited, it is very useful in
practice, because the existence of a policy satisfying the condition (4.3) can
often be established with a simple analysis. For example, this condition is
trivially satisfied if the control space is finite. The following proposition
provides a generalization.

Proposition 4.2.2: Let the control space U be a metric space, and
assume that for each x € X, A€ R, and £k =0,1,..., N — 1, the set

Ur(z,\) = {u e U(z) | H(z,u, TkJ) < A}

is compact. Then there exists a uniformly N-stage optimal policy.

Proof: We will show that the infimum in the relation

T (z) = inf H(z,u, T*]

is attained for all x € X and k. Indeed if H(az,u,Tkj) = oo for all
u € U(z), then every u € U(x) attains the infimum. If for a given z € X,

inf H(a:,u,Tkj) < 00,
ueU(x)

the corresponding part of the proof of Lemma 3.3.1 applies and shows that
the above infimum is attained. The result now follows from Prop. 4.2.1.
Q.E.D.

The General Case

We now consider the case where there may not exist a uniformly N-stage

optimal policy. By using the definitions of J% and TW™J, the equation
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Jy=TN J, which we want to prove, can be equivalently written as

inf Ty -+ T, J= inf T inf T, <.+ inf T, J .
H0ssting M MO HN-1 oemHo (ullréM “1< iy yem N1 ))

Thus we have J}, = TN J if the operations inf and T, can be interchanged
in the preceding equation. We will introduce two alternative assumptions,
which guarantee that this interchange is valid. Our first assumption is a
form of continuity from above of H with respect to J.

Assumption 4.2.1: For each sequence {J,} C £(X) with Jn, | J
and H(x,u,Jy) < oo for all z € X and u € U(z), we have

lim H(z,u,Jn) = H(z,u,J), VeeX, uelU(z). (4.5)

m— 00

Note that if {J,,} is monotonically nonincreasing, the same is true
for {T,,Jm}. It follows that
inf Jp, = lm  Jy, inf (TpJm) = lm (TuJdm),
m m m—r oo

m—r oo

so for all 4 € M, Eq. (4.5) implies that
inf (T ) = lim (Tdn) = T, (W}gnw Jm) =T, (i%f Jm) .

This equality can be extended for any p1, ..., ur € M as follows:

i}}Lf Ty - T Im) = Ty (i7r711f (Ty -+ T#k*]m))

=Ty Ty - Ty (if,llf (Thu Jm))
= TM t T#k (i%f Jm) :

We use this relation to prove the following proposition.

(4.6)

Proposition 4.2.3: Let Assumption 4.2.1 hold, and assume further
that Ji - (z) < 0o, for all x € X, w € II, and k > 1. Then J;, =TNJ.

Proof: We select for each £k = 0,...,N — 1, a sequence {u}'} C M such
that - -
lim THL” (TN—k=1]J) | TN-k].

m—r oo
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Since Jy < Ty - ”TMN—lj for all uo,...,un—1 € M, we have using also
Eq. (4.6) and the assumption Ji (z) < oo, for all k, 7, and z,

Jy <inf--- inf T mo T omy_ 1 J
mg  mpy_1 Ho KN—1

:mf 1nf Tm()"'TmN72 1nf TmN,1J
mo my_o o HN_2 my_1 HFn-1

=inf--- inf T mg---T mn_oTJ
1720 mlz{rlfz 1o nyly
=1 m, N-17J
%T#OO(T J)
=TNJ.

On the other hand, it is cleiar from the definitions tliat TN < J N« for all
N and 7 € II, so that TN.J < Jy. Thus, Jy, =TNJ. Q.E.D.

We now introduce an alternative assumption, which in addition to
J;, = TN J, guarantees the existence of an e-optimal policy.

Assumption 4.2.2: We have
Jy, (z) > —o0, Vee X, k=1,...,N.

Moreover, there exists a scalar o € (0,00) such that for all scalars
r € (0,00) and functions J € £(X), we have

H(z,u,J+re) < H(xz,u,J)+ ar, VeeX, ueU(z). (4.7)

Proposition 4.2.4: Let Assumption 4.2.2 hold. Then Jy = TNJ,
and for every € > 0, there exists an e-optimal policy.

Proof: Note that since by assumption, J;,(x) > —oo for all z € X, an
N-stage e-optimal policy me € II is one for which

Iy < Inpe < Jy +ee.

We use induction. The result clearly holds for NV = 1. Assume that it
holds for N =k, i.e., JZ =Tk J and for any given ¢ > 0, there is a w. € Il
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with Jy . < J, + ee. Using Eq. (4.7), we have for all u € M,
JI:—H <T.Jix < ﬂ“],;k + ace.

Taking the infimum over p and then the limit as e — 0, we obtain JZ 41
TJ;. l%y using the induction hypothesis J,: = T’ﬂi, it follows that JZH
Tk+1J. On the other hand, we have clearly T*+1J < Jy4q - for all 7 € 11,
so that Tk+1J < J,:Jrl, and hence Tk+1.J = JZH.

We now turn to the existence of an e-optimal policy part of the in-
duction argument. Using the assumption J, (z) > —occ for allz € z € X,
for any € > 0, we can choose T = {fiy, @y, - . -} such that

<
<

* €
Jk,? S Jk + g €, (48)

and @t € M such that
Talp <TJ +5e.

Let 7z = {[, Fig, iy, - - -}- Then
* € * — sk —
Jk+17ﬁg = Tﬁ,]k’; S Tﬁ‘]k + 56 S T‘]k +€ee= Jk—i—l +€€,

where the first inequality is obtained by applying T to Eq. (4.8) and using
Eq. (4.7). The induction is complete. Q.E.D.

We now provide some counterexamples showing that the conditions
of the preceding propositions are necessary, and that for exceptional (but
otherwise very simple) problems, the Bellman equation J;, = TNJ may
not hold and/or there may not exist an e-optimal policy.

Example 4.2.1 (Counterexample to Bellman’s Equation I)

Let
X ={0}, U(0) = (-1,0], J(0) =0,
o if —1 < J(0),
H(0,u, J) = {J(O) +u if J(0) < —1.
Then

(T#O e 'T#Nfl‘])(o) = :L"O(O)v

and J%(0) = —1, while (TV J)(0) = —N for every N. Here Assumption 4.2.1,
and the condition (4.7) (cf. Assumption 4.2.2) are violated, even though the
condition Jj(x) > —oo for all z € X (cf. Assumption 4.2.2) is satisfied.
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Example 4.2.2 (Counterexample to Bellman’s Equation IT)

Let
X ={0,1}, U(0) = U(1) = (—o0,0], J(0)=J(1) =0,
H(0,u, ) = {g ! jgg ST HOw) -
Then

(TNO"'THNflj)(O):Q (TM()"'TMN,lj)(l) = po(1), VN2>1.
It can be seen that for N > 2, we have Jx(0) = 0 and Jy(1) = —oo, but
(TN (0) = (TNJ)(1) = —oco. Here Assumption 4.2.1, and the condition
Ji(z) > —oo for all z € X (cf. Assumption 4.2.2) are violated, even though
the condition (4.7) of Assumption 4.2.2 is satisfied.

In the preceding two examples, the anomalies are due to discontinu-
ity of the mapping H with respect to J. In classical finite horizon DP, the
mapping H is usually continuous when it takes finite values, but counterex-
amples arise in unusual problems where infinite values occur. The next ex-
ample is a simple stochastic optimal control problem, which involves some
infinite expected values of random variables and we have J, # T2.J.

Example 4.2.3 (Counterexample to Bellman’s Equation III)

Let

X ={0,1}, U =U(1) =R, J(0) = J(1) =0,

let w be a real-valued random variable with E{w} = oo, and let

_JE{w+J1)} ifz=0,
H(:c7u7J)—{U+J(1) o1 VreX, ucU(x).

Then if Jy, is real-valued for all m, and Jn,(1) | J(1) = —o0, we have
lim H(0,u,Jm) = lim E{w+ Jn(1)} = oo,

m— o0 m—r 00

while
H (07% lim Jm) =E{w+J(1)} = —o0,
m—» 00

so Assumption 4.2.1 is violated. Indeed, the reader may verify with a straight-
forward calculation that J3(0) = oo, J5(1) = —oo, while (T2J)(0) = —oo,
(T?J)(1) = —o0, so J35 # T?J. Note that Assumption 4.2.2 is also violated
because J5 (1) = —o0.

In the next counterexample, Bellman’s equation holds, but there is
no e-optimal policy. This is an undiscounted deterministic optimal control
problem of the type discussed in Section 1.1, where J)f(z) = —oo for some
x and k, so Assumption 4.2.2 is violated. We use the notation introduced
there.
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Example 4.2.4 (Counterexample to Existence of an
e-Optimal Policy)

Let « =1 and
N =2, X ={0,1,...}, U(z) = (0, 00), J(x)=0, VzcX,
f(z,u) =0, VzeX, ueU(x),

—u if z =0,

g(x,u):{x if o £0, VueU(x),

so that
H(z,u,J) = g(z,u) + J(0).

Then for 7 € IT and x # 0, we have Jz »(z) = = — p1(0), so that J5 (z) = —o0
for all  # 0. Clearly, we also have J3(0) = —oo. Here Assumption 4.2.1,
as well as Eq. (4.7) (cf. Assumption 4.2.2) are satisfied, and indeed we have
J3(x) = (T?J)(z) = —oco for all z € X. However, the condition Jj (x) > —oo
for all z and k (cf. Assumption 4.2.2) is violated, and it is seen that there
does not exist a two-stage e-optimal policy for any € > 0. The reason is that
an e-optimal policy m = {po, u1} must satisfy

Ba(e) =z —m(0) < -2, VeeX,

[in view of J3 (x) = —oo for all z € X], which is impossible since the left-hand
side above can become positive for x sufficiently large.

4.3 INFINITE HORIZON PROBLEMS

We now turn to the infinite horizon problem (4.2), where the cost function
of a policy m = {uo, pt1,...} is
Jr(z) = limsup (Tpy - T J) (), VzelX.

k— o0

In this section one of the following two assumptions will be in effect.

Assumption I: (Monotone Increase)

(a) We have

—o00 < J(z) < H(z,u, J), VeeX, uelU(x).

(b) For each convergent sequence {Jn} C £(X) with J,, 1 J and
J < Jp, for all m > 0, we have

lim H(z,u,JJn)=H (x,u,J), VeeX, ueU(x).

m—r oo
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(c) There exists a scalar a € (0,00) such that for all scalars r €
(0,00) and functions J € £(X) with J < J, we have

H(z,u,J +re) < H(z,u,J)+ ar, VeeX, uelU(z).

Assumption D: (Monotone Decrease)

(a) We have

J(z) > H(z,u,J), VeeX, uelU(z).

(b) For each convergent sequence {Jn,} C £(X) with J,, | J and
Jm < J for all m > 0, we have

lim H(z,u,Jm)=H (z,u,J), VeeX, uelU(z).

m—r oo

Assumptions I and D apply to the positive and negative cost DP
models, respectively (see [Ber12al], Chapter 4). These are the special cases
of the infinite horizon stochastic optimal control problem of Example 1.2.1,
where J(x) = 0 and the cost per stage g is uniformly nonnegative or uni-
formly nonpositive, respectively. The latter arises often when we want to
maximize positive rewards.

It is important to note that Assumptions I and D allow J; to be
defined as a limit rather than as a limsup. In particular, part (a) of the
assumptions and the monotonicity of H imply that

jSTuojSTuonjS"'STuo"'Tu

under Assumption D. Thus we have

Jr(z) = lim (Tpy - Ty, J)(2), VaoelX,

k—o00

with the limit being a real number or co or —oo, respectively.
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Figure 4.3.1. Illustration of the consequences of lack of continuity of 7}, from
below or from above [cf. part (b) of Assumption I or D, respectively]. In the
figure on the left, we have J < T},J but T}, is discontinuous from below at J,,, so
Assumption I does not hold, and J,, is not a fixed point of 7},. In the figure on the
right, we have J > TMJ but 7T}, is discontinuous from above at J;,, so Assumption
D does not hold, and J,, is not a fixed point of T},.

The conditions of part (b) of Assumptions I and D are continuity as-
sumptions designed to preclude some of the pathologies of the type encoun-
tered also in Chapter 3, and addressed with the use of S-regular policies.
In particular, these conditions are essential for making a connection with
fixed point theory: they ensure that J,, is a fixed point of T},, as shown in
the following proposition.

Proposition 4.3.1: Let Assumption I or Assumption D hold. Then
for every policy p € M, we have

Ty =Tud.

Proof: Let Assumption I hold. Then for all £ > 0,
(T (x) = H(z, u(z), T}J), z € X,

and by taking the limit as k — oo, and using part (b) of Assumption I,
and the fact T} J 1 J,, we have for all z € X,

Ju(z) = kli)ngo H(az,,u(x),T[fj) = H(:z:, w(x), kli>no10 T[fj) = H(:z:, w(x), J#),

or equivalently J, = T,J,. The proof for the case of Assumption D is
similar. Q.E.D.
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Figure 4.3.1 illustrates how .J,, may fail to be a fixed point of T}, if
part (b) of Assumption I or D is violated. Note also that continuity of 7},
does not imply continuity of T', and for example, under Assumption I, T'
may be discontinuous from below. We will see later that as a result, the
value iteration sequence {T*J} may fail to converge to J* in the absence
of additional conditions (see Section 4.3.2). Part (c¢) of Assumption I is a
technical condition that facilitates the analysis, and assures the existence
of e-optimal policies.

Despite the similarities between Assumptions I and D, the corre-
sponding results that one may obtain involve some substantial differences.
An important fact, which breaks the symmetry between the two cases, is
that J* is approached by T*.J from below in the case of Assumption I and
from above in the case of Assumption D. Another important fact is that
since the condition J(x) > —oo for all x € X is part of Assumption I, all
the functions J encountered in the analysis under this assumption (such as
TkJ, Jr, and J*) also satisfy J(z) > —oo, for all z € X. In particular, if
J>J , we have

(TJ)(x) > (TJ)(x) > —oc, VaoelX,
and for every € > 0 there exists yu. € M such that
T, J<TJ+ee.

This property is critical for the existence of an e-optimal policy under As-
sumption I (see the next proposition) and is not available under Assumption
D. It accounts in part for the different character of the results that can be
obtained under the two assumptions.

4.3.1 Fixed Point Properties and Optimality Conditions

We first consider the question whether the optimal cost function J* is a
fixed point of T'. This is indeed true, but the lines of proof are different
under the Assumptions I and D. We begin with the proof under Assumption
I, and as a preliminary step we show the existence of an e-optimal policy,
something that is of independent theoretical interest.

Proposition 4.3.2: Let Assumption I hold. Then given any € > 0,
there exists a policy 7. € II such that

J < Je. < J" Fee.

Furthermore, if the scalar « in part (¢) of Assumption I satisfies a < 1,
the policy m. can be taken to be stationary.
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Proof: Let {€;} be a sequence such that ¢, > 0 for all £ and

Z ake, = e. (4.9)
k=0

For each = € X, consider a sequence of policies {m;[z]} C II of the form

mie[z] = {pbla], pkz], ... }, (4.10)
such that for £k =0,1,...,
Jﬂ.k[z] (CL‘) < J*(.’L') + €. (4.11)

Such a sequence exists, since we have assumed that J(z) > —oo, and
therefore J*(z) > —o0, for all z € X.

The preceding notation should be interpreted as follows. The policy
mg|x] of Eq. (4.10) is associated with z. Thus p¥[z] denotes for each z and
k, a function in M, while u¥[z](z) denotes the value of u¥[z] at an element
z € X. In particular, ¥[z](z) denotes the value of u¥[z] at z € X.

Consider the functions f; defined by

fin(@) = phldl(a),  VaeX, (4.12)

and the functions Jj, defined by
Ju(z) = H (x,ﬁk(a:),n}iinoo T ki ~-~T#EH[E]J)  VzeX, k=0,1,....

1
(4.13)
By using Egs. (4.11), (4.12), and part (b) of Assumption I, we obtain for
allz € X and £k =0,1,...

Ji(@) = lm (Ter - T ) (@)

= Jﬂ.k[z] (CL‘) (4.14)
< J*(z) + €k-

From Eqs. (4.13), (4.14), and part (c¢) of Assumption I, we have for all
reXandk=1,2,...,

(T T)() = H (2, (2), )
< H(z,p_1(2),J" +ere)
< H (7, (), J7) + e
< H l’,ﬁk,l(l'),"}i_r)noo Tlu’lcfl[m] e Tyi‘yjl[m]j) + ac

= Jp—1(x) + aep,
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and finally
Tﬁk,ljkéjkﬂ%—aéke, k=1,2,....

Using this inequality and part (c¢) of Assumption I, we obtain

Tﬁk—zTﬁk—le S Tpk72 (jk—l + aeg 6)
<Tq, ,Jk-1+a2ee

< g2+ (aep—1 + aZe;) e.

Continuing in the same manner, we have for k =1,2,...,

k
Tz, "'Tﬁkfljk < Jo+ (er + -+ ake)e < J + (Zai6i> e.
=0

Since J < Jy, it follows that

k
Ty Tay ,J < J*+ (Z aiei> e.

=0

Denote me = {fiy, fi1,---}- Then by taking the limit in the preceding in-
equality and using Eq. (4.9), we obtain

Jee < J" +ece.

If o < 1, we take e, = e(1—a) for all k, and 7 [z] = {po[z], pr[2], ... }
in Eq. (4.11). The stationary policy 7. = {&, T, . . .}, where f(z) = po[x](x)
for all z € X, satisfies J,. < J " +ce. Q.E.D.

Note that the assumption a < 1 is essential in order to be able to take
me stationary in the preceding proposition. As an example, let X = {0},
U(0) = (0,00), J(0) = 0, H(0,u,J) = u+ J(0). Then J*(0) = 0, but for
any 4 € M, we have J,(0) = oco.

By using Prop. 4.3.2 we can prove the following.

Proposition 4.3.3: Let Assumption I hold. Then
J=TJ".

Furthermore, if J/ € £(X) is such that J’ > J and J/ > T.J’, then
J > J
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Proof: For every m = {po, pi1,...} € Il and z € X, we have using part (b)
of Assumption I,

Jr(x) = klggo (T Ty -+ T#kj)(x)

=Ty <klglolo Ty - 'T#kJ> ()

(Tuo T ()

>
> (TJ")(x).

By taking the infimum of the left-hand side over 7 € II, we obtain
J>TJ"

To prove the reverse inequality, let €; and €2 be any positive scalars,
and let T = {f,, @y, . . -} be such that

ToJ* <TJ +ere,  Jny <J +ere,

where m1 = {Ji;, Ty, - . .} (such a policy exists by Prop. 4.3.2). The sequence
{Tz, --- Tz, J} is monotonically nondecreasing, so by using the preceding
relations and part (¢) of Assumption I, we have

k—o0

TﬁoTﬁl - 'Tﬁkj < Tﬁo ( lim Iy, - 'TﬁkJ>

= Ty Jm,
< Ty J" +aeze
<TJ" + (e1 + aea)e.

Taking the limit as k — co, we obtain
J < Jr= lirlgngoTpl . --Tgkj <TJ + (a1 + ae2) e
Since €1 and €2 can be taken arbitrarily small, it follows that
J<TJ".

Hence J* = TJ".

Assume that J’ € £(X) satisfies J/ > J and J’ > TJ'. Let {e;} be
any sequence with e, > 0 for all k, and consider a policy T = {fy, iy, .-} €
IT such that

Ty J' <TJ +epe, k=0,1,....
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We have from part (c) of Assumption I
7=l i T T

< inf liminf T}, - - Ty, J’
T w€ll k—oo o il

< liminf Ty, - T, J

< likrgirolf Tay - Tg, [ (TJ + exe)
< likrgirolf Tay T, (J +ere)
< likrggolf (Tgy -+ Ty, J' + aFee)

k
< i ! ii
< klggo (TJ + (;a € ) e)
k
<J+ (Z oﬂ'ei> e.
i=0

Since we may choose E?:o ofe; as small as desired, it follows that J* < J’.
Q.E.D.

The following counterexamples show that parts (b) and (c) of As-
sumption I are essential for the preceding proposition to hold.

Example 4.3.1 (Counterexample to Bellman’s Equation I)
Let

i J1) < -1, B
H(O,U,J){O it J(1) > —1, H(1,u,J) =u.

Then for N > 1,
(Tho -+ Tup—,)(0) =0, (Tuo *+ Tun_1 (1) = po(1).
Thus
J(0)=0, J()=-1, (TJ)0)=-1, (TJ)1)=-1,

and hence J* # T'J*. Notice also that J is a fixed point of T', while J < J*
and J # J*, so the second part of Prop. 4.3.3 fails when J = J'. Here
parts (a) and (b) of Assumption I are satisfied, but part (c) is violated, since

H(0,u,-) is discontinuous at J = —1 when u < 0.
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Example 4.3.2 (Counterexample to Bellman’s Equation IT)

Let
X ={0,1}, U((0) =U(1) = {0}, J(0) = J(1) =0,

H(0,0,J) = {20 i jgg = z H(1,0,J) = J(1) + 1.

Here there is only one policy, which we denote by p. For all N > 1, we have
(T’ ))(0) =0, (T J)(1) =N,
so J*(0) = 0, J*(1) = co. On the other hand, we have (T'J*)(0) = (T'J*)(1) =

oo and J* # T'J*. Here parts (a) and (c) of Assumption I are satisfied, but
part (b) is violated.

As a corollary to Prop. 4.3.3 we obtain the following.

Proposition 4.3.4: Let Assumption I hold. Then for every u € M,
we have

Ty =Tul.

Furthermore, if J' € £(X) is such that J’ > J and J’ > T,J’, then
J> .

Proof: Consider the variant of the infinite horizon problem where the
control constraint set is Uy (z) = {u(x)} rather than U(z) for all z € X.
Application of Prop. 4.3.3 yields the result. Q.E.D.

We now provide the counterpart of Prop. 4.3.3 under Assumption D.
We first prove a preliminary result regarding the convergence of the value
iteration method, which is of independent interest (we will see later that
this result need not hold under Assumption I).

Proposition 4.3.5: Let Assumption D hold. Then TNJ = J;,,
where Jy, is the optimal cost function for the N-stage problem. More-
over

I = i i

Proof: By repeating the proof of Prop. 4.2.3, we have TN .J = J [part (b)
of Assumption D is essentially identical to the assumption of that propo-
sition]. Clearly we have J* < J;, for all N, and hence J* < limpy_ oo JX,.
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To prove the reverse inequality, we note that for all m = {po, p1,...} € I,
we have -
Ty Tuy o 2 J;/'

By taking the limit of both sides as N — oo, we obtain J; > limy_, J;,,
and by taking infimum over 7, J* > limy_e0 J5. Thus J* = limy_e0 -
Q.E.D.

Proposition 4.3.6: Let Assumption D hold. Then
J=TJ".

Furthermore, if J’ € £(X) is such that J/ < J and J' < T.J', then
Jr < J*.

Proof: For any m = {po, p1, ...} € II, we have

Jr = klggo Tyo Ty - TpyJ = klggo TyoTET = TpyJ™,

where the last inequality follows from the fact T*J | J* (cf. Prop. 4.3.5).
Taking the infimum of both sides over 7 € II, we obtain J* > TJ".

To prove the reverse inequality, we select any u € M, and we apply
T, to both sides of the equation J* = limn_ TN J (cf. Prop. 4.3.5). By
using part (b) of assumption D, we obtain

T,J* = T#( lim TNJ) = lim T,TNJ> lim TN+.] = J*.
N—o0 N—o0 N—oc0

Taking the infimum of the left-hand side over p € M, we obtain T.J* > J*,
showing that TJ* = J".

To complete the proof, let J/ € £(X) be such that J' < J and
J’ <T.J'. Then we have

J = ;Ielfl A}gnoo Ty -+ Tun_1J

> lim inf Ty, --- 7T,
N —o0 well

Y

lim inf T, ---T, J!
Noomenn 0 HN-1

lim TNJ!

N —oc0

J,

Y

Y

where the last inequality follows from the hypothesis J’ < TJ’. Thus
J*>J. Q.E.D.
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Counterexamples to Bellman’s equation can be readily constructed if
part (b) of Assumption D (continuity from above) is violated. In particular,
in Examples 4.2.1 and 4.2.2, part (a) of Assumption D is satisfied but part
(b) is not. In both cases we have J* # T'J*, as the reader can verify with
a straightforward calculation.

Similar to Prop. 4.3.4, we obtain the following.

Proposition 4.3.7: Let Assumption D hold. Then for every u € M,
we have
Iy = Tydfppe

Furthermore, if J/ € £(X) is such that J’ < J and J’ < T,J’, then
J <

Proof: Consider the variation of our problem where the control constraint
set is Uy (z) = {p(z)} rather than U(x) for all # € X. Application of Prop.
4.3.6 yields the result. Q.E.D.

An examination of the proof of Prop. 4.3.6 shows that the only point
where we need part (b) of Assumption D was in establishing the relations

lim Ty =T ( lim J3)
—00

N—o0

and

Jy =TNJ.

If these relations can be established independently, then the result of Prop.
4.3.6 follows. In this manner we obtain the following proposition.

Proposition 4.3.8: Let part (a) of Assumption D hold, assume that
X is a finite set, and that J*(x) > —oo for all z € X. Assume further
that there exists a scalar o € (0, 00) such that for all scalars r € (0, 00)
and functions J € £(X) with J < J, we have

H(z,u,J)—ar < H(z,u,J —re), VeeX, ueU(z). (4.15)

Then
J=TJ".

Furthermore, if J/ € £(X) is such that J’ < J and J/ < T.J’, then
J < J.
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Proof: A nearly verbatim repetition of Prop. 4.2.4 shows that under our
assumptions we have Jy, = TN J for all N. We will show that

lim H(:E,u,J;,)gH(:E,u,A}im J;,), VaeeX, ueU(x).
—00

N —oc0

Then the result follows as in the proof of Prop. 4.3.6.
Assume the contrary, i.e., that for some & € X, @ € U(Z), and € > 0,
there holds
H(ia,J))—e>H (x,u,]\}gnooJN) . k=1,2,....
From the finiteness of X and the fact

J(z) = lim Jy(x) > —0c0, VzeX,

it follows that for some integer k > 0

* < . * > —-
Jy (e/a)e_]\;grlooJN, Vk>k
By using the condition (4.15), we obtain for all k& > &

H(z, i, J}) — e < H(&,i,J; — (e/a)e) < H (xu Jim JN) ,

- —00

which contradicts the earlier inequality. Q.E.D.

Characterization of Optimal Policies

We now provide necessary and sufficient conditions for optimality of a sta-
tionary policy. These conditions are markedly different under Assumptions
I and D.

Proposition 4.3.9: Let Assumption I hold. Then a stationary policy
w is optimal if and only if

T,J* =TJ"

Proof: If u is optimal, then J, = J* so that the equation J* = T'J" (cf.
Prop. 4.3.3) implies that J, = T'J,. Since J, = T,J,, (cf. Prop. 4.3.4), it
follows that T),J" = T J".
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Conversely, if T,,J* = TJ", then since J* = TJ", it follows that
T,J* = J*. By Prop. 4.3.4, it follows that J, < J*, so p is optimal.
Q.E.D.

Proposition 4.3.10: Let Assumption D hold. Then a stationary
policy p is optimal if and only if

Tyd, =TJ,.

Proof: If u is optimal, then J, = J*, so that the equation J* = T.J"
(cf. Prop. 4.3.6) can be written as J, = T'J,,. Since J,, = T},J, (cf. Prop.
4.3.4), it follows that T}, J, = T'J,.

Conversely, if T,,J, = TJ,, then since J, = T,J,, it follows that
Jy = TJu. By Prop. 4.3.7, it follows that J, < J*, so u is optimal.
Q.E.D.

An example showing that under Assumption I, the condition T},J, =
TJ, does not guarantee optimality of p is given in Exercise 4.3. Under
Assumption D, we note that by Prop. 4.3.1, we have J, = T}, J,, for all 4,
so if p is a stationary optimal policy, the fixed point equation

J*(x):ueirl}f(’w)H(x,u,J*), VrzelX, (4.16)

and the optimality condition of Prop. 4.3.10, yield
T =T =J,=T,J,=T,J".

Thus under D, a stationary optimal policy attains the infimum in the fixed
point Eq. (4.16) for all . However, there may exist nonoptimal stationary
policies also attaining the infimum for all z; an example is the shortest path
problem of Section 3.1.1 for the case where a = 0 and b = 1. Moreover,
it is possible that this infimum is attained but no optimal policy exists, as
shown by Fig. 4.3.2.

Proposition 4.3.9 shows that under Assumption I, there exists a sta-
tionary optimal policy if and only if the infimum in the optimality equation
J(z) = uelgfm)H(:v,u,J )
is attained for every * € X. When the infimum is not attained for some x €
X, this optimality equation can still be used to yield an e-optimal policy,
which can be taken to be stationary whenever the scalar a in Assumption

I(c) is strictly less than 1. This is shown in the following proposition.
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Figure 4.3.2. An example where nonstationary policies are dominant under As-
sumption D. Here there is only one state and S = . There are two stationary
policies p and @ with cost functions J,, and J; as shown. However, by considering
a nonstationary policy of the form m = {&, ..., R, 4, i, . . .}, with a number k of
policies 1z, we can obtain a sequence {Jr, } that converges to the value J* shown.
Note that here there is no optimal policy, stationary or not.

Proposition 4.3.11: Let Assumption I hold. Then:

(a) If € > 0, the sequence {e} satisfies Y ;- oker = ¢, and ¢ > 0
for all k, and the policy 7* = {ug, u3, ...} € I is such that

T J" <TJ +exe,  Yk=0,1,...

then
J < Jex < J +€e.

(b) If € > 0, the scalar « in part (c) of Assumption I is strictly less
than 1, and p* € M is such that

TyJ " <TJ +e(l—a)e,

then
J < J <J +ee.
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Proof: (a) Since TJ* = J*, we have

T“ZJ* < J" +epe,
and applying Tuz,l to both sides, we obtain

T’“‘Z—lT'U'ZJ* < Tl‘Zfl‘]* +aege < J + (ep—1 + aek) e.

Applying T#;;2 throughout and repeating the process, we obtain for every
k=1,2,...,

k
Tys T J* < J° + (Zw@) e, k=12....
=0

Since J < J*, it follows that

k
Tugo T <7+ (Za) e, k=12...
=0

By taking the limit as k — oo, we obtain Jr» < J" + ce.
(b) This part is proved by taking e, = €(1 — «) and pj = p* for all k in
the preceding argument. Q.E.D.

Under Assumption D, the existence of an e-optimal policy is harder
to establish, and requires some restrictive conditions.

Proposition 4.3.12: Let Assumption D hold, and let the additional
assumptions of Prop. 4.3.8 hold. Then for any ¢ > 0, there exists an
e-optimal policy.

Proof: For each N, denote

€
2(1+a+---+aN*1)’

EN =

and let
TN = {Mévuuiva"'aﬂ‘%—l?u?u"'}

be such that 4 € M, and for k=0,...,N — 1, u¥ € M and

TuivTN—k—lj =TN-kJ +ene.
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We have Tﬁ\]’\,fl J < TJ+ep e, and applying Tﬂ\,f2 to both sides, we obtain

TP{\J’\,ﬁTd\]fvflj < T,%iQTj—i— aenye <T2J+ (1 +a)ene.

Continuing in the same manner, we have
TN J<TNJ+(1+a+-+aV-1eye,
from which we obtain for N =0,1,...,
Jay STNJ + (e/2)e.
By Prop. 4.3.5, we have J* = limy_ 00 TNj, so let N be such that
TNJ < J" +(e/2)e

[such a N exists using the assumptions of finiteness of X and J*(z) > —oc
for all x € X]. Then we obtain J”N < J" +e€e, and Ty is the desired
policy. Q.E.D.

4.3.2 Value Iteration

We will now discuss algorithms for abstract DP under Assumptions I and
and D. We first consider the VI algorithm, which consists of successively
generating T'J,T2.J,.... Note that because T' need not be a contraction,
it may have multiple fixed points J all of which satisfy J > J* under
Assumption T (cf. Prop. 4.3.3) or J < J* under Assumption D (cf. Prop.
4.3.6). Thus, in the absence of additional conditions (to be discussed in
Sections 4.4 and 4.5), it is essential to start VI with J or an initial Jo such
that J < Jy < J* under Assumption I or J > Jy > J* under Assumption
D. In the next two propositions, we show that for such initial conditions, we
have convergence of VI to J* under Assumption D, and with an additional
compactness condition, under Assumption I.

Proposition 4.3.13: Let Assumption D hold, and assume that Jo €
E(X) is such that J > Jy > J*. Then

lim TkJy = J".
k—o0

Proof: The condition_j > Jo > J* implies that T*J > Tk.Jy > J* for all
k. By Prop. 4.3.5, T¥J — J*, and the result follows. Q.E.D.
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The convergence of VI under I requires an additional compactness
condition, which is satisfied in particular if U(x) is a finite set for all z € X.

Proposition 4.3.14: Let Assumption I hold, let U be a metric space,
and assume that the sets

U(z,A) = {u € U(z)| H(z,u,T*J) < A} (4.17)

are compact for every z € X, A € R, and for all k greater than some
integer k. Assume that Jy € £(X) is such that J < Jo < J*. Then

lim TkJy = J".
k—o0

Furthermore, there exists a stationary optimal policy.

Proof: Similar to the proof of Prop. 4.3.13, it will suffice to show that
TkJ — J*. Since J < J*, we have TkJ < TkJ* = J*, so that

J<TI< - <ThHJ< ... < J".

Thus we have T*.J 1 Jo for some Joo € E(X) satisfying T*J < Joo < J*
for all k. Applying T to this relation, we obtain

(THLJ)(z) = uglUi&)H(x,u,Tkj) < (TJss)(2),

and by taking the limit as £ — oo, it follows that
Joo € T

Assume to arrive at a contradiction that there exists a state £ € X such
that
Joo (%) < (T'Js0)(Z). (4.18)

Similar to Lemma 3.3.1, there exists a point uy attaining the minimum in

(TF10)(F) = inf H(&u, TH);
uelU(Z)

i.e., ug is such that
(Tk+10) (%) = H (%, uk, T*J).

Clearly, by Eq. (4.18), we must have J(Z) < co. For every k, consider
the set

Ui (%, Joo () = {u e U(#) | H(&,ug, THT) < Joo(:z)},



258 Noncontractive Models Chap. 4

and the sequence {u;}$°,. Since TkJ 1 Juo, it follows that for all 4 > k,
H (@, ui, TRT) < H(i,us, THT) < Joo(2).
Therefore {u;}22, C Ui (%, Joo(Z)), and since Uy (&, Joo(Z)) is compact, all
the limit points of {u;}3°, belong to Uk (%, Jo(Z)) and at least one such
limit point exists. Hence the same is true of the limit points of the whole
sequence {u;}. It follows that if @ is a limit point of {u;} then
i € NP Uk(, Joo(T)).
By Eq. (4.17), this implies that for all & > k
Joo(®) > H(Z, 5, T*) > (TH1LT)(@).

Taking the limit as kK — oo, and using part (b) of Assumption I, we obtain

Joo(Z) > H(Z, 0, Joo) > (TJso)(Z), (4.19)

which contradicts Eq. (4.18). Hence Joo = T'Jso, which implies that Joo >
J* in view of Prop. 4.3.3. Combined with the inequality Jo < J*, which
was shown earlier, we have Jo, = J~.

To show that there exists an optimal stationary policy, observe that
the relation J* = Joo = T'Js and Eq. (4.19) [whose proof is valid for all
Z € X such that J*(Z) < oo| imply that @ attains the infimum in

J(%) = uelgfi)H(:v,u,J )
for all z € X with J*(Z) < co. For & € X such that J*(Z) = oo, every
u € U(Z) attains the preceding minimum. Hence by Prop. 4.3.9 an optimal
stationary policy exists. Q.E.D.

The reader may verify by inspection of the preceding proof that if

uk(Z), k=0,1,..., attains the infimum in the relation
(Tk+1])(2) = inf H(Z,u,TkJ),
ueU(x)

and p*(Z) is a limit point of {ug(Z)}, for every & € X, then the stationary
policy p* is optimal. Furthermore, {ug(Z)} has at least one limit point
for every & € X for which J*(Z) < co. Thus the VI algorithm under the
assumption of Prop. 4.3.14 yields in the limit not only the optimal cost
function J* but also an optimal stationary policy.

On the other hand, under Assumption I but in the absence of the
compactness condition (4.17), T*.J need not converge to J*. What is hap-
pening here is that while the mappings 7}, are continuous from below as
required by Assumption I(b), 7" may not be, and a phenomenon like the
one illustrated in the left-hand side of Fig. 4.3.1 may occur, whereby

lim TkJ <T ( lim T’fj) ,
k—o00 k—o0

with strict inequality for some x € X. This can happen even in simple
deterministic optimal control problems, as shown by the following example.
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Example 4.3.3 (Counterexample to Convergence of VI)

Let
X =[0,00), U(z) = (0,00), J(z)=0, VzclX,

and
H(Jr,’7u7J):rmin{17gr:—&—J(Qar:—i—u)}7 VeeX, ueU(x).

Then it can be verified that for all x € X and policies y, we have J,.(z) = 1,
as well as J*(z) = 1, while it can be seen by induction that starting with .J,
the VI algorithm yields

(T*D)(z) =min {1, 1+2° "z}, VzeX, k=12....
Thus we have 0 = limy_,o0 (T*J)(0) # J*(0) = 1.

The range of convergence of VI may be expanded under additional as-
sumptions. In particular, in Chapter 3, under various conditions involving
the existence of optimal S-regular policies, we showed that VI converges to
J* assuming that the initial condition Jy satisfies Jy > J*. Thus if the as-
sumptions of Prop. 4.3.14 hold in addition, we are guaranteed convergence
of VI starting from any J satisfying J > J. Results of this type will be
obtained in Sections 4.4 and 4.5, where semicontractive models satisfying
Assumption I will be discussed.

Asynchronous Value Iteration

The concepts of asynchronous VI that we developed in Section 2.6.1 apply
also under the Assumptions I and D of this section. Under Assumption I,
if J* is real-valued, we may apply Prop. 2.6.1 with the sets S(k) defined by

S(ky={J|T-J<J<J}, k=0,1,....

Assuming that T*J — J* (cf. Prop. 4.3.14), it follows that the asyn-
chronous form of VI converges pointwise to J* starting from any func-
tion in S(0). This result can also be shown for the case where J* is not
real-valued, by using a simple extension of Prop. 2.6.1, where the set of
real-valued functions R(X) is replaced by the set of all J € £(X) with
J<J<Jn

Under Assumption D similar conclusions hold for the asynchronous
version of VI that starts with a function J with J* < J < J. Asynchronous
pointwise convergence to J* can be shown, based on an extension of the
asynchronous convergence theorem (Prop. 2.6.1), where R(X) is replaced
by the set of all J € £(X) with J* < J < J.
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4.3.3 Exact and Optimistic Policy Iteration - \-Policy Iteration

Unfortunately, in the absence of further conditions, the PI algorithm is
not guaranteed to yield the optimal cost function and/or an optimal policy
under either Assumption I or D. However, there are convergence results
for nonoptimistic and optimistic variants of PI under some conditions. In
what follows in this section we will provide an analysis of various types
of PI, mainly under Assumption D. The analysis of PI under Assumption
I will be given primarily in the next two sections, as it requires different
assumptions and methods of proof, and will be coupled with regularity
ideas relating to the semicontractive models of Chapter 3.

Optimistic Policy Iteration Under D

A surprising fact under Assumption D is that nonoptimistic/exact PI may
generate a policy that is strictly inferior over the preceding one. Moreover
there may be an oscillation between nonoptimal policies even when the
state and control spaces are finite. An illustrative example is the shortest
path example of Section 3.1.1, where it can be verified that exact PI may
oscillate between the policy that moves to the destination from node 1 and
the policy that does not. For a mathematical explanation, note that under
Assumption D, we may have T),J" = T'J" without p being optimal, so
starting from an optimal policy, we may obtain a nonoptimal policy by PI.
On the other hand optimistic PT under Assumption D has much better
convergence properties, because it embodies the mechanism of VI, which
is convergent to J* as we saw in the preceding subsection. Indeed, let
us consider an optimistic PI algorithm that generates a sequence {Jj, u*}

according to {
T di = Ty, Jpy1 = T;’;ka, (4.20)

where my, is a positive integer. We assume that the algorithm starts with a
function Jo € £(X) that satisfies J > Jo > J* and Jy > T'Jy. For example,

we may choose Jop = J. We have the following proposition.

Proposition 4.3.15: Let Assumption D hold and let {Jg, u*} be a
sequence generated by the optimistic PI algorithm (4.20), assuming
that J > Jop > J* and Jo > T'Jo. Then Jy | J*.

Proof: We have

Jo=Tpodo > T Jo =y > T o = Ty i 2 TJi = TjpJy > -+ > Ja,

T As with all PI algorithms in this book, we assume that the policy im-
provement operation is well-defined, in the sense that there exists u* such that
Tuk Jk = TJk fOI‘ all k.
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where the first, second, and third inequalities hold because the assumption
Jo>TJy = Tuo Jo implies that

T Jo > T:g*lJO, vV m > 0.
Continuing similarly we obtain
Jp > TJy 2 Tyt vVEk=>0.

Moreover, we can show by induction that Ji > J*. Indeed this is true for
k = 0 by assumption. If J, > J*, we have

g1 =TIk Ty = Tk Jy = T J” = T, (4.21)

where the last equality follows from the fact TJ* = J* (cf. Prop. 4.3.6),
thus completing the induction. By combining the preceding two relations,
we have

Jy > TJp > Jpp1 > J*, YV k>0. (4.22)

We will now show by induction that
TkJy > J, > J*, vV k>0. (4.23)

Indeed this relation holds by assumption for £ = 0, and assuming that it
holds for some k > 0, we have by applying T to it and by using Eq. (4.22),

TE1Jo > Ty > Jpy1 > J7,
thus completing the induction. By applying Prop. 4.3.13 to Eq. (4.23), we
obtain Ji | J*. Q.E.D.
A-Policy Iteration Under D
We now consider the A-PI algorithm. It involves a scalar A € (0,1) and

a corresponding multistep mapping, which bears a relation to temporal
differences and the proximal algorithm (cf. Section 1.2.5). It is defined by

Tdi =Tk, Ty =T, (4.24)

where for any policy p and scalar A € (0, 1), T;S)\) is the mapping defined

by
(TN (@) = (1 =N Y MTH D) (@),  zeX.
t=0
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Here we assume that T, maps R(X) to R(X), and that for all p € M
and J € R(X), the limit of the series above is well-defined as a function in
R(X).

We discussed the A-PI algorithm in connection with semicontractive
problems in Section 3.2.4, where we assumed that

TATNT) = TN(TLT),  VpeM, Je&X). (4.25)

We will show that for undiscounted finite-state MDP, the algorithm can
be implemented by using matrix inversion, just like nonoptimistic PI for
discounted finite-state MDP. It turns out that this can be an advantage in
some settings, including approximate simulation-based implementations.

As noted earlier, \-PI and optimistic PI are similar: they just use the
mapping T x to apply VI in different ways. In view of this similarity, it is
not surprising that it has the same type of convergence properties as the
earlier optimistic PT method (4.20). Similar to Prop. 4.3.15, we have the
following.

Proposition 4.3.16: Let Assumption D hold and let {J, z¥} be a
sequence generated by the A-PI algorithm (4.24), assuming Eq. (4.25),
and that J > Jo > J* and Jy > T'Jy. Then J;, | J*.

Proof: As in the proof of Prop. 4.3.15, by using Assumption D, the mono-
tonicity of T},, and the hypothesis Jo > T'Jy, we have

Jo =Ty = Tpodo > T o = i > Tyody > Ty = TaJy > TV o = Js,

where for the third inequality, we use the relation Jy > Tuo Jo, the definition
of Ji, and the assumption (4.25). Continuing in the same manner,

Jp > TJy 2 Tyt vVEk>0.

Similar to the proof of Prop. 4.3.15, we show by induction that Jp > J*,
using the fact that if J, > J*, then

Tyt = TQ T > TO T = (1= 0) Y nereeny = g,
t=0
[cf. the induction step of Eq. (4.21)]. By combining the preceding two

relations, we obtain Eq. (4.22), and the proof is completed by using the
argument following that equation. Q.E.D.

The A-PI algorithm has a useful property, which involves the mapping
Wi : R(X) — R(X) given by

Wid = (1 - )\)Tuk Ji + )\Tuk J. (4.26)
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In particular Jx41 is a fized point of Wi. Indeed, using the definition
Jer1 = Tjﬁ)Jk

[cf. Eq. (4.24)], and the linearity assumption (4.25), we have

Widksr = (1= VTl + 3T, (T
= (1~ NT i+ AT;Q)(T#ka)
= Tiz)Jk
= Jrt1-

Thus Ji41 can be calculated as a fixed point of W.

Consider now the case where 7). is nonexpansive with respect to
some norm. Then from Eq. (4.26), it is seen that W}, is a contraction of
modulus A with respect to that norm, so Jiy1 is the unique fixed point of
Wy. Moreover, if the norm is a weighted sup-norm, Ji1 can be found using
the methods of Chapter 2 for contractive models. The following example
applies this idea to finite-state SSP problems. The interesting aspect of
this example is that it implements the policy evaluation portion of A-PI
through solution of a system of linear equations, similar to the exact policy
evaluation method of classical PI.

Example 4.3.4 (Stochastic Shortest Path Problems with
Nonpositive Costs)

Consider the SSP problem of Example 1.2.6 with states 1,...,n, plus the
termination state 0. For all u € U(z), the state following z is y with prob-
ability pzy(u) and the expected cost incurred is nonpositive. This problem
arises when we wish to maximize nonnegative rewards up to termination. It
includes a classical search problem where the aim, roughly speaking, is to
move through the state space looking for states with favorable termination
rewards.

We view the problem within our abstract framework with J(z) = 0 and

Tud = gu+ Pud, (4.27)

with g, € R" being the corresponding nonpositive one-stage cost vector, and
P, being an n x n substochastic matrix. The components of P, are the
probabilities pzy (u(x)), z,y =1,...,n. Clearly Assumption D holds.

Consider the A\-PI method (4.24), with Jx4+1 computed by solving the
fixed point equation J = WyJ, cf. Eq. (4.26). This is a nonsingular n-
dimensional system of linear equations, and can be solved by matrix inversion,
just like in exact PI for discounted n-state MDP. In particular, using Eqs.
(4.26) and (4.27), we have

Jiepr = (T = AP ) " (g0 + (1= NP sJr). (4.28)
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For a small number of states n, this matrix inversion-based policy evaluation
may be simpler than the optimistic PI policy evaluation equation

m
Jkt1 = Tukk Jk

[cf. Eq. (4.20)], which points to an advantage of A-PIL.

Note that based on the relation between the multistep mapping T‘EA) and
the proximal mapping, discussed in Section 1.2.5 and Exercise 1.2, the policy
evaluation Eq. (4.28) may be viewed as an extrapolated proximal iteration.
Note also that as A — 1, the policy evaluation Eq. (4.28) resembles the policy
evaluation equation

T =T =APx)""g .k
for A-discounted n-state MDP. An important difference, however, is that for
a discounted finite-state MDP, exact PI will find an optimal policy in a finite
number of iterations, while this is not guaranteed for A-PI. Indeed A-PI does

not require that there exists an optimal policy or even that J*(z) is finite for
all x.

Policy Iteration Under I

Contrary to the case of Assumption D, the important cost improvement
property of PI holds under Assumption I. Thus, if u is a policy and
satisfies the policy improvement equation 7y .J,, = T'J,, we have

Jy=Tudy > Ty =Tady,

from which we obtain
Ju > khﬂnolo T}fJ#.

Since J,, > J and Jp = limg_ o0 T}fj, it follows that
Ju>TJ, > Jg. (4.29)

However, this cost improvement property is not by itself sufficient for
the validity of PI under Assumption I (see the deterministic shortest path
example of Section 3.1.1). Thus additional conditions are needed to guar-
antee convergence. To this end we may use the semicontractive framework
of Chapter 3, and take advantage of the fact that under Assumption I, J*
is known to be a fixed point of T.

In particular, suppose that we have aset S C £(X) such that J; =J".
Then J ; is a fixed point of T and the theory of Section 3.2 comes into play.
Thus, by Prop. 3.2.1 the following hold:

(a) We have TFJ — J* for every J € £(X) such that J* < J < J for
some J € S.

(b) J* is the only fixed point of T within the set of all J € £(X) such
that J* < J < J for some J € S.
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Moreover, by Prop. 3.2.4, if S has the weak PI property and for each
sequence {Jn,} C E(X) with Jp, | J for some J € £(X), we have

H(z,u,J) = lim H(x,u,Jnm),
m—0o0
then every sequence of S-regular policies {u:%} that can be generated by PI
satisfies J x| J *. If in addition the set of S-regular policies is finite, there
exists k& > 0 such that p* is optimal.

For these properties to hold, it is of course critical that J; =J" If
this is not so, but J; is still a fixed point of T', the VI and PI algorithms
may converge to J ; rather than to J* (cf. the linear quadratic problem of
Section 3.5.4).

REGULARITY AND NONSTATIONARY POLICIES

In this section, we will extend the notion of regularity of Section 3.2 so
that it applies more broadly. We will use this notion as our main tool
for exploring the structure of the solution set of Bellman’s equation. We
will then discuss some applications involving mostly monotone increasing
models in this section, as well as in Sections 4.5 and 4.6. We continue
to focus on the infinite horizon case of the problem of Section 4.1, but
we do not impose for the moment any additional assumptions, such as
Assumption I or D.

We begin with the following extension of the definition of S-regularity,
which we will use to prove a general result regarding the convergence prop-
erties of VI in the following Prop. 4.4.1. We will apply this result in the
context of various applications in Sections 4.4.2-4.4.4, as well as in Sections
4.5 and 4.6.

Definition 4.4.1: For a nonempty set of functions S C £(X), we say
that a nonempty collection C of policy-state pairs (,x), with 7 € II
and x € X, is S-regular if

JIr(z) = limsup(Ty, - - - Ty, J)(2), YV (max)eC, JeS.

k—o00

The essence of the preceding definition of S-regularity is similar to
the one of Chapter 3 for stationary policies: for an S-regular collection of
pairs (m,x), the value of Jr(x) is not affected if the starting function is
changed from J to any J € S. It is important to extend the definition
of regularity to nonstationary policies because in noncontractive models,
stationary policies are generally not sufficient, i.e., the optimal cost over
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stationary policies may not be the same as the one over nonstationary
policies (cf. Prop. 4.3.2, and the subsequent example). Generally, when
referring to an S-regular collection C, we implicitly assume that S and C
are nonempty, although on occasion we may state explicitly this fact for
emphasis.

For a given set C of policy-state pairs (, ), let us consider the func-
tion J, € £(X), given by

Jo(z) = {Fl(iﬂr}wf)ec} Jx (), e X.

Note that J;(z) > J*(x) for all z € X [for those x € X for which the set
of policies {7 | (m,x) € C} is empty, we have by convention J;(z) = oo].

For an important example, note that in the analysis of Chapter 3, the
set of S-regular policies Mg of Section 3.2 defines the S-regular collection

C={(wx)|peMs, zeX},

and the corresponding restricted optimal cost function J; is equal to Jz . In
Sections 3.2-3.4 we saw that when J; is a fixed point of T, then favorable
results are obtained. Similarly, in this section we will see that for an S-
regular collection C, when J; is a fixed point of T', interesting results are
obtained.

The following two propositions play a central role in our analysis on
this section and the next two, and may be compared with Prop. 3.2.1,
which played a pivotal role in the analysis of Chapter 3.

Proposition 4.4.1: (Well-Behaved Region Theorem) Given a
nonempty set S C £(X), let C be a nonempty collection of policy-state
pairs (, z) that is S-regular. Then:

(a) For all J € £(X) such that J < J for some J € S, we have

limsup TkJ < Jg.

k—o0

(b) For all J* € £(X) with J* < TJ’, and all J € £(X) such that
J' < J < J for some J € S, we have

J' < liminf Tk.J < lim sup Tk.J < e
—00

k—o00

Proof: (a) Using the generic relation T'J < T,,J, u € M, and the mono-
tonicity of T" and T),, we have for all k

(TFJ) () < (Tpy - Tpp_, J)(x), ¥ (maz)eC, JES.
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By letting k — oo and by using the definition of S-regularity, it follows
that for all (m,z) € C, J € £(X), and J € S with J < J,

limsup(T*.J)(x) < limsup(T*J)(z) < limsup(Tpy - Ty, J)(x) = Jx(2),

k—o0 k—o0 k—o0

and by taking infimum of the right side over {7 | (r,z) € C}, we obtain
the result.

(b) Using the hypotheses J/ < T'J’, and J/' < J < J for some J € S, and
the monotonicity of T, we have

J(x) < (TT)(x) < - < (THI')(z) < (TFT)(2).
Letting £ — oo and using part (a), we obtain the result. Q.E.D.

Let us discuss some interesting implications of part (b) of the propo-
sition. Suppose we are given a set S C £(X), and a collection C that is
S-regular. Then:

(1) Jz is an upper bound to every fixed point J’ of T' that lies below
some J € S (e, J < j) Moreover, for such a fixed point J’, the
VI algorithm, starting from any J with J; < J < J for some J € S,
ends up asymptotically within the region

{JeeX)|J<T< Ui}
Thus the convergence of VI is characterized by the well-behaved region
Wsc={J€&X)|Js <J<Jfor some J € S}, (4.30)
(cf. the corresponding definition in Section 3.2), and the limit region

{Je&X)|J <J<Jg for all fixed points J/ of T
with J’ < J for some J € S}.

The VI algorithm, starting from the former, ends up asymptotically
within the latter; cf. Figs. 4.4.1 and 4.4.2.

(2) If J; is a fixed point of T’ (a common case in our subsequent analysis),
then the VI-generated sequence {T*.J} converges to .J starting from
any J in the well-behaved region. If JZ is not a fixed point of T, we
only have limsup,,_, . TkJ < JZ for all J in the well-behaved region.

(3) If the well-behaved region is unbounded above in the sense that
Wse = {J € E(X) | J; < J}, which is true for example if S = E(X),
then J' < Jz for every fixed point J’ of T. The reason is that for
every fixed point J’ of T' we have J’ < J for some J € Ws ¢, and
hence also J/ < J for some J € S, so observation (1) above applies.
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Fixed Point of T’ VI: T*J Optimal Cost over C
\ J T J jes
< > » E(XV)
Limit Region Well-Behaved Region Ws ¢

Figure 4.4.1. Schematic illustration of Prop. 4.4.1. Neither J3 nor J* need to
be fixed points of T, but if C is S-regular, and there exists J € S with Jg < J,
then J; demarcates from above the range of fixed points of T' that lie below J.

For future reference, we state these observations as a proposition, which
should be compared to Prop. 3.2.1, the stationary special case where C is
defined by the set of S-regular stationary policies, i.e., C = {(u,x) | e
Mg, z € X}. Figures 4.4.2 and 4.4.3 illustrate some of the consequences
of Prop. 4.4.1 for two cases, respectively: when S = F(X) while Jg is not
a fixed point of 7', and when S is a strict subset of F(X) while J; is a fixed
point of T'.

Proposition 4.4.2: (Uniqueness of Fixed Point of 7' and Con-
vergence of VI) Given a set S C £(X), let C be a collection of
policy-state pairs (m, z) that is S-regular. Then:

(a) If J’ is a fixed point of T with J/ < J for some J € S, then
J' < JZ . Moreover, JZ is the only possible fixed point of T'
within Ws c.

(b) We have limsup,,_, ., T*.J < J; for all J € Ws, and if J; is a
fixed point of T, then T*.J — J; for all J € Wsc.

(c) If Ws ¢ is unbounded from above in the sense that
Wse={Je€&X)|J: < J},

then J’ < JZ for every fixed point J’ of T'. In particular, if JZ is
a fixed point of T', then JZ is the largest fixed point of 7.

Proof: (a) The first statement follows from Prop. 4.4.1(b). For the second
statement, let J’ be a fixed point of T" with J’ € Ws¢. Then from the
definition of Wg ¢, we have JZ < J'as well as J’ < J for some J € S, so
from Prop. 4.4.1(b) it follows that J’ < J;. Hence J/ = J..



Sec. 4.4 Regularity and Nonstationary Policies 269

Well-Behaved Region
Ws.c = {J|JZ < J}

Paths of VI
S =E(X)

// \
Fixed Points of T' I /.
C

/1\

) e

Limit Region

Figure 4.4.2. Schematic illustration of Prop. 4.4.2, for the case where S = E(X)
so that Wg ¢ is unbounded above, ie., Wgc = {J € E(X) | J; < J}. In
this figure JZ is not a fixed point of T. The VI algorithm, starting from the
well-behaved region Wg ¢, ends up asymptotically within the limit region.

(b) The result follows from Prop. 4.4.1(a), and in the case where J;, is a
fixed point of T, from Prop. 4.4.1(b), with J/ = J;.

(c¢) See observation (3) in the discussion preceding the proposition. Q.E.D.

Examples and counterexamples illustrating the preceding proposition
are provided by the problems of Section 3.1 for the stationary case where

C={(ma)|peMs, veX}

Similar to the analysis of Chapter 3, the preceding proposition takes special
significance when J* is a fixed point of T and C is rich enough so that
Jg = J*, as for example in the case where C is the set II x X of all (7, z),
or other choices to be discussed later. It then follows that every fixed
point J/ of T that belongs to S satisfies J’ < J*, and that VI converges
to J* starting from any J € £(X) such that J* < .J < J for some J € S.
However, there will be interesting cases where Jz # J*, as in shortest
path-type problems (see Sections 3.5.1, 4.5, and 4.6).

Note that Prop. 4.4.2 does not say anything about fixed points of
T that lie below J; , and does not give conditions under which J; is a
fixed point. Moreover, it does not address the question whether J* is a
fixed point of T, or whether VI converges to J* starting from J or from
below J*. Generally, it can happen that both, only one, or none of the two
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A

Fixed Points|of T' Well-Behaved Region
\W57c:{J|J2SJijorsomeJES}
e

Fixed Points of T’

Figure 4.4.3. Schematic illustration of Prop. 4.4.2, and the set Wg ¢ of Eq.
(4.30), for a case where Jj; is a fixed point of T' and S is a strict subset of E(X).
Every fixed point of T" that lies below some J € S should lie below Jg. Also, the
VI algorithm converges to J; starting from within Wg c. If S were unbounded
from above, as in Fig. 4.4.2, J; would be the largest fixed point of T

functions JZ and J* is a fixed point of T', as can be seen from the examples
of Section 3.1.

The Case Where JZ <J

We have seen in Section 4.3 that the results for monotone increasing and
monotone decreasing models are markedly different. In the context of S-
regularity of a collection C, it turns out that there are analogous significant
differences between the cases JZ > J and Jz < J. The following propo-
sition establishes some favorable aspects of the condition JZ < J in the
context of VI. These can be attributed to the fact that J can always be
added to S without affecting the S-regularity of C, so .J can serve as the
element J of S in Props. 4.4.1 and 4.4.2 (see the subsequent proof). The
following proposition may also be compared with the result on convergence
of VI under Assumption D (cf. Prop. 4.3.13).

Proposition 4.4.3: Given a set S C £(X), let C be a collection of
policy-state pairs (m,x) that is S-regular, and assume that JZ < J.
Then:
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(a) For all J’ € £(X) with J’ <TJ’, we have

J' < liminf T*.J < lim sup Tk.J < g
— 00

k—o00

(b) If J; is a fixed point of T, then .J; = J* and we have T*.J — J*
as well as T*.J — J* for every J € £(X) such that J* < J < J
for some J € S.

Proof: (a) If S does not contain .J, we can replace S with S = S U {J},
and C will still be S-regular. By applying Prop. 4.4.1(b) with S replaced
by S and J = J, the result follows.

(b) Assume without loss of generality that J € S [cf. the proof of part (a)].
By using Prop. 4.4.2(b) with J = J, we have J; = limy,_,o, T%J. Thus for
every policy m = {uo, p1, ...+ € I,

Jo = lim TFJ <limsupTyg -+ Tpp 1 J = I,

k—o0 k—o00

so by taking the infimum over 7 € II, we obtain J; < J*. Since generically
Ji > J%, it follows that J; = J*. Finally, from Prop. 4.4.2(b), TkJ — J*
for all J € Wg ¢, implying the result. Q.E.D.

As a special case of the preceding proposition, we have that if J* < .J
and J* is a fixed point of 7', then J* = limy_,o, T*J, and for every other
fixed point J’ of T we have J’ < J* (apply the proposition with C = I x X
and S = {J}, in which case J; = J* < J). This occurs, among others, in
the monotone decreasing models, where 7},J < J for all i € M. A special
case is the convergence of VI under Assumption D (cf. Prop. 4.3.5).

The preceding proposition also applies to a classical type of search
problem with both positive and negative costs per stage. This is the SSP
problem, where at each x € X we have cost E{g(:v,u,w)} > 0 for all u
except one that leads to a termination state with probability 1 and non-
positive cost; here J(r) = 0 and Jé(:v) <0 for all z € X, but Assumption
D need not hold.

4.4.1 Regularity and Monotone Increasing Models

We will now return to the monotone increasing model, cf. Assumption
I. For this model, we know from Section 4.3 that J* is the smallest fixed
point of T within the class of functions .JJ > .J, under certain relatively mild
assumptions. However, VI may not converge to J* starting from below J*
(e.g., starting from .J), and also starting from above J*. In this section
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we will address the question of convergence of VI from above J* by using
regularity ideas, and in Section 4.5 we will consider the characterization of
the largest fixed point of 7" in the context of deterministic optimal control
and infinite-space shortest path problems. We summarize the results of

Section 4.3 that are relevant to our development in the following proposition
(cf. Props. 4.3.2, 4.3.3, 4.3.9, and 4.3.14).

Proposition 4.4.4: Let Assumption I hold. Then:

(a) J* =TJ* and if J’ € £(X) is such that J' > J and J’ > TJ,
then J’ > J*.

(b) For all 4 € M we have J,, = T}, J,,, and if J’ € £(X) is such that
J'>Jand J' > T,J’, then J' > J,.

(¢) p* € M is optimal if and only if T}« J" =T J".
(d) If U is a metric space and the sets

U(z,A) ={u e U(x)‘ H(z,u,T+J) < A}

are compact for all z € X, A € R, and k, then there exists at
least one optimal stationary policy, and we have T*J — J* for
all J € £(X) with J < J*.

(e) Given any e > 0, there exists a policy 7. € II such that
J* < Je. < J* +ee.

Furthermore, if the scalar « in part (c¢) of Assumption I satisfies
a < 1, the policy 7 can be taken to be stationary.

Since under Assumption I there may exist fixed points J’ of T with
J* < J’, VI may not converge to J* starting from above J*. However,
convergence of VI to J* from above, if it occurs, is often much faster than
convergence from below, so starting points J > J* may be desirable. One
well-known such case is deterministic finite-state shortest path problems
where major algorithms, such as the Bellman-Ford method or other label
correcting methods have polynomial complexity, when started from J above
J*, but only pseudopolynomial complexity when started from J below J*
[see e.g., [BeT89] (Prop. 1.2 in Ch.4), [Ber98| (Exercise 2.7)].

In the next two subsections, we will consider discounted and undis-
counted optimal control problems with nonnegative cost per stage, and we
will establish conditions under which J* is the unique nonnegative fixed
point of T, and VI converges to J* from above. Our analysis will proceed
as follows:
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(a) Define a collection C such that J; = J*.
(b) Define a set S C £+(X) such that J* € S and C is S-regular.

(c) Use Prop. 4.4.2 (which shows that J; is the largest fixed point of T
within S) in conjunction with Prop. 4.4.4(a) (which shows that J* is
the smallest fixed point of T within S) to show that J* is the unique
fixed point of T within S. Use also Prop. 4.4.2(b) to show that the
VI algorithm converges to J* starting from J € S such that J > J*.

(d) Use the compactness condition of Prop. 4.4.4(d), to enlarge the set of
functions starting from which VI converges to J*.

4.4.2 Nonnegative Cost Stochastic Optimal Control

Let us consider the undiscounted stochastic optimal control problem that
involves the mapping

H(z,u,J) = E{g(z,u,w) + J(f(z,u,w))}, (4.31)

where ¢ is the one-stage cost function and f is the system function. The
expected value is taken with respect to the distribution of the random
variable w (which takes values in a countable set ). We assume that

OSE{g(m,u,w)}<oo, VeeX, ueU(x), weW.

We consider the abstract DP model with H as above, and with J(x) = 0.
Using the nonnegativity of g, we can write the cost function of a policy
m = {uo, 41, - - -} in terms of a limit,

k
Jx(x0) = kli)rgo EZ, {Z g(wm,um(xm),wm)} , z0 € X, (4.32)

m=0

where EZ {-} denotes expected value with respect to the probability dis-
tribution induced by 7 under initial state xzg.
We will apply the analysis of this section with

C={(mz)| Jx(z) < 00},

for which Jz = J*. We assume that C is nonempty, which is true if and
only if J* is not identically oo, i.e., J*(z) < oo for some z € X. Consider
the set

S = {Jef,”r(X) | B, {J(xx)} = 0, ¥ (, 20) ec}. (4.33)

One interpretation is that the functions J that are in S have the character of
Lyapounov functions for the policies 7 for which the set {zo | Jx(z0) < 0o}
is nonempty.
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Note that S is the largest set with respect to which C is reqular in the
sense that C is S-regular and if C is S’-regular for some other set S’, then
S’ C S. To see this we write for all J € £(X), (7, xz0) € C, and k,

m=0

k—1
(TMO T Tuk71J)($0) = Ego{‘](xk)} + B3, {Z g(xmaﬂm(xm)awm)} )

where pm, m = 0,1,..., denote generically the components of m. The
rightmost term above converges to Jx(zo) as k — oo [cf. Eq. (4.32)], so by
taking upper limit, we obtain

limsup(Tyg -+ Ty, J)(20) = limsup EF {J(zy) } + Jx(z0). (4.34)
k—o0

k—o0

In view of the definition (4.33) of S, this implies that for all J € S, we have

limsup(Tyg - - - Ty, J)(@0) = Jx(z0), Y (7, z0) €C, (4.35)

k— o0

so C is S-regular. Moreover, if C is S’-regular and J € S’, Eq. (4.35) holds,
so that [in view of Eq. (4.34) and J € £+(X)] limy—,o0 B, {J(z1)} = 0 for
all (m,x0) € C, implying that J € S.

From Prop. 4.4.2, the fixed point property of J* [cf. Prop. 4.4.4(a)],
and the fact J; = J*, it follows that T*J — J* for all J € S that satisfy
J > J*. Moreover, if the sets Ug(z,\) of Eq. (4.17) are compact, the
convergence of VI starting from below J* will also be guaranteed. We thus
have the following proposition, which in addition shows that J* belongs to
S and is the unique fixed point of 7" within S.

Proposition 4.4.5: (Uniqueness of Fixed Point of 7" and Con-
vergence of VI) Consider the problem corresponding to the map-
ping (4.31) with g > 0, and assume that J* is not identically oo.
Then:

(a) J* belongs to S and is the unique fixed point of 7' within S.
Moreover, we have T*J — J* for all J > J* with J € S.

(b) If U is a metric space, and the sets Ug(x,\) of Eq. (4.17) are
compact for all x € X, A € R, and k, we have TkJ — J* for all
J € S, and an optimal stationary policy is guaranteed to exist.

Proof: (a) We first show that J* € S. Given a policy © = {uo, p1, ...},
we denote by 7, the policy

T = { bk, e 15+ - -}
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We have for all (7, z0) € C

Jr(w0) = EZ,{g(20, po(z0), w0) } + EF,{ Jr, (1)}, (4.36)

and for allm=1,2,...,

Ego {Jﬂ'm (xm)} = E;;ro {g(ﬂﬁm, Hm (xm)a wm) } + E;;ro {Jﬂ'm+1 (xm-l—l)}a
(4.37)
where {z,,} is the sequence generated starting from z¢ and using 7. By
using repeatedly the expression (4.37) for m =1,...,k — 1, and combining
it with Eq. (4.36), we obtain for all k =1,2,...,

k—1
Jr(x0) = EZy{Jn, (z1) } + Z EZ, {g(azm,,um(:cm),wm)}, Y (m,20) €C.
m=0

The rightmost term above tends to Jr(xo) as k — 00, so we obtain
EZy{Jn, (z1)} — 0, Y (m,x0) € C.
Since 0 < J* < Jr,, it follows that
EZ{J"(z)} — 0, V zo with J*(z0) < 0.

Thus J* € S while J* (which is equal to J;) is a fixed point of T'.
For every other fixed point J’ of T', we have J’' > J* [by Prop. 4.4.4(b)],
so if J’/ belongs to S, by Prop. 4.4.2(a), J’ < J* and thus J/ = J*. Hence,
J* is the unique fixed point of T' within the set S. By Prop. 4.4.2(b), we
also have T#J — J* for all J € S with J > J*.

(b) This part follows from part (a) and Prop. 4.4.4(d). Q.E.D.

Note that under the assumptions of the preceding proposition, either
T has a unique fixed point within £+(X) (namely J*), or else all the
additional fixed points of T within £1(X) lie outside S. To illustrate the
limitations of this result, consider the shortest path problem of Section
3.1.1 for the case where the choice at state 1 is either to stay at 1 at cost
0, or move to the destination at cost b > 0. Then Bellman’s equation at
state 1 is J(1) = min {b, J(1)}, and its set of nonnegative solutions is the
interval [0, b], while we have J* = 0. The set S of Eq. (4.33) here consists
of just J* and Prop. 4.4.5 applies, but it is not very useful. Similarly, in
the linear-quadratic example of Section 3.1.4, where T has the two fixed
points J*(z) = 0 and J(z) = (y2 — 1)22, the set S of Eq. (4.33) consists of
just J*.

Thus the regularity framework of this section is useful primarily in
the favorable case where J* is the unique nonnegative fixed point of T
In particular, Prop. 4.4.5 cannot be used to differentiate between multiple
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fixed points of T, and to explain the unusual behavior in the preceding
two examples. In Sections 4.5 and 4.6, we address this issue within the
more restricted contexts of deterministic and stochastic optimal control,
respectively.

A consequence of Prop. 4.4.5 is the following condition for VI con-
vergence from above, first discovered and published in the paper by Yu
and Bertsekas [YuB15] (Theorem 5.1) within a broader context that also
addressed universal measurability issues.

Proposition 4.4.6: Under the conditions of Prop. 4.4.5, we have
TkJ — J* for all J € £+(X) satisfying

J* < J < e, (4.38)

for some scalar ¢ > 1. Moreover, J* is the unique fixed point of T
within the set

{J €&t (X)|J<cJ" for some ¢ > 0}.

Proof: Since J* € S as shown in Prop. 4.4.5, any J satisfying Eq. (4.38),
also belongs to the set S of Eq. (4.33), and the result follows from Prop.
445 Q.E.D.

Note a limitation of the preceding proposition: in order to find func-
tions J satisfying J* < J < ¢ J* we must essentially know the sets of states
x where J*(z) = 0 and J*(z) = cc.

4.4.3 Discounted Stochastic Optimal Control

We will now consider a discounted version of the stochastic optimal control
problem of the preceding section. For a policy m = {uo, p1, ...} we have

k—1
Jﬂ-(Io) = klggo E7F, {Z amg(xm,um(xm),wm)} ,

m=0

where a € (0,1) is the discount factor, and as earlier EZ,{-} denotes ex-
pected value with respect to the probability measure induced by © € II
under initial state z¢g. We assume that the one-stage expected cost is non-
negative,

OSE{g(m,u,w)}<oo, VeeX, ueU(x), weW.
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By defining the mapping H as
H(.’IJ, u, J) = E{g(!E, u, U)) + OéJ(f(LL', u, w)) }7

and J(z) = 0, we can view this problem within the abstract DP framework
of this chapter where Assumption I holds.

Note that because of the discount factor, the existence of a terminal
set of states is not essential for the optimal costs to be finite. Moreover,
the nonnegativity of g is not essential for our analysis. Any problem where
g can take both positive and negative values, but is bounded below, can
be converted to an equivalent problem where ¢ is nonnegative, by adding
a suitable constant ¢ to g. Then the cost of all policies will simply change
by the constant Y, akc = ¢/(1 — a).

The line of analysis of this section makes a connection between the
S-regularity notion of Definition 4.4.1 and a notion of stability, which is
common in feedback control theory and will be explored further in Section
4.5. We assume that X is a normed space, so that boundedness within X
is defined with respect to its norm. We introduce the set

X*={reX|J(z)<oo},

which we assume to be nonempty. Given a state x € X*, we say that a
policy 7 is stable from x if there exists a bounded subset of X* [that depends
on (m,z)| such that the (random) sequence {zj} generated starting from
2 and using 7 lies with probability 1 within that subset. We consider the
set of policy-state pairs

C={(mz) |z € X*, nis stable from z},

and we assume that C is nonempty.

Let us say that a function J € £7(X) is bounded on bounded subsets
of X* if for every bounded subset X C X* there is a scalar b such that
J(z) < bforall z € X. Let us also introduce the set

S ={Je&F(X)]J is bounded on bounded subsets of X*}.

We assume that C is nonempty, J* € S, and for every z € X* and € > 0,
there exists a policy 7 that is stable from x and satisfies Jr(z) < J"(z) + ¢
(thus implying that J; = J"). We have the following proposition.

Proposition 4.4.7: Under the preceding assumptions, J* is the uni-
que fixed point of T' within S, and we have T*J — J* for all J € S
with J* < J. If in addition U is a metric space, and the sets U (z, ) of
Eq. (4.17) are compact for all x € X, A € R, and k, we have TkJ — J*
for all J € S, and an optimal stationary policy is guaranteed to exist.




278 Noncontractive Models Chap. 4

Proof: We have for all J € £(X), (w,z0) € C, and k,

k-1
(T~ T 7)(00) = 0¥ 5, {02} + 5, {Z g (), wm>} -
m=0
Since (7, z0) € C, there is a bounded subset of X* such that {z)} belongs to
that subset with probability 1, so if J € S it follows that o* EZ, {J(zx)} —
0. Thus by taking limit as k — oo in the preceding relation, we have for all
(m,xz0) € Cand J € S,

k—o0

k—1
lim (T#o e 'T#kﬂj)(xo) = klggo EZ, {Z Ozmg(:rm,,um(xm),wm)}

m=0
= Jw($0)u

so C is S-regular. Since Jz is equal to J*, which is a fixed point of T, the
result follows similar to the proof of Prop. 4.4.5. Q.E.D.

4.4.4 Convergent Models

In this section we consider a case of an abstract DP model that generalizes
both the monotone increasing and the monotone decreasing models. The
model is patterned after the stochastic optimal control problem of Example
1.2.1, where the cost per stage function g can take negative as well as
positive values. Our main assumptions are that the cost functions of all
policies are defined as limits (rather than upper limits), and that —oo <
J(x) < J*(x) for all x € X.

These conditions are somewhat restrictive and make the model more
similar to the monotone increasing than to the monotone decreasing model,
but are essential for the results of this section (for a discussion of the
pathological behaviors that can occur without the condition J < J*, see
the paper by H. Yu [Yul5]). We will show that J* is a fixed point of T,
and that there exists an e-optimal policy for every e > 0. This will bring
to bear the regularity ideas and results of Prop. 4.4.2, and will provide a
convergence result for the VI algorithm.

In particular, we denote

&(X)={Je&(X)|J(x)>—o0, VT EX},

and we will assume the following.

Assumption 4.4.1:
(a) For all m = {po, p1,...} € II, Jr can be defined as a limit:

Jr(z) = lim (Tpy -+ Ty, J)(2), VoelX. (4.39)

k—o0




Sec. 4.4 Regularity and Nonstationary Policies 279

Furthermore, we have J € &,(X) and
J<J
(b) For each sequence {Jim} C &(X) with Jpn, — J € E(X), we have

lim H(z,u,Jn)=H (x,u,J), VeeX, uelU(x).

m—r o0

(¢) There exists a > 0 such that for all J € &(X) and r € R,
H(z,u,J+re) < H(z,u,J) + ar, VaeeX, ueU(x),

where e is the unit function, e(z) = 1.

For an example of a type of problem where the convergence condi-
tion (4.39) is satisfied, consider the stochastic optimal control problem of
Example 1.2.1, assuming that the state space consists of two regions: X3
where the cost per stage is nonnegative under all controls, and X» where
the cost per stage is nonpositive. Assuming that once the system enters
X1 it can never return to Xs, the convergence condition (4.39) is satisfied
for all 7. The same is true for the reverse situation, where once the system
enters X3 it can never return to X;. Optimal stopping problems and SSP
problems are often of this type.

We first prove the existence of e-optimal policies and then use it to
establish that J* is a fixed point of T". The proofs are patterned after the
ones under Assumption I (cf. Props. 4.3.2 and 4.3.3).

Proposition 4.4.8: Let Assumption 4.4.1 hold. Given any € > 0,
there exists a policy 7. € II such that

J < Je. < J" Fee.

Proof: Let {€;} be a sequence such that e, > 0 for all k¥ and
Z ake = e, (4.40)
k=0

where « is the scalar of Assumption 4.4.1(c). For each = € X, consider a
sequence of policies {7[z]} C II, with components of m;[z] (to emphasize
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their dependence on ) denoted by puk,[x], m =0,1,...,
Wk[x] = {ILLO[I]7/L]1€[$]’ s }7
such that for £k =0,1,...,
Jﬂ.km (CL‘) < J*(.’L') + €.

Such a sequence exists since J* € &,(X).
Consider the functions f;, defined by

fix(x) = pgl2)(z),  VzeX,

and the functions Jj, defined by

By using Eqs. (4.41)-(4.43), and the continuity property of
4.4.1(b), we obtain for all z € X and k =0,1,...,

Jp(z)=H (x,/ﬂg [x](x), W}E}noo Tu’f[w] Tk j)

= lim H (2, 1§w)(2), Ty T 1)

m—r oo

= Mim (Tepy - Tt 1y T) (@)

m—r oo

< J*(.’L') + €.

Chap. 4

(4.41)

(4.42)

Jk(x)zH(x,ﬁk(x),W}iinoo Tuxf[m]---TuMm]j>, VeeX, k=0,1,....

(4.43)
Assumption

(4.44)

From Egs. (4.43), (4.44), and Assumption 4.4.1(c), we have for all x € X

and k=1,2,...,
(Tz

Hi—1

< (x,ﬁk_l(x), lim T k-1, "'T‘ukfl - J

= jk—l(x) + oeg,

and finally
T

He—1

jkgjk_l—i—aeke, k=1,2,....
Using this inequality and Assumption 4.4.1(c), we obtain

TEk—QTEk—ljk S Tﬁk—Z (jk—l + aeg 6)
< Ta,_,Jk—1+ a2epe

< jk_g + (aep—1 + a2eg) e.

)—i—OzEk
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Continuing in the same manner, we have for k =1,2,...,
k
Tgy - Tg, e < Jo+ (er + -+ ake)e < J + (Zai6i> e.
=0

Since by Assumption 4.4.1(c), we have J < J* < J, it follows that

Denote me = {fig, fy,.--}- Then by taking the limit in the preceding in-
equality and using Eq. (4.40), we obtain

Je. < J" +ce.

Q.E.D.
By using Prop. 4.4.8 we can prove the following.

Proposition 4.4.9: Let Assumption 4.4.1 hold. Then J* is a fixed
point of T'.

Proof: For every m = {uo,p1,...} € Il and = € X, we have using the
continuity property of Assumption 4.4.1(b) and the monotonicity of H,

Ir(z) = klggo (T T+~ Ty, I) ()

=Tho (kli{r;o Ty - 'Tukj> (z)

(ThoJ") ()
(TJ7)(x).

>

>

By taking the infimum of the left-hand side over 7 € II, we obtain
J*>TJ".

To prove the reverse inequality, let €; and €2 be any positive scalars,
and let T = {f, 711, . . .} be such that

ToJ* <TJ +ere, Jo <J +ee,
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where m1 = {fiy, Hs, .. .} (such a policy exists by Prop. 4.4.8). By using the
preceding relations and Assumption 4.4.1(c), we have

J < Jx
= klim TﬁoTﬁl "Tﬁk‘]
1%, (hm Tz, - THk:J)
=Tg,Jm

< TEO(J* +eze)
< Tz, J +aee
<TJ" + (e1 + aea) e.
Since €; and €2 can be taken arbitrarily small, it follows that
J<TJ".
Hence J* =TJ*. Q.E.D.

It is known that J* may not be a fixed point of T if the convergence
condition (a) of Assumption 4.4.1 is violated (see the example of Section
3.1.2). Moreover, J* may not be a fixed point of T if either part (b) or
part (c) of Assumption 4.4.1 is violated, even when the monotone increase
condition J < T'J [and hence also the convergence condition of part (a)] is
satisfied (see Examples 4.3.1 and 4.3.2). By applying Prop. 4.4.2, we have
the following proposition.

Proposition 4.4.10: Let Assumption 4.4.1 hold, let C be a set of
policy-state pairs such that JZ = J*, and let S be any subset of £(X)
such that C is S-regular. Then:

(a) J* is the only possible fixed point of T within the set {J € S |
J>J).

(b) We have T*.J — J* for every J € £(X) such that J* < J < J
for some J € S.

Proof: By Prop. 4.4.9, J* is a fixed point of 7. The result follows from
Prop. 4.4.2. Q.E.D.

STABLE POLICIES AND DETERMINISTIC OPTIMAL
CONTROL

In this section, we will consider the use of the regularity ideas of the preced-
ing section in conjunction with a particularly favorable class of monotone
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Uk = ;U'k(xkr) System a8y
> T = f(zg, u) -
Cost: g(zp,ug) >0

“Destination” ¢

(cost-free and absorbing)

Figure 4.5.1 A deterministic optimal control problem with nonnegative cost per
stage, and a cost-free and absorbing destination t.

increasing models. These are the discrete-time infinite horizon determinis-
tic optimal control problems with nonnegative cost per stage, and a desti-
nation that is cost-free and absorbing.t Except for the cost nonnegativity,
our assumptions are very general, and allow the possibility that the optimal
policy may not be stabilizing the system, e.g., may not reach the destina-
tion either asymptotically or in a finite number of steps. This situation
is illustrated by the one-dimensional linear-quadratic example of Section
3.1.4, where we saw that the Riccati equation may have multiple nonneg-
ative solutions, with the largest solution corresponding to the restricted
optimal cost over just the stable policies.

Our approach is similar to the one of the preceding section. We use
forcing functions and a perturbation line of analysis like the one of Section
3.4 to delineate collections C of regular policy-state pairs such that the
corresponding restricted optimal cost function Jz is a fixed point of T, as
required by Prop. 4.4.2.

To this end, we introduce a new unifying notion of p-stability, which in
addition to implying convergence of the generated states to the destination,
quantifies the speed of convergence. Here is an outline of our analysis:

(a) We consider the properties of several distinct cost functions: J*, the
overall optimal, and jp, the restricted optimal over just the p-stable
policies. Different choices of p may yield different classes of p-stable
policies, with different speeds of convergence.

(b) We show that for any p and associated class of p-stable policies, jp is
a solution of Bellman’s equation, and we will characterize the smallest
and the largest solutions: they are J*, the optimal cost function, and
J+, the restricted optimal cost function over the class of (finitely)
terminating policies.

(¢) We discuss modified versions of the VI and PI algorithms, as substi-
tutes for the standard algorithms, which may not work in general.

T A related line of analysis for deterministic problems with both positive and
negative costs per stage is developed in Exercise 4.9.
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Consider a deterministic discrete-time infinite horizon optimal control
problem involving the system

Tk+1 :f(xkuuk)a k:O,l,..., (4‘45)

where xj and uj are the state and control at stage k, which belong to
sets X and U, referred to as the state and control spaces, respectively,
and f: X x U — X is a given function. The control u; must be chosen
from a constraint set U(x) C U that may depend on the current state zy.
The cost per stage g(z,u) is assumed nonnegative and possibly extended
real-valued:

0 <g(x,u) < oo, VeeX, uelU(zx), k=0,1,.... (4.46)

We assume that X contains a special state, denoted ¢, which is referred to
as the destination, and is cost-free and absorbing:

ft,u) =t g(t,u) =0, YV ueU(t).

Except for the cost nonnegativity assumption (4.46), this problem is similar
to the one of Section 3.5.5. It arises in many classical control applications
involving regulation around a set point, and in finite-state and infinite-state
versions of shortest path applications; see Fig. 4.5.1.

As earlier, we denote policies by 7 and stationary policies by u. Given
an initial state xzo, a policy m = {uo, 1, ...} when applied to the system
(4.45), generates a unique sequence of state-control pairs (xk, bk (xk)), k=
0,1,.... The cost of 7 starting from x is

Jw(ﬂﬁo)zzg(iﬂk,uk(ﬂfk)), zo € X,
k=0

[the series converges to some number in [0, 0o] thanks to the nonnegativity
assumption (4.46)]. The optimal cost function over the set of all policies IT
is

J*(I):;ré%(]ﬂ(a:), ze X.
We denote by £1(X) the set of functions J : X + [0, 00]. In our analysis,
we will use the set of functions

J={Je&r(X)|J(t)=0}.

Since t is cost-free and absorbing, this set contains the cost function J; of
every m € II, as well as J".

Under the cost nonnegativity assumption (4.46), the problem can be
cast as a special case of the monotone increasing model with

H(z,u,J) = g(z,u) + J(f(z,u)),
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and the initial function J being identically zero. Thus Prop. 4.4.4 applies
and in particular J* satisfies Bellman’s equation:

J(x) = uelgf(‘w) {g(z,v) + J*(f(z,u))}, =z€X.

Moreover, an optimal stationary policy (if it exists) may be obtained through
the minimization in the right side of this equation, cf. Prop. 4.4.4(c).

The VI method starts from some function Jy € J, and generates a
sequence of functions {Jx} C J according to

Jry1(x) = ueu(}f(’m) {g(z,w)+ Jp(f(z,u))}, reX, k=0,1,.... (447)

From Prop. 4.4.6, we have that the VI sequence {Ji} converges to J*
starting from any function Jo € £+(X) that satisfies

J < Jy<eJ,

for some scalar ¢ > 0. We also have that VI converges to J* starting from
any Jo with
0<Jo<J"

under the compactness condition of Prop. 4.4.4(d). However, {Ji} may not
always converge to J* because, among other reasons, Bellman’s equation
may have multiple solutions within 7.

The PI method starts from a stationary policy u0, and generates a
sequence of stationary policies {u*F} via a sequence of policy evaluations to
obtain Ik from the equation

S () = g(z, pk(z)) + Ik (f(z, 1k (2))), reX, (4.48)

interleaved with policy improvements to obtain p#*1 from J . according
to

pk+i(z) € argmin {g(z,u) + J (f(z,u))}, e X. (4.49)
ueU(x)

Here, we implicitly assume that the minimum in Eq. (4.49) is attained
for each x € X, which is true under some compactness condition on either
U(z) or the level sets of the function g(z,-)+Ji (f(z,-)), or both. However,
as noted in Section 4.3.3, PI may not produce a strict improvement of the
cost function of a nonoptimal policy, a fact that was demonstrated with
the simple deterministic shortest path example of Section 3.1.1.

The uniqueness of solution of Bellman’s equation within J, and the
convergence of VI to J* have been investigated as part of the analysis
of Section 3.5.5. There we introduced conditions guaranteeing that J* is
the unique solution of Bellman’s equation within a large set of functions
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[the near-optimal termination Assumption 3.5.10, but not the cost non-
negativity assumption (4.46)]. Our approach here will make use of the
cost nonnegativity but will address the problem under otherwise weaker
conditions.

Our analytical approach will also be different than the approach of
Section 3.5.5. Here, we will implicitly rely on the regularity ideas for non-
stationary policies that we introduced in Section 4.4, and we will make
a connection with traditional notions of feedback control system stability.
Using nonstationary policies may be important in undiscounted optimal
control problems with nonnegative cost per stage because it is not gener-
ally true that there exists a stationary e-optimal policy [cf. the e-optimality
result of Prop. 4.4.4(e)].

4.5.1 Forcing Functions and p-Stable Policies

We will introduce a notion of stability that involves a function p : X —
[0, 00) such that

p(t) =0, p(x) > 0, Vo £t

As in Section 3.4, we refer to p as the forcing function, and we associate
with it the p-d-perturbed optimal control problem, where § > 0 is a given
scalar. This is the same problem as the original, except that the cost per
stage is changed to

9(x,u) + op(x).
We denote by Jr ;s the cost function of a policy m € Il in the p-§-perturbed
problem:

T p,5(@0) = Jr(x0) + 8 plan), (4.50)
k=0

where {zj} is the sequence generated starting from z¢ and using 7. We
also denote by J, s, the corresponding optimal cost function,

Ips(x) = ;relfn I p.5(2), e X.

Definition 4.5.1: Let p be a given forcing function. For a state
xp € X, we say that a policy 7 is p-stable from xq if for the sequence
{z} generated starting from z( and using © we have

Jr(z0) < 0o and Zp(:z:k) < 00, (4.51)
k=0

or equivalently [using Eq. (4.50)]
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Jﬂ7p75($0) < 00, Vé>0.
The set of all policies that are p-stable from x is denoted by II, 4.
We define the restricted optimal cost function J, by

Jp(z) = inf Jr(x), z € X, (4.52)

(with the convention that the infimum over the empty set is co). We
say that 7 is p-stable (without qualification) if m € II,, , for all z € X
such that II, ; # . The set of all p-stable policies is denoted by II,,.

Note that since Eq. (4.51) does not depend on §, we see that an equiv-
alent definition of a policy 7 that is p-stable from x is that Jx , 5(z0) < 00
for some 6 > 0 (rather than all 6 > 0). Thus the set II, » of p-stable policies
from x depends on p and x but not on §. Let us make some observations:

(a) Rate of convergence to t using p-stable policies: The relation (4.51)
shows that the forcing function p quantifies the rate at which the
destination is approached using the p-stable policies. As an example,
let X = R and

p(z) = |l=|]*,
where p > 0 is a scalar. Then the policies 7 € Il , are the ones that
force xj towards 0 at a rate faster than O(1/kr), so slower policies
are excluded from Il 4.

(b) Approzimation property of Jxp,s(x): Consider a pair (m,zo) with
7 € Il 4. By taking the limit as ¢ | 0 in the expression

Tepa(0) = Jaro) +6° " plan),
k=0

[cf. Eq. (4.50)] and by using Eq. (4.51), it follows that
léiilol JIr p.s(x0) = Jr(x0), V pairs (7, x0) with 7 € II, z,. (4.53)

From this equation, we have that if 7 € II, ., then J, ps(z) is fi-
nite and differs from Jr(z) by O(J). By contrast, if = ¢ I, ., then
Jrp.s(€) = 0o by the definition of p-stability, even though we may
have Jx(x) < 0.

(c) Limiting property of Jy(zx): Consider a pair (m,xo) with 7 € T 4.
By breaking down Jx , s(20) into the sum of the costs of the first k
stages and the remaining stages, we have for all § > 0 and k > 0,

k—1 k—1
I ps(20) = Z g(xma Nm(xm)) +4 Z p(@m) + Jry ps(Tk),

m=0 m=0
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where {2} is the sequence generated starting from z and using m,
and 7y is the policy {pg, k+1,-.-}. By taking the limit as k — oo
and using Eq. (4.50), it follows that

klg{)lo Jrpps(@r) =0, V pairs (7, zo) with © € II, 5, 6 > 0.

Also, since jp(:zrk) < jp_,(;(a:k) < Jngp,s(@k), it follows that

klirn Ips(xk) =0, V (m,2z0) with 2o € X and 7 € Il z,, 6 > 0,
—00

(4.54)
klirn Jp(zy) =0, V (m,20) with zg € X and 7w € II, ,,. (4.55)
—00
Terminating Policies and Controllability
An important special case is when p is equal to the function
0 ife=t
+ = ’
P (@) { 1 itz #t. (4:56)

For p = pt, a policy « is pt-stable from z if and only if it is terminating
from z, i.e., reaches t in a finite number of steps starting from z [cf. Eq.
(4.51)]. The set of terminating policies from = is denoted by IT and it is
contained within every other set of p-stable policies II, ,, as can be seen
from Eq. (4.51). As a result, the restricted optimal cost function over I,

Jt(x) = inf J.(x), zeX,
WEH%

satisfies J*(x) < J,(z) < J+(x) for all 2 € X. A policy 7 is said to be
terminating if it is simultaneously terminating from all x € X such that
I # . The set of all terminating policies is denoted by II+.

Note that if the state space X is finite, we have for every forcing
function p

Bpt(z) <p(x) < Bpt(x), Vzel,

for some scalars ﬁ,ﬁ_ > 0. As a result it can be seen that I, , = I} and

jp = j*, so in effect the case where p = pt is the only case of interest for
finite-state problems.

The notion of a terminating policy is related to the notion of control-
lability. In classical control theory terms, the system xp41 = f(2k, ug) is
said to be completely controllable if for every zo € X, there exists a pol-
icy that drives the state xj to the destination in a finite number of steps.
This notion of controllability is equivalent to the existence of a terminating
policy from each z € X.
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One of our main results, to be shown shortly, is that J*, jp, and J+
are solutions of Bellman’s equation, with J* being the “smallest” solution
and J+ being the “largest” solution within 7. The most favorable situation
arises when J* = J+, in which case J* is the unique solution of Bellman’s
equation within J. Moreover, in this case it will be shown that the VI
algorithm converges to J* starting with any Jy € J with Jo > J*, and
the PI algorithm converges to J* as well. Once we prove the fixed point
property of jp, we will be able to bring to bear the regularity ideas of the
preceding section (cf. Prop. 4.4.2).

4.5.2 Restricted Optimization over Stable Policies

For a given forcing function p, we denote by )?p the effective domain of jp,
i.e., the set of all x where J), is finite,

X, = {zeX| Jp(x) < 00}

Since J,(z) < oo if and only if I, . # O [cf. Bgs. (4.51) (4.52)], or equiv-
alently Jr , s(x) < oo for some m and all 6 > 0, it follows that X, is also
the effective domain of JAW;,

)/fp:{:CEX|Hp7m7é0}:{x€X|jp)5(:v)<oo}, Vo > 0.

Note that )?p may depend on p and may be a strict subset of the effective
domain of J*, which is denoted by

X' ={zeX|J(z) <oo};

(cf. Section 3.5.5). The reason is that there may exist a policy 7 such that
Jr(2) < 0o, even when there is no p-stable policy from z (for example, no
terminating policy from z).

Our first objective is to show that as § | 0, the p-d-perturbed optimal
cost function JAW; converges to the restricted optimal cost function J,.

Proposition 4.5.1 (Approximation Property of JAp,(;): Let p be
a given forcing function and § > 0.

(a) We have
I p,6(€) = Jn(Z) + Wr ps(T), VeeX, melly,, (4.57)

where wy , s is a function such that limsjo wr ps(x) = 0 for all
z € X.

(b) We have X R
léif([)l Ips(x) = Jp(x), VaoelX.
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Proof: (a) Follows by using Eq. (4.53) for # € X,,, and by taking wps(x) =
0for z ¢ X,.

(b) By Prop. 4.4.4(e), there exists an e-optimal policy m for the p-d-
perturbed problem, i.e., Jr, ,s(z) < Jps(x) + € for all € X. Moreover,
for z € X, we have Jps(x) < 00, 50 Jr. ps(x) < co. Hence 7, is p-stable

from all x € X,,, and we have jp < Jr.. Using also Eq. (4.57), we have for
alld >0,e>0,z€ X, and 7w €1l ,

jp(x) —€ < Jre () —€ < Jreps(a) —€ < jpyé(x) < Jrp,s(®) = I (2) +wr p,s (),

where lims o wr ps(z) = 0 for all € X. By taking the limit as € | 0, we
obtain for all § > 0 and 7 € 11, .,

jp(:v) < jp75(x) < Jn(2) + Wrps(x), VzelX.

By taking the limit as § | 0 and then the infimum over all 7 € II, ., we
have

Jy(x) < lirg Jps(x) < inf Je(x) = Jp(x), VaoelX,

from which the result follows. Q.E.D.

We now consider e-optimal policies, setting the stage for our main
proof argument. We know that given any e > 0, by Prop. 4.4.4(e), there
exists an e-optimal policy for the p-d-perturbed problem, i.e., a policy 7
such that Jr(z) < Jrps(x) < J,5(x) + ¢ for all z € X. We address the
question whether there exists a p-stable policy 7 that is e-optimal for the
restricted optimization over p-stable policies, i.e., a policy w that is p-stable
simultaneously from all x € X, (i.e., 7 € II,,) and satisfies

Je(x) < Jp(x) + ¢, VoelX.

We refer to such a policy as a p-e-optimal policy.

Proposition 4.5.2 (Existence of p-e-Optimal Policy): Let p be
a given forcing function and 6 > 0. For every ¢ > 0, a policy 7 that
is e-optimal for the p-d-perturbed problem is p-e-optimal, and hence
belongs to II,.

Proof: For any e-optimal policy 7, for the p-d-perturbed problem, we have

Trepo(x) < Jps(@) + € < o0, Ve X,
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This implies that . € II,. Moreover, for all sequences {z)} generated from
initial state-policy pairs (m,zo) with zo € X, and 7 € II,, 5, we have

Tre(w0) < Jr, ps(w0) < Jps(r0) + € < Jn(20) + 8 Y pla) + .
k=0

Taking the limit as § | 0 and using the fact >°.° , p(zr) < oo (since m €
I, »,), we obtain

Jr(x0) < Jo(zo) +€6, Vo€ Xp, ™€ Mya.
By taking infimum over 7 € I, 5, it follows that
Ire (CL‘Q) < jp(xo) + e, YV xo € Xp,

which in view of the fact Jy (x0) = Jp(z0) = oo for xo ¢ )A(p, implies that
Te is p-e-optimal. Q.E.D.

Note that the preceding proposition implies that

Jp(z) = inf Jx(x), VoelX, (4.58)

mellp

which is a stronger statement than the definition jp(x) = infrem, , Jx(z)
for all x € X. However, it can be shown through examples that there
may not exist a restricted-optimal p-stable policy, i.e., a 7w € I, such that
Jr = jp, even if there exists an optimal policy for the original problem. One
such example is the one-dimensional linear-quadratic problem of Section
3.1.4 for the case where p = p*. Then, there exists a unique linear stable
policy that attains the restricted optimal cost J *(z) for all x, but this
policy is not terminating. Note also that there may not exist a stationary p-
e-optimal policy, since generally in undiscounted nonnegative cost optimal
control problems there may not exist a stationary e-optimal policy (an
example is given following Prop. 4.4.8).

We now take the first steps for bringing regularity ideas into the
analysis. We introduce the set of functions .S}, given by

Sp = {J € J | J(xxr) — 0 for all sequences {z;} generated from initial

state-policy pairs (7, zo) with o € X and 7 € HP@O}'
(4.59)
In words, S, consists of the functions in J whose value is asymptotically
driven to 0 by all the policies that are p-stable starting from some zp € X.
Similar to the analysis of Section 4.4.2, we can prove that the collection
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Cp = {(m,2z0) | m €y a, } is Sp-regular. Moreover, S, is the largest set S
for which Cp, is S-regular.

Note that S, contains .J, and .J, 5 for all § > 0 [cf. Eq. (4.54), (4.55)].
Moreover, S, contains all functions J such that

0<J<chs

for some ¢ > 0 and 6 > 0.

We summarize the preceding discussion in the following proposition,
which also shows that J, 5 is the unique solution (within Sp) of Bellman’s
equation for the p-§-perturbed problem. This will be needed to prove that
jp solves the Bellman equation of the unperturbed problem, but also shows
that the p-§-perturbed problem can be solved more reliably than the orig-
inal problem (including by VI methods), and yields a close approximation
to J, [cf. Prop. 4.5.1(b)].

Proposition 4.5.3: Let p be a forcing function and § > 0. The
function J, s belongs to the set Sy, and is the unique solution within
Sp of Bellman’s equation for the p-d-perturbed problem,

jpﬁ(!’t) = uelgfm) {g(:zc, u) + dp(x) + JAW; (f(ac, u)) }, x € X. (4.60)

Moreover, S, contains J, and all functions J satisfying
0<J<echys

for some scalar ¢ > 0.

Proof: We have J, 5 € S, and Jp € 8, by Eq. (4.54), as noted earlier.
We also have that jp)(; is a solution of Bellman’s equation (4.60) by Prop.

4.4.4(a). To show that .J, 5 is the unique solution within Sy, let J € S, be
another solution, so that using also Prop. 4.4.4(a), we have

Jps(x) < J(x) < glz,u) + op(x) + j(f(a:,u)), VaeeX, ueU(zx).
(4.61)
Fix € > 0, and let 7 = {po,p1,...} be an e-optimal policy for the p-
d-perturbed problem. By repeatedly applying the preceding relation, we
have for any z¢ € X,

k-1 k-1
Jp.s(w0) < J(zo) < J(21)+0 Z p(:cm)—i—z 9(Tm, m(Tm)), VEk>1,
m=0

= m=0
(4.62)
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where {ka} is the state sequence generated starting from o and using 7.
We have J(zx) — 0 (since J € Sp and 7 € I, by Prop. 4.5.2), so that

k—1 k—1
m=0 m=0

< jp)g(xo) +e.
(4.63)
By combining Eqgs. (4.62) and (4.63), we obtain

jp,g(aro) < j(:z:o) < jpﬂg(xo) + ¢, YV 2o € )?p.

By letting € — 0, it follows that Jp.s(x0) = j(xo) for all zg € )A( Also for
xo ¢ Xp, we have J, 5(z0) = J(x0) = oo [smce Jp.5(x0) = oo for o ¢ X
and J, s < J, cf. Eq. (4.61)]. Thus J, ; = J, proving that J,, 5 is the unique
solution of the Bellman Eq. (4.60) within S,. Q.E.D.

We next show our main result in this section, namely that jp is the
unique solution of Bellman’s equation within the set of functions

W,=1{JeS,|J,<J} (4.64)

Moreover, we show that the VI algorithm yields jp in the limit for any initial
Jo € W,. This result is intimately connected with the regularity ideas of
Section 4.4. The idea is that the collection C, = {(m,z0) | 7 € 4, } is

Sp-regular, as noted earlier. In view of this and the fact that Jc = Jp,
the result will follow from Prop. 4.4.2 once .J, is shown to be a solution of

Bellman’s equation. This latter property is shown essentially by taking the
limit as § | 0 in Eq. (4.60).

Proposition 4.5.4: Let p be a given forcing function. Then:
(a) J, is the unique solution of Bellman’s equation

J(@) = ueu(}f(’w) {g(x,u) + J(f(a:,u))}, reX, (4.65)

within the set W, of Eq. (4.64).

(b) (VI Convergence) If {Ji} is the sequence generated by the VI
algorithm (4.47) starting with some Jo € W, then Ji, — Jp.

(¢) (Optimality Condition) If [i is a p-stable stationary policy and

a(z) € arég(}?i? {g(z,u) + jp(f(x,u)) }, VazeX, (4.66)
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then i is optimal over the set of p-stable policies. Conversely, if
[ is optimal within the set of p-stable policies, then it satisfies
the preceding condition (4.66).

Proof: (a), (b) We first show that .J, is a solution of Bellman’s equation.
Since Jp, s is a solution of Bellman’s equation for the p-d-perturbed problem
(cf. Prop. 4.5.3) and J, 5 > J, [cf. Prop. 4.5.1(b)], we have for all § > 0,

Joa(e) = it Lo, u)+ 6p(e) + o (7)) |

> o, {oe+ tte )}

> inf {g(x,u) + Jp(f(x,u))}.

ueU(x)

By taking the limit as ¢ | 0 and using the fact lims o JAW; = Jp [cf. Prop.
4.5.1(b)], we obtain

Jp(x) > inf {g(x,u) + jp(f(x,u))}, VaoelX. (4.67)

ueU(x)

For the reverse inequality, let {d,, } be a sequence with &, | 0. From
Prop. 4.5.3, we have for all m, x € X, and u € U(x),

9(@,u) + 6up(@) + Jys,, (F,w) = inf {g(@,0) + bup()

veU(x)
+ jp,zsm (f(il?, v))}

= Jp,om (T)-

Taking the limit as m — oo, and using the fact lims,, 1o Jps,, = Jp [cf.
Prop. 4.5.1(b)], we have

g(z,u) + Jp(f(z,u)) > J,(x), VeeX, ueU(zx),

so that

uelrl}{m) {g(:t, u) + Jp(f(z, u))} > Jp(z), VaoelX. (4.68)

By combining Egs. (4.67) and (4.68), we see that .J, is a solution of Bell-
man’s equation. We also have J, € S, by Prop. 4.5.3, implying that
Jp € W, and proving part (a) except for the uniqueness assertion. Part
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(b) and the uniqueness part of part (a) follow from Prop. 4.4.2; see the
discussion preceding the proposition.

(c) If p is p-stable and Eq. (4.66) holds, then
Jp(x) = g(z,n(2)) + Jp(f(,u(x)),  zeX.

By Prop. 4.4.4(b), this implies that J,, < Jy, s0 pu is optimal over the set of

p-stable policies. Conversely, assume that 1 is p-stable and J,, = jp. Then
by Prop. 4.4.4(b), we have

Jp(2) = g(z,u(2)) + Jp(f(@,u(x)),  zeX,

and since [by part (a)] J, is a solution of Bellman’s equation,

jp(x):uei[r}fz) {g(a:,u)—l—jp(f(:z:,u))}, r e X.

Combining the last two relations, we obtain Eq. (4.66). Q.E.D.

As a supplement to the preceding proposition, we note the special-
ization of Prop. 4.4.5 that relates to the optimal cost function J*.

Proposition 4.5.5: Let S* be the set
S* = {J € J | J(xx) — 0 for all sequences {z;} generated from
initial state-policy pairs (m, z¢) with Jx(zo) < oo},
and W* be the set
Wwr={Jes|J <J}

Then J* belongs to S* and is the unique solution of Bellman’s equation
within S*. Moreover, we have T*J — J* for all J € W*.

Proof: Follows from Prop. 4.4.5 in the deterministic special case where
wy, takes a single value. Q.E.D.

We now consider the special case where p is equal to the function
pt(x) =1 for all x # ¢t [cf. Eq. (4.56)]. Then the set of pt-stable policies
from x is IIJ, the set of terminating policies from z, and the corresponding
restricted optimal cost is J+(z):

Jt(z) = jp+ (x) = Trier%f+ Jr(x) = wielg+ JIr (), zeX,
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[the last equality follows from Eq. (4.58)]. In this case, the set S+ of Eq.
(4.59) is the entire set 7,
Spr =T,

since for all J € J and all sequences {z} generated from initial state-policy
pairs (m,x0) with zo € X and 7 terminating from zo, we have J(x) = 0
for k sufficiently large. Thus, the corresponding set of Eq. (4.64) is

WH={JeJ|J+<J}

By specializing to the case p = pt the result of Prop. 4.5.4, we obtain the
following proposition, which makes a stronger assertion than Prop. 4.5.4(a),
namely that J+ is the largest solution of Bellman’s equation within J
(rather than the smallest solution within W+).

Proposition 4.5.6:

(a) Jt is the largest solution of the Bellman equation (4.65) within
J, ie., J* is a solution and if J” € J is another solution, then
J < Jt.

(b) (VI Convergence) If {Ji} is the sequence generated by the VI
algorithm (4.47) starting with some Jo € J with Jo > J+, then
Jp = Jt.

(c) (Optimality Condition) If ut is a terminating stationary policy
and

pt(x) € argmin {g(x,u) + J*(f(z,u))}, VzeX, (4.69)
ueU(x)

then pt is optimal over the set of terminating policies. Con-
versely, if put is optimal within the set of terminating policies,
then it satisfies the preceding condition (4.69).

Proof: In view of Prop. 4.5.4, we only need to show that J+ is the largest
solution of the Bellman equation. From Prop. 4.5.4(a), J+ is a solution
that belongs to J. If J’ € J is another solution, we have J’ < J for some
Je W+, soJ =TkJ < TkJ for all k. Since TkJ — J+, it follows that
J' < J+. Q.E.D.

We illustrate Props. 4.5.4 and 4.5.6 in Fig. 4.5.2. In particular, each
forcing function p delineates the set of initial functions W, from which VI
converges to jp. The function jp is the minimal element of W,. Moreover,
we have W, "W,y = 0 if jp #* jp/, in view of the VI convergence result
of Prop. 4.5.4(Db).
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W,: Functions J > jp with
J(x) — 0 for all p-stable 7 Wt ={J|J>J+, J(t) =0}

w+

VI converges to J+

VI converges to J,
from within W+

from within W,

Set of solutions of
Bellman’s equation

Figure 4.5.2 Schematic two-dimensional illustration of the results of Prop. 4.5.4
and 4.5.6. The functions J*, j+, and jp are all solutions of Bellman’s equation.
Moreover J* and J1 are the smallest and largest solutions, respectively. Each p
defines the set of initial functions W), from which VI converges to J, from above.
For two forcing functions p and p’, we have W), Wy = a if jp #* jp/. Moreover,

W, contains no solutions of Bellman’s equation other than .Jp. Tt is also possible
that W), consists of just Jp.

_ Note a significant fact: Proposition 4.5.6(b) implies that VI converges
to J+ starting from the readily available initial condition

0 ifz=t,
Jo(x)_{oo ifx #t.

For this choice of Jy, the value Ji(z) generated by VI is the optimal cost
that can be achieved starting from x subject to the constraint that ¢ is
reached in k steps or less. As we have noted earlier, in shortest-path type
problems VI tends to converge faster when started from above.

Consider now the favorable case where terminating policies are suf-
ficient, in the sense that J+ = J*; cf. Fig. 4.5.3. Then, from Prop. 4.5.6,
it follows that J* is the unique solution of Bellman’s equation within 7,
and the VI algorithm converges to J* from above, i.e., starting from any
Jo € J with Jy > J*. Under additional conditions, such as finiteness of
U(z) for all z € X [cf. Prop. 4.4.4(d)], VI converges to J* starting from any
Jo € ET(X) with Jo(t) = 0. These results are consistent with our analysis
of Section 3.5.5.

Examples of problems where terminating policies are sufficient in-
clude linear-quadratic problems under the classical conditions of controlla-
bility and observability, and finite-node deterministic shortest path prob-
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Paths of VI

AN

—_ Unique solution of
Bellman’s equation

Paths of VI—
0| Under Compactness

7

\/

Figure 4.5.3 Schematic two-dimensional illustration of the favorable case where
Jt = J*. Then J* is the unique solution of Bellman’s equation within 7, and
the VI algorithm converges to J* from above [and also starting from any Jo > 0
under a suitable compactness condition; cf. Prop. 4.4.4(d)].

lems with all cycles having positive length. Note that in the former case,
despite the fact J+ = J*, there is no optimal terminating policy, since the
only optimal policy is a linear policy that drives the system to the origin
asymptotically, but not in finite time.

Let us illustrate the results of this section with two examples.

Example 4.5.1 (Minimum Energy Stable Control of
Linear Systems)

Consider the linear-quadratic problem of Section 3.5.4. We assume that there
exists at least one linear stable policy, so that J* is real-valued. However,
we are making no assumptions on the state weighting matrix ) other than
positive semidefiniteness. This includes the case @ = 0, when J*(z) = 0. In
this case an optimal policy is p*(x) = 0, which may not be stable, yet the
problem of finding a stable policy that minimizes the “control energy” (a cost
that is positive definite quadratic on the control with no penalty on the state)
among all stable policies is meaningful.

We consider the forcing function

p(@) = ||z,

so the p-d-perturbed problem includes a positive definite state penalty and
from the classical linear-quadratic results, J p,5 is a positive definite quadratic
function 2’ Psx, where Pjs is the unique solution of the d-perturbed Riccati
equation

P;=A'(Ps — PsB(B'PsB+ R) 'B'Ps) A+ Q + 41, (4.70)
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within the class of positive semidefinite matrices. By Prop. 4.5.1, we have
Jp(z) = 2’ Pz, where P = lims o Ps is positive semidefinite, and solves the
(unperturbed) Riccati equation

P=A'(P-PB(BPB+R)'BP)A+Q.

Moreover, by Prop. 4.5.4(a), P is the largest solution among positive semidef-
inite matrices, since all positive semidefinite quadratic functions belong to the
set Sp of Eq. (4.59). By Prop. 4.5.4(c), any stable stationary policy ji that is
optimal among the set of stable policies must satisfy the optimality condition

f(z) € argmin {u/Ru + (Az + Bu) P(Az + Bu)}, VzeR",

ueRM

[cf. Eq. (4.66)], or equivalently, by setting the gradient of the minimized
expression to 0, . A
(R + B'PB)ji(z) = —B'PAx. (4.71)

We may solve Eq. (4.71), and check if any of its solutions /i is p-stable; if this
is so, 1 is optimal within the class of p-stable policies. Note, however, that in
the absence of additional conditions, it is possible that some policies fi that
solve Eq. (4.71) are p-unstable.

In the case where there is no linear stable policy, the p-6-perturbed cost
function jp’g need not be real-valued, and the §-perturbed Riccati equation
(4.70) may not have any solution (consider for example the case where n =1,
m=1, A=2 B=0,and @ = R =1). Then, Prop. 4.5.6 still applies, but
the preceding analytical approach needs to be modified.

As noted earlier, the Bellman equation may have multiple solutions
corresponding to different forcing functions p, with each solution being
unique within the corresponding set W, of Eq. (4.64), consistently with
Prop. 4.5.4(a). The following is an illustrative example.

Example 4.5.2 (An Optimal Stopping Problem)

Consider an optimal stopping problem where the state space X is R". We
identify the destination with the origin of R", i.e., t = 0. At each = # 0, we
may either stop (move to the origin) at a cost ¢ > 0, or move to state yx
at cost ||z||, where v is a scalar with 0 < v < 1; see Fig. 4.5.4.f Thus the
Bellman equation has the form

J(z) = {min {e, o]l + J(vz)} ifz#0,
0 if x =0.

1 In this example, the salient feature of the policy that never stops at an
x # 0 is that it drives the system asymptotically to the destination according to
an equation of the form zp41 = f(xr), where f is a contraction mapping. The
example admits generalization to the broader class of optimal stopping problems
that have this property. For simplicity in illustrating our main point, we consider
here the special case where f(z) =y with v € (0, 1).
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Figure 4.5.4 Illustration of the stopping problem of Example 4.5.2. The
optimal policy is to stop outside the sphere of radius (1 —~)c and to continue
otherwise. Each cone C of the state space defines a different solution J, of
Bellman’s equation, with jp (z) = c for all nonzero x € C, and a corresponding
region of convergence of the VI algorithm.

Let us consider first the forcing function

p(z) = |lz|.
Then it can be verified that all policies are p-stable. We have

J*(ac):Jp(gr:):min{c7 ﬁkﬂ}7 VazeR",

and the optimal cost function of the corresponding p-é-perturbed problem is

. 146 .
Jys(2) —min{c+5||x||, %m}, VaeR

Here the set S, of Eq. (4.59) is given by
S, = {J e 7| lim J() :0}7
z—0
and the corresponding set W, of Eq. (4.64) is given by
w,,:{Jeju* <J 11th(:¢)=0}.
z—

Let us consider next the forcing function

+ _J1 ifzx#0,
p (x)*{o itz = 0.
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Figure 4.5.5 Illustration of three solutions of Bellman’s equation in the one-
dimensional case (n = 1) of the stopping problem of Example 4.5.2. The solution
in the middle is specified by a scalar g > 0, and has the form

R 0 ifz =0,
J(w)Z{ﬁx if 0 <z < (1—7)cand z=~Fzq for some k > 0,
c otherwise.

Then the pT-stable policies are the terminating policies. Since stopping at
some time and incurring the cost c is a requirement for a pT-stable policy, it
follows that the optimal p*-stable policy is to stop as soon as possible, i.e.,
stop at every state. The corresponding restricted optimal cost function is

. if 2 £ 0,
r@={5 i le

The optimal cost function of the corresponding p™-d-perturbed problem is

5 c+6 ifz#0,
Tpt 5 (@) = {0 if # =0,

since in the pT-6-perturbed problem it is again optimal to stop as soon as
possible, at cost ¢+ 4. Here the set S+ is equal to J, and the corresponding
set WT is equal to {J eJ| Jt< J}.

However, there are infinitely many additional solutions of Bellman’s
equation between the largest and smallest solutions J* and J*. For example,
when n > 1, functions J € J such that J(z) = J*(z) for = in some cone
and J(z) = JT(x) for x in the complementary cone are solutions; see Fig.
4.5.4. There is also a corresponding infinite number of regions of convergence
W, of VI [cf. Eq. (4.64)]. Also VI converges to J* starting from any Jo with
0 < Jo < J* [cf. Prop. 4.4.4(d)]. Figure 4.5.5 illustrates additional solutions
of Bellman’s equation of a different character.

4.5.3 Policy Iteration Methods

Generally, the standard PT algorithm [cf. Egs. (4.48), (4.49)] produces un-
clear results under our assumptions. The following example provides an
instance where the PI algorithm may converge to either an optimal or a
strictly suboptimal policy.
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Example 4.5.3 (Counterexample for PI)

Consider the case X = {0,1}, U(0) = U(1) = {0,1}, and the destination is
t = 0. Let also

f(xu):{o ifu=0, g(:cu):{l ifu=0, =1,
’ z ifu=1, ’ 0 ifu=1lorz=0.

This is a one-state-plus-destination shortest path problem where the control
u = 0 moves the state from z = 1 to x = 0 (the destination) at cost 1,
while the control u = 1 keeps the state unchanged at cost 0 (cf. the problem
of Section 3.1.1). The policy p* that keeps the state unchanged is the only
optimal policy, with J,«(z) = J*(z) = 0 for both states . However, under
any forcing function p with p(1) > 0, the policy /i, which moves from state 1
to 0, is the only p-stable policy, and we have .J; (1) = J,(1) = 1. The standard
PI algorithm (4.48), (4.49) when started with p*, it will repeat p*. If this
algorithm is started with /i, it may generate p* or it may repeat /i, depending
on how the policy improvement iteration is implemented. The reason is that
for both « we have

i(x) € arg min T,u J T,u }7
jilw) € arg_min {g@.u) + Jp(f(a.u)
as can be verified with a straightforward calculation. Thus a rule for breaking
a tie in the policy improvement operation is needed, but such a rule may not
be obvious in general.

For another illustration, consider the stopping problem of Example
4.5.2. There if PI is started with the policy that stops at every state, it
repeats that policy, and this policy is not optimal even within the class of
stable policies with respect to the forcing function p(x) = ||z||.

Motivated by the preceding examples, we consider several types of
PI methods that bypass the difficulty above either through assumptions
or through modifications. We first consider a favorable case where the
standard PI algorithm is reliable. This is the case where the terminating
policies are sufficient, in the sense that J* = j+, as in Section 3.5.5.

Policy Iteration for the Case J* = J+

The standard PI algorithm starts with a stationary policy u0, and generates
a sequence of stationary policies {%} via a sequence of policy evaluations
to obtain Ik from the equation

J#k(x) :g(:c,,uk(a:)) + J e (f(a:,,uk(:c))), z e X, (4.72)

interleaved with policy improvements to obtain p*+1 from J k& according
to

pk+1(z) € argmin {g(z,u) + J (f(z,u))}, z e X. (4.73)
ueU(x)
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We implicitly assume here that Eq. (4.72) can be solved for J,k, and that
the minimum in Eq. (4.73) is attained for each x € X, which is true under
some compactness condition on either U(z) or the level sets of the function
g(z,-) + Jk(f(z,-)), or both.

Proposition 4.5.7: (Convergence of PI) Assume that J* = J+.
Then the sequence {J,« } generated by the PI algorithm (4.72), (4.73),
satisfies J i (x) | J*(x) for all z € X.

Proof: For a stationary policy u, let p satisfy the policy improvement
equation

ﬂ(x)6argrr(li;n{g(x,u)—i—JH(f(x,u))}, z e X.
uelU(x

We have shown that

@)z it o) + L (f@)) 2 ). weXs (A7)

cf. Eq. (4.29). Using p* and p*+1 in place of u and fi, we see that the
sequence {.J #k} generated by PI converges monotonically to some function
Joo € ET(X), ie., J k| Joo. Moreover, from Eq. (4.74) we have

Joo(x)zueigfz) {g(z,u) + Joo (f(z,w)) }, z € X,

as well as
g(z,u) + Ju, (f(@,u) > Joo(2), rze X, ueU(x).

We now take the limit in the second relation as k — oo, then take the
infimum over u € U(z), and then combine with the first relation, to obtain

Joo () Zueirl}gm) {g(z,v) + Joo (f(z,w) } = Joo (), zeX.

Thus Jo is a solution of Bellman’s equation, satisfying Joo > J* (since
Ju > J* for all k) and Joo € J (since J,x € J), so by Prop. 4.5.6(a), it
must satisfy Jo = J*. Q.E.D.

A Perturbed Version of Policy Iteration for the Case J* # J+

We now consider PI algorithms without the condition J* = J+. We pro-
vide a version of the PI algorithm, which uses a given forcing function p
that is fixed, and generates a sequence {u¥} of p-stable policies such that
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Ik — jp. Related algorithms were given in Sections 3.4 and 3.5.1. The
following assumption requires that the algorithm generates p-stable policies
exclusively, which can be quite restrictive. For instance it is not satisfied
for the problem of Example 4.5.3.

Assumption 4.5.1: For each > 0 there exists at least one p-stable
stationary policy p such that J, ;s € Sp. Moreover, given a p-stable
stationary policy p and a scalar § > 0, every stationary policy & such
that

@) € arg min {g(e,u) + Jups(Fw) f,  VoeX,

is p-stable, and at least one such policy exists.

The perturbed version of the PI algorithm is defined as follows. Let
{8} be a positive sequence with d; | 0, and let u0 be a p-stable policy
that satisfies J,0 , 5, € Sp. One possibility is that p0 is an optimal policy
for the do-perturbed problem (cf. the discussion preceding Prop. 4.5.3). At
iteration k, we have a p-stable policy pu*, and we generate a p-stable policy
k1 according to

1 (z) € argmin {g(z,u) + e, 5, (F(z, )}, reX.  (4.75)

u€eU(x)

Note that by Assumption 4.5.1 the algorithm is well-defined, and is guar-
anteed to generate a sequence of p-stable stationary policies. We have the
following proposition.

Proposition 4.5.8: Let Assumption 4.5.1 hold. Then for a sequence
of p-stable policies {u*} generated by the perturbed PI algorithm
(4.75), we have J . , 5 | Jp and J x — Jp.

Proof: Since the forcing function p is kept fixed, to simplify notation, we
abbreviate J, p s with J, s for all policies p and scalars § > 0. Also, we
will use the mappings T}, : E+(X) — EF(X) and T, 5 : EH(X) — EF(X)
given by

(1,)) (@) = 9o (@) + T (F@,p(@), =€ X,

(Tpsd) () = g(z, u(x)) + 6p(z) + J(f (2, u(z))), reX.
Moreover, we will use the mapping 7": E1(X) — £+(X) given by

(TJ)(x):ueiI[}f(’m) {9(z,u) + J(f(z,u))}, z e X.
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The algorithm definition (4.75) implies that for all integer m > 1 we
have for all ¢ € X,

Juk s, (20) = (T 4k 5, ) (x0) + 0rp(z0)

(

= (1 5,k 5, ) (€0)
(T +15 J, k[;k)(xO)
> (T7

LS )(‘TO)

where J is the identically zero function [J(x) = 0]. From this relation we
obtain

Ik s, (zo) > lim (T$+116kj)(xo)

m—1
= Jim { > (9(e, prti(we)) + 5kp(f€e))}
=0

> J#k+1,5k+1($0),
as well as
Sk s (X0) Z (T 5, )(20) + Okp(20) = Jypta 5, (20)-

It follows that {J Lk, 5k} is monotonically nonincreasing, so that J,x 5 | Joo
for some J, and
klggo Tyks5, = Joo- (4.76)

We also have, using the fact Joo < Sk 5,5

inf {gw u) + Joo(f(z,u))} < lim inf {gw u +Juk75k(f(x,u))}

weU(z k—ooueU(x

< inf hm {9(x,u) + T 5, (F(x,u)) }

welU(z) k—o0

inf {g(:c,u)Jr lim k5, (f(%U))}

ueU(x)

uelr[}{m) {g(z,v) + Joo (f(z,w)) }.

Thus equality holds throughout above, so that

kli}rrgo Tk, =TI
Combining this with Eq. (4.76), we obtain Jx = TJx, ie., Joo solves
Bellman’s equation. We also note that Joo < J,0 5, and that J,0 5, € Sp by
assumption, so that Jo, € Sp. By Prop. 4.5.4(a), it follows that Jo, = Jj.
Q.E.D.
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Note that despite the fact J r — J,, the generated sequence {u+}
may exhibit some serious pathologies in the limit. In particular, if U is a
metric space and {u* }x is a subsequence of policies that converges to some
i, in the sense that

li k(z) = p(x), VrzelX,
ot () = i) x

it does not follow that f is p-stable. In fact it is possible to construct
examples where the generated sequence of p-stable policies {p*} satisfies
limpyoo Sy = Jp = J*, yet {u¥} may converge to a p-unstable policy

whose cost function is strictly larger than jp.
An Optimistic Policy Iteration Method

Let us consider an optimistic variant of PI, where policies are evaluated
inexactly, with a finite number of VIs. We use a fixed forcing function p.
The algorithm aims to compute jp, the restricted optimal cost function
over the p-stable policies, and generates a sequence {Ji, u*} according to

Tudi=TJyy e =T k=0,1,..., (4.77)

where my, is a positive integer for each k. We assume that a policy u*
satisfying T x J, = T'J), can be found for all k, but it need not be p-stable.
However, the algorithm requires that

Jo € Wy, Jo > TJo. (4.78)

This may be a restrictive assumption. We have the following proposition.

Proposition 4.5.9: (Convergence of Optimistic PI) Assume
that there exists at least one p-stable policy m € II,, and that Jy
satisfies Eq. (4.78). Then a sequence {J;} generated by the optimistic
PI algorithm (4.77) belongs to W, and satisfies J; | .Jp.

Proof: Since Jo > J, and J, = T.J, [cf. Prop. 4.5.6(a)], all operations
on any of the functions J; with T)x or 7' maintain the inequality Jj, > jp
for all k, so that J, € W, for all k. Also the conditions Jy > T'Jy and
Tuk Jr = TJy, imply that

Jo= N 2T o =Tl 2Th =T 22 Ja,

and continuing similarly,

Jy > T, > Jk+1, k=0,1,.... (4.79)



4.6

Sec. 4.6 Infinite-Spaces Stochastic Shortest Path Problems 307

Thus Ji | Joo for some Jo, which must satisfy Joo > jp, and hence belong
to Wp. By taking limit as k& — oo in Eq. (4.79) and using an argument
similar to the one in the proof of Prop. 4.5.8, it follows that Joo = TJ.
By Prop. 4.5.6(a), this implies that Joo < jp. Together with the inequality
Joo > jp shown earlier, this proves that Jo = jp. Q.E.D.

As an example, for the shortest path problem of Example 4.5.3, the
reader may verify that in the case where p(x) = 1 for = 1, the optimistic
PTI algorithm converges in a single iteration to

5 1 ifzx=1,
JP(I)_{O ifz=0

provided that Jo € W, = {J | J(1) > 1, J(0) = 0}. For other starting
functions Jy, the algorithm converges in a single iteration to the function

Joo(1) = min {1, Jo(1)}, J(0) = 0.

All functigns Joo of the form above are solutions of Bellman’s equation,
but only J, is restricted optimal.

INFINITE-SPACES STOCHASTIC SHORTEST PATH
PROBLEMS

In this section we consider a stochastic discrete-time infinite horizon opti-
mal control problem involving the system

Tk41 :f(xkvukvwk); k:O,l,..., (480)

where xj, and uy, are the state and control at stage k, which belong to sets X
and U, wy is a random disturbance that takes values in a countable set W
with given probability distribution P(wy | g, ur), and f: X xUXxW +— X
is a given function (cf. Example 1.2.1 in Chapter 1). The state and control
spaces X and U are arbitrary, but we assume that W is countable to bypass
complex measurability issues in the choice of control (see [BeS78]).

The control v must be chosen from a constraint set U(z) C U that
may depend on z. The expected cost per stage, E{g(:z:, U, w)}, is assumed
nonnegative:

0 < E{g(z,u,w)} < oo, VeeX, uelU(z), weW.

We assume that X contains a special cost-free and absorbing state ¢, re-
ferred to as the destination:

ft,u,w) =t g(t,u,w) =0, VueU(t), weW.
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This is a special case of an SSP problem, where the cost per stage
is nonnegative, but the state and control spaces are arbitrary. It is also a
special case of the nonnegative cost stochastic optimal control problem of
Section 4.4.2. We adopt the notation and terminology of that section, but
we review it here briefly for convenience.

Given an initial state xo, a policy ® = {po, 1,...} when applied
to the system (4.80), generates a random sequence of state-control pairs
(xk, uk(xk)), k=0,1,..., with cost

Jr(z0) = EF, {Zg(xk,uk(il?k),wk)} ;

k=0

where EZ, {-} denotes expectation with respect to the probability measure
corresponding to initial state x¢ and policy 7. For a stationary policy pu, the
corresponding cost function is denoted by .J,,. The optimal cost function is

J(z) = ;relfn Ir (), reX,

and its effective domain is denoted X*, i.e.,
X+ ={zeX|J(z) <o}

A policy 7* is said to be optimal if Jr«(z) = J*(z) for all z € X.
We denote by £+(X) the set of functions J : X — [0,00]. In our
analysis, we will use the set of functions

J={Je&r(X)|J(t)=0}.

Since t is cost-free and absorbing, this set contains the cost functions J, of
all m € II, as well as J~.

Here the results of Section 4.3 under Assumption I apply, and the
optimal cost function J* is a solution of the Bellman equation

J(a:):uei[r}fz)E{g(a:,u,w)+J(f(a:,u,w))}, r € X,

where the expected value is with respect to the distribution P(w | z,u).

Moreover, an optimal stationary policy (if it exists) may be obtained through
the minimization in the right side of this equation (with .J replaced by J*,

cf. Prop. 4.4.4). The VI algorithm starts from some function Jy € J, and

generates a sequence {Jy} C J according to

Jit1(z) = ueigfw)E{g(:zr,u,w) —i—Jk(f(a:,u,w))}, zeX, k=0,1,....
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Proper Policies and the J-Perturbed Problem

We will now introduce a notion of proper policy with a definition that
extends the one used for finite-state SSP in Section 3.5.1. For a given state
x € X, a policy = is said to be proper at x if
[o ]
Jr(x) < 00, Zrk(ﬂ',:c) < 00, (4.81)
k=0
where ri (7, z) is the probability that xp # ¢ when using 7 and starting
from xg = z. We denote by IL, the set of all policies that are proper at x,

and we denote by J the corresponding restricted optimal cost function,
J(z) = inf Ja(z), z€X,
welly
(with the convention that the infimum over the empty set is co). Finally
we denote by X the effective domain of J , l.e.,

X={reX|J(x) <o} (4.82)

Note that X is the set of & such that ﬁm is nonempty and that ¢t € X.

For any § > 0, let us consider the d-perturbed optimal control problem.
This is the same problem as the original, except that the cost per stage is
changed to

g(z,u,w) + 0, Vo #£t,

while g(x, u,w) is left unchanged at 0 when x = ¢. Thus ¢ is still cost-free
as well as absorbing in the d-perturbed problem. The J-perturbed cost
function of a policy 7 starting from x is denoted by Jr s(z) and involves
an additional expected cost dr(m,x) for each stage k, so that

Jrs(x) = Je(x) + 52 ri(m, x).
k=0

Clearly, the sum > -, (m, x) is the expected number of steps to reach
the destination starting from x and using 7, if the sum is finite. We denote
by Js the optimal cost function of the d-perturbed problem, i.e., jg(ib) =
infrem Jr,5(z). The following proposition provides some characterizations
of proper policies in relation to the d-perturbed problem.

Proposition 4.6.1:

(a) A policy 7 is proper at a state z € X if and only if Jr 5(z) < co
for all 6 > 0.

(b) We have Js(z) < oo for all § > 0 if and only if z € X.

(¢) For every e > 0 and 6 > 0, a policy 7. that is e-optimal for the
o-perturbed problem is proper at all z € X, and such a policy
exists.
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Proof: (a) Follows from Eq. (4.50) and the definition (4.81) of a proper
policy.

(b) Ifx € X there exists a policy 7 that is proper at x, and by part (a),
Js(x) < Jps(x) < oo for all § > 0. Conversely, if Js(x) < oo, there exists
such that Jr 5(x) < oo, implying [by part (a)] that = € II,, so that z € X.

(c) An e-optimal m exists by Prop. 4.4.4(e). We have J,_s(x) < J5(z) + ¢
for all z € X. Hence J,, s(x) < oo for all z € X, implying by part (a) that
me is proper at all x € X. Q.E.D.

The next proposition shows that the cost function Js of the d-perturbed
problem can be used to approximate J.

Proposition 4.6.2: We have limso Js(z) = J(z) for all z € X.
Moreover, for any ¢ > 0 and § > 0, a policy me that is e-optimal
for the d-perturbed problem is e-optimal within the class of proper
policies, i.e., satisfies

Jr(x) < J(z) + ¢, VaoelX.

Proof: Let us fix § > 0, and for a given € > 0, let 7. be a policy that is
proper at all x € X and is e-optimal for the d-perturbed problem [cf. Prop.
4.6.1(c)]. By using Eq. (4.50), we have for all ¢ > 0, x € X, and 7 € I,

J(@) —e < Jn(x) — € < Jr s(x) —€ < Js(x) < Jps(x) = Jr(x) + wr 5(x),

where

wmg(x):dzrk(ﬂ',:c)<oo, VeeX, nell,.
k=0

By taking the limit as € | 0, we obtain for all § > 0 and 7 € ﬁz,

J(x) < Js(2) < Jx(x) + we s(x), VeeX, mell,.

We have lims o wrs(z) = 0 for all z € X and 7 € ﬁm, so by taking the
limit as § | 0 and then the infimum over all 7 € I,

J(z), VrelX,

J(z) < lim Js(z) < inf Jy(x)
610 weﬁz

from which .J(z) = limgg J5(z) for all z € X. Moreover, by Prop. 4.6.1(b),
Js(x) = J(x) = oo for all ¢ X, so that J(z) = limgo Js(x) for all z € X
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We also have
Ire(x) < Jrs(x) < j5($)+e < Jﬁ(x)—|—52r(ﬂ',x)+e, Ve )?, 7€ I,
k=0

By taking the limit as ¢ | 0, we obtain
Jr (1) < J(2) + €, VeeX, nell,.

By taking the infimum over 7 € Il,, it follows that Jx_(z) < J(z) + € for
all x € X, which combined with the fact Jxr (z) = J(x) = oo for all z ¢ X,
yields the result. Q.E.D.

Main Results

By Prop. 4.4.4(a), Js solves Bellman’s equation for the §-perturbed prob-
lem, while by Prop. 4.6.2, lims o Js(x) = J(x). This suggests that .J solves
the unperturbed Bellman equation, which is the “limit” as 6 | 0 of the
o-perturbed version. Indeed we will show a stronger result, namely that J
is the unique solution of Bellman’s equation within the set of functions

W={JeS|J<J}, (4.83)
where

S::{Je\7|E%{J@%”—+O,V(wam)whhﬂwzﬁ%}. (4.84)

Here EZ,{J(z))} denotes the expected value of the function J along the
sequence {xy} generated starting from xo and using 7. Similar to earlier
proofs in Sections 4.4 and 4.5, we have that the collection

C={(mz)|mel,} (4.85)
is S-regular.

We first show a preliminary result. Given a policy m = {uo, g1, .- .},
we denote by 7 the policy

Tk = {:U‘ka HE+1, - - } (486)

Proposition 4.6.3:
(a) For all pairs (m,z0) € C and k =0,1,..., we have

0 < EZ,{J(zx)} < BEy{Jr,(xx)} < 00,

where 7, is the policy given by Eq. (4.86).

(b) The set w of Eq. (4.83) contains J, as well as all functions J € S
satisfying J < J < ¢J for some ¢ > 1.
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Proof: (a) For any pair (7, x0) € C and § > 0, we have

k—1 k—1
Jrs(x0) = EF, {Jﬂk s(xk) + Z 9(@m, i (Tm), Wi } +9 Z Tm (T, Z0).

=0 =0

Since Jr 5(z0) < oo [cf. Prop. 4.6.1(a)], it follows that EZ,{Jx, s(zx)} <
oo. Hence for all xj that can be reached with positive probability using 7
and starting from xo, we have Jr, s(xr) < oo, implying [by Prop. 4.6.1(a)]

that (7, zx) € C. Hence J(xx) < Jr, (zx) and by applying EF, {-}, the
result follows.

(b) We have for all (7, z9) € C,

Jx(w0) = E5y {9 (w0, po(wo), wo) b + BE { e, (21) }, (4.87)

and form=1,2,...,

EZ, {Jﬁm (xm)} = EZ, {g(ajm, pm (Tm), U’M) } + B3, {Jﬂ"m+1 (Ierl)}a
(4.88)
where {x,,} is the sequence generated starting from z¢ and using 7. By
using repeatedly the expression (4.88) for m = 1,...,k — 1, and combining
it with Eq. (4.87), we obtain for all k =1,2,...,

20) = EZ{Jx), (zi) } + Z EZ, {g(azm,um(xm),wm)}, Y (m,x0) €C.
m=0

The rightmost term above tends to Jx(zo) as k — oo, so by using the fact
Jx(20) < 00, we obtain

EZy{Jn,(zi)} =0, V (m,20) € C.
By part (a), it follows that
E;’O{j(xk)}%o, V (m,x0) €C,
so that J € W. This also implies that
E;TO{J(xk)}—>O, V (m,20) €C,

if J <J< cJ for some c >1. Q.E.D.

We can now prove our main result.
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Proposition 4.6.4: Assume that either W is finite or there exists a
0 > 0 such that

E{g(w,u,w)—l—jg(f(x,u,w))}<oo, VoeX* ueU(z).

(a) J is the unique solution of the Bellman Eq. (4.65) within the set
W of Eq. (4.83).

(b) (VI Convergence) If {J} is the sequence generated by the VI
algorithm (4.47) starting with some Jp € W then Jj, — J.

(¢) (Optimality Condition) If p is a stationary policy that is proper
at all z € X and

u(;v)EargminE{g(x,u,w)—i—j(f(:zc,u,w))}, VoelX,

u€eU (x)
(4.89)
then p is optimal over the set of proper policies, i.e., J, = J.
Conversely, if p is proper at all z € X and dy = J then p
satisfies the preceding condition (4.89).

Proof: (a), (b) By Prop. 4.6.3(b), J € W. We will first show that .J is
a solution of Bellman’s equation. Since Js solves the Bellman equation for
the 8-perturbed problem, and J; > J (cf. Prop. 4.6.2), we have for all § > 0
and x # t,

Js(z) = uei[r}fz)E{g(x,u,w) ++ jg(f(a:,u,w))}

>t Blotosun) <)

> inf E{g(az,u,w) + j(f(a:,u,w))}

ueU(x)

By taking the limit as ¢ | 0 and using Prop. 4.6.2, we obtain

J(z) > ul}f(’)E{ (x,u,w)—l—j(f(x,u,w))}, VaelX. (4.90)
ueclU(x
For the reverse inequality, let {§,,} be a sequence with é,, | 0. We
have for all m, x # t, and u € U(z),

E{g(m,u,w) + Om + j(;m (f(x,u,w))} > 'UEIEEI)E{ (z,v,w) + 6m

+ jgm (f(a:, v, w)) }
= o ().
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We now take limit as m — oo in the preceding relation, and we interchange
limit and expectation (our assumptions allow the use of the monotone
convergence theorem for this purpose; Exercise 4.11 illustrates the need for
these assumptions). Using also the fact lims,, 1o J5,, = J (cf. Prop. 4.6.2),
we have

E{g(x,u,w)—i—J(f(:v,u,w))}Zj(:v), VeeX, uelU(zx),

so that

ueigfm)E{g(a:,u,w)+J(f(3:,u,w))} > J(x), VaoelX. (4.91)

By combining Eqs. (4.90) and (4.91), we see that .J is a solution of Bellman’s
equation.

Part (b) follows by using the S-regularity of the collection (4.85) and
Prop. 4.4.2(b). Finally, since J € W and J is a solution of Bellman’s
equation, part (b) implies the uniqueness assertion of part (a).

(c) If 1 is proper at all € X and Eq. (4.89) holds, then
j(x):E{g(:v,u(:v),w)—|—j(f(x,u(x),w))}, z e X.

By Prop. 4.4.4(b), this implies that J, < J, so p is optimal over the set

of proper policies. Conversely, assume that p is proper at all z € X and
Ju = J. Then by Prop. 4.4.4(b), we have

j(x):E{g(z,u(z),w)—I—j(f(x,,u(x),w))}, z e X,

while [by part (a)] J is a solution of Bellman’s equation,

J(:v):ueigfm)E{g(:C,u,w)—i—J(f(:v,u,w))}, rzeX.

Combining the last two relations, we obtain Eq. (4.89). Q.E.D.

We illustrate Prop. 4.6.4 in Fig. 4.6.1. Let us consider now the favor-
able case where the set of proper policies is sufficient in the sense that it can
achieve the same optimal cost as the set of all policies, i.e., J = J*. This
is true for example if all policies are proper at all x such that J*(z) < occ.
Moreover it is true in some of the finite-state formulations of SSP that we
discussed in Chapter 3; see also the subsequent Prop. 4.6.5. When J= J*,
it follows from Prop. 4.6.4 that J * is the unique solution of Bellman’s equa-
tion within W, and that the VI algorithm converges to J * starting from
any Jo € W. Under an additional compactness condition, such as finiteness
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Region of solutions of
Bellman’s Eq.

[ J .

0 J* J o~
VI converges from W

Figure 4.6.1 Illustration of the solutions of Bellman’s equation. All solutions
either lie between J* and J, or they lie outside the set W. The VI algorithm
converges to J starting from any Jo € W.

of U(x) for all z € X [cf. Prop. 4.4.4(e)], VI converges to J* starting from
any Jo in the set S of Eq. (4.84).

Proposition 4.6.4 does not say anything about the existence of a
proper policy that is optimal within the class of proper policies. For a
simple example where J* = J but the only optimal policy is improper,
consider a deterministic shortest path problem with a single state 1 plus
the destination ¢. At state 1 we may choose u € [0, 1] with cost u, and
move to ¢t if u # 0 and stay at 1 if v = 0. Note that here we have
J*(1) = J(1) = 0, and the minimum over u € [0, 1] is attained in Bellman’s
equation, which has the form

JH(1) = min{ inf w, J*(l)}.

u€(0,1]

However, the only optimal policy (staying at 1) is improper.
4.6.1 The Multiplicity of Solutions of Bellman’s Equation

Let us now discuss the issue of multiplicity of solutions of Bellman’s equa-
tion within the set of functions

J={Je&r(X)|J(t)=0}.

We know from Props. 4.4.4(a) and 4.6.4(a) that J* and J are solutions,
and that all other solutions J must satisfy either J* < J < JorJ ¢ W

In the special case of a deterministic problem (one where the distur-
bance wy, takes a single value), it was shown in Section 4.5 that J is the
largest solution of Bellman’s equation within 7, so all solutions J’ € J
satisfy J* < J' < J. It was also shown through examples that there can
be any number of solutions that lie between J* and J: a finite number, an
infinite number, or none at all.

In stochastic problems, however, the situation is strikingly different
in the following sense: there can be an infinite number of solutions that
do not lie below J, i.e., solutions J/ € J that do not satisfy J/ < J. Of
course, by Prop. 4.6.4(a), these solutions must lie outside W. The following
example, which involves a finite set W, is an illustration.
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Example 4.6.1

Let X = R, t = 0, and assume that there is only one control at each state,
and hence a single policy m. The disturbance wy takes two values: 1 and 0
with probabilities a € (0,1) and 1 — «, respectively. The system equation is

WErTEk
Tr+1 = s
«

and there is no cost at each state and stage:
g(z,u,w) = 0.

Thus from state z, we move to state xp/a with probability a and to the
termination state ¢ = 0 with probability 1 — a.

Here, the unique policy is stationary and proper at all x € X, and we
have

J*(z) = J(z) =0, VaeX.

Bellman’s equation has the form
J@ﬁ:(r—@]@)+aj(§)
which within J reduces to
J(x) = ad (g) . YJeJ, zeX. (4.92)

It can be seen that Bellman’s equation has an infinite number of solu-
tions within J in addition to J* and J: any positively homogeneous function,
such as, for example,

J(x) =z, v>0,
is a solution. Consistently with Prop. 4.6.4(a), none of these solutions belongs
to W, since xj, is either equal to zo/a* (with probability a*) or equal to 0
(with probability 1 — a*). For example, in the case of J(z) = 7|z|, we have
L o
EL {J(en)} =ty |

so J(zx) does not converge to 0, unless zo = 0. Moreover, none of these
additional solutions seems to be significant in some discernible way.

=9lzol, VEk2>0,

The preceding example illustrates an important structural difference
between deterministic and stochastic shortest path problems with infinite
state space. For a terminating policy p in the context of the deterministic
problem of Section 4.5, the corresponding Bellman equation J = T},J has
a unique solution within J [to see this, consider the restricted problem
for which g is the only policy, and apply Prop. 4.5.6(a)]. By contrast,
for a proper policy in the stochastic context of the present section, the
corresponding Bellman equation may have an infinite number of solutions
within 7, as Example 4.6.1 shows. This discrepancy does not occur when
the state space is finite, as we have seen in Section 3.5.1. We will next
elaborate on the preceding observations and refine our analysis regarding
multiplicity of solutions of Bellman’s equation for problems where the cost
per stage is bounded.
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4.6.2 The Case of Bounded Cost per Stage

Let us consider the special case where the cost per stage g is bounded over
X xUx W, i.e.,

sup g(x,u,w) < oco. (4.93)
(z,u,w)eXXUXW

We will show that J is the largest solution of Bellman’s equation within
the class of functions that are bounded over the effective domain X of J
[cf. Eq. (4.82)].

We say that a policy 7 is uniformly proper if there is a uniform bound
on the expected number of steps to reach the destination from states x € X
using 7

oo
sup Zrk(w,x) < 0.
z€X k=0

Since we have

Jr(z0) < sup gz, u,w) | - Zrk(w,xo) <oo, Vmwe ﬁmo,
(z,u,w)EX XUXW k=0

it follows that the cost function Jr of a uniformly proper 7 belongs to the
set B, defined by

B—{JGJ’ suBJ(x)<oo}. (4.94)

zeX

When X = X , the notion of a uniformly proper policy coincides with

the notion of a transient policy used in [Pli78] and [JaCO06], which itself

descends from earlier works. However, our definition is somewhat more

general, since it also applies to the case where X is a strict subset of X.
Let us denote by W the set of functions

Wy={JeB|J<J}

The following proposition, illustrated in Fig. 4.6.2, provides conditions for
J to be the largest fixed point of T" within B. Its assumptions include
the existence of a uniformly proper policy, which implies that J belongs
to B. The proposition also uses the earlier Prop. 4.4.6 in order to provide
conditions for J* = J, in which case J* is the unique fixed point of T
within B.
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4 Set of Bounded Functions B

Paths of VI

Fixed Points of T' ~
[ /XK& >
|

Figure 4.6.2. Schematic illustration of Prop. 4.6.5 for a nonnegative cost SSP
problem. The functions J* and J are the smallest and largest solutions, re-

EL
\ 4

spectively, of Bellman’s equation within the set B. Moreover, the VI algorithm
converges to J starting from Jo € Wb ={JeB|J<J}

Proposition 4.6.5: Let the assumptions of Prop. 4.6.4 hold, and
assume further that the cost per stage g is bounded over X x U x W
[cf. Eq. (4.93)], and that there exists a uniformly proper policy. Then:

(a) J is the largest solution of the Bellman Eq. (4.65) within the
set B of Eq. (4.94), i.e., J is a solution that belongs to B and if
J! € B is another solution, then J’ < J. Moreover, if J= J*,
then J* is the unique solution of Bellman’s equation within B.

(b) If {Ji} is the sequence generated by the VI algorithm (4.47)
starting with some Jy € B with Jy > J, then Ji — J.

(c) Assume in addition that X is finite, that J*(z) > 0 for all z # ¢,
and that X* = X. Then J = J*.

Proof: (a) Since the cost function of a uniformly proper policy belongs to
B, we have J € B. On the other hand, for all J € B, we have

Bz {J(ar)} < <sup J(x)) ~r(m, o) = 0, Vwéﬁxo.
reX

It follows that the set Wb is contained in W while the function J belongs
to Wb Since Wb is unbounded above within the set B, for every solution
J’ € B of Bellman’s equation we have J’ < J for some J € Wb, and hence
also J/ < .J for some J in the set S of Eq. (4.84). Tt follows from Prop.
4.4.2(a) and the S-regularity of the collection (4.85) that J/ < .J.
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If in addition J = J*, from Prop. 4.4.4(a), J is also the smallest
solution of Bellman’s equation within 7. Hence J* is the unique solution
of Bellman’s equation within B.

(b) Follows from Prop. 4.6.4(b), since W, C W, as shown in the proof of
part (a).
(¢) We have by assumption

0<J(z) < J(x), Va#t,

while J(z) < oo for all z € X* since X* = X. In view of the finiteness of

X, we can find a sufficiently large ¢ such that J < eJ*, so by Prop. 4.4.6,
it follows that J = J*. Q.E.D.

The uniqueness of solution of Bellman’s equation within B when J =
J* [cf. part (a) of the preceding proposition] is consistent with Example
4.6.1. In that example, J* and J are equal and bounded, and all the
additional solutions of Bellman’s equation are unbounded, as can be verified
by using Eq. (4.92).

Note that without the assumption of existence of a uniformly proper
7, J and J* need not belong to B. As an example, let X be the set of
nonnegative integers, let t = 0, and let there be a single policy that moves
the system deterministically from a state > 1 to the state z — 1 at cost
g(x,z —1) = 1. Then

J(z) = J"(z) =z, VeelX,

so J and J* do not belong to B, even though ¢ is bounded. Here the unique
policy is proper at all x, but is not uniformly proper.

In a given practical application, we may be interested in computing
either J* or J. If the cost per stage is bounded, we may compute J with
the VI algorithm, assuming that an initial function in the set W, can be
found. The computation of J* is also possible by using the VI algorithm
and starting from the zero initial condition, assuming that the conditions
of Prop. 4.4.4(d) are satisfied.

An alternative possibility for the case of a finite spaces SSP is to
approximate the problem with a sequence of aj-discounted problems where
the discount factors oy tend to 1. This approach, developed in some detail
in Exercise 5.28 of the book [Ber17a], has the advantage that the discounted
problems can be solved more reliably and with a broader variety of methods
than the original undiscounted SSP.

Another technique, developed in the paper [BeY16], is to transform
a finite-state SSP problem such that J*(z) = 0 for some z # t into an
equivalent SSP problem that satisfies the conditions of Prop. 4.6.5(c), and
thus allow the computation of J* by a VI or PI algorithm. The idea is
to lump ¢ together with the states z for which J*(x) = 0 into a single
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state, which is the termination state for the equivalent SSP problem. This
technique is strictly limited to finite-state problems, since in general the
conditions J*(z) > 0 for all z # t and X* = X do not imply that J = J*,
even under the bounded cost and uniform properness assumptions of this
section (see the deterministic stopping Example 4.5.2).

NOTES, SOURCES, AND EXERCISES

Sections 4.1: The use of monotonicity as the foundational property of
abstract DP models was initiated in the author’s papers [Ber75], [Ber77].

Section 4.2: The finite horizon analysis of Section 4.2 was given in Chap-
ter 3 of the monograph by Bertsekas and Shreve [BeS78].

Section 4.3: The monotone increasing and decreasing abstract DP models
of Section 4.3 were introduced in the author’s papers [Ber75], [Ber77]. Their
analysis was also given in Chapter 5 of the monograph [BeS78].

Important examples of noncontractive infinite horizon models are the
classical negative cost DP problems, analyzed by Blackwell [Bla65], and by
Dubins and Savage [DuS65], and the positive cost DP problems analyzed in
Strauch [Str66] (and also in Strauch’s Ph.D. thesis, written under the su-
pervision of Blackwell). The monograph by Bertsekas and Shreve [BeS78]
provides a detailed treatment of these two models, which also resolves the
associated measurability questions using the notion of universally measur-
able policies. The paper by Yu and Bertsekas [YuB15] provides a more
recent analysis that addresses some issues regarding the convergence of the
VI and PI algorithms that were left unresolved in the monograph [BeS78].
A simpler textbook treatment, which bypasses the measurability questions,
is given in the author’s [Ber12a], Chapter 4.

The compactness condition that guarantees convergence of VI to J*
starting with the initial condition Jy = J under Assumption I (cf. Prop.
4.3.14) was obtained by the author in [Ber72] for reachability problems (see
Exercise 4.5), and in [Ber75], [Ber77] for positive cost DP models; see also
Schal [Sch75] and Whittle [Whi80]. A more refined analysis of the question
of convergence of VI to J* is possible. This analysis provides a necessary
and sufficient condition for convergence, and improves over the compactness
condition of Prop. 4.3.14. In particular, the following characterization is
shown in [Ber77], Prop. 11 (see also [BeS78], Prop. 5.9):

For aset C C X xU xR, let II(C') be the projection of C' onto X x R:
I(C) = {(z,A) | (z,u,\) € C for some u € U(x)},
and denote also

II(C) = {(z,A) | Am — A for some sequence { A} with {(z, Am)} C C}.
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Consider the sets Cj, C X x U x R given by
Cr = {(z,u,\) | H(z,u,T*J) < X\, z € X, u € U(x)}, k=0,1,....

Then under Assumption I we have T*J — J* if and only if

H( Ni=o Ck) = mEO:OH(Ck)-

Moreover we have T*J — J* and in addition there exists an optimal sta-
tionary policy if and only if

II( N2, Cr) = N II(Cr). (4.95)
For a connection with Prop. 4.3.14, it can be shown that compactness of
U(z,\) = {ue U(x)‘ H(z,u,T+J) < A}

implies Eq. (4.95) (see [Ber77], Prop. 12, or [BeS78|, Prop. 5.10).

The analysis of convergence of VI to J* under Assumption I and
starting with an initial condition Jo > J* is far more complicated than for
the initial condition Jo = J. A principal reason for this is the multiplicity
of solutions of Bellman’s equation within the set {J € £E+(X) | J > J}.
We know that J* is the smallest solution (cf. Prop. 4.4.9), and an interest-
ing issue is the characterization of the largest solution and other solutions
within some restricted class of functions of interest. We substantially re-
solved this question in Sections 4.5 and 4.6 for infinite-spaces deterministic
and stochastic shortest path problems, respectively (as well in Sections
3.5.1 and 3.52 for finite-state stochastic shortest path and affine monotonic
problems). Generally, optimal control problems with nonnegative cost per
stage can typically be reduced to problems with a cost-free and absorb-
ing termination state (see [BeY16] for an analysis of the finite-state case).
However, the fuller characterization of the set of solutions of Bellman’s
equation for general abstract DP models under Assumption I requires fur-
ther investigation.

Optimistic PT and A\-PI under Assumption D have not been considered
prior to the 2013 edition of this book, and the corresponding analysis of
Section 4.3.3 is new. See [Bel96], [ThS10a], [ThS10b], [Berllb], [Sch11],
[Ber16b] for analyses of A-PI for discounted and SSP problems.

Section 4.4: The definition and analysis of regularity for nonstationary
policies was introduced in the author’s paper [Berl5]. We have primarily
used regularity in this book to analyze the structure of the solution set of
Bellman’s equation, and to identify the region of attraction of value and
policy iteration algorithms. This analysis is multifaceted, so it is worth
summarizing here:

(a) We have characterized the fixed point properties of the optimal cost
function J* and the restricted optimal cost function JZ over S-regular
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collections C, for various sets S. While J* and Jg need not be fixed
points of T, they are fixed points in a large variety of interesting
contexts (Sections 3.3-3.5 and 4.4-4.6).

We have shown that when J* = J, then J* is the unique solution of
Bellman’s equation in several interesting noncontractive contexts. In
particular, Section 3.3 deals with an important case that covers among
others, the most common type of stochastic shortest path problems.
However, even when J* # J;, the functions J* and J; often bound
the set of solutions from below and/or from above (see Sections 3.5.1,
3.5.2, 4.5, 4.6).

Simultaneously with the analysis of the fixed point properties of J*
and JZ, we have used regularity to identify the region of convergence
of value iteration. Often convergence to Jz can be shown from start-
ing functions J > Jz , assuming that Jz is a fixed point of T. In
the favorable case where J* = Jg, convergence to J* can often be
shown from every starting function of interest. In addition regularity
has been used to guarantee the validity of policy iteration algorithms
that generate exclusively regular policies, and are guaranteed to con-
verge to J* or J.

We have been able to characterize some of the solutions of Bellman’s
equation, but not the entire set. Generally, there may exist an infinite
number of solutions, and some of them may not be associated with
an S-regular collection for any set .S, unless we change the starting
function J that is part of the definition of the cost function J; of the
policies. There is a fundamental difficulty here: the solutions of the
Bellman equation J = T'J do not depend on J, but S-regularity of
a collection of policy-state pairs depends strongly on J. A sharper
characterization of the solution set of Bellman’s equation remains an
open interesting question, in both specific problem contexts as well
as in generality.

The use of regularity in the analysis of undiscounted and discounted

stochastic optimal control in Sections 4.4.2 and 4.4.3 is new, and was pre-
sented in the author’s paper [Ber15]. The analysis of convergent models in
Section 4.4.4, under the condition

J*(x) > J(x) > —oo, VzelX,

is also new. A survey of stochastic optimal control problems under con-
vergence conditions that are more general than the ones considered here is
given by Feinberg [Fei02]. An analysis of convergent models for stochastic
optimal control, which illustrates the broad range of pathological behaviors
that can occur without the condition J* > .J, is given in the paper by Yu
[Yul5).



Sec. 4.7 Notes, Sources, and Exercises 323

Section 4.5: This section follows the author’s paper [Ber17a]. The issue
of the connection of optimality with stability (and also with controllability
and observability) was raised in the classic paper by Kalman [Kal60] in the
context of linear-quadratic problems.

The set of solutions of the Riccati equation has been extensively inves-
tigated starting with the papers by Willems [Wil71] and Kucera [Kuc72],
[Kuc73], which were followed up by several other works; see the book
by Lancaster and Rodman [LaR95] for a comprehensive treatment. In
these works, the “largest” solution of the Riccati equation is referred to
as the “stabilizing” solution, and the stability of the corresponding policy
is shown, although the author could not find an explicit statement in the
literature regarding the optimality of this policy within the class of all lin-
ear stable policies. Also the lines of analysis of these works are tied to the
structure of the linear-quadratic problem and are unrelated to our analysis
of Section 4.5, which is based on semicontractive ideas.

Section 4.6: Proper policies for infinite-state SSP problems have been
considered earlier in the works of Pliska [P1i78], and James and Collins
[JaC06], where they are called “transient.” There are a few differences
between the frameworks of [P1i78], [JaC06] and Section 4.6, which impact
on the results obtained. In particular, the papers [P1li78] and [JaC06] use
a related (but not identical) definition of properness to the one of Section
4.6, while the notion of a transient policy used in [JaC06] coincides with
the notion of a uniformly proper policy of Section 4.6.2 when X = X.
Furthermore, [Pli78] and [JaC06] do not consider the notion of policy that is
“proper at a state.” The paper [P1i78] assumes that all policies are transient,
that g is bounded, and that J* is real-valued. The paper [JaC06] allows
for notransient policies that have infinite cost from some initial states, and
extends the analysis of Bertsekas and Tsitsiklis [BeT91] from finite state
space to infinite state space (addressing also measurability issues). Also,
[JaC06] allows the cost per stage g to take both positive and negative values,
and uses assumptions that guarantee that J* = J, that J* is real-valued,
and that improper policies cannot be optimal. Instead, in Section 4.6 we
allow that J* # J and that J* can take the value oo, while requiring that
g is nonnegative and that the disturbance space W is countable.

The analysis of Section 4.6 comes from the author’s paper [Berl7b],
and is most closely related to the SSP analysis under the weak conditions of
Section 3.5.1, where we assumed that the state space is finite, but allowed
g to take both positive and negative values. The extension of some of
our results of Section 4.6 to SSP problems where g takes both positive and
negative values may be possible; Exercises 4.8 and 4.9 suggest some research
directions. However, our analysis of infinite-spaces SSP problems in this
chapter relies strongly on the nonnegativity of g and cannot be extended
without major modifications. In this connection, it is worth mentioning
the example of Section 3.1.2, which shows that J* may not be a solution
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of Bellman’s equation when ¢ can take negative values.

EXERCISES

4.1 (Example of Nonexistence of an Optimal Policy Under D)

This is an example of a deterministic stopping problem where Assumption D
holds, and an optimal policy does not exist, even though only two controls are
available at each state (stop and continue). The state space is X = {1,2,...}.
Continuation from state x leads to state x + 1 with certainty and no cost, while
the stopping cost is —1 4 (1/x), so that there is an incentive to delay stopping
at every state. Here for all z, J(z) = 0, and

J(x+1) if u = continue,

H(z,u,J) = { —14 (1/2) if u = stop.

Show that J*(x) = —1 for all z, but there is no policy (stationary or not) that
attains the optimal cost starting from x.

Solution: Since a cost is incurred only upon stopping, and the stopping cost is
greater than -1, we have J,,(z) > —1 for all z and p. On the other hand, starting
from any state x and stopping at x + n yields a cost —1 + IJ%n, so by taking n

sufficiently large, we can attain a cost arbitrarily close to -1. Thus J*(z) = —1
for all z, but no policy can attain this optimal cost.

4.2 (Counterexample for Optimality Condition Under D)

For the problem of Exercise 4.1, show that the policy p that never stops is not
optimal but satisfies T,,J* = TJ*.

Solution: We have J*(z) = —1 and Ju(x) = 0 for all z € X. Thus pu is
nonoptimal, yet attains the minimum in Bellman’s equation

J"(z) :min{J*(x—&-l)7 -1+ é}

for all x.

4.3 (Counterexample for Optimality Condition Under I)

Let
X =R, U(z) = (0, 1], J(z) =0,

H(z,u,J) = |z|+ J(ux), VoeeX, ueU(x).
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Let p(z) =1 for all z € X. Then J,(z) = oo if z # 0 and J,(0) = 0. Verify that
TuJ, =TJ,. Verify also that J*(z) = |z|, and hence p is not optimal.

Solution: The verification of T,J, = TJ, is straightforward. To show that
J*(x) = |z|, we first note that |z| is a fixed point of T, so by Prop. 4.3.2,

J*(z) < |z[. Also (T'J)(x) = || for all x, while under Assumption I, we have
J*>TJ,so J*(z) > |z|. Hence J*(z) = |z|.

4.4 (Solution by Mathematical Programming)

This exercise shows that under Assumptions I and D, it is possible to use a com-
putational method based on mathematical programming when X = {1,...,n}.

(a) Under Assumption I, show that J* is the unique solution of the following

optimization problem in z = (21, ..., 2xs):
n
minimize Z Zi
i=1
subject to z; > J(i), =z > inf H(i,u,z), i=1,...,n.
ueU (i)

(b) Under Assumption D, show that J* is the unique solution of the following

optimization problem in z = (z1,...,2xs):
n
maximize Zzl
i=1
subject to z; < J(i), 2z < H(i,u,z2), i=1,...,n, weU().

Note: Generally, these programs may not be linear or even convex.

Solution: (a) Any feasible solution z of the given optimization problem satisfies
z > J as well as z; > inf,eu) H(i,u,2) for all i =1,...,n, so that z > Tz. It
follows from Prop. 4.4.9 that z > J*, which implies that J* is an optimal solution
of the given optimization problem. Also J* is the unique optimal solution since
if z is feasible and z # J*, the inequality z > J* implies that Zl zi > ZZ J* (1),
so z cannot be optimal.

(b) Any feasible solution z of the given optimization problem satisfies z < J as
well as z; < H(3,u, z) for alli =1,...,n and u € U(4), so that z < T'z. It follows
from Prop. 4.3.6 that z < J*, which implies that J* is an optimal solution of
the given optimization problem. Similar to part (a), J* is the unique optimal
solution.

4.5 (Infinite Time Reachability [Ber71], [Ber72])

This exercise provides an instance of an interesting problem where the mapping
H is naturally extended real-valued. Consider a dynamic system

Trt1 = f(@k, uk, wi),



326 Noncontractive Models Chap. 4

where wy is viewed as an uncertain disturbance that may be any point in a
set W (z,ur) (this is known in the literature as an “unknown but bounded”
disturbance, and is the basis for a worst case/minimax treatment of uncertainty
in the control of uncertain dynamic systems). We introduce an abstract DP model
where the objective is to find a policy that keeps the state zj of the system within
a given set X at all times, for all possible values of the sequence {wy}. This is a
common objective, which arises in a variety of control theory contexts, including
model predictive control (see [Berl7a], Section 6.4.3).

Let
()_{O ifz e X,

J(z .
oo otherwise,

and

H(z,u,J) = {0 if J(z) =0, v e U(x), and J(f(xymw)) =0, Vwe W(z,u),
T oo otherwise.

(a) Show that Assumption I holds, and that the optimal cost function has the
form
7@ ={

where X* is some subset of X.

0 ifzeX™,
oo otherwise,

(b) Consider the sequence of sets { X}, where

Xp={z e X | (T"])(z) =0}

Show that X1 C Xi for fmll k, and that X* C NgZ;X,. Show also that
convergence of VI (i.e., T*J — J*) is equivalent to X* = N3 o X.

(c) Show that X* = Ny2, X and there exists an optimal stationary policy if
the sets

Uy (x) = {u ceU(z) | f(z,u,w) € X, Vw € W(xyu)}

are compact for all k greater than some index k. Hint: Use Prop. 4.3.14.

Solution: Let £(X) be the subset of £(X) that consists of functions that take
only the two values 0 and oo, and for all J € £(X) denote

D(J)={z € X |J(z)=0}.
Note that for all J € £(X) we have T,,J € £(X), TJ € £(X), and that
D(T,J) ={z € X |z € D(J), f(z,u(x),w) € D(J), ¥V w € W(z,u(z))},
D(TJ) = UuyemD(T,J).

(a) For all J € £(X), we have D(T,,J) € D(J) and T,,J > J, so condition (1) of
Assumption I holds, and it is easily verified that the remaining two conditions of
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Assumption I also hold. We have Je <‘:'(X)7 so for any policy m = {po, u1,. ..},
we have T}, --- Ty, J € £(X). It follows that Jx, given by

Jr =1 Tu - Tu, J,
frao 1O He

also belongs to é’(X), and the same is true for J* = infrcn J-. Thus J* has the
given form with D(J*) = X™.

(b) Since {T"J} is monotonically nondecreasing we have D(T*T'.J) c D(T*J),
or equivalently Xxy1 C Xy for all k. Generally for a sequence {Ji} C <‘:'(X)7 if
Ji 1 J, we have J € £(X) and D(J) = N, D(Ji,). Thus convergence of VI (i.e.,
T*J 1 J*) is equivalent to D(J*) = Ny D(Jx) or X* = N2 Xk.

(c) The compactness condition of Prop. 4.3.14 guarantees that T%J 1 J*, or
equivalently by part (b), X* = N2, X). This condition requires that the sets

Uk(z,\) = {ue Ulx) | H(z,u,T"J) < A}

are compact for every x € X, A € ®, and for all k greater than some integer k.
It can be seen that Ug(z, A) is equal to the set

Uk(z) = {u e U(x) | f(z,u,w) € Xi, Vw € W(x,u)}

given in the statement of the exercise.

4.6 (Exceptional Linear-Quadratic Problems)

Consider the deterministic linear-quadratic problem of Section 3.5.4 and Example
4.5.1. Assume that there is a single control variable uy, and two state variables,
x) and z7, which evolve according to

Thi1 = VTh +buk,  Thyr = T + Tk + Uk,
where v > 1. The cost of stage k is quadratic of the form
q((@r)” + (23)?) + (ur)™.

Consider the four cases of pairs of values (b, q) where b € {0,1} and ¢ € {0,1}.
For each case, use the theory of Section 4.5 to find the optimal cost function
J* and the optimal cost function over stable policies J T, and to describe the
convergence behavior of VI.

Solution: When b = 1 and g = 1, the classical controllability and observability
conditions are satisfied, and we have J* = j+7 while there exists an optimal
policy that is linear and stable (so J* and Jt are real-valued and positive definite
quadratic). Moreover, the VI algorithm converges to J* starting from any Jo > 0
(even extended real-valued Jo) with Jo(0) = 0.

When b = 0 and ¢ = 0, we clearly have J*(z) = 0. Also J*(z},2?%) = 00
for ' # 0, while Jt (0,2?) is finite for all 2, but positive for 2% # 0 (since for
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z' = 0, the problem becomes essentially one-dimensional, and similar to the one
of Section 3.5.4). The VI algorithm converges to J* starting from any positive
semidefinite quadratic initial condition Jo with Jo(0, :cz) =0 and Jy # J".

When b = 0 and ¢ = 1, we have J* = J*, but J* and J* are not real-
valued. In particular, since zi stays constant under all policies when b = 0, we
have J*(z*,2%) = J¥(z',2%) = oo for ' # 0. Moreover, for an initial state
with &3 = 0, the problem becomes essentially a one-dimensional problem that
satisfies the classical controllability and observability conditions, and we have
J*(0,2%) = JT(0,2?) for all 2. The VI algorithm takes the form

Jri1(0,27) = min {(@®)? + (u)® + Ji(0,2° + u) },

Jit1(z', 2%) = min {(xl)2 + (@) + (w)? + Je(ya' 2t 4+ 2° + u)}, if ' # 0.

It can be seen that the V1 iterates Ji, (0, z2) evolve as in the case of a single state
variable problem, where z! is fixed at 0. For z* # 0, the VI iterates .Jj, (:c17:c2)
diverge to co.

When b = 1 and ¢ = 0, we have J*(z) = 0, while 0 < J*(z) < oo for
all z # 0. Similar to Example 4.5.1, the VI algorithm converges to Jt starting
from any initial condition Jo > J*. The functions J* and J* are real-valued

and satisfy Bellman’s equation, which has the form

J(x' z?) = min{(u)2 + J(yz' +u, ' + 2 +u)}.

However, Bellman’s equation has additional solutions, other than J* and Jt.
One of these is R
J(ar:l7 1:2) = P(gr:l)Q7

where P = 4% — 1 (cf. the example of Section 3.5.4).

4.7 (Discontinuities in Infinite-State Shortest Path Problems)

The purpose of this exercise is to show that different types of perturbations in
infinite-state shortest path problems, may yield different solutions of Bellman’s
equation. Consider the optimal stopping problem of Example 4.5.2, and introduce
a perturbed version by modifying the effect of the action that moves the state
from = # 0 to yx. Instead, this action stops the system with probability 6 > 0 at
cost 8 > 0, and moves the state from z to yz with probability 1 — § at cost ||z||.
Note that with this modification, all policies become uniformly proper. Show
that:

(a) The optimal cost function of the (8, B)-perturbed version of the problem,
denoted Js g, is the unique solution of the corresponding Bellman equation
within the class of bounded functions B of Eq. (4.94).

(b) For 8 =0, we have lims}o Js0 = J*, where J* is the optimal cost function
of the deterministic problem of Example 4.5.2.

(c) For B = ¢, we have Js. = JT for all § > 0, where J© is the largest
solution of Bellman’s equation in the deterministic problem of Example
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4.5.2 [j+ (z) = c for all x # 0, which corresponds to the policy that stops
at all states].

Solution: (a) It can be seen that the Bellman equation for the (d, 5)-perturbed
version of the problem is

() = {min {e, 88+ (1 —6)(lz]l + J(va)) } iix 40,
0 if £ =0,

and has exactly the same solutions as the equation

J(z) = {min{c, 08+ (1— 6)(min {c/(l —9), HxH} + J(vx))} ifx #£0,
0 if z =0.

The latter equation involves a bounded cost per stage, and hence according to
the theory of Section 4.6, has a unique solution within B, when all policies are
proper.

(b) Evident since the effect of § on the cost of the optimal policy of the problem
of Example 4.5.2 diminishes as § — 0.

(c) Since termination at cost c¢ is inevitable (with probability 1) under every
policy, the optimal policy for the (4, 3)-perturbed version of the problem is to
stop as soon as possible.

4.8 (A Perturbation Approach for Semicontractive Models)

The purpose of this exercise is to adapt the perturbation approach of Section 3.4
so that it can be used in conjunction with the regularity notion for nonstationary
policies of Definition 4.4.1. Given a set of functions S C £(X) and a collection C
of policy-state pairs (7, x) that is S-regular, let J be the restricted optimal cost
function defined by

Jo(z) = (Triarcl)fec JIr(x), z € X.

Consider also a nonnegative forcing function p : X +— [0, 00), and for each § > 0
and stationary policy p, the mappings 7}, s and T given by

(Tu,s))(x) = H(:c,,u(:c),J) + op(z), (TsJ)(z) = inf (T,sJ)(x), z e X.

neEM

We refer to the problem associated with the mappings 7,5 as the d-perturbed
problem. The cost function of a policy m = {uo, 1, ...} € II for this problem is

s =limsup Tpg 5Ty, 67,
k—oo

and the optimal cost function is j5 = infrem Jr,5. Assume that for every § > 0:

(1) j(s satisfies the Bellman equation of the d-perturbed problem, j5 = T(sj(s.
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(2) For every x € X, we have inf(, ,)cc Jr,s(x) = Js(x).
(3) For all z € X and (w,z) € C, we have

Jr,5(x) < Jx (@) + wr,s(2),

where wy s is a function such that lims o wx,s = 0.

(4) For every sequence {Jm} C S with Jp, | J, we have

lim H(z,u,Jm)=H(z,u,J), VeeX, ueU(x).

m— o0

Then J¢ is a fixed point of T and the conclusions of Prop. 4.4.2 hold. Moreover,
we have A
JE = lim Jg.
510

Solution: The proof is very similar to the one of Prop. 3.4.1. Condition (2)
implies that for every z € X and e€ > 0, there exists a policy 74, such that
(z,e,x) € C and Jr, . 5(z) < J5(x) + €. Thus, using conditions (2) and (3), we

have for all z € X, § > 0, € > 0, and 7 with (m,z) € C,

Jo(z) —e < Iz () —€ < sz’eyg(:c) —e< jg(:c) < Jrs(x) < Jn(x) + wa,s(z).

By taking the limit as € | 0, we obtain for all z € X, § > 0, and 7 with (7, z) € C,
Je(x) < Js(x) < Jrs(2) < Jn(@) + w5 ().

By taking the limit as 6 | 0 and then the infimum over all = with (7,z) € C, it
follows [using also condition (3)] that for all z € X,

Jé(x)gl{si}})lj(s(x)< inf 1%1J,r,5(:c)< Je(z) = JE(2),

< < inf
{m|(m,x)eC} § {m|(m,z)eC}

so that J& = limso jg.
To prove that J¢ is a fixed point of T', we prove that both JZ > TJ; and
Ji < TJ¢ hold. Indeed, from condition (1) and the fact Js > J¢ shown earlier,
we have for all § > 0,
j5 = T5j5 > Tj(s >TJg,

and by taking the limit as 6 | 0 and using the fact J& = lims,o Js shown earlier,
we obtain Ji > T'J¢. For the reverse inequality, let {d,,} be a sequence with
0m | 0. Using condition (1) we have for all m,

H(w,u, Jsp) + 6mp(@) > (To J5) (@) = Jo (@), V€ X, ue Ula).

Taking the limit as m — oo, and using condition (4) and the fact j(sm J J¢ shown
earlier, we have

H(z,u, J¢) > Jé(),  VazeX, ueU(),

so that by minimizing over u € U(x), we obtain T'J; > Jg&.



Sec. 4.7 Notes, Sources, and Exercises 331

4.9 (Deterministic Optimal Control with Positive and
Negative Costs per Stage)

In this exercise, we consider the infinite-spaces optimal control problem of Section
4.5 and its notation, but without the assumption g > 0 [cf. Eq. (4.46)]. Instead,
we assume that

—00 < g(z,u) < oo, VeeX, uelU(x), k=0,1,...,

and that J*(x) > —oo for all x € X. The latter assumption was also made in
Section 3.5.5, but in the present exercise, we will not assume the additional near-
optimal termination Assumption 3.5.9 of that section, and we will use instead
the perturbation framework of Exercise 4.8. Note that J* is a fixed point of T'
because the problem is deterministic (cf. Exercise 3.1).

We say that a policy 7 is terminating from state xo € X if the sequence
{z1} generated by 7 starting from zo terminates finitely (i.e., satisfies z; = ¢ for
some index E). We denote by II, the set of all policies that are terminating from
z, and we consider the collection

C={(m2)|mell}.
Let JZ be the corresponding restricted optimal cost function,

Je(xz) = inf Jr(z)= inf J:(x), z € X,

(m,@)eC m€lly
and let S be the set of functions
S={Je&X)|J(t)=0, J(x) > —00,x € X}.
Clearly C is S-regular, so we may consider the perturbation framework of Exercise

4.8 with p(z) = 1 for all « # ¢t and p(t) = 0. Apply the results of that exercise to
show that:

(a) We have
J& =lim J;s.
340

(b) J¢ is the only fixed point of T' within the set

W={Je&X)|J({t)=0,J>J:}.

(c) We have T*J — J¢ for all J € W.

Solution: Part (a) follows from Exercise 4.8, and parts (b), (c) follow from
Exercise 4.8 and Prop. 4.4.2.
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4.10 (On Proper Policies for Stochastic Shortest Paths)

Consider the infinite-spaces SSP problem of Section 4.6 under the assumptions
of Prop. 4.6.4, and assume that g is bounded over X x U x W.

(a) Show that if u is a uniformly proper policy, then J,, is the unique solution
of the equation J = T},J within B and that T);.J — J,, for all J € B.

(b) Let J’ be a fixed point of T such that J' € B and J’' # J. Show that a
policy p satisfying T,,J' = T'J' cannot be uniformly proper.

Solution: (a) Qonsider the problem where the only policy is u, i.e., with control
constraint set U(z) = {,u(:c)}, x € X, and apply Props. 4.6.5 and 4.4.4.

(b) Assume to come to a contradiction that p is uniformly proper. We have
T,J' = TJ = J', so by part (a) we have J' = J,, while J, > J since p is
uniformly proper. Thus J' > J while J’ #* J by assumption. This contradicts
the largest fixed point property of .J [cf. Prop. 4.6.5(a)].

4.11 (Example where J is not a Fixed Point of T in Infinite
Spaces SSP)

We noted in Section 4.6 that some additional assumption, like
E{g(m7u7w)—|—j5(f(:c7u7w))} < 00, VzeX" uelU(x), (4.96)

or the finiteness of W, is necessary to prove that J is a fixed point for SSP
problems (cf. Prop. 4.6.4). [The condition (4.96) is satisfied for example if there
exists a policy 7 (necessarily proper at all z € X™) such that J: s is bounded
over X*.] To see what can happen without such an assumption, consider the
following example, which was constructed by Yi Zhang (private communication).

Let X ={¢,0,1,2,...}, where ¢ is the termination state, and let g(z,u, w) =
0, so that J*(z) = 0. There is only one control at each state, and hence only one
policy. The transitions are as follows:

From each state z = 2,3, ..., we move deterministically to state x — 1, from
state 1 we move deterministically to state ¢, and from state 0 we move to state
r=1,2,..., with probability p, such that Z:;l TPy = 00.

Verify that the unique policy is proper at all x = 1,2,..., and we have
j(:c) = J*(z) = 0. However, the policy is not proper at x = 0, since the expected
number of transitions from z = 0 to termination is Z:;l Tps = 00. As a result
the set Tl is empty and we have .J (0) = co. Thus J does not satisfy the Bellman
equation for x = 0, since

0o = J(0) # E{g(o,u, w) + j(f((),u,w))} =3 i) =0.
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4.12 (Convergence of Nonexpansive Monotone Fixed Point
Iterations with a Unique Fixed Point)

Consider the mapping H of Section 2.1 under the monotonicity Assumption 2.1.1.
Assume that instead of the contraction Assumption 2.1.2; the following hold:

(1) For every J € B(X), the function T'J belongs to B(X), the space of func-
tions on X that are bounded with respect to the weighted sup-norm corre-
sponding to a positive weighting function v.

(2) T is nonexpansive, i.e., |TJ —TJ'|| < ||J — J'|| for all J,J" € B(X).
(3) T has a unique fixed point within B(X), denoted J*.

(4) If X is infinite the following continuity property holds: For each J € B(X)
and {Jm} C B(X) with either Jp, | J or Jy 1 J,

H (z,u,J) = lim H(z,u,Jm), VeeX, ueU(x).

m— oo

Show the following:

(a) For every J € B(X), we have | T*.J — J*|| — 0 if X is finite, and T*J — J*
if X is infinite.

(b) Part (a) holds if B(X) is replaced by {J eBX)|J > 0}7 or by {J €

B(X)|J(t) = O}7 or by {J eBX)|J(t)=0,J > 0}7 where ¢ is a special
cost-free and absorbing destination state ¢.

(Unpublished joint work of the author with H. Yu.)

Solution: (a) Assume first that X is finite. For any ¢ > 0, let Vo = J* 4+ cwv
and consider the sequence {Vk} defined by Vi1 = TV for £ > 0. Note that
{Vi} C B(X), since |Vo|| < ||J*||+c¢ so that Vi € B(X), and we have V41 = TV,
so that property (1) applies. From the nonexpansiveness property (2), we have

H(z,u,J" +cv) < H(z,u,JJ*) + cv(z), rz e X, ueU(zx),

and by taking the infimum over u € U(x), we obtain J* < T'(J*+cv) < J* +cv,
ie.,, J°* < Vi < Vy. From this and the monotonicity of T it follows that J* <
Vip1 < Vj, for all k, so that for each z € X, Vi(z) | V(z) where V(z) > J*(z).
Moreover, V lies in B(X) (since J* <V < V4), and also satisfies ||Vx — V|| — 0
(since X is finite). From property (2), we have | TVi — TV| < ||[Vi — V||, so
that ||TVix — TV|| — 0, which together with the fact TVy = Vi41 — V, implies
that V = TV. Thus V = J* by the uniqueness property (3), and it follows that
Vi b J".

Similarly, define Wy, = T%(J* — cv), and by an argument symmetric to the
above, Wy, T J*. Now for any J € B(X), let ¢ = ||J — J*|| in the definition of V4
and Wy. Then J* —cv < J < J* + cv, so by the monotonicity of T, we have
Wi < T*J < Vi, as well as Wy, < J* < Vj, for all k. Therefore ||[T%J — J*|| <
[Wi — V|| for all & > 0. Since ||[Wi — Vi|| < ||Wk — J*||+ ||Ve — J7|| — 0, the
conclusion follows.

If X is infinite and property (4) holds, the preceding proof goes through,
except for the part that shows that ||V — V|| — 0. Instead we use a different
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argument to_prove_that V =TV. Indeed, since Vi > Viy1 = TV > TV7 it
follows that V' > T'V. For the reverse inequality we write

TV = inf lim H(z,u,Vi) > lim inf H(z,u, Vi) = klim TV, =V,
—00

ueU(z) k—oo k—ooueU(x)

where the first equality follows from the continuity property (4), and the inequal-
ity follows from the generic relation inf lim H > liminf H. Thus we have V =TV,
which by the uniqueness property (3), implies that V = J* and V; | J*. With a
similar argument we obtain Wy 1 J*, implying that T%J — J*.

(b) The proof of part (a) applies with simple modifications.

4.13 (Convergence of Nonexpansive Monotone Fixed Point
Iterations with Multiple Fixed Points)

Consider the mapping H of Section 2.1 under the monotonicity Assumption 2.1.1.
Assume that instead of the contraction Assumption 2.1.2, the following hold:

(1) For every J € B(X), the function T'J belongs to B(X), the space of func-
tions on X that are bounded with respect to the weighted sup-norm corre-
sponding to a positive weighting function v.

(2) T is nonexpansive, i.e., |[TJ —TJ'|| < ||J = J'|| for all J, J' € B(X).

(3) T has a largest fixed point within B(X), denoted J, i.e., J € B(X), J is a
fixed point of T', and for every other fixed point J' € B(X) we have J' < J.

(4) If X is infinite the following continuity property holds: For each J € B(X)
and {Jn} C B(X) with either J,, | J or Jpn 1 J,

H (z,u,J) = lim H(z,u,Jm), VeeX, ueU(x).

m— oo

Show the following:
(a) For every J € B(X) such that J<J< J:—t— cv for some ¢ > 0, we have
|T%J — J|| = 0 if X is finite, and T*J — J if X is infinite.
(b) Part (a) holds if B(X) is replaced by {J eBX)|J > 0}, or by {J €
B(X)|J() = O}, or by {J eEBX)|JE#)=0,J > O}, where ¢ is a special
cost-free and absorbing destination state ¢.

(Note the similarity with the preceding exercise.)

Solution: (a) The proof follows the line of proof of the preceding exercise. As-
sume first that X is finite. For any ¢ > 0, let Vo = J + cv and consider the
sequence {Vj} defined by Vi1 = TV for k > 0. Note that {Vi} C B(X), since
[Voll < [|J]| + ¢ so that Vo € B(X), and we have Vi1 = TV, so that property
(1) applies. From the nonexpansiveness property (2), we have

H(z,u,J + cv) < H(z,u, J) + cv(z), z € X, ueU(zx),

and by taking the infimum over u € U(z), we obtain J< T(j—|—cv)A§ J+cv, ie.,
J < Vi < V. From this and the monotonicity of T' it follows that J < Vi41 < Vi
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for all k, so that for each & € X, Vi(z) | V() where V(z) > J(x). Moreover,
V lies in B(X) (since J < V < Vi), and also satisfies ||Vx — V| — 0 (since
X is finite). From property (2), we have |TVi — TV| < ||Vk — V||, so that
| TVi — TVH — 0, which together with the fact TV = Viy1 — V, implies that
V =TV. Thus V = J by property (3), and it follows that Vj | J.

If X is infinite and property (4) holds, the preceding proof goes through,
except for the part that shows that ||V — V|| — 0. Instead we use a different
argument to prove that V=1TV. Indeed, since Vi, > Viy1 = TVy > TV, it
follows that V > T'V. For the reverse inequality we write

TV = inf lim H(z,u,Vs) > lim inf H(z,u, Vi) = klim TV =V,
—> 00

uweU(z) k—oo k—ooueU(x)

where the first equality follows from the continuity property (4) Thus we have
V =TV, which by property (3), implies that V = J and Vi | J.

(b) The proof of part (a) applies with simple modifications.

4.14 (Necessary and Sufficient Condition for an Interpolated
Nonexpansive Mapping to be a Contraction)

This exercise (due to unpublished joint work with H. Yu) considers a nonexpan-
sive mapping G : R — R", and derives conditions under which the interpolated
mapping G~ defined by

G(@) = (1 =)z +1G(2), zeR,

is a contraction for all v € (0,1). Consider " equipped with a strictly convex
norm || - ||, and the set

o (m—y a@—GwO
le =yl Jlz — ]

which can be viewed as a set of “slopes” of G along all directions. Show that the
mapping G~ defined by

:c7y€?l“ﬁ"7x7éy}7

Gy(z) = (1 —7y)z +G(z), zeR",

is a contraction for all v € (0, 1) if and only if there is no closure point (z, w) of C
such that z = w. Note: To illustrate with some one-dimensional examples what
can happen if this closure condition is violated, let G : & — R be continuously
differentiable, monotonically nondecreasing, and satisfying 0 < %&”) < 1. Note
that GG is nonexpansive. We consider two cases.

(1) G(0) =0, G0 =1, 0 < 4 < 1 for z # 0, limeroe 29 < 1 and
limg 5 — oo diiz) < 1. Here (z,w) = (1,1) is a closure point of C and
satisfies z = w. Note that G, is not a contraction for any v € (0,1),
although it has 0 as its unique fixed point.
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(2) limg—oo diff) = 1. Here we have limg oo (G(:c) — G(y)) =z —y for
x=y+1,s0 (1,1) is a closure point of C. It can also be seen that because
limg o0 dGJ;x) = 1, G4 is not a contraction for any v € (0,1), and may

have one, more than one, or no fixed points.

Solution: Assume there is no closure point (z,w) of C such that z = w, and for
€ (0,1), let
p= sup [[(1=7)z+yw.
(z,w)eC

The set C' is bounded since for all (z,w) € C, we have ||z|| = 1, and ||w|| < 1 by
the nonexpansiveness of G. Hence, there exists a sequence 1 (zx, wk)} C C that
converges to some (Z,w), and is such that

||(1 — )2k +’kaH = p.

Since (Z,w) is a closure point of C, we have Z # w. Using the continuity of the
norm, we have

p= 01—z +rw| <@ -ylzl+~wl <1,

where for the strict inequality we use the strict convexity of the norm, and for
the last inequality we use the fact ||Z|| = 1 and ||@|| < 1. Thus p < 1, and since

(Hx)—(%y)”_»HGw@ﬂ"Gw@”’
[lz — yll B [lz — yll

< sup [|(1—7)z+ |
(z,w)eC

T —Y
l—n +
H( Mz =l
=p, Vo #y,

it follows that G is a contraction of modulus p.
Conversely, if G, is a contraction, we have

z—y G(w)—G(y)H
sup 1 —7)z4+~yw|| =sup||{(1 -7 + v
S M=z =sw 0 ==y Ty
< sup HG'Y(:C) - Gv(y)H
sty = —yll
< 1.

Thus for every closure point (z,w) of C,
H(l —¥)z+ ywH <1,

which implies that we cannot have z = w.
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In this chapter, we introduce a contractive abstract DP framework and
related policy iteration (PI) algorithms, specifically designed for sequential
zero-sum games and minimax problems with a general structure. Aside
from greater generality, the advantage of our algorithms over alternatives
is that they resolve some long-standing convergence difficulties of the “nat-
ural” PI algorithm, which have been known since the Pollatschek and Avi-
Itzhak method [PoA69] for finite-state Markov games. Mathematically, this
“natural” algorithm is a form of Newton’s method for solving Bellman’s
equation, but Newton’s method, contrary to the case of single-player DP
problems, is not globally convergent in the case of a minimax problem,
because of an additional difficulty: the Bellman operator may have com-
ponents that are neither convex nor concave.

Our algorithms address this difficulty by introducing alternating player
choices, and by using a policy-dependent mapping with a uniform sup-
norm contraction property, similar to earlier works by Bertsekas and Yu
[BeY10], [BeY12], [YuB13a], which has been described in part in Section
2.6.3. Moreover, our algorithms allow a convergent and highly parallelizable
implementation, which is based on state space partitioning, and distributed
asynchronous policy evaluation and policy improvement operations within
each set of the partition. They are also suitable for approximations based
on an aggregation approach.

INTRODUCTION

We will discuss abstract DP frameworks and PI methods for sequential
minimax problems. In addition to being more efficient and reliable than
alternatives, our methods are well suited for distributed asynchronous im-
plementation. In Sections 5.1 and 5.2, we will discuss an abstract DP
framework, which can be derived from the contractive framework of Chap-
ter 2. We will revisit abstract PI algorithms within this framework and
show how they relate to known algorithms for minimax control. We will
also discuss how these algorithms when applied to discounted and terminat-
ing zero-sum Markov games, lead to methods such as the ones by Hoffman
and Karp [HoK66], and by Pollatschek and Avi-Itzhak [PoA69]. We will
note some of the drawbacks of these methods, particularly the need to
solve a substantial optimization problem as part of the policy evaluation
phase. These drawbacks motivate new PI algorithms and a different ab-
stract framework, based on an alternating player choices format, which we
will introduce in Section 5.3.

In our initial problem formulation, the focus of Sections 5.1 and 5.2,
we consider abstract sequential infinite horizon zero-sum game and mini-
max problems, which involve two players that choose controls at each state
x of some state space X, from within some state-dependent constraint sets:
a minimizer, who selects a control u from within a subset U(z) of a control
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space U, and a mazimizer, who selects a control v from within a subset
V(z) of a control space V. The spaces X, U, and V are arbitrary. Func-
tions p: X — U and v : X — V such that p(z) € U(z) and v(z) € V(z)
for all z € X, are called policies for the minimizer and the maximizer,
respectively. The set of policies for the minimizer and the maximizer are
denoted by M and N, respectively.

As in earlier chapters, the main idea is to start with a general map-
ping that defines the Bellman equation of the problem. In particular, we
introduce a real-valued mapping that is suitable for minimax problems,
and has the form

H(z,u,v,J), zeX, uelU(x), veV(x), J € B(X); (5.1)

cf. Example 2.6.4. In Eq. (5.1), B(X) is the space of real-valued functions
on X that are bounded with respect to a weighted sup-norm

|/ ()]
[[7]| = sup :
recX f(.’l])
where £ is a function taking a positive value £(x) for each z € X. Our
main assumption is the following:

J € B(X), (5.2)

Assumption 5.1.1: (Contraction for Minimax Problems) For
every p € M, v € N, consider the operator T}, ,, that maps a function
J € B(X) to the function T}, ,J defined by

(Tpwd)(z) = H(z, p(z),v(z), J), reX, (5.3)

and assume the following:
(a) Tp,J belongs to B(X) for all J € B(X).

(b) There exists an o € (0,1) such that for all p € M, v € N,
the operator 7}, is a contraction mapping of modulus a with
respect to the weighted sup-norm (5.2), i.e., for all J, J' € B(X),
uweM,and v eN,

(Tand — T 1| = sup [T @) — T (@)

<al|J-=J|.
Sup ) | |

Since T}, is a contraction within the complete space B(X), under
the preceding assumption, it has a unique fixed point J,, € B(X). We
are interested in the operator T : B(X) — B(X), defined by

(TJ)(x) = inf sup H(z,u,v,J), € X, (5.4)
welU(z) yev (z)
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or equivalently,

(TJ)(x) = ,fé% Sg/I\)/(TH’VJ)(x)7 z e X. (5.5)

An important fact is that T is a contraction mapping from B(X) to B(X).
Indeed from Assumption 1.1(b), we have for allz € X, p € M, and v € N,

(Tuw ) (@) < (Tuw ') (@) + allJ = T §(2).

Taking the supremum over v € A of both sides above, and then the infimum
over ;1 € M, and using Eq. (5.5), we obtain

(TJ)(x) < (TJ)(x) + || J = J| &), for all x € X.
Similarly, by reversing the roles of J and J’, we obtain

(TJ)(x) < (TJ)(x) + a||J = J'| &(2), for all x € X.
Combining the preceding two relations, we have

(T)(@) = (TT)(@)| < allJ - J &),  foralla€ X,

and by dividing with £(x), and taking supremum over x € X, it follows
that
I7T ~ 77| < all] 7|,

Thus T is a contraction mapping from B(X) to B(X), with respect to
the sup-norm (5.2), with modulus «, and has a unique fixed point within
B(X), which we denote by J*.

Bellman’s Equation and Minimax Optimal Policies

Given a mapping H of the form (5.1) that satisfies Assumption 1.1, we are
interested in computing the fixed point J* of T, i.e., a function J* such
that
J(x)= inf sup H(z,u,v,J"), for all x € X. (5.6)
u€U(z) yeV (z)
Moreover, we are interested in finding a policy p* € M (if it exists) that
attains the infimum for all € X as in the following equation

p(x) € arg n%]i{l)ﬁ(x,u, J), for all x € X,
uwel(x

where for all z € X, u € U(x), and J € B(X), the mapping H is defined
by

H(z,u,J)= sup H(z,u,v,J).
veV (x)
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We are also interested in finding a policy v* € A/ (if it exists) that attains
the supremum for all x € X as in the following equation

v*(z) € arg mél(x)H(a:,u*(x),v, J), for all z € X.
veV(x

In the context of a sequential minimax problem that is addressed by
DP, the fixed point equation J* = TJ* is viewed as a form of Bellman’s
equation. In this case, J*(z) is the minimax cost starting from state x.
Moreover u* is an optimal policy for the minimizer in a minimax sense,
while v* is a corresponding worst case response of the mazximizer. Under
suitable assumptions on H (such as convexity in v and concavity in v)
the order of minimization and maximization can be interchanged in the
preceding relations, in which case it can be shown that (u*,v*) is a saddle
point (within the space M x N) of the minimax value J,, . (z), for every
zeX.

Markov Games

The simplest special case of a sequential stochastic game problem, which
relates to our abstract framework, was introduced in the paper by Shapley
[Shab3] for undiscounted finite-state problems, with a termination state,
where the Bellman operator T),, is contractive with respect to the (un-
weighted) sup-norm for all 4 € M, and v € M. Shapley’s work brought
the contraction mapping approach to prominence in DP and sequential
game analysis, and was subsequently extended by several authors in both
undiscounted and discounted settings; see e.g., the book by Filar and Vrieze
[FiV97], the lecture notes by Kallenberg [Kal20], and the works referenced
there. Let us now describe a class of finite-state zero-sum game problems
that descend from Shapley’s work, and are often called “Markov games”
(the name was introduced by Zachrisson [Zac64]).

Example 5.1.1 (Discounted Finite-State Markov Games)

Consider two players that play repeated matrix games at each of an infinite
number of stages, using mixed strategies. The game played at a given stage is
defined by a state x that takes values in a finite set X, and changes from one
stage to the next according to a Markov chain whose transition probabilities
are influenced by the players’ choices. At each stage and state x € X, the

minimizer selects a probability distribution u = (u1,...,un) over n possible
choices ¢ = 1,...,n, and the maximizer selects a probability distribution v =
(v1,...,Vm) over m possible choices j = 1,...,m. If the minimizer chooses

¢ and the maximizer chooses j, the payoff of the stage is a;;(z) and depends
on the state . Thus the expected payoff of the stage is Z” aij(z)uv; or
u' A(z)v, where A(z) is the n X m matrix with components a;;(z) (u and v
are viewed as column vectors, and a prime denotes transposition).
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The state evolves according to transition probabilities qqy (4, j), where 4
and j are the moves selected by the minimizer and the maximizer, respectively
(here y represents the next state and game to be played after moves i and j
are chosen at the game represented by ). When the state is z, under u and
v, the state transition probabilities are

n m

pmy(% ’U) = Z Zuivjqu(i7j) = U,Qacy'lh

i=1 j=1

where Qy is the n x m matrix that has components ¢uy(3,j). Payoffs are
discounted by « € (0, 1), and the objectives of the minimizer and maximizer,
are to minimize and to maximize the total discounted expected payoff, re-
spectively.

As shown by Shapley [Shab53], the problem can be formulated as a fixed
point problem involving the mapping H given by

H(z,u,v,J) = u'A(x)v+ « Z Pay(u, v)J (y)

(5.7)
=u' | A(z) + Z QayJ (y) | v.

yeX

It can be verified that H satisfies the contraction Assumption 1.1 [with
&(xz) = 1]. Thus the corresponding operator T' is an unweighted sup-norm
contraction, and its unique fixed point J* satisfies the Bellman equation

J(z) = (TJ")(z) = mi[rjlma‘icH(muw, J), for all z € X, (5.8)
uelU ve

where U and V' denote the sets of probability distributions v = (u1,...,un)
and v = (v1,...,Um), respectively.
Since the matrix defining the mapping H of Eq. (5.7),

Al@)+a ) QuyJ(y),

yeX

is independent of u and v, we may view J*(z) as the value of a static (nonse-
quential) matrix game that depends on z. In particular, from a fundamental
saddle point theorem for matrix games, we have

min max H (z,u,v,J") = maxmin H (z,u,v, J"), for all z € X. (5.9)
uelU veV veV uelU

It was shown by Shapley [Sha53] that the strategies obtained by solving the
static saddle point problem (5.9) correspond to a saddle point of the sequential
game in the space of strategies. Thus once we find J* as the fixed point of the
mapping 7' [cf. Eq. (5.8)], we can obtain equilibrium policies for the minimizer
and maximizer by solving the matrix game (5.9).
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Example 5.1.2 (Undiscounted Finite-State Markov Games
with a Termination State)

Here the problem is the same as in the preceding example, except that there
is no discount factor (o = 1), and in addition to the states in X, there is a
termination state ¢ that is cost-free and absorbing. In this case the mapping
H is given by

H(z,u,v,J) = (A(:c) +y° szJ(y)> v, (5.10)

yeX

cf. Eq. (5.7), where the matrix of transition probabilities Q., may be sub-
stochastic, while T" has the form

(TJ)(z) = minmax H(z,u, v, J). (5.11)
uelU veV

Assuming that the termination state ¢ is reachable with probability one under
all policy pairs, it can be shown that the mapping H satisfies the contraction
Assumption 1.1, so results and algorithms that are similar to the ones for the
preceding example apply. This reachability assumption, however, is restric-
tive and is not satisfied when the problem has a semicontractive character,
whereby 7T}, is a contraction under some policy pairs but not for others. In
this case the analysis is more complicated and requires the notion of proper
and improper policies from single-player stochastic shortest path problems;
see the papers [BeT91], [PaB99], [YuB13a], [Yul4].

In the next section, we will view our abstract minimax problem, in-
volving the Bellman equation (5.6), as an optimization by a single player
who minimizes against a worst-case response by an antagonistic oppo-
nent/maximizer, and we will describe the corresponding PI algorithm. This
algorithm has been known for the case of Markov games since the 1960s. We
will highlight the main weakness of this algorithm: the computational cost
of the policy evaluation operation, which involves the solution of the maxi-
mizer’s problem for a fixed policy of the minimizer. We will then discuss an
attractive proposal by Pollatschek and Avi-Itzhak [PoA69] that overcomes
this difficulty, albeit with an algorithm that requires restrictive assump-
tions for its validity. Then, in Section 5.3, we will introduce and analyze a
new algorithm, which maintains the attractive structure of the Pollatschek
and Avi-Itzhak algorithm without requiring restrictive assumptions. We
will also show the validity of our algorithm in the context of a distributed
asynchronous implementation, as well as in an on-line context, which in-
volves one-state-at-a-time policy improvement, with the states generated
by an underlying dynamic system or Markov chain.
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RELATIONS TO SINGLE-PLAYER ABSTRACT DP
FORMULATIONS

In this section, we will reformulate our minimax problem in a way that
will bring to bear the theory of Chapter 2. In particular, we will view the
problem of finding a fixed point of the minimax operator T' of Eq. (5.4)
[cf. the Bellman equation (5.6)] as a single-player optimization problem by
redefining T in terms of the mapping H given by

H(z,u,J)= sup H(z,u,v,J), xe X, ueU(x), J € B(X).

veV (x)
(5.12)
In particular, we write T as
(TJ)(x) = inf H(z,u,J), reX, (5.13)

uelU(x)

or equivalently, by introducing for each u € M the operator Tu given by

(TyJ)(z) = H(z,u(x),J) = eSlliI() )H(:C,u(:v),v, J), ze X, (5.14)

we write T as

(TJ)(x) = Miél/{/l(THJ)(x), z e X. (5.15)

Our contraction assumption implies that all the operators Tu, weM,as
well as the operator T are weighted sup-norm contractions from B(X) to
B(X), with modulus «a.

Thus the single-player weighted sup-norm contractive DP framework
of Chapter 2 applies directly to the operator T as defined by Eq. (5.15). In
particular, to apply this framework to a minimax problem, we start from
the mapping H of Eq. (5.12), which defines T, via Eq. (5.14), and then T,
using Eq. (5.15).

PI Algorithms

In view of the preceding transformation of our minimax problem to the
single-player abstract DP formalism, the PI algorithms developed for the
latter apply, and in fact these algorithms have been known for a long time
for the special case of finite-state Markov games, cf. Examples 5.1.1 and
5.1.2.

In particular, the standard form of PI generates iteratively a sequence
of policies {ut}. The typical iteration starts with p! and computes pt+1
with a minimization that involves the optimal cost function of a maxi-
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mizer’s abstract DP problem with the minimizer’s policy fixed at ut, as
follows: T

Iteration (¢t + 1) of Abstract PI Algorithm from the Mini-
mizer’s Point of View

Given pt, generate puttl with a two-step process:

(a) Policy evaluation, which computes J,+ as the unique fixed
point of the mapping T#t given by Eq. (5.14), i.e.,

Iyt :TMtJMt, (5.16)
or equivalently

Jyp(x) = vrgrgié)H(x,ut(x),v, Jut)s zeX. (5.17)

(b) Policy improvement, which computes p!t! as a policy that

satisfies _
Tprrdye =T, (5.18)
or equivalently
t+l(x) € a i ax H(z,u,v,J , € X.
uttl(x) rgure%lgc) <vlenv(>g<c) (x,u,v Mt)) 0
(5.19)

There are also optimistic forms of PI, which starting with a function
JO0 € B(X), generate a sequence of function-policy pairs {J¢, ut} with the
algorithm

T, Jt=TJt, JHL =TTt k=0,1,..., (5.20)

where {m:} is a sequence of positive integers; see Section 2.5. Here the
policy evaluation operation (5.16) that finds the fixed point of the mapping
Tut is approximated by m; value iterations using Tut, and starting from
Jt, as in the second equation of (5.20). The convergence of the abstract

forms of these PI algorithms has been established under the additional

1 Policy improvement involves an optimization operation that defines the
new/improved policy. Throughout this chapter, and in the context of PI algo-
rithms, we implicitly assume that this optimization can be carried out, i.e., that
the optimum is attained, and write accordingly “min” and “max” in place of
“inf” and “sup,” respectively.
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monotonicity assumption

T,J <T,J'  foralllJ,J €B(X)withJ<.J, (5.21)

which is typically satisfied in DP-type single-player and two-player problem
formulations.

The drawback of the preceding PI algorithms is that the policy eval-
uation operation of Eq. (5.16) and its optimistic counterpart of Eq. (5.20)
aim to find or approximate the fixed point of Tut, which involves a poten-
tially time-consuming maximization over v € V(z); cf. the definition (5.14)
and Eq. (5.17). This can be seen from the fact that Eq. (5.17) is Bellman’s
equation for a maximizer’s abstract DP problem, where the minimizer is
known to use the policy ut. There is a PI algorithm for finite-state Markov
games, due to Pollatschek and Avi-Itzhak [PoA69], which was specifically
designed to avoid the use of maximization over v € V(z) in the policy
evaluation operation. We present this algorithm next, together with a pre-
decessor PI algorithm, due to Hoffman and Karp [HoK66], which is in fact
the algorithm (5.16)-(5.19) applied to the Markov game Example 5.1.1.

The Hoffman-Karp, and Pollatschek and Avi-Itzhak Algorithms
for Finite-State Markov Games

The PI algorithm (5.16)-(5.19) for the special case of finite-state Markov
games (cf. Example 5.1.1), has been proposed by Hoffman and Karp [HoK66].
It takes the form

Je(x) = E)Ilea&(H(x, pt (), v, J,e), x e X, (5.22)

where H is the Markov game mapping (5.7) (this is the policy evaluation
step), followed by solving the static minimax problem

inelller&a‘icH(:z:,u,v, Jyt), z € X, (5.23)

and letting ptt1 be a policy that attains the minimum above (this is the
policy improvement step). The policy improvement subproblem (5.23) is a
matrix saddle point problem, involving the matrix

A@) + > Qg (),

yeX

[cf. Eq. (5.10)], which is easily solvable by linear programming for each x
(this is well-known in the theory of matrix games).

However, the policy evaluation step (5.22) involves the solution of
the maximizer’s Markov decision problem, for the fixed policy pt of the
minimizer. This can be a quite difficult problem that requires an expensive
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computation. The same is true for a modified version of the Hoffman-Karp
algorithm proposed by van der Wal [Van78], which involves an approximate
policy evaluation, based on a limited number of value iterations, as in the
optimistic PI algorithm (5.20). The computational difficulty of the policy
evaluation phase of the Hoffman-Karp algorithm is also shared by other PI
algorithms for sequential games that have been suggested in the literature
in subsequent works (e.g., Patek and Bertsekas [PaB99], and Yu [Yul4)).

Following the publication of the Hoffman-Karp algorithm, another PI
algorithm for finite-state Markov games was proposed by Pollatschek and
Avi-Ttzhak [PoA69], and has attracted considerable attention because it
is more computationally expedient. It generates a sequence of minimizer-
maximizer policy pairs {uf, vt} and corresponding game value functions
Jt ¢ (), starting from each state z. In particular, the standard form of
PI generates iteratively a sequence of policies {ut}. We give this algorithm
in an abstract form, which parallels the PI algorithm (5.16)-(5.19). The
typical iteration starts with a pair (ut, v*) and computes a pair (ut+1, pt+1)
as follows:

Iteration (¢t + 1) of the Pollatschek and Avi-Itzhak PI Algo-
rithm in Abstract Form

Given (ut,vt), generate (utt1, vt+1) with a two-step process:
(a) Policy evaluation, which computes J,: ,+ by solving the fixed

point equation

Tt pt () = H (2, pt(2), vt (x), J 40 1) z e X. (5.24)

(b) Policy improvement, which computes (utt!, vt+1) by solving
the saddle point problem

i H X. 2
min max (z,u, v, Iyt pt), x € (5.25)

The Pollatschek and Avi-Ttzhak algorithm [PoA69] is the algorithm
(5.24)-(5.25), specialized to the Markov game case of the mapping H that

involves the matrix
A(.I) + Z sz'];ﬁ,ut (y)v
yeX

similar to the Hoffman-Karp algorithm, cf. Eq. (5.10). A key observation is
that the policy evaluation operation (5.24) is computationally comparable
to policy evaluation in a single-player Markov decision problem, i.e., solving
a linear system of equations. In particular, it does not involve solution
of the Markov decision problem of the maximizer like the Hoffman-Karp
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PI algorithm [cf. Eq. (5.22)], or its approximate solution by multiple value
iterations, as in the van der Wal optimistic version (5.20) for Markov games.

Computational studies have shown that the Pollatschek and Avi-
Itzhak algorithm converges much faster than its competitors, when it con-
verges (see Breton et al. [BFHS86], and also Filar and Tolwinski [FiT91],
who proposed a modification of the algorithm). Moreover, the number
of iterations required for convergence is fairly small. This is consistent
with an interpretation given by Pollatschek and Avi-Itzhak in their paper
[PoA69], where they have shown that their algorithm coincides with a form
of Newton’s method for solving the fixed point/Bellman equation J = T'J
(see Fig. 5.2.1).1 The close connection of PI with Newton’s method is well-
known in control theory and operations research, through several works,
including Kleinman [Kle68] for linear-quadratic optimal control problems,
and Puterman and Brumelle [PuB78], [PuB79] for more abstract settings.
Its significance in reinforcement learning contexts has been discussed at
length in the author’s recent books [Ber20] and [Ber22|; see also Section
1.3.

Unfortunately, however, the Pollatschek and Avi-Itzhak algorithm is
valid only under restrictive assumptions (given in their paper [PoA69]).
The difficulty is that Newton’s method applied to the Bellman equation
J = TJ need not be globally convergent when the operator T' corresponds
to a minimax problem. This is illustrated in Fig. 5.2.1, which also illus-
trates why Newton’s method (equivalently, the PI algorithm) is globally

1 Newton’s method for solving a general fixed point problem of the form
z = F(z), where z is an n-dimensional vector, operates as follows: At the current
iterate zi, we linearize F' and find the solution zy11 of the corresponding linear
fixed point problem, obtained using a first order Taylor expansion:

OF (z1)
0z

Zh+1 = F(zk) + (Zkt1 — 2k),
where OF (z1)/0z is the nxn Jacobian matrix of F evaluated at the n-dimensional

vector zx. The most commonly given convergence rate property of Newton’s
method is quadratic convergence. It states that near the solution z*, we have

k1 — 27| = O(llzx — 2°[1%),

where || - || is the Euclidean norm, and holds assuming the Jacobian matrix exists
and is Lipschitz continuous (see [Berl6c|, Section 1.4). Qualitatively similar
results hold under other assumptions. In particular a superlinear convergence
statement (suitably modified to account for lack of differentiability of F') can be
proved for the case where F(z) has components that are either monotonically
increasing or monotonically decreasing, and either concave or convex. In the
case of the Pollatschek and Avi-Itzhak algorithm, the main difficulty is that the
concavity /convexity condition is violated; see Fig. 5.2.1.
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Figure 5.2.1 Schematic illustration of the abstract minimax PI algorithm (5.24)-
(5.25) in the case of a minimax problem involving a single state, in addition to a
termination state ¢; cf. Example 5.1.2. We have J*(t) = 0 and (T'J)(t) = 0 for
all J with J(t) = 0, so that the operator T can be graphically represented in just
one dimension (denoted by J) that corresponds to the nontermination state. This
makes it easy to visualize T" and geometrically interpret why Newton’s method
does not converge. Because the operator T' may be neither convex nor concave
for a minimax problem, the algorithm may cycle between pairs (u,v) and (i, D),
as shown in the figure. By contrast in a (single-player) finite-state Markovian
decision problem, T has piecewise linear and concave components, and the PI
algorithm converges in a finite number of iterations. The figure illustrates an
operator T of the form

TJ = min { max {le(J), elz(J)}, max {ézl(J), ézz(J)} }

where £;;(J), are linear functions of J, corresponding to the choices ¢ = 1, 2 of the
minimizer and j = 1, 2 of the maximizer. Thus T'J is the minimum of the convex
functions

max {le(J)7 le(J)} and max {Zzl(J)7 ZQQ(J)},

as shown in the figure. Newton’s method linearizes T'J at the current iterate [i.e.,
replaces T'J with one of the four linear functions £;;(J), i = 1,2, j = 1,2 (the
one attaining the min-max at the current iterate)] and solves the corresponding
linear fixed point problem to obtain the next iterate.
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convergent in the case of a single-player finite-state Markov decision prob-
lem, as is well known. In this case each component (T.J)(z) of the function
TJ is concave and piecewise linear, thereby guaranteeing the finite ter-
mination of the PI algorithm. This is not true in the case of finite-state
minimax problems and Markov games. The difficulty is that the functions
(T'J)(x) may be neither convex nor concave in J, even though they are
piecewise linear and have a monotonicity property (cf. Fig. 5.2.1). In fact
a two-state example where the Pollatschek and Avi-Itzhak algorithm does
not converge to J* was given by van der Wal [Van78]. This example in-
volves a single state in addition to a termination state, and the algorithm
oscillates similar to Fig. 5.2.1. Note that the Hoffman-Karp algorithm does
not admit an interpretation as Newton’s method, and is not subject to the
convergence difficulties of the Pollatschek and Avi-Itzhak algorithm.

A NEW PI ALGORITHM FOR ABSTRACT MINIMAX DP
PROBLEMS

In this section, we will introduce modifications to the Pollatschek and Avi-
Itzhak algorithm, and its abstract version (5.24)-(5.25), given in the pre-
ceding section, with the aim to enhance its convergence properties, while
maintaining its favorable structure. These modifications will apply to a
general minimax problem of finding a fixed point of a suitable contractive
operator, and offer the additional benefit that they allow asynchronous,
distributed, and on-line implementations. They are also suitable for ap-
proximations based on an aggregation approach, which will be discussed in
Section 5.5.

Our PI algorithm is motivated by a line of analysis and correspond-
ing algorithms introduced by Bertsekas and Yu [BeY10], [BeY12] for dis-
counted infinite horizon DP problems, and by Yu and Bertsekas [YuB13a]
for stochastic shortest path problems (with both proper and improper poli-
cies). These algorithms were also presented in general abstract form in the
author’s book [Ber12a], as well as in Section 2.6.3. The PI algorithm of this
section uses a similar abstract formulation, but replaces the single mapping
that is minimized in these works with two mappings, one of which is min-
imized while the other is maximized. Mathematically, the difficulty of the
Pollatschek and Avi-Ttzhak algorithm is that the policies (ut+1,vt+1) ob-
tained from the policy improvement /static game (5.25) are not “improved”
in a clear sense, such as

Syt i1 () < Syt it (x), for all x € X,

as they are in the case of single-player DP, where a policy improvement
property is central in the standard convergence proof of single-player PI.
Our algorithm, however, does not rely on policy improvement, but rather
derives its validity from a wuniform contraction property of an underlying
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operator, to be given in Section 5.4 (cf. Prop. 5.4.2). In fact, our algorithm
does not require the monotonicity assumption (5.21) for its convergence,
and thus it can be used in minimax problems that are beyond the scope of
DP.}

As an aid to understanding intuitively the abstract framework of this
section, we note that it is patterned after a multistage process, whereby at
each stage, the following sequence of events is envisioned (cf. Fig. 5.3.1):

(1) We start at some state x1 from a space Xj.

(2) The minimizer, knowing 1, chooses a control u € U(z1). Then a
new state zo from a space X is generated as a function of (x1,u).
(It is possible that X; = Xo, but for greater generality, we do not
assume so. Also the transition from z; to x2 may involve a random
disturbance; see the subsequent Example 3.3.)

(3) The maximizer, knowing z2, chooses a control v € V(x2). Then a
new state T; € X, is generated.

(4) The next stage is started at Z; and the process is repeated.

If we start with 21 € X1, this sequence of events corresponds to finding the
optimal minimizer policy against a worst case choice of the maximizer, and
the corresponding min-max value is denoted by J; (x1). Symmetrically, if
we start with zo € Xo, this sequence of events corresponds to finding the
optimal maximizer policy against a worst case choice of the minimizer, and
the corresponding max-min value is denoted by J; (x2).

This type of framework can be viewed within the context of the theory
of zero-sum games in extensive form, a methodology with a long history
[Kuhb53]. Games in extensive form involve sequential/alternating choices
by the players with knowledge of prior choices. By contrast, for games in
simultaneous form, such as the Markov games of the preceding section, the
players make their choices without being sure of the other player’s choices.

Fixed Point Formulation

We consider the space of bounded functions of x; € X1, denoted by B(X1),
and the space of bounded functions of z2 € X2, denoted by B(X2), with
respect to the norms ||J1]j1 and ||J2||2 defined by

HJ1||1: sup M ||J2H2: sup M

z1€X1 &1(x1) ’ s Ea(22) ) (5.26)

1 For example, our algorithm can be used for the asynchronous distributed
computation of fixed points of concave operators, arising in fields like economics
and polulation dynamics. The key fact here is that a concave function can be
described as the minimum of a collection of linear functions through the classical
conjugacy operation.
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Stage for Minimizer
Min-max value J; (z1)

[
|

]
(==l ——)—)

Stage for Maximizer
Max-min value J5 (x2)

Figure 5.3.1 Schematic illustration of the sequence of events at each stage of
the minimax problem. We start at 1 € X;. The minimizer chooses a control
u € U(x1), a new state xa € X» is generated, the maximizer chooses a v € V(z2),
and a new state 1 € X7 is generated, etc. If the stage begins at x2 rather than
1, this corresponds to the max-min problem. The corresponding min-max and
max-min values are Jj (z1) and JJ (x2), respectively.

where £ and &2 are positive weighting functions, respectively. We also
consider the space B(X1) x B(X2) with the norm

[[(J1, J2)|| = max {|[1[]1, [[J2]|2}- (5.27)

We will be interested in finding a pair of functions (J;,J,) that are
the fixed point of mappings

H1 :Xl XUXB(XQ)HB(Xl), H2 :XQXVXB(Xl)HB(Xg),
in the following sense: for all 1 € X; and z2 € X3,

Ji(z1) = inf  Hi(wvi,u,Jy), Jy(z2) = sup Ha(w2,v,J7).
u€U(w1) veV (xzg)
(5.28)
These two equations form an abstract version of Bellman’s equation for
the infinite horizon sequential min-max problem described by the sequence
of events (1)-(4) given earlier. We will assume later (see Section 5.4) that
H; and Hjy have a contraction property like Assumption 5.1.1, which will
guarantee that (J,J;) is the unique fixed point within B(X;) x B(X3).
Note that the fixed point problem (5.28) involves both min-max and
max-min values, without assuming that they are equal. By contrast the
algorithms of Section 5.2 aim to compute only the min-max value. In
the case of a Markov game (cf. Examples 5.1.1 and 5.1.2), the min-max
value is equal to the max-min value, but in general min-max may not be
equal to max-min, and the algorithms of Section 5.2 will only find min-
max explicitly. We will next provide an example to interpret Jf and J; as
the min-max and max-min value functions of a sequential infinite horizon
problem involving the sequence of events (1)-(4) given earlier.
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Example 5.3.1 (Discounted Minimax Control - Explicit
Separation of the Two Players)

In this formulation of a discounted minimax control problem, the states of

the minimizer and the maximizer, respectively, at time k are denoted by
1,5 € X1 and z2; € X2, and they evolve according to

o k1 = f1(x1e, ur), T1ht1 = fo(T2,041, Vk), k=0,1,.... (5.29)
The mappings Hi and H> are given by
H1($17u7J2) = gl(:chu) +OéJ2(f1($C17u))7 (5.30)

Ha(w2,v, 1) = ga(w2,0) + ai (fa(w2,0)), (5.31)

where g1 and g2 are stage cost functions for the minimizer and the maximizer,
respectively. The corresponding fixed point problem of Eq. (5.28) has the form

Fen) = nf [gl(xl,u) + s (fi (o, u))}, (5.32)
Jile) = s [g2(22,0) + @i (Falz,v) |. (5.33)

Example 5.3.2 (Markov Games)

We will show that the discounted Markov game of Example 5.1.1 can be
reformulated within our fixed point framework of Eq. (5.28) by letting X; =
X, X2 = X xU, and by redefining the minimizer’s control to be a probability
distribution (u1,...,us), and the maximizer’s control to be one of the m
possible choices j =1,...,m.

To introduce into our problem formulation an appropriate contraction
structure that we will need in the next section, we use a scaling parameter g
such that

B>1, af < 1. (5.34)

The idea behind the use of the scaling parameter § is to introduce discount-
ing into the stages of both the minimizer and the maximizer. We consider
functions Ji (z) and J5 (z,u) that solve the equations

(@) = 5 min i (@.) (5.35)

J3 (2,u) = max {u (A(x) +aBy meJ{‘(y)> (1),

yeX

u' <A(JJ) +ap Z QayJT (y)) (m)}v

yeX

(5.36)
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where
(A(x) +aBY Qer(m) @),  i=1....m, (5.37)
yeX
denotes the jth column of the matrix
A@)+aB > QuyJi (y)- (5.38)
yeX

It can be seen from these equations that

J3 (z,u) = max u’ (A(x) +ap Z QuyJi (y)) v, (5.39)

veV
yeX

since the maximization over v € V above is equivalent to the maximization
over the m alternatives in Eq. (5.36), which correspond to the extreme points
of the unit simplex V. Thus from Egs. (5.35) and (5.39), it follows that the
function BJ; satisfies

(BJ7)(x) = min max v’ (A(:c) +a Z sz(ﬂjf)(y)> v,

uelU veV
yeX

S0 it coincides with the vector of equilibrium values J* of the Markov game
formulation of Example 5.1.1 [cf. Eq. (5.7)-(5.8)].

Note that J5(x,-) is a piecewise linear function of u with at most m
pieces, defined by the columns (5.37). Thus the fixed point (J7, J3) can be
stored and be computed as a finite set of numbers: the real numbers J7 (),
x € X, which can also be used to compute the n x m matrices

A@)+aB ) QuJily), z€X

yeX

whose columns define J5 (z,u), cf. Eq. (5.36).
We finally observe that the two equations (5.35) and (5.39) can be
written in the form (5.28), with 1 = =, z2 = (z,u), and H1, Hs defined by

1
Hi(z,u, JJ2) = EJg(:tmu)7

Ho(z,u,v,J1) =o' (A(x) +af Z szJ{‘(y)> V.

yeX

An important area of application of our two-player framework is con-
trol under set-membership uncertainty within a game-against-nature for-
mulation, whereby nature is modeled as an antagonistic opponent choosing
v € V(x2). Here only the min-max value is of practical interest, but our
subsequent PI methodology will find the max-min value as well. We provide
two examples of this type of formulation.
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Example 5.3.3 (Discounted Minimax Control Over an
Infinite Horizon)

Consider a dynamic system whose state evolves at each time k according to
a discrete time equation of the form

Th+1 :f(xk,'LLk,'Uk), k:O717"'7 (540)

where x;, is the state, ug is the control to be selected from some given set
U(zy) (with perfect knowledge of x), and vy is a disturbance that is selected
by an antagonistic nature from a set V(zg,ur) [with perfect knowledge of
(zk,ur)]. A cost g(xk, uk,v) is incurred at time k, it is accumulated over an
infinite horizon, and it is discounted by a € (0,1). The Bellman equation for
this problem is

J*(z) = inf  sup [g(ax7 u,v) + aJ” (f(:tc7 u, v))} , (5.41)
u€eU(z) veV (x,u)

and the optimal cost function J* is the unique fixed point of this equation,
assuming that the cost per stage g is a bounded function.

To reformulate this problem into the fixed point format (5.28), we iden-
tify the minimizer’s state 1 with the state x of the system (5.40), and the
maximizer’s state xz with the state-control pair (x,u). We also introduce a
scaling parameter § that satisfies 8 > 1 and o < 1; cf. Eq. (5.34). We define
H1 and H> as follows:

Hi(x,u, J2) maps (z,u, J2) to the real value ng(amu)7

B
Hy(z,u,v,J1) maps (z,u, v, J1)
to the real value g(z,u,v) + afJ1 (f(:tmu7 v))

Then the resulting fixed point problem (5.28) takes the form

(BJ7)(x) = inf J3(z,u),

ueU (x)

Jieu) = sw 9@ u,v) + a8 (o, u,0)|

which is equivalent to the Bellman equation (5.41) with J* = 8J7.
Example 5.3.4 (Discounted Minimax Control with Partially
Stochastic Disturbances)

Consider a dynamic system such as the one of Eq. (5.40) in the preceding
example, except that there is an additional stochastic disturbance w with
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known conditional probability distribution given (x,u,v). Thus the state
evolves at each time k according to

Tk41 :f(xk7uk7vk7wk)7 k:0717"'7 (542)

and the cost per stage is g(zk, Uk, V&, wr). The Bellman equation now is

J*(z) = inf  sup Ew{g(:c7u7v7w) +aJ" (f(:muw,w)) ‘ :tmuw}7 (5.43)
uel(z) veV(x,u)
and J* is the unique fixed point of this equation, assuming that g is a bounded
function.
Similar to Example 5.3.3, we let the minimizer’s state be x, and the

maximizer’s state be (z,u), we introduce a scaling parameter 8 that satisfies
B> 1and af < 1; cf. Eq. (5.34), and we define H; and H; as follows:

Hi(z,u, J2) maps (z,u, J2) to the real value %Jz(x,u),

Hy(x,u,v, J1) maps (z,u,v, J1)
to the real value Eu,{g(:uu7 v,w) + afJ1 (f(:tmu7 v, w)) ‘ T, U, v}.
The resulting fixed point problem (5.28) takes the form
JT = inf J3(z,u),
(BI)(@) = il Ji(x,u)

Hew = sw Bu{glwu0.w)+a@I) (/@ u0w) | uv}.
veV(z,u)

which is equivalent to the Bellman equation (5.43) with J* = SJ7.

Other examples of application of our abstract fixed point framework
(5.28) include two-player versions of multiplicative and exponential cost
problems. One-player cases of these problems have a long tradition in
DP; see e.g., Jacobson [Jac73], Denardo and Rothblum [DeR79], Whit-
tle [Whi81], Rothblum [Rot84], Patek [Pat01]. Abstract versions of these
problems come under the general framework of affine monotonic problems,
for which we refer to Section 3.5.2 and the author’s paper [Ber19a] for fur-
ther discussion. Two-player versions of affine monotonic problems involve
a state space X = {1,...,n}, and the mapping

H(z,u,v,J) = g(z,u,v) + ZAmy(u,v)J(y), x=1,...,n,

y=1
where g and Az, satisty for all z,y = 1,...,n, u € U(x), v € V(z),
g(x,u,v) >0, Agzy(u,v) > 0.

Our PI algorithms can be suitably adapted to address these problems,
along the lines of the preceding examples. Of course, the corresponding
convergence analysis may pose special challenges, depending on whether
our assumptions of the next section are satisfied.
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“Naive” PI Algorithms

A PI algorithm for the fixed point problem (5.28), which is patterned after
the Pollatschek and Avi-Itzhak algorithm, generates a sequence of policy
pairs {ut, vt} C M x N and corresponding sequence of cost function pairs
{J1ut ot Jout pt} € B(X1) x B(X2). We use the term “naive” to indicate
that the algorithm does not address adequately the convergence issue of
the underlying Newton’s method.f Given {ut, vt} it generates {utt1, vt+1}
with a two-step process as follows:

(a) Policy evaluation, which computes the functions {J17Mt)l,t7J5, ot ot}
by solving the fixed point equations

Tyt ot (1) = Hy(z1, pt(2), Jo it t), z1 € Xu, (5.44)

Jo it pt(w2) = Ha (z2, 8 (), Jy 4t 1), x2 € Xo. (5.45)

(b) Policy improvement, which computes (ptt1, vt+1) with the mini-
mizations

putti(z1) € arg uen[}i(ril) H, (:Cl,u, J27Mt7ut), r1 € X1, (5.46)

vitl(zo) € argvé?/:%;cz)Hg (xg,v, Jl)ut)l,t), 9 € Xo. (5.47)

This algorithm resembles the abstract version of the Pollatschek and
Avi-Ttzhak algorithm (5.24)-(5.25) in that it involves simple policy evalu-
ations, which do not require the solution of a multistage DP problem for
either the minimizer or the maximizer. Unfortunately, however, the algo-
rithm (5.44)-(5.47) cannot be proved to be convergent, as it does not deal
effectively with the oscillatory behavior illustrated in Fig. 5.2.1.

An optimistic version of the PI algorithm (5.44)-(5.47) evaluates the
fixed point pair (Jy ¢ ¢, J5 ¢ 1) approximately, by using some number,
say k > 1, of value iterations. It has the form

J17k+1(f171):Hl(l‘l,‘ut(xl),z]zk), r1 € X1, k=0,1,...,k—1,
J27k+1(172) :HQ(:Z?Q,Vt(ZEQ),JLk), T9 € Xa, k:(),l,...,k—l
starting from an initial approximation (Ji,0, J2,0), instead of solving the

fixed point equations (5.44)-(5.45). As k (i.e., the number of value itera-
tions used for policy evaluation) increases, the pair (J; g, J; ) converges to

T We do not mean the term in a pejorative sense. In fact the Pollatschek and
Avi-Ttzhak paper [PoA69] embodies original ideas, includes sophisticated and
insightful analysis, and has stimulated considerable followup work.
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(J1,ut wts J2 ut yt), and the optimistic and nonoptimistic policy evaluations
coincide in the limit (under suitable contraction assumptions to be intro-
duced in the next section). Still the PI algorithm that uses this optimistic
policy evaluation, followed by a policy improvement operation similar to
Egs. (5.46)-(5.47), i.e.,

pttl(zy) € arg n(}l(n )Hl (21,9, J5 41), z1 € X, (5.50)
uclU(x1 ’

vitl(zg) € arg H‘l/E%X )Hg (22,0, J) f41)> z2 € X2, (5.51)
veV(xg ’

cannot be proved convergent and is subject to oscillatory behavior. How-
ever, this optimistic algorithm can be made convergent through modifica-
tions that we describe next.

Our Distributed Optimistic Abstract PI Algorithm

Our PI algorithm for finding the solution (J;,J;) of the Bellman equation
(5.28) has structural similarity with the “naive” PI algorithm that uses
optimistic policy evaluations of the form (5.48)-(5.49) and policy improve-
ments of the form (5.50)-(5.51). It differs from the PI algorithms of the
preceding section, such as the Hoffman-Karp and van der Wal algorithms,
in two ways:

(a) It treats symmetrically the minimizer and the mazimizer, in that it
aims to find both the min-max and the max-min cost functions, which
are Jf and JQ* , respectively, and it ignores the possibility that we may
have J; = J,.

(b) It separates the policy evaluations and policy improvements of the
minimizer and the mazximizer, in asynchronous fashion. In particular,
in the algorithm that we will present shortly, each iteration will consist
of only one of four operations: (1) an approximate policy evaluation
(consisting of a single value iteration) by the minimizer, (2) a policy
improvement by the minimizer, (3) an approximate policy evaluation
(consisting of a single value iteration) by the maximizer, (4) a policy
improvement by the maximizer.

The order and frequency by which these four operations are performed
does not affect the convergence of the algorithm, as long as all of these oper-
ations are performed infinitely often. Thus the algorithm is well suited for
distributed implementation. Moreover, by executing the policy evaluation
steps (1) and (3) much more frequently than the policy improvement op-
erations (2) and (4), we obtain an algorithm involving nearly exact policy
evaluation.

Our algorithm generates two sequences of function pairs,

{J4, 73} € B(X1) x B(Xa),  {V{,V§} C B(X1) x B(Xa),
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and a sequence of policy pairs:
{ut, vt} C M x N.

The algorithm involves pointwise minimization and maximization opera-
tions on pairs of functions, which we treat notationally as follows: For
any pair of functions (V,J) from within B(X1) or B(X3), we denote by
min[V, J] and by max[V, J] the functions defined on B(X;) or B(X3), re-
spectively, that take values

min[V, J](z) = min {V (z), J(z)}, max[V, J](z) = max {V(z), J ()},

for every = in X; or Xa, respectively.
At iteration ¢, our algorithm starts with

t t gt t
J17V17J27‘/27/1'tuyt7

and generates
t4+1 o+l gl yttl
Jl ? 1 2 7‘/2 7/’l’t+luyt+l7

by executing one of the following four operations.f

Iteration (¢ + 1) of Distributed Optimistic Abstract PI Algo-
rithm

Given (Jf, Vi, JL, VE, ut,vt), do one of the following four operations
(a)-(d):
(a) Single value iteration for policy evaluation of the mini-
mizer: For all 1 € X1, set

Jit (@) = Hy (z1, pt(z1), max[V¥, Ji]), (5.52)
and leave Ji VI VI pt vt unchanged, ie., the corresponding

(t + 1)-iterates are set to the t-iterates: Jit1 = Ji, Vit = Vi,
VI L i =, bt < o,

1 The choice of operation is arbitrary at iteration ¢, as long as each type of
operation is executed for infinitely many ¢. It can be extended by introducing
“communication delays,” and state space partitioning, whereby the operations
are carried out in just a subset of the corresponding state space. This is a type of
asynchronous operation that was also used in the earlier works [BeY10], [BeY12],
[YuB13a]. It is supported by an asynchronous convergence analysis originated
in the author’s papers [Ber82], [Ber83]; see also Section 2.6.1 of the present
book, the book [BeT89], and the book [Berl2a], Section 2.6. This asynchronous
convergence analysis applies because the mapping underlying our algorithm is a
contraction with respect to a sup-norm (rather than some other norm such as an
Ly norm).
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(b) Policy improvement for the minimizer: For all z; € X,
set

Jit (21) = Vit (zy) = n[}i(n)Hl(zl,u,max[vg,Jg]), (5.53)
uelU(x1

set ptt1l(z1) to a control u € U(x1) that attains the above mini-
mum, and leave J, Vif, vt unchanged.

(c) Single value iteration for policy evaluation of the maxi-
mizer: For all 22 € Xo, set

J5+1($2) = Hy (3:2, vt(xz), min[V}, Jf]), (5.54)

and leave Ji, VI, Vi, ut, vt unchanged.

(d) Policy improvement for the maximizer: For all z2 € X,
set

T () = Vi (20) = err‘l/:%x)Hg(acg,v,min[Vf,Jf]), (5.55)
v xT9

set vtt1(z2) to a control v € V(x2) that attains the above max-
imum, and leave J{, V{, ut unchanged.

Example 5.3.5 (Our PI Algorithm for Minimax Control -
Explicit Separation of the Players)

Consider the minimax control problem with explicit separation of the two
players of Example 5.3.1, which involves the dynamic system z; € X; and
2,1 € X2, and they evolve according to

T2,k+1 — f1 (501,k7 Uk)7 T1,k+1 = f2(502,k+17 Uk)7 k=0, 1,...,

[cf. Eq. (5.29)]. The Bellman equation for this problem can be broken down
into the two equations (5.32), (5.33):

R = int lg(enw +adi ()],

S = s (922, ) + 7 (Falaz, ) |.
v CL‘2

In the context of this problem, the four operations (5.52)-(5.55) of our
PI algorithm take the following form:
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(a) Single value iteration for policy evaluation for the minimizer:
For all 1 € X1, set

JE @) = g1 (' o) +ama [VE (o, ! (00))) I3 (falon, ' @) |,
(5.56)
and leave J3, Vi, Vi, ut, v* unchanged.

(b) Policy improvement for the minimizer: For all 1 € X, set

e =V e = i [ononvo)
+ amax [Vgt(ﬁ(ivh U))7 J5 (f1(5017u))]} )
(5.57)

set u'*1(z1) to a control u € U(w1) that attains the above minimum,
and leave J3, V4, v* unchanged.

(c) Single value iteration for policy evaluation of the maximizer:
For all z2 € X5 and v € V(x2), set

JE @) = ga (e, v (2)) +acmin [V (Falaa, v (@2))). T (fala, ' (22))) .
(5.58)
and leave JI, Vi, Vi, ut, v* unchanged.

(d) Policy improvement for the maximizer: For all z2 € X5, set

J5 (2) = Vit (22) = max |:gg($271})
veV (zg)
+ amin [Vi (fa(z2,v)), Ji (fz(xzyv))}}
(5.59)
set v (x2) to a control u € V(z2) that attains the above maximum,
and leave Jf, Vi, u* unchanged.

Example 5.3.6 (Our PI Algorithm for Markov Games)

Let us consider the Markov game formulation of Example 5.3.2. Our PI
algorithm with z1, 2, Hi, and H2 defined earlier, can be implemented by
storing Ji, VY as the real numbers Ji(z) and V{(z), * € X, and by storing
and representing the piecewise linear functions J%, V& using the m columns of
the n X m matrices

A(@)+aB Y Quymin [Vi(y), ()],  z€X; (5.60)

yeX

cf. Eq. (5.36). None of the operations (5.52)-(5.55) require the solution of
a Markovian decision problem as in the Hoffman-Karp algorithm. This is
similar to the Pollatschek and Avi-Itzhak algorithm.
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More specifically, the policy evaluation (5.52) for the minimizer takes
the form

J N (2) = %max {V;H (x, ut(x)), Jitt (x,,ut(:c))}, for all z € X, (5.61)

while the policy improvement (5.53) for the minimizer takes the form

JN(z) = Vit () = %min max [V;H(:c,u), Jéﬂ(:c,u)}, for all z € X.

uelU
(5.62)
The policy evaluation (5.54) for the maximizer takes the form

Jy o) = o <A(:c> +aB > Quymin [Vi(y), Ji (y)}) (V'(@),  (5.63)

yeX

for all z € X and uw € U, while the policy improvement (5.55) for the maxi-
mizer takes the form

J§+1(m7u) = 2t+1(m7u)

yeX

u’ <A($) + Oéﬂ Z Qacy min I:Vlt(y)7 Jf(?/)]) (m) }7

yeX
(5.64)
for all x € X and u € U, where

(A(x) +a8 Y Quymin [Vi(y), Jf@)]) ()

yeX

is the jth column of the n x m matrix (5.60).

Again it can be seen that except for the extra memory storage to main-
tain Vi and V¥, the preceding PI algorithm (5.61)-(5.64) requires roughly
similar/comparable computations to the ones of the “naive” optimistic PI
algorithm (5.48)-(5.51), when applied to the Markov game model.

Discussion of our Algorithm

Let us now provide a discussion of some of the properties of our PI algo-
rithm (5.52)-(5.55). We first note that except for the extra memory storage
to maintain Vi and V¥, the algorithm requires roughly similar/comparable
computations to the ones of the “naive” optimistic PI algorithm (5.48)-
(5.51). Note also that by performing a large number of value iterations
of the form (5.52) or (5.54) we obtain an algorithm that involves nearly
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exact policy evaluation, similar to the “naive” nonoptimistic PI algorithm
(5.44)-(5.47).

Mathematically, under the contraction assumption to be introduced
in the next section, our algorithm (5.52)-(5.55) avoids the oscillatory behav-
ior illustrated in Fig. 5.2.1because it embodies a policy-dependent sup-norm
contraction, which has a uniform fized point, the pair (Jik , J2* ), regardless
of the policies. This is the essence of the key Prop. 5.4.2, which will be
shown in the next section.

Aside from this mathematical insight, one may gain intuition into the
mechanism of our algorithm (5.52)-(5.55), by comparing it with the opti-
mistic version of the “naive” optimistic PI algorithm (5.48)-(5.51). Our al-
gorithm (5.52)-(5.55) involves additionally the functions V{ and V4, which
are changed only during the policy improvement operations, and tend to
provide a guarantee against oscillatory behavior. In particular, since

max(V4, Jf] > Ji,

the iterations of the minimizer in our algorithm, (5.52) and (5.53), are more
“pessimistic” about the choices of the maximizer than the iterates of the
minimizer in the “naive” PI iterates (5.48) and (5.49). Similarly, since

min[V, Ji] < Jj,

the iterations of the maximizer in our algorithm, (5.54) and (5.55), are more
“pessimistic” than the iterates of the maximizer in the naive PI iterates
(5.48) and (5.49). As a result the use of Vi and V3 in our PI algorithm
makes it more conservative, and mitigates the oscillatory swings that are
illustrated in Fig. 5.2.1.

Let us also note that the use of the functions V4 and V5 in our al-
gorithm (5.52)-(5.55) may slow down the algorithmic progress relative to
the (nonconvergent) “naive” algorithm (5.44)-(5.47). To remedy this sit-
uation an interpolation device has been suggested in the paper [BeY10]
(Section V), which roughly speaking interpolates between the two algo-
rithms, while still guaranteeing the algorithm’s convergence; see also Sec-
tion 2.6.3. Basically, such a device makes the algorithm less “pessimistic,”
as it guards against nonconvergence, and it can similarly be used in our
algorithm (5.52)-(5.55).

In the next section, we will show convergence of our PI algorithm
(5.52)-(5.55) with a line of proof that can be summarized as follows. Using
a contraction argument, based on an assumption to be introduced shortly,
we show that the sequences {V{} and {VJ} converge to some functions
Vi € B(X1) and V5 € B(X2), respectively. From the policy improvement
operations (5.53) and (5.55) it will then follow that the sequences {J{}
and {Ji} converge to the same functions V;* and V5, respectively, so that
min[V{, Ji] and max[VZ, Ji| converge to Vi* and V", respectively, as well.
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Using the continuity of H; and H2 (a consequence of our contraction as-
sumption), it follows from Eqgs. (5.53) and (5.55) that (V}*, V5") is the fixed
point of Hy and Ha [in the sense of Eq. (5.28)], and hence is also equal to
(J),J3) [cf. Eq. (5.28)]. Thus we finally obtain convergence:

Vit — Jy, Jt—J], Vi — Js, JL— J,.

54 CONVERGENCE ANALYSIS

For each pr € M, we consider the operator 77, that maps a function
Jo € B(X3) into the function of z1 given by

(T1ud2)(w1) = Hi(z1, p(z1), J2), a1 € X (5.65)

Also for each v € N, we consider the operator T, that maps a function
J1 € B(X1) into the function of z2 given by

(TopJ1)(x2) = Ha(22,0(22), J1), @2 € Xo. (5.66)

We will also consider the operator T),, that maps a function (Ji,.J2) €
B(X;) x B(X2) into the function of (z1,z2) € X1 x X3, given by

(TI_L7V(J1, JQ)) (5171,172) = ((Tl#‘]z)(:tl), (T17VJ1)($2)). (567)

[Recall here that the norms on B(X1), B(X2), and B(X;) x B(X2) are
given by Egs. (5.26) and (5.27).]
We will show convergence of our algorithm assuming the following.

Assumption 5.4.1: (Contraction Assumption) Consider the op-
erator T}, , given by Eq. (5.67).

(a) For all (u,v) € M x N, and (J1,J2) € B(X1) x B(X2), the
function T}, (J1, J2) belongs to B(X1) x B(X2).

(b) There exists an « € (0,1) such that for all (u,v) € M XN, T,
is a contraction mapping of modulus o within B(X1) x B(X32).

By writing the contraction property as

max { |11, J2 — TvpJ3||1, | Towdt — TowJill2}

(5.68)
< amax{||J1 —Jil, [[J2 — Jé||2}7

for all Ji,J] € B(X1) and Ja, J5 € B(X2) [cf. the norm definition (5.27)],

we have

||T1,HJ2 — Tl,uJéHl < a||J2 — Jé”g, for all Js, Jé S B(Xz), (5.69)
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and
HT27UJ1 - TQ)VJ{”Q S OéHJl - J{Hl, for all Jl, J{ S B(Xl); (5.70)

[set Ji = Ji or Jo = J}, respectively, in Eq. (5.68)]. From these relations,
we obtainf

||T1J2 - TlJéHl S a||J2 - Jé”g, for all Jg, Jé S B(Xz), (5.71)

and
||T2J1 - TQJ{HQ S a||J1 - J{”l, for all Jl, J{ S B(Xl), (5.72)
where
(ThJ2)(x1) = Miéljf/l(Tl,ub)(wl) = uEiUn(fml)Hl(fCl,U, J2), x1 € X1,

(TQJl)(IQ) = sup (TnyJl)(IQ) = sup HQ(:Z?Q,U, Jl), T2 € Xo.
veN veV (xg)

The relations (5.71)-(5.72) also imply that the operator
T: B(Xl) X B(Xz) — B(Xl) X B(Xz),
defined by
T(J, o) = (T1Ja, Toh), (5.73)

is a contraction mapping from B(X1) x B(X2) to B(X1) x B(X2) with
modulus . Tt follows that T has a unique fized point (J|,J,) € B(X1) x
B(X3). We will show that our algorithm yields in the limit this fixed point.

1 For a proof, we write Eq. (5.69) as
(T, J2) (1) < (Thpd2) (1) + allJo — Jall2 &1 (1),
(To,p2) (1) < (To,pnd2) (1) + allJ2 — J3]l2 &1 (1),

for all z; € X;. By taking infimum of both sides over u € M, we obtain

|(T1J2) (1) — TuJs) ()|

< al|J2 — J5|2,
fl(xl) = H 2 2”2

and by taking supremum over z; € X1, the desired relation
T J2 — T Js|l < allJ2 — J5)l2

follows. The proof of the other relation, ||T2J1 —T2J1||2 < a||J1 — Ji||1, is similar.
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The following is our main convergence result [convergence here is
meant in the sense of the norm (5.27) on B(X1) x B(X2)]. Note that this
result applies to any order and frequency of policy evaluations and policy
improvements of the two players.

Proposition 5.4.1: (Convergence) Let Assumption 5.4.1 hold,
and assume that each of the four operations of the PT algorithm (5.52)-
(5.55) is performed infinitely often. Then the sequences {(J{, J§)} and
{(V{,V4)} generated by the algorithm converge to (J;, J3).

The proof is long but follows closely the steps of the proof for the
single-player abstract DP case in Section 2.6.3.

An Extended Algorithm and its Convergence Proof

We first show the following lemma.

Lemma 5.4.1: For all (Vi,V2), (J1,J2), (V{,V5), (J],J4) € B(X1) x
B(X3), we have

Hmin[Vl,Jl] min[V{, J{] Hl<max{||V1 Vi, 1Ji=Jil1}, (5.74)

|| max[V, J2] = min[V3, Ji]||, < max {[|[Va= V5|2, |2 = J3ll2}. (5.75)

Proof: For every z; € X;, we write

+max{||V1 Vi, 191 = Jilh

=~
=
N—

21) _ Ji(z1)
§i(w1) — 51( 1)

from which we obtain

+max {|[Vi = V{||1, 1 = Jil1},

min {Vi(z1), Ji(z1)} < min {V{ (z1), J{(z1) }
&1(z1) - §1(z1)

so that

+max {|[Vi=V/|l1, [J1i=J][1},

min {Vi(z1), Ji(z1)} — min {V{(z1), J{(z1)}
(1)

< max {|[Vi—V{ |1, |i—=J{[l1 }.
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By exchanging the roles of (V1,J1) and (V{,Jj), and combining the two

inequalities, we have

’min {(Vi(21), Ji(21)} — min {V{(21), J{(a:l)}’
&u(1)

and by taking the supremum over z7 € Xj, we obtain Eq. (5.74). We
similarly prove Eq. (5.75). Q.E.D.

< max {||[Vi=V/[|, [ i=J{ll1},

We consider the spaces of bounded functions Q1(x1,u) of (z1,u) €
X1 x U and Q1(z2,v) of (x2,v) € X2 x V, with norms

‘Ql(xlvu)’ ’QQ(‘T?v’U)’
Q1= sup —m—, Q2l2= sup ————,
1Q1] vexy,uev  &1(x1) Q2| woeXq,vey  &2(w2)

(5.76)
respectively, where £; and & are the weighting functions that define the
norm of B(X1) and B(X32) [cf. Eq. (5.26)]. We denote these spaces by
B(X1 x U) and B(Xs x V), respectively. Functions in these spaces have
the meaning of Q-factors for the minimizer and the mazimizer.

We next introduce a new operator, denoted by G,,,,,, which is parametri-
zed by the policy pair (p, ), and will be shown to have a common fixed
point for all (u,v) € M x N, from which (J;,J,) can be readily obtained.
The operator G, involves operations on Q-factor pairs (Q1,Q2) for the
minimizer and the maximizer, in addition to functions of state (4, V2),
and is used define an “extended” PI algorithm that operates over a larger
function space than the one of Section 5.3. Once the convergence of this
“extended” PI algorithm is shown, the convergence of our algorithm of
Section 5.3 will readily follow.

To define the operator G, we note that it consists of four compo-
nents, maps B(X1) x B(X2) x B(X1 x U) x B(X2 x V) into itself. It is
given by

Guw(V1,V2,Q1,Q2) = (M1,,(Va, Q2), M2 ,(V1, Q1),
Fl,l/(‘/2; QQ); FQ,,U.(‘/la Ql))a

with the functions M17y(‘/27 QQ), ngﬂ(Vl, Ql), FLV(VQ, QQ), FQHU‘(‘/l, Ql), de-
fined as follows:

o M, (V2,Q2): This is the function of x; given by

(5.77)

(M1,,(Va,Q2)) (1) = (Tt max([Va, Q2.,]) (1)

= inf H Va, Q2.]),
et | 1 (71, u, max[Va, Q2,])

(5.78)

where ngy is the function of z2 given by

Qgﬂj(xz) = Qg(l‘g,l/(l‘g)). (5.79)
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o My, (Vi,Q1): This is the function of x2 given by

(M2, (V1, Q1)) (22) = (T2 min[Vi, Q1)) (22)

= sup Ha(z2,v,min[V], Ql,u]), (5.80)
veV(xzg)
where QLM is the function of z; given by

Quu(x1) = Q1 (21, p(z1)). (5.81)

e 1, (V2,Q2): This is the function of (z1,u), given by
Fi(Va, Q2)(21,u) = Hy (w1, u, max[Va, Q2.]). (5.82)

o F5,(Vi,Q1): This is the function of (z2,v), given by
F> (V1,Q1)(x2,v) = Ho (:vg,v,min[Vl,QLM]). (5.83)

Note that the four components of G, correspond to the four oper-
ations of our algorithm (5.52)-(5.55). In particular,

o M, (Va,Q2) corresponds to policy improvement of the minimizer.
e M ,(V1,Q1) corresponds to policy improvement of the maximizer.
e F1.,(V2,Q2) corresponds to policy evaluation of the minimizer.
e F5,(Vi,Q1) corresponds to policy evaluation of the maximizer.

The key step in our convergence proof is to show that G, , has a
contraction property with respect to the norm on B(X;) x B(X2) x B(X1 x
U) x B(X2 x V) given by

(Vi V2, Q1, Q2)|| = max {|[Vi |1, [IVall2, [Q1]l1, Q212 }, (5.84)

where ||[Vi]|1, ||V2|l2 are the weighted sup-norms of Vi, Va, respectively,
defined by Eq. (5.26), and ||Q1]]1, [|Q2]2 are the weighted sup-norms of Q1,
Q2, defined by Eq. (5.76). Moreover, the contraction property is uniform,
in the sense that the fized point of G, does not depend on (p,v). This
means that we can carry out iterations with G, while changing p and
v arbitrarily between iterations, and still aim at the same fized point. We
have the following proposition.
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Proposition 5.4.2: (Uniform Contraction) Let Assumption 5.4.1
hold. Then for all (u,v) € M x N, the operator G, is a contraction
mapping with modulus « with respect to the norm of Eqs. (5.84),
(5.26), and (5.76). Moreover, the corresponding fixed point of G, , is
(Jy,J5,Q7,Qy) [independently of the choice of (i, v)], where (J;,J5)
is the fixed point of the mapping T of Eq. (5.73), and QT, Q; are the
functions defined by

Qi (z1,u) = Hy(z1,u, J3), z1 € X1, u € U(z1), (5.85)

Q5 (x2,v) = Ha(x2,v,J;), x2 € Xo, v € V(x2). (5.86)

Proof: We prove the contraction property of G, by breaking it down to
four inequalities, which hold for all (Vi1,V2), (V{, V) € B(X1) x B(X2) and
(Q1,Q2),(Q1,Q%) € B(X1,U) x B(X2,V). In particular, we have

HMl,u(V27 Q2) — Ml,V(V2,7Q,2)H1 = ’ Tl(max[V27Q2,u]) - T1(ma,x[V2'7 leu]) H1
< a” max([Va, Qa,,]2 — max[V3, leu]H2
< amax {[|Va = V32, Q20 = Qo ]l2}
< amax {|[Va = V3, Q2 — Qb2 }
< amax {|Vi = V{|l1, 1Q1 — Q4 1,
V2 = Va2, [|Q2 — Q5|2 }

=« H(V17 V27 Q17 QZ) - (V1/7 V2/7 Q/17 QIQ)Hy
(5.87)
where the first equality uses the definitions of M1, (V2, Q2), M1, (V3y, Q%)
[cf. Egs. (5.78) and (5.80)], the first inequality follows from Eq. (5.69), the
second inequality follows using Lemma 5.4.1, the third inequality follows
from the definition of QQ,V and Q/Q,w the last inequality is trivial, and the

last equality follows from the norm definition (5.84). Similarly, we prove
that

HMQ;H(Vval) - M2)H(Vl/7Q/1)H2 <a H(Vlu V%QMQQ) - (V1/7V2/7 /17Q/2)H7

(5.88)

[F10(Ve,Q2) = Fuu(V3, @Qb) ||, < af|(Vi, V2, Q1, Q2) — (VY V5, '1,@'2>H,)
(5.89

| P2 (Vi, Q1) — Fou(VY, Q1) ||, < o || (V2. V2, Q1. Q2) — (V/, VA, ’1762’2)!\-)
(5.90

From the preceding relations (5.87)-(5.90), it follows that each of the
four components of the maximization that comprises the norm

HGM,U(VL‘/QquvQ2) _GM7V(‘/1/7‘/2/7 I17Q12)H
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[cf. Eq. (5.77)] is less or equal to

@ H(‘/la %5Q15Q2> - (Vlla ‘/217 IvaIQ)H
Thus we have

||GH,V(V17‘/27Q17Q2)_GIMV(‘/I/"/QI? 117Q12)H
SQH(Vlv‘/QanaQQ)_(Vl/a‘/Q/v /17Q/2)

)

which shows the desired contraction property of G,..

In view of the contraction property just shown, the mapping G, .
has a unique fixed point for each (u,v) € M x N, which we denote by
(V1, V2, @1, Q2) [with some notational abuse, we do not show the possible
dependence of the fixed point on (i, v)]. In view of Egs. (5.77)-(5.83),
this fixed point satisfies for all 1 € X1, 22 € Xo, (21,u) € X1 x U,
(.%'2,1)) e XoxV,

Vi(z1) = inf Hy(z1,w,max[Va, Q2,]), (5.91)
uw eU(z1)
Va(ze) = sup H2($2,’U',Inin[V1,Q1)u]), (5.92)
v eV (z2)
Q1(x1,u) = Hi(z1,u, max[Va, Q2,]), Q2(z2,v) = Ha(x2,v, min[Vi, Q1,,]).
(5.93)

By comparing the preceding two relations, it follows that for all z; € Xy,
To € X2,
Vi(z1) < Qi(z1,u), forall x1, u € U(xy),

Va(x2) > Qa(z2,v), for all za, v € V(x2),
which implies that

min[Vi, Q1,4] = Vi, max[Va, Q2] = Va.
Using Egs. (5.91)-(5.92), this in turn shows that

Vi(a1) = egl(fl)Hl(Il,u,Vz)v Va(z2) = sup )Hz(@,v,Vl)-
u x veV (xg

Thus, independently of (u,v), (Vi,V2) is the unique fixed point of the
contraction mapping T of Eq. (5.73), which is (J;, J,). Moreover from Eq.
(5.93), we have that (Q1,Q2) is precisely (QF, Q%) as given by Egs. (5.85)
and (5.86). This shows that, independently of (u,v), the fixed point of
G is (J), J5,Q%,Q3), and proves the desired result. Q.E.D.

The preceding proposition implies the convergence of the “extended”
algorithm, which at each iteration ¢ applies one of the four components of
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Gt ¢ evaluated at the current iterate (V/, Vi, Q1, Qb, ut, v*), and updates
this iterate accordingly. This algorithm is well-suited for the calculation
of both (J;,J;) and (Q7,Q5). However, since we are just interested to
calculate (J',J, ), a simpler and more efficient algorithm is possible, which
is in fact our PI algorithm based on the four operations (5.52)-(5.55). To
this end, we observe that the algorithm that updates (Vi, V4, Q%, Q%, ut, vt)
can be operated so that it does not require the maintenance of the full
Q-factor functions (Q},Q%). The reason is that the values Q!(z1,u) and
Qb (z2,v) with u # pt(x1) and v # vt(z2), do not appear in the calculations,
and hence we need only the values Qi,ut (1) and Q;Ut (x2), which we store

in functions J} and J&, i.e., we set
J]l.t(xl) = Ai)ut(xl) = Q)]i (xluut(x))u

Jé(x2) = Q;Ut(xﬂ = Q§ (Iz, Vt(xg)).

Once we do that, the resulting algorithm is precisely our PI algorithm
(5.52)-(5.55).

In summary, our PI algorithm that updates (V{, Vi, Jt, Ji ut, vt) is
a reduced space implementation of the asynchronous fixed point algorithm
that updates (V{, Vi, QY, Q%, ut, vt) using the uniform contraction mapping
Gt ,t, with the identifications

J])f = Ql,uta Jé = Q2,ut'

This proves its convergence as stated in Prop. 5.4.1.

APPROXIMATION BY AGGREGATION

Our algorithm of Section 5.3 involves exact implementation without func-
tion approximations, and thus is not suitable for large state and control
spaces. An important research direction is approximate implementations
based on our PI algorithmic structure of Section 5.3, whereby we use ap-
proximation in value space with cost function approximations obtained
through reinforcement learning methods. An interesting algorithmic ap-
proach is aggregation with representative states, as described in the book
[Ber19b] (Section 6.1).

In particular, let us consider the minimax formulation of Example
5.3.1 and Egs. (5.29), (5.32), (5.33), which involves separate state spaces
X1 and X for the minimizer and the maximizer, respectively. In the
aggregation with representative states formalism, we execute our PI algo-
rithm over reduced versions of the spaces X; and Xs. In particular, we
discretize X1 and X by using suitable finite collections of representative
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Stage for the minimizer in the aggregate problem
Min-max value Ji (1) for representative states 1 € X1

> Y m

Approximation with Approximation with
Aggregation Aggregation
Probabilities Probabilities

Figure 5.5.1 Schematic illustration of an aggregation framework that is pat-
terned after the sequence of events of the multistage process of Fig. 5.3.1. The
aggregate problem is specified by a finite subset of representative states X1 C X1,
a finite subset of representative states Xo C X2, and aggregation probabilities for
passing from states zg € X to representative states &3 € X2, and for passing from
states x1 € X1 to representative states £1 € )21. A stage starts at a representa-
tive state ©1 € X1 and ends at some other representative state z; € X1, by going
successively through a state z2 € X2 under the influence of the minimizer’s choice
u € U(Z1), then to a representative state Zo € X5 using aggregation probabilities
$rog, (i-e., the transition 2 — Z2 takes place with probability ¢z,z,), then to a
state 1 € X1 under the influence of the maximizer’s choice v € V(#2), and finally
toz; € X3 using aggregation probabilities ¢4,z, (the transition 1 — Z; takes
place with probability ¢.,z,). The transitions 1 — x2 and &2 — x1 produce
costs g1(Z1,u) and g2(Z2,v), respectively [cf. Egs. (5.30), (5.31)]. The aggrega-
tion probabilities ¢4,z, and ¢x,z, can be arbitrary. However, their choice affects
the min-max and max-min functions of the aggregate problem.

We can solve the aggregate problem by using simulation-based versions of
our PI algorithm (5.52)-(5.55) of Section 5.3 to obtain the min-max and max-
min functions J (£1) and jg(ig) at all the representative states T1 € X1 and
&2 € X, respectively [cf. [Ber19b] (Chapter 6)]. Then, min-max and max-min
function approximations are computed from

Ji(z1) = Z buy iy J1(E1), Jo(x2) = Z BuginJ2(E2).

FreXy F2€X2

Suboptimal decision choices by the minimizer and the maximizer are then ob-
tained from the one-step lookahead optimizations

min Hl(xl,u,jz), max Hg(xg,v,jl).
ueU(xy) veEV (z2)

See the book [Berl9b] (Section 6.1) and the paper [Berl8a] for a detailed ac-
counting of the aggregation approach with representative states for single-player
infinite horizon DP.

states X; C X; and Xy C Xz, and construct a lower-dimensional aggre-
gate problem. The typical stage involves transitions between representative
states, with intermediate artificial transitions x1 — Z1 and x2 — T2, which
involve randomization with aggregation probabilities ¢z,z, and ¢z,z,, re-
spectively; see Fig. 5.5.1.

The structure of the aggregate problem is amenable to a DP formu-
lation, and as a result, it can be solved by using simulation-based versions
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of the PI methods of Section 5.3 [we refer to the book [Ber19b] (Chapter
6) for more details]. The cost function approximations thus obtained, call
them Ji, Ja, are used in the one-step lookahead minimization

min Hi(x1,u, jz),
weU(z1)

to obtain a suboptimal minimizer’s policy, and in the one-step lookahead
maximization
max Ha(za,v,.J1),
veV (zg)
to obtain a suboptimal maximizer’s policy.

The aggregation with representative states approach has the advan-
tage that it maintains the DP structure of the original minimax problem.
This allows the use of our PI methods of Section 5.3, with convergence
guaranteed by the results of Section 5.4. Another aggregation approach
that can be similarly used within our context, is hard aggregation, whereby
the state spaces X; and X are partitioned into subsets that form aggre-
gate states; see [Berl8a], [Ber18b], [Ber19b]. Other reinforcement learning
methods, based for example on the use of neural networks, can also be
used for approximate implementation of our PI algorithms. However, their
convergence properties are problematic, in the absence of additional as-
sumptions. The papers by Bertsekas and Yu ([BeY12], Sections 6 and 7),
and by Yu and Bertsekas [YuB13a] (Section 4), also describe alternative
simulation-based approximation possibilities that may serve as a starting
point for minimax PI algorithms with function approximation.

NOTES AND SOURCES

In this chapter, we have discussed PI algorithms that are specifically tai-
lored to sequential zero-sum games and minimax problems with a contrac-
tive abstract DP structure. We used as starting point the methods by
Hoffman and Karp [HoK66], and by Pollatschek and Avi-Itzhak [PoA69]
for discounted and terminating zero-sum Markov games. Related methods
have been discussed for Markov games by van der Wal [Van78|, Tolwin-
ski [Tol89], Filar and Tolwinski [FiT91], Filar and Vrieze [FiV96], and for
stochastic shortest games, by Patek and Bertsekas [PaB99], and Yu [Yul4];
see also Perolat et al. [PPG16], [PSP15], and the survey by Zhang, Yang,
and Basar [ZYB21] for related reinforcement learning methods. Our al-
gorithms of Section 5.3 resolve the long-standing convergence difficulties
of the Pollatschek and Avi-Itzhak PI algorithm [PoA69], and allow an
asynchronous implementation, whereby the policy evaluation and policy
improvement operations can be done in any order and with different fre-
quencies. Moreover, our algorithms find simultaneously the min-max and
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the max-min values, and they are suitable for Markov zero-sum game prob-
lems, as well as for minimax control problems involving set-membership
uncertainty.

While we have not addressed in detail the issue of asynchronous dis-
tributed implementation in a multiprocessor system, our algorithm admits
such an implementation, as has been discussed for its single-player counter-
parts in the papers by Bertsekas and Yu [BeY10], [BeY12], [YuB13a], and
also in a more abstract form in the author’s books [Ber12a] and [Ber20]. In
particular, there is a highly parallelizable and convergent distributed im-
plementation, which is based on state space partitioning, and asynchronous
policy evaluation and policy improvement operations within each set of the
partition. The key idea, which forms the core of asynchronous DP algo-
rithms [Ber82], [Ber83] (see also the books [BeT89], [Berl2a], [Ber20]) is
that the mapping G, of Eq. (5.77) has two components for every state
(policy evaluation and policy improvement) for the minimizer and two cor-
responding components for every state for the maximizer. Because of the
uniform sup-norm contraction property of G, ., iterating with any one of
these components, and at any single state, does not impede the progress
made by iterations with the other components, while making eventual
progress towards the solution.

In view of its asynchronous convergence capability, our framework is
also suitable for on-line implementations where policy improvement and
evaluations are done at only one state at a time. In such implementations,
the algorithm performs a policy improvement at a single state, followed by
a number of policy evaluations at other states, with the current policy pair
(ut, vt) evaluated at only one state z at a time, and the cycle is repeated.
One may select states cyclically for policy improvement, but there are al-
ternative possibilities, including the case where states are selected on-line
as the system operates. An on-line PI algorithm of this type, which may
also be operated as a rollout algorithm (a control selected by a policy im-
provement at each encountered state), was given recently in the author’s
paper [Ber2la], and can be straightforwardly adapted to the minimax and
Markov game cases of this chapter.

Other algorithmic possibilities, also discussed in the works just noted,
involve the presence of “communication delays” between processors, which
roughly means that the iterates generated at some processors may involve
iterates of other processors that are out-of-date. This is possible because
the asynchronous convergence line of analysis framework of [Ber83] in com-
bination with the uniform weighted sup-norm contraction property of Prop.
5.4.2 can tolerate the presence of such delays. Implementations that involve
forms of stochastic sampling have also been given in the papers [BeY12],
[YuB13a].

An important issue for efficient implementation of our algorithm is the
relative frequency of policy improvement and policy evaluation operations.
If a very large number of contiguous policy evaluation operations, using the
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same policy pair (ut,vt), is done between policy improvement operations,
the policy evaluation is nearly exact. Then the algorithm’s behavior is
essentially the same as the one of the nonoptimistic algorithm where policy
evaluation is done according to

Jlﬂut#t(l'l) = Hl (xl,ut(acl),max [V;, JQ,,ut,ut})v T € Xl,

ot pt(x2) = Ho (xg, vt(z2), min [V, J17#t71,t}), 2 € Xo,

cf. Egs. (5.44)-(5.45) (in the context of Markovian decision problems, this
type of policy evaluation involves the solution of an optimal stopping
problem; cf. the paper [BeY12]). Otherwise the policy evaluation is in-
exact/optimistic, and in the extreme case where only one policy evaluation
is done between policy improvements, the algorithm resembles a value iter-
ation method. Based on experience with optimistic PI, it appears that the
optimal number of policy evaluations between policy improvements should
be substantially larger than one, and should also be problem-dependent.

We mention the possibility of extensions to other related minimax
and Markov game problems. In particular, the treatment of undiscounted
problems that involve a termination state can be patterned after the dis-
tributed asynchronous PI algorithm for stochastic shortest path problems
by Yu and Bertsekas [YuB13a], and will be the subject of a separate re-
port. A related area of investigation is on-line algorithms applied to robust
shortest path planning problems, where the aim is to reach a termination
state at minimum cost and against the actions of an antagonistic oppo-
nent. The author’s paper [Berl9c] (see also Section 3.5.3) has provided
analysis and algorithms, some of the PI type, for these minimax versions
of shortest path problems, and has given many references of related works.
Still our PI algorithm of Section 5.3, appropriately extended, offers some
substantial advantages within the shortest path context, in both a serial
and a distributed computing environment.

Note that a sequential minimax problem with a finite horizon may
be viewed as a simple special case of an infinite horizon problem with a
termination state. The PI algorithms of the present chapter are directly
applicable and can be simply modified for such a problem. In conjunction
with function approximation methods, such as the aggregation method
described earlier, they may provide an attractive alternative to exact, but
hopelessly time-consuming solution approaches.

For an interesting class of finite horizon problems, consider a two-
stage “robust” version of stochastic programming, patterned after Ex-
ample 5.3.3 and Eq. (5.42). Here, at an initial state xo, the decision
maker/minimizer applies a decision uo € U(zo), an antagonistic nature
chooses vg € V(zo,up), and a random disturbance wy is generated ac-
cording to a probability distribution than depends on (zg, uo,vo). A cost
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go(xo, w0, v, wo) is then incurred and the next state
r1 = f(w0, uo,v0,wo)

is generated. Then the process is repeated at the second stage, with
(21,u1,v1,w1) replacing (zo, uo, vo, wo), and finally a terminal cost Ga(x2)
is incurred where

xro = f(Il, ui,vi, wl).

Here the decision maker aims to minimize the expected total cost assuming
a worst-case selection of (vg, v1). The maximizing choices (vo, v1) may have
a variety of problem-dependent interpretations, including prices affecting
the costs go, g1, G2, and forecasts affecting the probability distributions
of the disturbances (wo,w1). The distributed asynchronous PI algorithm
of Section 5.3 is easily modified for this problem, and similarly can be
interpreted as Newton’s method for solving a two-stage version of Bellman’s
equation. Exact solution of the problem may be a daunting computational
task, but a satisfactory suboptimal solution, along the lines of Section 5.5,
using approximation in value space with function approximation based on
aggregation may prove feasible.

Finally, let us note a theoretical use of our line of analysis that is
based on uniform contraction properties. It may form the basis for a rigor-
ous mathematical treatment of PI algorithms in stochastic two-player DP
models that involve universally measurable policies. We refer to the paper
by Yu and Bertsekas [YuB15], where the associated issues of validity and
convergence of PI methods for single-player problems have been addressed
using algorithmic ideas that are closely related to the ones of the present
chapter.



APPENDIX A:

Notation and Mathematical
Conventions

In this appendix we collect our notation, and some related mathematical
facts and conventions.

SET NOTATION AND CONVENTIONS

If X is a set and z is an element of X, we write x € X. A set can be
specified in the form X = {x | x satisfies P}, as the set of all elements
satisfying property P. The union of two sets X1 and X»> is denoted by
X1 U X», and their intersection by X; N X2. The empty set is denoted by
(. The symbol V means “for all.”

The set of real numbers (also referred to as scalars) is denoted by R.
The set of extended real numbers is denoted by R*:

R =R U {oco, —o0}.

We write —oo < 2 < oo for all real numbers z, and —oco < z < oo for all
extended real numbers . We denote by [a, b] the set of (possibly extended)
real numbers z satisfying a < x < b. A rounded, instead of square, bracket
denotes strict inequality in the definition. Thus (a,b], [a,b), and (a,b)
denote the set of all = satisfying a < z < b, a <z <b,anda <z < b,
respectively.

Generally, we adopt standard conventions regarding addition and
multiplication in R, except that we take

00 — 00 = —00 + 00 = 00,
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and we take the product of 0 and oo or —oo to be 0. In this way the sum
and product of two extended real numbers is well-defined. Division by 0 or
oo does not appear in our analysis. In particular, we adopt the following
rules in calculations involving co and —oo:

o+ 00 =00+ a =00, YV oae R,
a— 00 = —00+ Q= —00, Y« € [—o0, 00),
- 00 = 00, a-(—o0) = —o0, vV a € (0,0,
00 = —00, a - (—o0) = oo, vV a € [—00,0),
0-00=00-0=0=0-(~00) = (~00) -0,  —(~00) = o0.

Under these rules, the following laws of arithmetic are still valid within $™:
a1+ a2 = oz + o, (1 +a2) + az = a1 + (a2 + a3),

102 = 207, (011042)043 = ] (042043).

We also have

alar + a2) = aag + aas

if either @ > 0 or else (a1 + a) is not of the form oo — co.
Inf and Sup Notation

The supremum of a nonempty set X C R, denoted by sup X, is defined as
the smallest y € R* such that y > x for all x € X. Similarly, the infimum
of X, denoted by inf X, is defined as the largest y € R* such that y < z
for all x € X. For the empty set, we use the convention

sup J = —o0, inf J = cc.

If sup X is equal to an T € R* that belongs to the set X, we say
that T is the mazimum point of X and we write T = max X. Similarly, if
inf X is equal to an T € R* that belongs to the set X, we say that T is
the minimum point of X and we write T = min X. Thus, when we write
max X (or min X) in place of sup X (or inf X, respectively), we do so just
for emphasis: we indicate that it is either evident, or it is known through
earlier analysis, or it is about to be shown that the maximum (or minimum,
respectively) of the set X is attained at one of its points.
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FUNCTIONS

If f is a function, we use the notation f : X — Y to indicate the fact that
f is defined on a nonempty set X (its domain) and takes values in a set
Y (its range). Thus when using the notation f : X — Y, we implicitly
assume that X is nonempty. We will often use the unit function e : X — R,
defined by

e(x) =1, VaoelX.

Given a set X, we denote by R(X) the set of real-valued functions
J : X — R, and by £(X) the set of all extended real-valued functions
J : X — R*. For any collection {J, | v € T'} C £(X), parameterized by
the elements of a set I', we denote by inf,er J, the function taking the
value inf,ecr J5 () at each z € X.

For two functions Ji, Jo € £(X), we use the shorthand notation J; <
J2 to indicate the pointwise inequality

Ji(z) < Jo(x), VoelX.

We use the shorthand notation inf;c; .J; to denote the function obtained
by pointwise infimum of a collection {J; | i € I} C £(X), i.e.,

(13 Ji) (x) = 11€1§ Ji(x), VaoelX.

We use similar notation for sup.

Given subsets S1, 52,53 C £(X) and mappings Ty : S1 — S3 and
T : Sy — S1, the composition of T} and T5 is the mapping T17% : So — S
defined by

(TlTQJ)(fL') = (T](TQJ))((E), vVJe 52, ze X.

In particular, given a subset S C &£(X) and mappings 71 : S — S and
To : S +— S, the composition of T; and T» is the mapping 7175 : S — S
defined by

(TlTQJ)(CC) = (Tl(TQJ)) (:Z?), VJe S, z e X.

Similarly, given mappings Ty : S — S, k= 1,..., N, their composition is
the mapping (71 ---Twn) : S+ S defined by

(TlTQ . -TNJ)(CC) = (Tl(Tz(- . (TNJ))))(I), vVJe S, z e X.

In our notation involving compositions we minimize the use of parentheses,
as long as clarity is not compromised. In particular, we write T17%.J instead
of (ThT>J) or (T1T2)J or Ti(T>J), but we write (T172J)(z) to indicate the
value of T1'ToJ at x € X.

If X and Y are nonempty sets, a mapping 7" : S; — Sz, where
S1 C E(X) and Sa C E(Y), is said to be monotone if for all J, J' € Si,

J<J =  TJ<TJ.
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Sequences of Functions

For a sequence of functions {J;} C £(X) that converges pointwise, we de-
note by limg_, o Jx the pointwise limit of {Ji }. We denote by lim sup;._, . Jk
(or liminfy_, o Ji) the pointwise limit superior (or inferior, respectively) of
{Je}. I {Jx} C E(X) converges pointwise to J, we write J; — J. Note
that we reserve this notation for pointwise convergence. To denote conver-
gence with respect to a norm || - ||, we write ||J, — J|| — 0.

A sequence of functions {J,} C £(X) is said to be monotonically
nonincreasing (or monotonically nondecreasing) if Jiy1 < Jy for all k (or
Jrt1 > Ji for all k, respectively). Such a sequence always has a (point-
wise) limit within £(X). We write Ji | J (or Jx T J) to indicate that
{Jk} is monotonically nonincreasing (or monotonically nondecreasing, re-
spectively) and that its limit is J.

Let {Jmn} C E(X) be a double indexed sequence, which is monoton-
ically nonincreasing separately for each index in the sense that

J(erl)n < Jmn, Jm(nJrl) < Jmn, Vm,n=0,1,....
For such sequences, a useful fact is that

lim (hm Jmn) = lm Jo.

m—0o0 n—oo m—0o0
There is a similar fact for monotonically nondecreasing sequences.
Expected Values

Given a random variable w defined over a probability space €2, the expected
value of w is defined by

E{w} = E{wt} + E{w~},
where wt and w— are the positive and negative parts of w,
wt(w) = max {0, w(w)}, w—(w) = min {0, w(w)}.
In this way, taking also into account the rule co — co = oo, the expected
value E{w} is well-defined if © is finite or countably infinite. In more gen-

eral cases, E{w} is similarly defined by the appropriate form of integration,
and more detail will be given at specific points as needed.



APPENDIX B:

Contraction Mappings

CONTRACTION MAPPING FIXED POINT THEOREMS

The purpose of this appendix is to provide some background on contraction
mappings and their properties. Let Y be a real vector space with a norm
I -1, i-e., a real-valued function satisfying for all y € Y, |ly|]| > 0, ||y|| =0
if and only if y = 0, and

layl = lalllyll, VaeR,  ly+z] <lyll+]=l, YVy,zeY

Let Y be a closed subset of Y. A function F : Y — Y is said to be a
contraction mapping if for some p € (0,1), we have

[Fy - Fzl| <plly -2, VYyzeY.
The scalar p is called the modulus of contraction of F'.

Example B.1 (Linear Contraction Mappings in ")
Consider the case of a linear mapping F : R — R" of the form
Fy=0b+ Ay,

where A is an n X n matrix and b is a vector in R". Let o0(A) denote the
spectral radius of A (the largest modulus among the moduli of the eigenvalues
of A). Then it can be shown that A is a contraction mapping with respect to
some norm if and only if o(A) < 1.

Specifically, given € > 0, there exists a norm || - ||s such that

IAylls < (o(A) +e)llylls,  VyeR™ (B.1)
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Thus, if 0(A) < 1 we may select € > 0 such that p = 0(A)+e€ < 1, and obtain
the contraction relation

IFy = Fz|ls = ||[Ay = 2)||, < plly = 2lls,  Vy.zeR™ (B.2)

The norm || - ||s can be taken to be a weighted Euclidean norm, i.e., it may
have the form |ly||s = ||My]||, where M is a square invertible matrix, and || - ||
is the standard Euclidean norm, i.e., ||z| = Vz'z.

Conversely, if Eq. (B.2) holds for some norm || - ||s and all real vectors
Y, z, it also holds for all complex vectors y, z with the squared norm ||c/|? of
a complex vector ¢ defined as the sum of the squares of the norms of the real
and the imaginary components. Thus from Eq. (B.2), by taking y — z = u,
where u is an eigenvector corresponding to an eigenvalue A with || = o(A4),
we have o(A)|ulls = ||Aulls < p|lul|s. Hence o(A) < p, and it follows that if
F is a contraction with respect to a given norm, we must have o(A) < 1.

A sequence {yx} C Y issaid to be a Cauchy sequence if ||ym —yn| — 0
as m,n — oo, i.e., given any € > 0, there exists N such that ||y, —ynl| < €
for all m,n > N. The space Y is said to be complete under the norm |- || if
every Cauchy sequence {y;} C Y is convergent, in the sense that for some
y € Y, we have ||yr — y|| = 0. Note that a Cauchy sequence is always
bounded. Also, a Cauchy sequence of real numbers is convergent, implying
that the real line is a complete space and so is every real finite-dimensional
vector space. On the other hand, an infinite dimensional space may not be
complete under some norms, while it may be complete under other norms.

When Y is complete and Y is a closed subset of Y, an important
property of a contraction mapping F : Y + Y is that it has a unique fixed
point within Y, i.e., the equation

y=1Fy

has a unique solution y* € Y, called the fized point of F. Furthermore, the
sequence {yi} generated by the iteration

Yet1 = Py

1 We may show Eq. (B.1) by using the Jordan canonical form of A, which is
denoted by J. In particular, if P is a nonsingular matrix such that P~1AP = J
and D is the diagonal matrix with 1,4,...,6" ! along the diagonal, where § > 0,
it is straightforward to verify that D™'P~*APD = J, where J is the matrix
that is identical to J except that each nonzero off-diagonal term is replaced by .
Defining P = PD, we have A = PJP~!. Now if || - || is the standard Euclidean
norm, we note that for some 8 > 0, we have ||Jz|| < (O’(A) + ﬂé)HzH for all
z € R" and § € (0,1]. For a given § € (0,1], consider the weighted Euclidean
norm || - ||s defined by ||y|ls = [P~ y|. Then we have for all y € R",

1Ayl = 1P~ Ayl = [P PIP™y| = TP y|| < (o(A) + B3) | Pyl

so that ||Aylls <

(O'(A) + ﬂ(?)”st7 for all y € R™. For a given € > 0, we choose
0 = €/, so the preceding relation yields Eq. (B.1).
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converges to y*, starting from an arbitrary initial point yg.

Proposition B.1: (Contraction Mapping Fixed-Point Theo-
rem) Let Y be a complete vector space and let Y be a closed subset
of Y. Then if F : Y — Y is a contraction mapping with modulus
p € (0,1), there exists a unique y* € Y such that

Furthermore, the sequence { F¥y} converges to y* for any y € Y, and

we have
| Fky —y*[| < p*lly — y*|l, k=1,2,....

Proof: Let y € Y and consider the iteration y,1 = Fy starting with
yo = y. By the contraction property of F

”yk-i-l_yk” SpHyk_yk—l”v k=1,2,...,

which implies that

lyks1 — yrll < PFllyr — voll, E=1,2,....

It follows that for every £ > 0 and m > 1, we have

m
Y+m — yill < Z Yti = Yrri-1l
i=1
<pEA+p+-+pm Dy — ol
ok
< L —\ly1 — woll-
< 1_p||yl yoll

Therefore, {yx} is a Cauchy sequence in Y and must converge to a limit
y* €Y, since Y is complete and Y is closed. We have for all £ > 1,

[Ey* — vl < [1Fy* = yiell + llye — v || < plly* = yre—all + llye — v*|
and since y; converges to y*, we obtain F'y* = y*. Thus, the limit y* of y

is a fixed point of F. It is a unique fixed point because if § were another
fixed point, we would have

ly* — gl = [Fy* — Fyll < plly* — 9,

which implies that y* = y.
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To show the convergence rate bound of the last part, note that

| Fry — y*|| = ||[Fry — Fy*|| < pl| F*=1y — y*|.

Repeating this process for a total of k times, we obtain the desired result.
Q.E.D.

The convergence rate exhibited by F*y in the preceding proposition
is said to be geometric, and Fky is said to converge to its limit y* geomet-
rically. This is in reference to the fact that the error | FFy — y*|| converges
to 0 faster than some geometric progression (pF|ly — y*|| in this case).

In some contexts of interest to us one may encounter mappings that
are not contractions, but become contractions when iterated a finite num-
ber of times. In this case, one may use a slightly different version of the
contraction mapping fixed point theorem, which we now present.

We say that a function F' : Y — Y is an m-stage contraction mapping
if there exists a positive integer m and some p < 1 such that

|Emy — Foy'|| < plly—v'll, Yy, y €y,

where F'™ denotes the composition of F' with itself m times. Thus, F is
an m-stage contraction if F™ is a contraction. Again, the scalar p is called
the modulus of contraction. We have the following generalization of Prop.
B.1.

Proposition B.2: (m-Stage Contraction Mapping Fixed-Point
Theorem) Let Y be a complete vector space and let Y be a closed
subset of Y. Then if F : Y — Y is an m-stage contraction mapping
with modulus p € (0, 1), there exists a unique y* € Y such that

Furthermore, { F¥y} converges to y* for any y € Y.

Proof: Since F™ maps Y into Y and is a contraction mapping, by Prop.
B.1, it has a unique fixed point in Y, denoted y*. Applying F to both sides
of the relation y* = F™y*, we see that Fy* is also a fixed point of F™, so
by the uniqueness of the fixed point, we have y* = Fy*. Therefore y* is a
fixed point of F. If F' had another fixed point, say g, then we would have
y = F™mg, which by the uniqueness of the fixed point of F™ implies that
y = y*. Thus, y* is the unique fixed point of F.
To show the convergence of {F¥y}, note that by Prop. B.1, we have

forall y € Y,

lim [[Fmky — y*[| = 0.

k—o00
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Using Fy in place of y, we obtain

lim ||Fmkt+ly — y*|| =0, £=0,1,...,m—1,
k—o0

which proves the desired result. Q.E.D.

WEIGHTED SUP-NORM CONTRACTIONS

In this section, we will focus on contraction mappings within a specialized
context that is particularly important in DP. Let X be a set (typically the
state space in DP), and let v : X — R be a positive-valued function,

v(z) > 0, VaoelX.

Let B(X) denote the set of all functions J : X — R such that J(z)/v(x)
is bounded as x ranges over X. We define a norm on B(X), called the

weighted sup-norm, by
11 = sup 22 (B:3)
zeX U(.I)

It is easily verified that ||-|| thus defined has the required properties for
being a norm. Furthermore, B(X) is complete under this norm. To see this,
consider a Cauchy sequence {Jx} C B(X), and note that || Jm — Jn|| — 0 as
m,n — oo implies that for all z € X, {Jx(z)} is a Cauchy sequence of real
numbers, so it converges to some J*(z). We will show that J* € B(X) and
that ||Jr — J*|| = 0. To this end, it will be sufficient to show that given
any € > 0, there exists an integer K such that

| J(2) = J" ()]

<e, VzeX, k>K.
v(z)

This will imply that

/()]
sup <e+|Jxl, Vk>K,
reX ’U(.’II)

so that J* € B(X), and will also imply that ||.J, — J*|| < e, so that ||Jx —
J*|| = 0. Assume the contrary, i.e., that there exists an ¢ > 0 and a
subsequence {Tm,, Tmy, ...} C X such that m; < mi;q and

’sz‘ (Iml) - ']*(Imi)

v(@m;)

e <

. Vi>1.

The right-hand side above is less or equal to

’Jmi(xmi)_‘]n(xmi) ’Jn(xmi)_J*(xmi)
o(m,) T )

Vn>1,1i>1.

3
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The first term in the above sum is less than €/2 for ¢ and n larger than some
threshold; fixing ¢ and letting n be sufficiently large, the second term can
also be made less than €/2, so the sum is made less than € - a contradiction.
In conclusion, the space B(X) is complete, so the fixed point results of
Props. B.1 and B.2 apply.

In our discussions, unless we specify otherwise, we will assume that
B(X) is equipped with the weighted sup-norm above, where the weight
function v will be clear from the context. There will be frequent occasions
where the norm will be unweighted, i.e., v(z) = 1 and ||J| = sup,¢x | ()],
in which case we will explicitly state so.

Finite-Dimensional Cases

Let us now focus on the finite-dimensional case X = {1,...,n}, in which
case R(X) and B(X) can be identified with ™. We first consider a linear
mapping (cf. Example B.1). We have the following proposition.

Proposition B.3: Consider a linear mapping F' : R — R» of the
form
Fy=b+ Ay,

where A is an n x n matrix with components a;;, and b is a vector
in ®". Denote by |A| the matrix whose components are the absolute
values of the components of A and let o(A) and o(|A]) denote the
spectral radii of A and |A|, respectively. Then:

(a) |A| has a real eigenvalue A\, which is equal to its spectral radius,
and an associated nonnegative eigenvector.

(b) F is a contraction with respect to some weighted sup-norm if
and only if o(|A|) < 1. In particular, any substochastic matrix
P (pi; > 0for all 4, j, and Z?Zl pij <1, for all 4) is a contraction

with respect to some weighted sup-norm if and only if o(P) < 1.

(¢) F is a contraction with respect to the weighted sup-norm

|yil
n (i

lyll =  max
#=1lg000g

~—

if and only if

> i laijlv(j) _
v(i)
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Proof: (a) This is the Perron-Frobenius Theorem; see e.g., [BeT89], Chap-
ter 2, Prop. 6.6.

(b) This follows from the Perron-Frobenius Theorem; see [BeT89], Chapter
2, Cor. 6.2.

(¢) This is proved in more general form in the following Prop. B.4. Q.E.D.

Consider next a nonlinear mapping F' : R — R" that has the prop-
erty

for some matrix P with nonnegative components and o(P) < 1. Here, we
generically denote by |w| the vector whose components are the absolute
values of the components of w, and the inequality is componentwise. Then
we claim that F' is a contraction with respect to some weighted sup-norm.
To see this note that by the preceding discussion, P is a contraction with
respect to some weighted sup-norm ||y| = max;=1,. » |y:|/v(i), and we
have

(IFy = F2))(@) _ (Ply—=])()
v(@) - v(@)

<aly-z|, Vi=1,...,n,

for some « € (0,1), where (|Fy — Fz|)(i) and (P |y — z|)(i) are the ith
components of the vectors |F'y — Fz| and P |y — z|, respectively. Thus, F
is a contraction with respect to || - ||. For additional discussion of linear
and nonlinear contraction mapping properties and characterizations such
as the one above, see the book [OrR70].

Linear Mappings on Countable Spaces

The case where X is countable (or, as a special case, finite) is frequently
encountered in DP. The following proposition provides some useful criteria
for verifying the contraction property of mappings that are either linear or
are obtained via a parametric minimization of other contraction mappings.

Proposition B.4: Let X = {1,2,...}.
(a) Let F : B(X) — B(X) be a linear mapping of the form

(FD)@) =bi+ Y _ayJ(j), i€X,
jeX
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where b; and a;; are some scalars. Then F' is a contraction with
modulus p with respect to the weighted sup-norm (B.3) if and

only if
> jex laij|v(d) -

o) <p, i€X. (B.4)

(b) Let F: B(X) — B(X) be a mapping of the form

FIE) = ol (FdE, e

where M is parameter set, and for each € M, F), is a contrac-
tion mapping from B(X) to B(X) with modulus p. Then F is a
contraction mapping with modulus p.

Proof: (a) Assume that Eq. (B.4) holds. For any J, J’ € B(X), we have

‘ dex Qij (J(J) - J/(J))‘

v

|EJ— FJ’|—sup

1

0)
() (19G) = 7G| /()

dljex ’aij‘ v

= o)

< sup —ZjeX’a_ij‘ vl HJ — J’H
i€X (i)

< P HJ - J/Hu

where the last inequality follows from the hypothesis.

Conversely, arguing by contradiction, let’s assume that Eq. (B.4) is
violated for some 7 € X. Define J(j) = v(j)sgn(as;) and J'(j) = 0 for all
j € X. Then we have ||J — J'|| = ||J|| =1, and

(D))~ P1)0)] _ Siex losalv0)
v(i) v(i)

showing that F' is not a contraction of modulus p.

>p=plJ—=J,

(b) Since F), is a contraction of modulus p, we have for any J, J’ € B(X),

F ; F,
(Fud)(@) _ ( J)()erHJ s iex,
v(i) v(i)
so by taking the infimum over py € M,
) Ny
(FJ)(Z) < (FJ)(z)—i—pHJ—J’H, i € X.

v(t) T w(d)
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Reversing the roles of J and J’, we obtain
[(FT) (@) = (FJ")(0))|
v(i)
and by taking the supremum over i, the contraction property of F' is proved.
Q.E.D.

<pll-Jl.  ieX.

The preceding proposition assumes that F'.J € B(X) for all J € B(X).
The following proposition provides conditions, particularly relevant to the
DP context, which imply this assumption.

Proposition B.5: Let X = {1,2,...}, let M be a parameter set, and
for each p € M, let F, be a linear mapping of the form

(FMJ)(i)Zbi(u)JrZaij(M) J(G), ieX,

where we assume that the summation above is well-defined for all
J € B(X).

(a) We have F,J € B(X) for all J € B(X) provided b(u) € B(X)
and V(u) € B(X), where

b(p) = {b1(w),b2(w), -}, V() = {Va(w), Va(), .- .},
with
Vitw) = Ylau|vii), i€ X.
jeX

(b) Consider the mapping F’

(FI)60) = inf ()@, i€ X.

We have F'J € B(X) for all J € B(X), provided b € B(X) and
V € B(X), where

b= {b1,ba,...}, V={Wn,Va,...},

with b; = sup,,c s bi(12) and V; = sup ¢ p Vi(p)-

Proof: (a) For all p e M, J € B(X) and i € X, we have
(Fud) (@) < [bi)| + D |as ()] |T(G) /o) v ()

jEX
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< [bi(u)| + 171 Z;(}aij(u)} v(5)
= [ba(w)| + 171l Jvfw),
and similarly (F,,J)(i) > —|bi(u)| — [|.J]| Vi(s). Thus
[(Fu D) @] < [bi()] + 11 Vi(w), i€ X.

By dividing this inequality with v(i) and by taking the supremum over
i € X, we obtain

[T < Abull + [NVl < 0o

(b) By doing the same as in (a), but after first taking the infimum of
(F,,J) (%) over u, we obtain

IEJI < ol + [TV < oo

Q.E.D.
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Neuro-Dynamic Programming
Dimitri P. Bertsekas and John N. Tsitsiklis

Athena Scientific, 1996
512 pp., hardcover, ISBN 1-886529-10-8

This is the first textbook that fully explains the neuro-dynamic pro-
gramming/reinforcement learning methodology, a breakthrough in the prac-
tical application of neural networks and dynamic programming to complex
problems of planning, optimal decision making, and intelligent control.

From the review by George Cybenko for IEEE Computational Sci-
ence and Engineering, May 1998:

“Neuro-Dynamic Programming is a remarkable monograph that in-
tegrates a sweeping mathematical and computational landscape into a co-
herent body of rigorous knowledge. The topics are current, the writing is
clear and to the point, the examples are comprehensive and the historical
notes and comments are scholarly.”

“In this monograph, Bertsekas and Tsitsiklis have performed a Her-
culean task that will be studied and appreciated by generations to come.
I strongly recommend it to scientists and engineers eager to seriously un-
derstand the mathematics and computations behind modern behavioral
machine learning.”

Among its special features, the book:

e Describes and unifies a large number of NDP methods, including sev-
eral that are new

e Describes new approaches to formulation and solution of important
problems in stochastic optimal control, sequential decision making,
and discrete optimization

e Rigorously explains the mathematical principles behind NDP

e [llustrates through examples and case studies the practical applica-
tion of NDP to complex problems from optimal resource allocation,
optimal feedback control, data communications, game playing, and
combinatorial optimization

e Presents extensive background and new research material on dynamic
programming and neural network training

Neuro-Dynamic Programming is the winner of the 1997 INFORMS
CSTS prize for research excellence in the interface between Op-
erations Research and Computer Science



Reinforcement Learning and Optimal Control
Dimitri P. Bertsekas

Athena Scientific, 2019
388 pp., hardcover, ISBN 978-1-886529-39-7

This book explores the common boundary between optimal control
and artificial intelligence, as it relates to reinforcement learning and simu-
lation-based neural network methods. These are popular fields with many
applications, which can provide approximate solutions to challenging se-
quential decision problems and large-scale dynamic programming (DP).
The aim of the book is to organize coherently the broad mosaic of methods
in these fields, which have a solid analytical and logical foundation, and
have also proved successful in practice.

The book discusses both approximation in value space and approx-
imation in policy space. It adopts a gradual expository approach, which
proceeds along four directions:

e From exact DP to approximate DP: We first discuss exact DP algo-
rithms, explain why they may be difficult to implement, and then use
them as the basis for approximations.

e From finite horizon to infinite horizon problems: We first discuss
finite horizon exact and approximate DP methodologies, which are
intuitive and mathematically simple, and then progress to infinite
horizon problems.

e From model-based to model-free implementations: We first discuss
model-based implementations, and then we identify schemes that can
be appropriately modified to work with a simulator.

The mathematical style of this book is somewhat different from the
one of the author’s DP books, and the 1996 neuro-dynamic programming
(NDP) research monograph, written jointly with John Tsitsiklis. While
we provide a rigorous, albeit short, mathematical account of the theory
of finite and infinite horizon DP, and some fundamental approximation
methods, we rely more on intuitive explanations and less on proof-based
insights. Moreover, our mathematical requirements are quite modest: cal-
culus, a minimal use of matrix-vector algebra, and elementary probability
(mathematically complicated arguments involving laws of large numbers
and stochastic convergence are bypassed in favor of intuitive explanations).

The book is supported by on-line video lectures and slides, as well
as new research material, some of which has been covered in the present
monograph.



Rollout, Policy Iteration, and Distributed
Reinforcement Learning

Dimitri P. Bertsekas

Athena Scientific, 2020
480 pp., hardcover, ISBN 978-1-886529-07-6

This book develops in greater depth some of the methods from the
author’s Reinforcement Learning and Optimal Control textbook (Athena
Scientific, 2019). It presents new research, relating to rollout algorithms,
policy iteration, multiagent systems, partitioned architectures, and dis-
tributed asynchronous computation.

The application of the methodology to challenging discrete optimiza-
tion problems, such as routing, scheduling, assignment, and mixed integer
programming, including the use of neural network approximations within
these contexts, is also discussed.

Much of the new research is inspired by the remarkable AlphaZero
chess program, where policy iteration, value and policy networks, approxi-
mate lookahead minimization, and parallel computation all play an impor-
tant role.

Among its special features, the book:

e Presents new research relating to distributed asynchronous computa-
tion, partitioned architectures, and multiagent systems, with applica-
tion to challenging large scale optimization problems, such as combi-
natorial /discrete optimization, as well as partially observed Markov
decision problems.

e Describes variants of rollout and policy iteration for problems with
a multiagent structure, which allow the dramatic reduction of the
computational requirements for lookahead minimization.

e Establishes connections of rollout algorithms and model predictive
control, one of the most prominent control system design methodol-
ogy.

e Expands the coverage of some research areas discussed in the author’s
2019 textbook Reinforcement Learning and Optimal Control.

e Provides the mathematical analysis that supports the Newton step
interpretations and the conclusions of the present book.

The book is supported by on-line video lectures and slides, as well
as new research material, some of which has been covered in the present
monograph.
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