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Preface to Second Edition

This edition differs from the previous one in several respects. The use of sto-
chastic calculus and control methods to analyze financial market models has
expanded at a remarkable rate. A new Chapter X gives an introduction to
the role of stochastic optimal control in portfolio optimization and in pricing
derivatives in incomplete markets. Risk-sensitive stochastic control has been
another active research area since the First Edition of this book appeared.
Chapter VI of the First Edition has been completely rewritten, to empha-
size the relationships between logarithmic transformations and risk sensitiv-
ity. Risk-sensitive control theory provides a link between stochastic control
and H-infinity control theory. In the H-infinity approach, disturbances in a
control system are modelled deterministically, instead of in terms of stochastic
processes. A new Chapter XI gives a concise introduction to two-controller,
zero-sum differential games. Included are differential games which arise in
nonlinear H-infinity control and as totally risk-averse limits in risk-sensitive
stochastic control. Other changes from the First Edition include an updated
treatment in Chapter V of viscosity solutions for second-order PDEs. Mate-
rial has also been added in Section I.11 on existence of optimal controls in
deterministic problems. This simplifies the presentation in later sections, and
also is of independent interest.

We wish to thank D. Hernandez-Hernandez, W.M. McEneaney and S.-J.
Sheu who read various new chapters of this edition and made helpful com-
ments. We are also indebted to Madeline Brewster and Winnie Isom for their
able, patient help in typing and revising the text for this edition.

W.H. Fleming
May 1, 2005 H.M. Soner






Preface

This book is intended as an introduction to optimal stochastic control for con-
tinuous time Markov processes and to the theory of viscosity solutions. We ap-
proach stochastic control problems by the method of dynamic programming.
The fundamental equation of dynamic programming is a nonlinear evolution
equation for the value function. For controlled Markov diffusion processes on
n - dimensional euclidean space, the dynamic programming equation becomes
a nonlinear partial differential equation of second order, called a Hamilton —
Jacobi — Bellman (HJB) partial differential equation. The theory of viscos-
ity solutions, first introduced by M. G. Crandall and P.-L. Lions, provides a
convenient framework in which to study HJB equations. Typically, the value
function is not smooth enough to satisfy the HJB equation in a classical sense.
However, under quite general assumptions the value function is the unique vis-
cosity solution of the HJB equation with appropriate boundary conditions. In
addition, the viscosity solution framework is well suited to proving continuous
dependence of solutions on problem data.

The book begins with an introduction to dynamic programming for de-
terministic optimal control problems in Chapter I, and to the corresponding
theory of viscosity solutions in Chapter II. A rather elementary introduction
to dynamic programming for controlled Markov processes is provided in Chap-
ter III. This is followed by the more technical Chapters IV and V, which are
concerned with controlled Markov diffusions and viscosity solutions of HJB
equations. We have tried, through illustrative examples in early chapters and
the selection of material in Chapters VI — VII, to connect stochastic con-
trol theory with other mathematical areas (e.g. large deviations theory) and
with applications to engineering, physics, management, and finance. Chapter
VIII is an introduction to singular stochastic control. Dynamic programming
leads in that case not to a single partial differential equation, but rather to
a system of partial differential inequalities. This is also a feature of other im-
portant classes of stochastic control problems not treated in this book, such
as impulsive control and problems with costs for switching controls.



xiv Preface

Value functions can be found explicitly by solving the HJB equation only
in a few cases, including the linear—quadratic regulator problem, and some
special problems in finance theory. Otherwise, numerical methods for solving
the HJB equation approximately are needed. This is the topic of Chapter IX.

Chapters III, IV and VI rely on probabilistic methods. The only results
about partial differential equations used in these chapters concern classical
solutions (not viscosity solutions.) These chapters can be read independently
of Chapters IT and V. On the other hand, readers wishing an introduction to
viscosity solutions with little interest in control may wish to focus on Chapter
II, Secs. 4-6, 8 and on Chapter V, Secs. 4-8.

We wish to thank M. Day, G. Kossioris, M. Katsoulakis, W. McEneaney, S.
Shreve, P. E. Souganidis, Q. Zhang and H. Zhu who read various chapters and
made helpful comments. Thanks are also due to Janice D’Amico who typed
drafts of several chapters. We are especially indebted to Christy Newton. She
not only typed several chapters, but patiently helped us through many revi-
sions to prepare the final version.

W.H. Fleming
June 1, 1992 H.M. Soner



Notation

In this book the following system of numbering definitions, theorems, formulas
etc. is used. Roman numerals are used to refer to chapters. For example,
Theorem IL.5.1 refers to Theorem 5.1 in Chapter II. Similarly, IV(3.7) refers
to formula (3.7) of Chapter IV; and within Chapter IV we write simply (3.7)
for such a reference.

IR™ denotes n-dimensional euclidean space, with elements © = (21, -, ).

We write .
Ty = Z TilYi
i=1

and |z| = (z - 2)2 for the euclidean norm. If A is a m x n matrix, we denote
by |A| the operator norm of the corresponding linear transformation from IR™
into IR%:
|A] = max |Ax|.
o<1

The transpose of A is denoted by A’. If a and A are n x n matrices,

n
trad = Z aiinj'

i,j=1

8" denotes the set of symmetric n X n matrices and 87 the set of nonnegative
definite A € S™. The interior, closure, and boundary of a set B are denoted
by intB, B and 0B respectively. If X' is a metric space,



Xvi Notation

B(X) = o — algebra of Borel sets of X

M(X) ={all real — valued functions on X' which are bounded below }
C(X) = {all real — valued continuous functions on X'}

Cy(X) =bounded functions in C(X)}.

If X is a Banach space

Cp(X) ={polynomial growing functions in C'(X)}.

A function ¢ is called polynomially growing if there exist constants K, m > 0
such that
|$(x)] < K(1+|2]™), ¥z € 3.

For an open set O C IR™, and a positive integer k,

C*(0) = {all k — times continuously differentiable functions on O}

CF(O) ={¢ € C*(O) : ¢ and all partial derivatives of ¢ or orders < k are
bounded}

Ck(0) ={¢ € C*¥(0O) : all partial derivatives of ¢ of orders < k are
polynomially growing}.

For a measurable set £ C IR", we say that ¢ € C*(E) if there exist E
open with E ¢ E and ¢ € C*(E) such that ¢(z) = ¢(x) for all 2 € E.
Spaces CJ(E),Cl(E) are defined similarly. C>(E), Cy°(E), Ce°(E) denote
the intersections over k = 1,2,--- of C¥(E), C}(E), CF(E).
We denote the gradient vector and matrix of second order partial deriva-
tives of ¢ by
D¢: (¢$1a"'7¢$n)

D2¢ = (¢$i$j)7i’j =1--,n.
Sometimes these are denoted instead by ¢, ¢, respectively.

If ¢ is a vector-valued function, with values in IR™, then we write ¢ €
Ck(E),¢ € CF(E) etc if each component of ¢ belongs to C*(E), Cf(E) etc.
For vector-valued functions, D¢ and D?¢ are identified with the differentials of
¢ of first and second orders. For vector-valued ¢, |[Dg|, |D?¢| are the operator
norms. We denote intervals of IR', respectively closed and half-open to the
right, by

[a,b], [a,b).

Given tg < tq

Qo = [to,t1) x IR"™, Qo = [to, 1) x R™.



Notation xvii
Given O C IR™ open
Q = [to,t1) X O, Q = [to,t1] x O

8*@ = ([to,tl] X 80) U ({tl} X O)

We call 0*Q the parabolic boundary of the cylindrical region Q. If & =
¢(t,x),G C IR"*!, we say that & € C**(G) if there exist G open with G ¢ G
and @ such that &(t,z) = &(t, z) for all (¢, ) € G and all partial derivatives of
@ or orders < £ in t and of orders < k in « are continuous on G. For example,
we often consider & € C12(G), where either G = @ or G = Q. The spaces
C,f’k(G), CL¥(G) are defined similarly as above.

The gradient vector and matrix of second-order partial derivatives of @(t, -)
are denoted by D,®, Dg@ or sometimes by @,,P,,.

If F' is a real-valued function on a set U which has a minimum on U, then

argm[i]nF(v) ={v"eU:F@") < F(v)YveU}.
veE

The supnorm of a bounded function is denoted by || ||, and L,-norms are
denoted by || ||,-



I

Deterministic Optimal Control

1.1 Introduction

The concept of control can be described as the process of influencing the
behavior of a dynamical system to achieve a desired goal. If the goal is to
optimize some payoff function (or cost function) which depends on the control
inputs to the system, then the problem is one of optimal control.

In this introductory chapter we are concerned with deterministic optimal
control models in which the dynamics of the system being controlled are gov-
erned by a set of ordinary differential equations. In these models the system
operates for times s in some interval I. The state at time s € I is a vector
in n-dimensional euclidean IR™. At each time s, a control u(s) is chosen from
some given set U (called the control space.) If I is a finite interval, namely,

IT=[t,t1)={s:t<s<t},

then the differential equations describing the time evolution of z(s) are (3.2)
below. The cost functional to be optimized takes the form (3.4).

During the 1950’s and 1960’s aerospace engineering applications greatly
stimulated the development of deterministic optimal control theory. Among
such applications was the problem of optimal flight trajectories for aircraft
and space vehicles. However, deterministic control theory provides methods
of much wider applicability to problems from diverse areas of engineering,
economics and management science. Some illustrative examples are given in
Section 2.

It often happens that a system is being controlled only for z(s) € O, where
O is the closure of some given open set O C IR"™. Two versions of that situation
are formulated in Section 3. In one version, control occurs only until the time
of exit from a closed cylindrical region Q = [tg,t;] x O. In the other version,
only controls which keep z(s) € O for t < s < t; are allowed (this is called a
state constrained control problem.)
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The method of dynamic programming is the one which will be followed in
this book, to study both deterministic and stochastic optimal control prob-
lems. In dynamic programming, a value function V is introduced which is
the optimum value of the payoff considered as a function of initial data. See
Section 4, and also Section 7 for infinite time horizon problems. The value
function V for a deterministic optimal control problem satisfies, at least for-
mally, a first order nonlinear partial differential equation. See (5.3) or (7.10)
below. In fact, the value function V often does not have the smoothness prop-
erties needed to interpret it as a solution to the dynamic programming partial
differential equation in the usual (“classical”) sense. However, in such cases V
can be interpreted as a viscosity solution, as will be explained in Chapter II.

Closely related to dynamic programming is the idea of feedback controls,
which will also be called in this book Markov control policies. According to
a Markov control policy, the control u(s) is chosen based on knowing not
only time s but also the state xz(s). The Verification Theorems 5.1, 5.2 and
7.1 provide a way to find optimal Markov control policies, in cases when the
value function V is indeed a classical solution of the dynamic programming
partial differential equation with the appropriate boundary data.

Another approach to optimal deterministic control is via Pontryagin’s prin-
ciple, which provides a general set of necessary conditions for an extremum.
In Section 6 we develop, rather briefly, the connection between dynamic pro-
gramming and Pontryagin’s principle. We also give a proof of Pontryagin’s
principle, for the special case of control on a fixed time interval (O = IR").

In Section 8 and 9 we consider a special class of control problems, in which
the control is the time derivative of the state (u(s) = #(s)) and there are no
control constraints. Such problems belong to the classical calculus of varia-
tions. For a calculus of variations problem, the dynamic programming equa-
tion is called a Hamilton-Jacobi partial differential equation. Many first-order
nonlinear partial differential equations can be interpreted as Hamilton-Jacobi
equations, by using duality for convex functions. This duality corresponds
to the dual Lagrangian and Hamiltonian formulations in classical mechanics.
These matters are treated in Section 10.

Another part of optimal control theory concerns the existence of optimal
controls. In Section 11 we prove two special existence theorems which are used
elsewhere in this book. The proofs rely on lower semicontinuity of the cost
function in the control problem.

The reader should refer to Section 3 for notations and assumptions used
in this chapter, for finite-time horizon deterministic optimal control problems.
For infinite-time horizon problems, these are summarized in Section 7.

1.2 Examples

We start our discussion by giving some examples. In choosing examples, in
this section and later in the book, we have included several highly simplified
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models chosen from such diverse applications as inventory theory, control of
physical devices, financial economics and classical mechanics.

Example 2.1. Consider the production planning of a factory producing
n commodities. Let z;(s), u;(s) denote respectively the inventory level and
production rate for commodity ¢ = 1,---,n at time s. In this simple model we
assume that the demand rates d; are fixed constants, known to the planner.
Let

I(S) = (x1(5)7' : ',.T"(S)), u(s) = (ul(s)a o ~,un(5)), d= (dlv' : vdn)

They are, respectively, the inventory and control vectors at time s, and the
demand vector. The rate of change of the inventory x(s) € IR" is

(2.1) %x(s) = u(s) —d.

Let us consider the production planning problem on a given finite time interval
t < s < t;. Given an initial inventory x(t) = x, the problem is to choose the
production rate u(s) to minimize

(2.2) / ' h(a(s))ds + (x(t)).

We call t; the terminal time, h the running cost, and ¢ the terminal cost. It
is often assumed that h and ¢ are convex functions, and that h(x), ¥ (z) have
a unique minimum at x = 0. A typical example of h is

n

h(z) = Z [ai(@a) ™ +7i(z)7]

i=1

where «;,; are positive constants interpreted respectively as a unit holding
cost and a unit shortage cost. Here, a™ = max{a,0}, a~ = max(—a,0).

The production rate u(s) must satisfy certain constraints related to the
physical capabilities of the factory and the workforce. These capacity con-
straints translate into upper bounds for the production rates. We assume
that these take the form ciuq + - -+ + c,u, < 1 for suitable constants ¢; > 0.

To summarize, this simple production planning problem is to minimize
(2.2) subject to (2.1), the initial condition z(t) = x, and the control constraint
u(s) € U where

(2.3) U={veR": viZO,i:Ln,n,Zcivigl}.
i=1

An infinite time horizon, discounted cost version of this problem will be
mentioned in Example 7.4, and the solution to it will be outlined there.

Example 2.2. Consider a simple harmonic oscillator, in which a forcing
term wu(s) is taken as the control. Let x1(s),z2(s) denote respectively the
position and velocity at time s. Then
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d
! (s) = xa(s)

%xg(s) = —x1(8) +u(s).

We require that u(s) € U, where U is a closed interval. For instance, if U =

[—a,a] with a < oo, then the bound |u(s)| < a is imposed on the forcing term.
Let us consider the problem of controlling the simple harmonic oscilla-

tor on a finite time interval ¢ < s < t;. An initial position and velocity

(z1(t), z2(t)) = (x1,x2) are given. We seek to minimize a quadratic criterion

of the form

(2.4)

(2.5) /t (a1 ()2 + maa(s)? + u(s)?] ds + dys (01)? + daa(ta)?,

where mq,mo,d1,ds are nonnegative constants. If there is no constraint on
the forcing term (U = IR'), this is a particular case of the linear quadratic
regulator problem considered in Example 2.3. If U = [—a, a] with a < oo, it
is an example of a linear regulator problem with a saturation constraint.

One can also consider the problem of controlling the solution z(s) = (x1(s),
x2(s)) to (2.4) on an infinite time horizon, say on the time interval [0,00). A
suitable modification of the quadratic criterion (2.5) could be used as the
quantity to be minimized. Another possible criterion to be minimized is the
time for z(s) to reach a given target. If the target is the point (0,0), then
the control function u(-) is to be chosen such that the first time 6 when
x(0) = (0,0) is minimized.

Example 2.3. We will now describe the linear quadratic regulator problem
(LQRP). Due to the simplicity of its solution, it has been applied to a large
number of engineering problems. Let z(s) € R™, u(s) € R™ satisfy

(2.6) diim(s) = A(s)z(s) + B(s)u(s)

with given matrices A(s) and B(s) of dimensions n x n, n x m respectively.
Suppose we are also given M(s), N(s), and D, such that M(s) and D are
nonnegative definite, symmetric n X n matrices and N(s) is a symmetric,
positive definite m x m matrix. The LQRP is to choose u(s) so that

2.7) /t C[2(s) - M(s)2(s) + u(s) - N(s)u(s)] ds + z(t1) - Da(ts)

is minimized. Here x - y denotes the inner product between two vectors. The
solution to this problem will be discussed in Example 5.1.

Example 2.4. The simplest kind of problem in classical calculus of vari-
ations is to determine a function z(-) which minimizes a functional

(2.8) /t 1 L(s,z(s),2(s))ds + ¥(x(t1)),
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subject to given conditions on z(t) and x(t1)). Here, * = d/ds. Let us fix the
left endpoint, by requiring x(t) = = where 2z € IR™ is given. For the right
endpoint, let us fix ¢; and require that z(t1) € M, where M is given closed
subset of IR™. If M = {z1} consists of a single point, then the right endpoint
(t1,21) is fixed. At the opposite extreme, there is no restriction on z(tq) if
M =IR"

We will discuss calculus of variations problems in some detail in Sections
8 — 10. In the formulation in Section 8, we allow the possibility that the fixed
upper limit ¢; in (2.8) is replaced by a time 7 which is the smaller of ¢; and
the exit time of x(s) from a given closed region O C IR™. This is a particular
case of the class of control problems to be formulated in Section 3.

1.3 Finite time horizon problems

In this section we formulate some classes of deterministic optimal control
problems, which will be studied in the rest of this chapter and in Chapter
IT. At the end of the section, each of these classes of problems appears as a
particular case of a general formulation.

A terminal time ¢; will be fixed throughout. Let ¢y < t; and consider initial
times ¢ in the finite interval [tg,t1). (One could equally well take —oo < ¢ < 1,
but then certain assumptions in the problem formulation become slightly more
complicated.) The objective is to minimize some payoff functional J, which
depends on states z(s) and controls u(s) for ¢ < s < t;.

Let us first formulate the state dynamics for the control problem. Let
Qo = [to,t1) x IR™ and Q, = [to,t1] x IR", the closure of Qq. Let U be a
closed subset of m-dimensional IR™. We call U the control space. The state
dynamics are given by a function

f:QyxU— IR™.
It is assumed that f € C(Q, x U). Moreover, for suitable K ,:

(3.1) [f (@t 0) = [t y,0)] < Kplz =y

for all ¢ € [to,t1], =,y € IR™ and v € U such that |v| < p. If the control space
U is compact, we can replace K, by a constant K, since U C {v: |v] < p} for
large enough p. If f(t,-,v) has a continuous gradient f,, (3.1) is equivalent to
the condition | f; (¢, z,v)| < K, whenever |v| < p.

A control is a bounded, Lebesgue measurable function u(-) on [t,¢;] with
values in U. Assumption (3.1) implies that, given any control u(-), the differ-
ential equation

(3.2) %w(s) = f(s,z(s),u(s)), t <s<t
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with initial condition
(3.3) z(t) ==

has a unique solution. The solution x(s) of (3.2) and (3.3) is called the state
of the system at time s. Clearly the state depends on the control u(-) and the
initial condition, but this dependence is suppressed in our notation.
Let U°(t) denote the set of all controls u(-). In notation which we shall use
later (Section 9)
U(t) = L=([t.t1]; U).

This is the space of all bounded, Lebesgue measurable, U - valued functions
on [t,to]. In order to complete the formulation of an optimal control problem,
we must specify for each initial data (¢,z) a set U(t, z) C U°(t) of admissible
controls and a payoff functional J(t,2;u) to be minimized. Let us first for-
mulate some particular classes of problems (A through D below). Then we
subsume all of these classes in a more general formulation. For classes A and
B, all controls u(-) € U%(t) are admitted. However, for classes C and D only
controls u(-) in a smaller U(t, z) are admitted.

A. Fixed finite time horizon. The problem is to find u(-) € U°(¢) which
minimizes

(3.4) Tt i) = /t " L(s, 2(s), u(s))ds + w(x(t)),

where L € C(Qux U). We call L the running cost function and v the terminal
cost function.

B. Control until exit from a closed cylindrical region Q. Consider
the following payoff functional J, which depends on states z(s) and controls
u(s) for times s € [¢,7), where 7 is the smaller of ¢; and the exit time of z(s)

from the closure O of an open set O C IR". We let @ = [to,t1) x O, Q =
[to, t1] x O the closure of the cylindrical region @, and

9*Q = ([to,t1) x 00) U ({t1} x O).

We call [to, 1) x 8O and {t1} x O the lateral boundary and terminal boundary,
respectively, of Q. Given initial data (t,z) € @, let 7 denote the exit time of
(s,2(s)) from Q. Thus,

inf{s € [t,t;) : x(s) ¢O} or
ty if z(s) € O for all s € [t, 1)

Note that (7,z(7)) € 0*Q. We let

(3.5) Tt i) = /t " L(s, 2(s), u(s))ds
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+9(7, 2(7)) Xr<ty + V(@(t1)) Xr=t,

Here x denotes an indicator function. Thus, for real numbers a, b,

1if a<b

Xa<b =
0if a > b,

and x,<p is defined similarly. The function g is called a boundary cost function,
and is assumed continuous.

B’. Control until exit from Q. Let (t,z) € Q, and let 7’ be the first
time s such that (s,z(s)) € 0*Q. Thus, 7’ is the exit time of (s,z(s)) from
Q, rather that from @ as for class B above. In (3.5) we now replace 7 by 7’.
We will give conditions under which B and B’ are equivalent optimal control
problems.

C. Final endpoint constraint. Suppose that in case A, the additional
restriction z(¢1) € M is imposed, where M is a given closed subset of IR". In
particular, if M = {21} consists of a single point, then both endpoints (¢, z)
and (t1,21) of the curve v = {(s,z(s)) : t < s <t} are given. We now admit
controls u(-) € U(t, x), where

Ut,z) = {u(-) eU’(t) : z(t)) € M}.

The condition that U(t,z) is nonempty is called a reachability condition. See
Sontag [Sg]. If U = IR™, it is related to the concept of controllability.

In a similar way, one can consider the problem of minimizing J in (3.5)
subject to an endpoint constraint (7,z(7)) € S, where S is a given closed
subset of 9*Q.

D. State constraint. This is the problem of minimizing J(¢, z; u) in (3.4)
subject to the constraint z(s) € O. In this case,

Ut,z) = {u(-) eU(t): z(s) €O fort < s <t}

General problem formulation. Let us now formulate a general class of
control problems, which includes each of the classes A through D above. Let
O C IR" be open, with either: (i) O = IR"™, or (ii) JO a compact manifold of
class C?. Let Q = [tg,t1) x O. In case O = IR", we have Q = Q. Let ¥ be a
function, such that

g(t,x) if (¢,x) € [to,t1) x IR"
(3.6) U(t,x) =
Y(z) if (t,z) € {t1} x R"™

We let

(3.7) J(t,x; u) = /tT L(s,z(s),u(s))ds + ¥ (r,z(T)),
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where 7 is the exit time of (s, z(s)) from Q. This agrees with (3.5), and also

with (3.4) in case O = IR™. We admit controls u(-) € U(t,z), where U(t, x)

is nonempty and satisfies the following “switching” condition (3.9). Roughly

speaking, condition (3.9) states that if we replace an admissible control by

another admissible one after a certain time, then the resulting control is still

admissible. More precisely, let u(-) € U(¢t,z) and u'(-) € U(r,z(r)) for some
€ [t, 7]. Define a new control by

u(s), t<s<r
(3.8) a(s) =
w(s), r<s<t.

Let Z(s) be the solution to (3.2) corresponding to control a(-) and initial
condition #(¢) = x. Then we assume that

(3.9) ts(-) € U(s,2(8)), t < s < T,

where U4(-) denotes the restriction to [s,¢1] of 4(:) and 7 is the exit time from
Q of (s,%(s)). Note that (3.9) implies, in particular, that an admissible control
always stays admissible. Indeed, simply take in (3.7) » = 7 and 4;(-) = us(-).

The control problem is as follows: given initial data (t,z) € @, find u*(-) €
U(t, x) such that

J(t,z; u) < J(t,x;u) for all u(-) € U(t, x).

Such a u*(-) is called an optimal control.

Relation between classes B and B’. Let us conclude this section by
giving some conditions (3.10), (3.11) under which the problem of controlling
until the time 7 of exit of (s, z(s)) from Q is equivalent of that of controlling
until the time 7/ of exit from . Let us assume:

(3.10) L>0,¢ >0, ¥(x) =0 for zedO and g = 0.

(3.11)  For every (s,&) € [to, t1] x OO there exists v(s,£) € U such that

f(sﬁ,v(s,f)) : 77(5) >0,

where 7(€) is the exterior unit normal at £ € 90.

We always have 7/ < 7 < ;. In particular, 7/ = ¢; implies that 7/ = 7. If
7/ < t1, then by (3.5) and the assumption g =0,

S = [ zas | [ pas vttt
t T/

Let us denote the first term on the right side by J' (¢, z;u). J' is the payoff for
the problem of control up to time 7/, in case 7/ < t1. Since L > 0 and 1 > 0,
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(3.12) J(t, x;u) > J'(t, x5 u)
for all u(-) € U°(t). On the other hand, given u(-) with 7/ < t1, let
u(s), t<s<7,
o(r’,2(r")), 7 <s <t

with v(s, {) as in (3.11). The corresponding solution #(s) of (3.2) with Z(t) = =
coincides with z(s) for t < s < 7/, and exits from @ at time 7/. Thus,

(3.13) J (t,zyu) = J(t, x;0).

From (3.12) and (3.13), it suffices to minimize J among controls (-) for which
the exit times from @) and @ are the same.

1.4 Dynamic programming principle

It is convenient to consider a family of optimization problems with different
initial conditions (¢, z). Consider the minimum value of the payoff function as
a function of this initial point. Thus define a value function by

4.1 Vt,e) = inf  J(t, x;u),
(11) (ta) = inf  J(taia)

for all (t,x) € Q. We shall assume that V(t,z) > —oo. This is always true if
the control space U is compact, or if U is not compact but the cost functions
are bounded below (L > —M,¥ > —M for some constant M > 0.)

The method of dynamic programming uses the value function as a tool in
the analysis of the optimal control problem. In this section and the following
one we study some basic properties of the value function. Then we illustrate
the use of these properties in an example for which the problem can be explic-
itly solved (the linear quadratic regulator problem) and introduce the idea of
feedback control policy.

We start with a simple property of V. Let » A 7 = min(r, 7). Recall that g
is the boundary cost (see (3.5)).

Lemma 4.1. For every initial condition (t,r) € Q, admissible control
u(:) eU(t,z) and t <r <t;, we have

(4.2) V(t.z) < / T L(s,a(s), u(s))ds + g(r, 2())xrer

+V(r,2(r))xr<r-

Proof. Suppose that 7 < r < t;. Then ¥(r A 7, z(r A 7)) = g(1,2(7)),
and (4.2) follows from the definition of the value function. Now suppose that
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r < 7. For any § > 0, choose an admissible control u!(-) € U(r,z(r)) such
that
-
/ L(s,2' (s),u' (s))ds + w(r', 2 (1) < V(r,z(r)) + 6.
T
Here x!(s) is the state at time s corresponding to the control u!(-) and initial

condition (r, z(r)), and 71 is the exit time of (s, 2(s)) from Q. (Such a control
ul(-) is called & - optimal.) As in (3.8) define an admissible control () €

U(t,z) by .
u(s), s<r

ul(s), s >r.

Let #(s) be the state corresponding to 4(-) with initial condition (¢,z), and 7
the exit time of (s,Z(s)) from Q. Since r < 7,71 = 7 and we have

Vit,x) < J(t,x;a)

_ /t (s, #(s), i(s))ds + W (7, 5(7))

:/:L(S,x(s),u(s))ds-i-/: L(s,x'(s),u' (s))ds

+w(rt 2l ()

< /:L(s, z(s),u(s))ds + V(r,z(r)) + 6. 0

The proof of Lemma 4.1 shows that the right side of (4.2) is a nondecreas-
ing function of r. However, if u(-) is optimal (or nearly optimal), then this
function is constant (or nearly constant). Indeed, for a small positive §, choose
a 0-optimal admissible control u(-) € U(¢, ). Then for any r € [t,t;] we have

§ + Vt,x) > J(t,x;u)

_ / " L(s,a(s), u(s))ds + U (7 2(r))

T

[ TL(s,x(s),u(s))ds+/ L(s, (s), u(s))ds + ¥ (r, o(r))

AT

/tT ' L(s,x(s),u(s))ds + J(r Am,z(r AT);u)

Y

/t " L(s 2(s), u(s))ds + g(r, 2())xrr + V(r2(r))xrer-
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Since ¢ is arbitrary, we have proved the following.
Lemma 4.2. For any initial condition (t,z) € Q and r € [t,t1],

(4.3) Vt,z) = infm) [/t L(s,z(s),u(s))ds

u()eu(

+g(T’ $(7>)XT<T + V(’ﬂ x(r))Xrg-r .

The above identity is called the dynamic programming principle. It is the
basis of the solution technique developed by Bellman in the 1950’s [Be]. An
interesting observation is that an optimal control w*(-) € U(t,z) minimizes
(4.3) at every r. Hence to determine the optimal control w*(t), it suffices
to analyze (4.3) with r arbitrarily close to . Intuitively this yields a simple
optimization problem that is minimized by u*(t). However, as we shall see in
later chapters, this approach requires a knowledge of the value function.

Another corollary of the above computations is the following.

Corollary 4.1. An admissible control u(-) € U(t,z) is d-optimal at (t,x)
if any only if it is §-optimal at every (r,z(r)) with r € [t, T].

I.5 Dynamic programming equation

In this section, we assume that the value function is continuously differen-
tiable and proceed formally to obtain a nonlinear partial differential equation
satisfied by the value function. In general however, the value function is not
differentiable. In that case a notion of “weak” solutions to this equation is
needed. This will be the subject of Chapter 2. After formally deriving the
dynamic programming partial differential equation (5.3), we prove two Veri-
fication Theorems (Theorems 5.1 and 5.2) which give sufficient conditions for
a solution to the optimal control problem.

Let 0 < h < t; — t, and take r = ¢t + h in the dynamic programming
principle (4.3). Subtract V (¢, z) from both sides of (4.3) and then divide by
h. This yields

1

(t+h)AT 1
(5.1) u(.)ierglf(t’x){h /t L(s,z(s),u(s))ds + Eg(T,m(T))XT<t+h

F IV Bt W)esnes — Vit =0

Let us assume that:

(5.2) For every (t,z) € Q and v € U there exists u(-) € U(t, x) such that

v= lslftl u(s).
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If U(t,z) = U°(t), clearly (5.2) holds. For instance, we may take u(s) = v.
For the state constrained problem (Case D, Section 3), (5.2) holds provided
U(r, &) is not empty for every (r,&) € Q (See Theorem I1.12.1.). Note that we
assume (5.2) for (t,r) € Q, not (t,z) € Q. In the state constrained problem,
only controls in some subset of U can be used at time ¢ when (¢,z) is on
the lateral boundary of Q. If (t,x) € @, then x € O and t + h < 7 if h is
sufficiently small. If we formally let & | 0 in (5.2) we obtain, for (¢,z) € Q,

(63) DV inf (L) + [ 2,0) DaV(Ea)) =0

This is a nonlinear partial differential equation of first order, which we refer to
as the dynamic programming equation or simply DPE. In (5.3), D,V denotes
the gradient of V'(¢,-). It is notationally convenient to rewrite (5.3) as

(5.3") —%V(t, x)+ H(t,z,D,V(t,x)) =0,

where for (t,z,p) € Qy x IR"

(54) H(Lx,p) = Slelg{—p-f(t,x,v) —L(t7l',’lj)}.

In analogy with a quantity occurring in classical mechanics, we call this func-
tion the Hamiltonian. The dynamic programming equation (5.3’) is sometimes
also called a Hamilton—Jacobi—Bellman PDE.

Equation (5.3) is to be considered in @, with appropriate terminal or
boundary conditions. Let us describe such conditions for problems of the
classes A and B in Section 3. Boundary conditions for state constrained prob-
lems (class D, Section 3) will be described later in Section II1.12. For class A,
we have @ = Q. By (3.4) the terminal (Cauchy) data are

(5.5) Vit z) = ¥(z), = € R

We now state a theorem which connects the dynamic programming equation
to the control problem of minimizing (3.4).

Theorem 5.1. (Q = Qo). Let W € CY(Q,) satisfy (5.3) and (5.5). Then:
(5.6) W(t,z) < V(t,z), Y(t,z) € Q,.
Moreover, if there exists u*(-) € U°(t) such that
(5.7) L(s,z"(s),u"(s)) + f(s,27(s),u"(s)) - DaW(s,27(s))

= —H(s,z"(s), D, W (s,x"(s))

for almost all s € [t,t1], then u*(-) is optimal for initial data (t,z) and
W(t,x) =V(t,x).
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In Theorem 5.1, 2*(-) denotes the solution to (3.2) with u(-)=u*(-), z*(t)=
x. Theorem 5.1 is called a Verification Theorem. Note that, by the definition
(5.4) of H, (5.7) is equivalent to

(5.7 u*(s) € argergin{f(s,x*(s),v) - D,W(s,2*(s)) + L(s,x2"(s),v)}.

Proof of Theorem 5.1. Consider any u(-) € U°(t). Using multivariate
calculus and the dynamic programming equation (5.3), we obtain

(5.8) W(t,z(t)) = W(t,z) + /t 1[aW(s,x(s))+j:(s)-DxW(s,x(s)}ds

=W(t, x) —l—/t 1[%W(s,w(s)) + f(s,z(s),u(s)) - DW (s, x(s))]ds

>W(t,z)— /t 1 L(s,z(s), u(s))ds.
By (5.5), W(t1,z(t1)) = ¢ (z(t1)). Hence

W(t,x) < J(t,x;u).

We get (5.6) by taking the infimum over u(-).

To prove the second assertion of the theorem, let u*(-) € U°(t) satisfy
(5.7). We redo the calculation above with «*(-). This yields (5.8) with an
equality. Hence

(5.9) W(t,x) = J(t, z;u).
By combining this equality with (5.6), we conclude that u*(-) is optimal at
(t,x).

([l

Remark 5.1. Condition (5.7) is necessary as well as sufficient. Indeed,
from the proof of Theorem 5.1 and the definition (5.4) of H it is immediate
that (5.7) holds for almost all s if u*(+) is optimal.

We illustrate the use of the Verification Theorem 5.1 in an example.

Example 5.1. Consider the linear quadratic regulator problem (LQRP)
described in Example 2.3. In this example, O = IR™, U = IR™,U(t,x) = U"(t),
and

f(t,z,v) = A(t)z + B(t)v
(5.10) L(t,z,v) =2 - M(t)x +v- N(t)v
U(t,z)=v(x)=x- Dx.

The dynamic programming equation (5.3") becomes
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(5.11) —%V(t,x) + H(t,x,D,V(t,2)) =0, to <t <ty,z € R".

The Hamiltonion H (¢, z,p) is given by

H(ta 37719) = sup {_f(t’x7v) P L(t’ m?”)}
(5.12) !
= INTY(O)B'(t)p- B'(t)p — A(t)x - p— - M(t)x,

where B’(t) is the transpose of the matrix B(¢) and N~'(¢) is the inverse of
N (t) which is assumed to be invertible. For later use, we note that the unique
maximizer of (5.12) is

(5.13) vt = —%N‘l(t)B’(t)p.

To use the Verification Theorem 5.1, first we have to solve (5.11) with the
terminal condition

(5.14) V(t1,2) =x - Dz, © € R"™.

We guess that the solution of (5.11) and (5.14) is a quadratic function in x.
So, let
W(t,z) =x- P(t)x

for some symmetric matrix P(t). We substitute W (¢, z) into (5.11) to obtain

0
—EVV(t7 x)+ H(t,x, D, W (t,x))
=—x- %P(t)x + N"Yt)B' (t)P(t)x - B (t)P(t)x
—2A)x - P(t)r —x - M(t)z

=x- [—%P(t) + P(t)B(t) N~ (t)B'(t)P(t)

—A@)P(t) — P(t)A'(t) — M(¢)].
Hence W satisfies (5.11) provided that

(5.15) %P(t) — P()B()N- (#)B'(t)P(t)

—A(t)P(t) — P(t)A'(t) — M(t), t € [0,t1).
The continuity of W' at time ¢; yields that

(5.16) P(t)) = D.
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Equation (5.15) is called a matriz Riccati equation. It has been studied
extensively. If we fix ¢;, then (5.15)-(5.16) has a solution P(¢) backward in
time on some maximal interval t.;, < t < ty, where either t,;, = —o0
Or tmin < 00. Let us use Theorem 5.1 to show that V(t,z) = W(t,x) for
tmin < t < t1, and to find an explicit formula for the optimal u*(s). In view
of (5.13), (5.7’) holds at any s € [t,t1] if and only if

u*(s) = —lN_l(s)B’(s)DmW(&m*(s))

(5.17) 2

= —N"1(s)B'(s)P(s)x*(s).
Now substitute (5.17) back into the state equation (2.6) to obtain

d%w*(S) =[A(s) = B(s)N ™" (s)B'(s)P(s)]a" (s).

This equation has a unique solution satisfying the initial condition z*(t) = z.
Thus there is a unique control v*(-) satisfying (5.17). Theorem 5.1 then implies
that u*(-) is optimal at (¢, z).

Notice that the optimal control u*(s) in (5.17) is a linear function of the
state x*(s). The matrix N~!(s)B’(s)P(s) can be precomputed by solving
the Riccati differential equation (5.15) with terminal data (5.16), without
reference to the initial conditions for z(s). This is one of the important aspects
of the LQRP.

In the LQRP as formulated in Example 2.3, the matrices M(s) and D
are nonnegative definite and N(s) is positive definite. This implies that P(t)
is nonnegative definite and that t,;, = —oo. To see this, for tyin < t < ty,
0 <V(t,x) < J(t z;0). Since V(t,x) = - P(t)z, P(t) is nonnegative definite
and bounded on any finite interval, which excludes the possibility that ¢, >
—00.

In Section VI.8 we will encounter a class of problems in which M (s) is
negative definite. Such problems are called LQRP problems with indefinite
sign. In this case, P(t) may not be nonnegative definite and ¢,,;, may be
finite. The following example illustrates these possibilities.

Example 5.2. Let n = 1, f(v) = v, L(x,v) = —2? + v? and D = 0. The
solution to (5.15)-(5.16) is P(t) = —tan(t; —t) if t; —t < § and tpin = 61— 5.

Control until exit from (. Let us next consider the problem of control
until the time 7 of exit from a closed cylindrical region @ (class B, Section
3.) We first formulate appropriate boundary conditions for the dynamic pro-
gramming equation (5.3). Then we outline a proof of a Verification Theorem
(Theorem 5.2) similar to Theorem 5.1. When ¢ = ¢;, we have as in (5.5):

(5.18) V(ty,z) =(z), z€O.

Let us assume that (3.11) holds on the lateral boundary [tg,t1) x O. This
implies that, for (¢,x) € [to,t1) x 0O, one choice is to exit immediately from
Q@ (thus, 7 = t). Therefore,
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(5.19) V(t,z) < g(t,x), (t,z) € [to,t1) x DO

If it is optimal to exit immediately from @, then equality holds in (5.19).
However, in many examples, there are points (¢,z) of the lateral boundary
for which there exists a control u%(:) such that J(t,z;u(-)) < g(t,z). See
Example I1.2.3. At such points, strict inequality holds in (5.19). If (3.10) is
assumed, in addition to (3.11), then V(¢,z) > 0. Since g = 0 when (3.10)
holds, (5.19) implies that the lateral boundary condition V(¢,2) = 0 holds
for all (t,z) € [to,t1) x OO, if both (3.10) and (3.11) hold. Note that we
have not yet proved that the value function V is continuous on Q. However,
such a result will be proved later (Theorem I1.10.2.). Boundary conditions are
discussed further in Section II1.13.
Theorem 5.2. Let W € CH(Q) satisfy (5.3), (5.18) and (5.19). Then

(5.20) W(t,x) < V(t,z) for all (t,z) € Q.

(
Moreover, suppose that there exists u*(-) € U°(t) such that (5.7) holds for
almost all s € [t, 7] and W (7%, 2*(7*)) = g(7*,2*(7*)) in case 7" < t;. Then
u*(+) is optimal for initial data (t,x) and W(t,z) = V (¢, x).

Here 7* is the exit time of (s,2*(s)) from Q. The proof of Theorem 5.2
is almost the same as for Theorem 5.1. In (5.8) the integral is now from ¢
to the exit time 7, and W (7, (7)) is on the left side. By (5.18) and (5.19),
W(r,z(r)) < ¥(r,2(7)) with ¥ as in (3.6). This gives (5.20). The second half
goes exactly as for Theorem 5.1.

Remark 5.2. An entirely similar Verification Theorem is true for the
problem of control until the time 7/ of exit from @ (rather from Q.) In fact,
since (s,z(s)) € Q for t < s < 7/, the proof of Theorem 5.2 shows that it
suffices in this case to assume W € C1(Q) N C(Q) rather than W € C1(Q).
A situation where such a weaker assumption on W is convenient will arise in
Example 7.3.

In Example 5.1 we constructed an admissible control by using the value
function. To generalize the procedure, let W be as in Theorem 5.2 (or as in
Theorem 5.1 in case Q = Qq.) For (t,z) € Q define a set-valued map F*(t, )
by

F*(t,x) ={f(t,z,v) v € v*(t,x)}

where v*(¢, ) is another set-valued map

(5.21) v (t,T) = argergin [f(t,z,0) - D,W (t,x) + L(t, z,v)].

We may now restate (5.7) as u*(s) € v*(s,2*(s)). Substituting this into the
state dynamics yields

(5.22) z*(s) € F*(s,x2*(s)), s € [t, 7]

Thus, we have the following corollary to Theorem 5.2.
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Corollary 5.1. A control u*(-) satisfies the optimality condition (5.7) if
x*(+) is a solution to the differential inclusion (5.22).

Feedback controls (Markov control policies). Corollary 5.1 is closely
related to the idea of optimal feedback control, according to which the control
u*(s) is chosen based on knowledge not only of time s but also of the state
x*(s). To formulate this idea more precisely, let us call any function u : Q, —
U a feedback control policy. Such a function U will also be called in later
chapters a Markov control policy. Consider the differential equation

(523) D 1(6) = Fls.2(),u(s,2(s)), s € [10]
If (5.23) with the initial data x(t) = « has a unique solution z(-), and if
(5.24) u(s) = u(s, x(s))

belongs to U°(t), then we call u an admissible feedback control for initial
conditions (t,x).

In particular, suppose that u* is a feedback control policy such that
u*(s,y) € v*(s,y) for all (s,y) € Q. If u* is admissible for initial conditions
(t, ), then we let x*(s) be the corresponding solution of (5.23) with u = u*,
and

(5.25) u*(s) = u*(s,z"(s)).

For the fixed finite time horizon problem (Q = Q¢), Theorem 5.1 and Corol-
lary 5.1 imply that «*(-) is an optimal control. If u* is admissible for every
(t,z) € Qo, then we call u* an optimal feedback policy (or Markov control
policy).

In the LQRP example above, we take

u(s,y) = —N"1(s)B'(s)P(s)y,

*

which is a linear function of the state variable y. According to (5.17), u* is an
optimal feedback control policy.

For the problem of control until exit from a closed cylindrical region Q, the
condition W (r*,2*(7*)) = g(v*,2*(7*)) in case 7* < t, needs to be added.
Then optimality of u* follows from Theorem 5.2 and Corollary 5.1, provided
u* is admissible.

It is a complicated matter to determine, in general, whether an optimal
feedback control policy exists. We shall not undertake to deal with it here,
but will only indicate some of the difficulties. In order to implement the pro-
cedure just outlined above, one needs first a smooth solution W to the dy-
namic programming equation (5.3) with terminal and boundary conditions. If
L(s,y,v)+f(s,y,v)-D;W(s,y) has a minimum on U at a unique v* = u*(s,y)
this determines a candidate for the optimal feedback policy u*. If v* is not
unique, a selection theorem is needed in order to choose u*(s,y). Finally, in
many examples u*(s,y) is not even a continuous function of (s,y), and there
is no guarantee that (5.23) with the initial conditions has a unique solution.
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1.6 Dynamic programming and Pontryagin’s principle

In this section we first give a sufficient condition that the value function V'
satisfies the dynamic programming equation (5.3) at a point (¢, x). Then we
show how dynamic programming is related to Pontryagin’s principle, which
gives necessary conditions for «*(-) to minimize J (¢, z;u).

We call a function V' differentiable at an interior point (¢,z) of its domain
if there exist a scalar a and a vector b such that

lim  (|p|+ k) V(E+h2+k) —V(t,x) —ah—b-k| =0.
(h,k)—(0,0)

Differentiability of V' is equivalent to the existence of a tangent plane to the
graph of V at (t,z). If V is differentiable at (¢,z), then a = Vi(¢,z) and
b= D,V (t,z). A sufficient condition for differentiability of V" at (¢,z) is that
V € CY(N) for some neighborhood of N of (t,z). See, for instance, Fleming
[F1].

Theorem 6.1. Let (t,x) € Q be a point at which the value function V is

differentiable. Then:
(a) Vilt, 2) + L{t,,0) + f(t2,0) - DV (t,) > 0, Yo € U

(b) If there exists an optimal control u*(-) € U(t,x) such that u*(s)
tends to a limit v* as s | t, then

Vi(t,x) + L(t, z,v™) + f(t,x,0v™) - D,V (t,z) = 0.

Hence the dynamic programming equation (5.3) holds at (t,x).
Proof. By assumption (5.2), for any v € U there exists a control u(-) €
U(t, z) such that u(s) tends to v as s | t. By Lemma 4.1, if t + h < 7, then

t+h
(6.1) Vt,x) < / L(s,z(s),u(s))ds + V(t + h,z(t + h)),

where x(s) is the solution of (3.2) with z(¢) = 2. Then

l}erIOIhil[l'(t +h) - .’E(t)] = f(t,z,v),

1}3% RV (t+ h,a(t + b)) = V(t,z)] = Vi(t,z) + f(t,z,v) - D,V (t,x),

since V is differentiable at (¢, z). Moreover,

t+h
lim L(s,z(s),u(s))ds = L(t,z,v).
hi0 J,
This proves (a). To prove (b), we use the same argument, observing that
equality holds in (6.1) when u(-) = u*(+) and x(-) = =*(-) is the corresponding
solution of (3-2)-(3.3). O
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In particular, assumption (b) holds if a continuous optimal control u*(-)
exists. In Section 9 we will show that there is a continuous optimal control, for
a special class of control problems of calculus of variations type. For further
results about existence and continuity properties of optimal controls see [FR,
Chap III], Cesari [Ce] and Section 11.

If the control space U is compact and U(t,z) = U°(t), assumption (b) is
unnecessary:

Theorem 6.1". Let U be compact and U(t,x) = U(t). Then the dynamic
programming equation (5.3) holds at every point (t,x) € Q such that V is
differentiable at (t,x).

Let us merely sketch the proof of Theorem 6.1’. Another proof of this
result is also given by using the theory of viscosity solutions (See Corollary
I1.8.1.). By the dynamic programming principle (4.3), we have (see (5.1)) for
small h > 0

t+h
inf {;L/t L(s, 2(s), u(s))ds + % V(t+ hya(t + b)) — V(t,x)]} — 0.

u(-)eUO ()

Since U is compact, it can be shown that the limits as h | 0 in the proof of
Theorem 6.1 are uniform with respect to u(-). Therefore

1 t+h
Vi(t,z) + 7 inf {/ L(t,x,u(s))ds
¢

u(-) €U ()

t+h
+ [ st u)ds- DY) = 00),

where O(1) — 0 as h | 0. This infimum is attained for u(s) = v*, where v*
is any point of U at which L(t,z,v) + f(¢,z,v) - D,V (¢, ) has a minimum.
Then

Vi(t,z) + L(t,z,v") + f(t,z,v") - D,V (t,z) = 0.

By combining this with Theorem 6.1 (a), the dynamic programming equation
(5.3) holds at (t,z). O

Generalized solutions to dynamic programming equations. Typi-
cally the value function V fails to be differentiable at some points (¢, x). Thus,
V may not satisfy the dynamic programming equation (5.3) everywhere in Q.
In such cases, we wish to interpret V as a solution in some extended sense.
One such interpretation is as a generalized solution, a concept which we shall
now define. We call a function W locally Lipschitz on Q if: for every compact
set K C @ there exists a constant Mg such that

(W(t,x) = Wt ') < Mg (|t = t'| + & — 2'])

for all (t,z), (t',2') € K. If one can choose M = Mg which does not depend
on K, then W is Lipschitz continuous on Q. By Rademacher’s Theorem ([EG]
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v [Zi]) every locally Lipschitz function is differentiable at almost all points
(t,x) € Q.

Definition. W is a generalized solution to the dynamic programming
equation in @ if W is locally Lipschitz and satisfies (5.3) for almost all
(t,z) € Q.

Corollary 6.1. Let U be compact and U(t,z) = U°(t). If V is locally
Lipschitz on Q, then V is a generalized solution of the dynamic programming
equation (5.3).

Later we will prove two theorems which give sufficient conditions for the
value function V' to be Lipschitz on Q. See Theorem 9.3, Theorem 11.10.2. A
local Lipschitz condition for V follows from the estimates in Section IV.8.

Unfortunately, when generalized solutions are considered instead of “clas-
sical” solutions of class C1(Q), a serious lack of uniqueness is encountered.
Indeed, elementary examples show that (5.3) with given boundary data can
have infinitely many generalized solutions. See Example I1.2.2 below. This
difficulty is circumvented by choosing the unique generalized solution which
is also a viscosity solution, according to the definition to be given in Chapter
1I.

Pontryagin’s Principle. During the 1950’s Pontryagin formulated a
“maximum principle” which provides a general set of necessary conditions
for an extremum in an optimal control problem. A statement and proof of
Pontryagin’s principle in its full generality is rather lengthy, and will not be
given in this book. See for instance [FR, Chap II] [PBGM]. However, the proof
is much simpler in special cases. See [FR, Sec. 2.11] and Theorem 6.3 below.

We shall first prove a result (Theorem 6.2) which connects Pontryagin’s
principle and dynamic programming. For this purpose we assume that the
partial derivatives f.,, Lz, , 9z,, ¥z, €xist and are continuous for i = 1,--- n.
As above, let u*(-) denote an optimal control and z*(-) the corresponding
solution to (3.2) with z*(t) = z. Let 7* be the exit time of (s,2*(s)) from Q,
and let

={(s,2"(s)): t<s< T}

We call v* an optimal trajectory. A crucial object in Pontryagin’s principle is
a IR™-valued function P(-) = (Pi(-), -, Pu(:)) called an adjoint variable. It
satisfies for j =1, ---,n, t < s < 7* the linear differential equations

(62) BT =~ 2 G a6 (R

In addition, for almost all s € [¢, t*]

(6.3) P(s) - f(s,x*(s),u”(s)) + L(s,z*(s),u*(s))
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= —H(s,z"(s), P(s)).

When Pontryagin’s principle is stated in full generality, the term dL/0x;
in (6.2) and L in (6.3) should be multiplied by some constant P > 0. In all
problems which we shall consider, P® > 0 and hence one can take P° = 1.

In addition to (6.2) and (6.3), the adjoint variable satisfies conditions at the
final time 7%, called transversality conditions. We will state these transversality
conditions below in particular cases of interest to us.

If V is differentiable at each point (s,2*(s)) of the optimal trajectory v*,
then a candidate for an adjoint variable is

(6.4) P(s) = D,V (s,z*(s)).

We shall give two sets of conditions under which P(s) in (6.4) indeed satisfies
(6.2), (6.3) and an appropriate transversality condition.

In the first of these two results, we consider the control problem on a fixed
time interval [¢, ¢1], with no terminal or state constraints on x(s). This is case
(A) of Section 3.

Theorem 6.2. Let U(t,z) = U’(t) and O = IR™. Let u*(-) be an optimal
control, which is right continuous at each s € [t,t1). Assume that the value
function V is differentiable at (s,z*(s)) fort < s < t1, and let P(s) be as in
(6.4). Then P(s) satisfies (6.2), (6.3) and the transversality condition

(6.5) P(t1) = Dip(a”(t1))-

Proof. The transversality condition (6.5) is immediate since V (¢1,y) =
¥(y) for all y € IR™ by (5.5). If in Theorem 6.1 we replace t,z,v* by
s,z*(s), u*(sT), then (6.3) follows from Theorem 6.1. It remains to show
that P(s) satisfies the linear differential equations (6.2).

Observe that (6.2) is a linear ordinary differential equation. Hence it has
a unique solution P(s) satisfying (6.5). So the task in front of us is to show
that P(s) is indeed equal to P(s).

For t <r < ty, the restriction w’(-) of u*(-) to [r,¢1] is admissible. Hence,
for any y € IR"

(6.6) V(r,y) < J(ry;ui(-).

If y = «*(r), then uX(:) is optimal for the initial data (r,z*(r)) and equality
holds in (6.6). Since J(r,-; wi(-)) — V(r,-) has a minimum on IR™ at x*(r),

(6.7) D,V (r,z*(r)) = Dy J(r,x*(r);ur(")).

for all r € [t,t1). Hence, it suffices to show that the right side of (6.7) equals
P(r). In the following calculations it is notationally convenient to make the
dependence of the state x(s) on the initial condition explicit. With fixed initial
starting time r € [¢,¢;] and control u}(-) let z(s;y) denote the state at time s
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with initial conditions z(r; y) = y. Clearly z(s; z*(r)) = 2*(s) for all s € [r, t1].
We directly calculate that

n

Bax' J(r,x*(r);u*) = Z{/r ' Ly, (s,2%(s),u"(s))zij(s)ds

) =1

(6.8)

+wg;1 (x*(tl))zij(tl)}, r= 1, e, N,

where L,, = OL/0x;, 1, = 0/0x; and fori,j =1,---,n
9 .
zij(s) = @xj(s;x (r)-

A straightforward calculation, by standard ordinary differential equations
methods, gives

n a .
(6.9) z” Z 8— ,u*(8))zie(s), s € [r,t1],
=1
with initial data
1,if i = j
(610) Zij(’l“) =
0,if i # j.

We claim that the right-hand side of (6.8) is equal to P;(r). Indeed using (6.2)
and (6.9) we calculate that

n n

% ZZU(S)IBJ(S) = _Zij (S,z*(s),u*(S))ZiJ‘(S)7

i=1,-.n
We integrate this identity on [r,¢1] and use (6.5), (6.7), (6.8), (6.10) to obtain

Pi(r) = 2i5(r)Pi(r)
=1

n B t1 d B
=3 s - JAF P IEHCLICHYE

= axi,](r,x (r);ur) = 8%1/(1",33 (r)).
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When the value function is not differentiable, a version of (6.4) still holds
true. However, a weaker notion of gradient is needed. See Section II.15 in this
book and [Clel,2].

Results similar to Theorem 6.2 are known for the problem of control up to
the time of exit from the closure Q of a cylindrical region Q = [tg,t1) x O. See
[FR, p.100]. However, in [FR] the assumption that V is differentiable along
the optimal trajectory +* is replaced by the stronger assumption that V is of
class C? in some neighborhood of *. We shall not reproduce the proof of this
result here. However, we will derive the transversality condition.

Again let P(s) be as as in (6.4). If 7* = t; and z*(t1) € O, then the
transversality condition is again (6.5). Suppose that 7% < ¢;. Then the
transversality condition at the point (7%,2*(7*)) of the lateral boundary is
as follows: there exists a scalar A such that

(6.11a) P(77) = Dyg(t™, 2" (7)) + An(z”™ (7))
with g as in (3.6) and n(§) the exterior unit normal at £ € 9O. Moreover,
(6.11b) ge (77, 2% (7%)) = H(*,2*(77), P(T7)).

We prove (6.11 a,b) as follows. If 7* < ¢;, then V(7*,&) < g(7%,&) for
all £ € 00 by (5.19). Equality holds when ¢ = z*(7*). Hence, the derivative
of V(r*,-) — g(v*,) at *(7*) is zero in any direction tangent to 90O. This
implies that D,V — D,g at (7*,2*(7*)) is a scalar multiple A of the exterior
unit normal n(z*(7*)). Thus,

P(r%) = Dag(r7,2"(17)) = Do (V = g) (77, 27(77)) = An(a™(77)),

which is (6.11a). Since V(s,z*(7*)) < g(s,2*(7*)), by (5.19), with equality
for s = 7%, o 5

STt () = S (7t (7).
By (5.3') and (6.4), the left side is H(r*,z(7*), P(7*)). Thus, (6.11b) holds.

To conclude this section, we give a proof of Pontryagin’s principle on a
fixed time interval ¢ < s < t; without reference to the value function V or
other restrictive assumptions in Theorem 6.2.

Theorem 6.3. Let U(t,z) = U’(t) and O = IR™. Let u*(-) be an optimal
control, and let P(s) be the solution to (6.2) for t < s < t; with P(t1) =
Dip(x*(t1)). Then (6.3) holds for almost all s € [t,t;.]

Proof. Let s € [t,t1) be any point at which u*(-) is approximately con-
tinuous. (For a definition of approximately continuous function, see [EG]| or
[McS, p. 224].) Given v € U and 0 < § < t1 — s, let

u*(r)if r & [s, s+ 0]
us(r) =
v ifrels,s+ 4],
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and let zs(r) be the solution to (3.2) with u(r) = us(r) and with z5(t) = .
Since J(t, x;u*) < J(t, x;ug)

s+0
0< %/S [L(r,zs(r),v) = L(r, 2" (r),u"(r))dr
(6.12) b [ )0 () — Lo ), ()
5+0

1
+ g[w(xé(tl)) — (a7 (t1))]-
The first term on the right side tends to L(s,z*(s),v) — L(s,z*(s),u*(s)) as

0 — 0. By the mean value theorem, the second term equals

/ 1 / L, (r,x*(r) + 0As(r), u” (1)) - (s (r)dAdr
s+6 J0

where L, = (0L/dx1,...,0L/0x,) and (s(r) = 6 Hazs(r) —a*(r))]. As 6 — 0,
¢s(r) tends uniformly on [t,¢1] to ¢(r) which is the solution to the linear
differential equation

(613) L) = Ll ), (), 5 <7 <t

with C(S) = f(svx*(s)vv) - f(sa (E*(S), U*(S))'
In (6.13), f, is the matrix of partial derivatives df;/0z;. By (6.12)

0< L(S,I‘*(S),’U) - L(Sa :E*(S), U*(S))
(614) ty
" / Ly(r,z*(r), u(r)) - C(r)dr + Dp(a" (1)) - ((t1).
From (6.2) and (6.13)

(6.15) D 1Py €)= —Latra (), () <),

From (6.14), (6.15) and the values of ((s), P(t1) we obtain for all v € U

0 < L(s,z*(s),v) + P(s) - f(s,2*(s),v)
(6.16)
— L(s,2"(s),u"(s)) = P(s) - f(s,27(s),u"(s))-

By (5.4), this is equivalent to (6.3). O
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1.7 Discounted cost with infinite horizon

In this section we study a class of problems with infinite time horizon (¢; =
00). With the notation of Section 3, the payoff functional is

(7.1) J(t, z;u) = /tT L(s,z(s),u(s))ds + g(7, (7)) Xr<oo,

where 7 is the exit time of (s, x(s)) from Q, or 7 = +o0c if (s,2(s)) € Q for all
s > t. In contrast to the finite horizon case, additional assumptions are often
needed to ensure the finiteness of the value function.

A standard procedure is to introduce a discount factor 5 > 0 such that

L(t,z,v) = e P L(t, z,v)

g(t,x) = e_ﬁtg(t, x).

If 3> 0 and L,§ are bounded, then the value function V is always finite.
Unfortunately, these assumptions do not cover many examples of interest.
In such cases further assumptions of a technical nature are needed to insure
finiteness of V.

To simplify the problem we assume that all the given data are time inde-
pendent. Thus L, § and f, are independent of t. With an abuse of notation
we use L(z,v) and g(x) to denote L(x,v) and §(z) respectively. Then (7.1)
becomes

1) () = / "B L(a(s),uls))ds + e g((7)xr<oo-

We will take U(t, ) = Uy, where U, is defined below. If we let a(s) = u(t+s),
for s > 0, then

(7.2) J(t, z;u) = e PLJ(0, 2 ).

Hence, it suffices to consider initial time ¢t = 0. From now on we shall do so, and
will write J(x; u) instead of J(0, x; u). Let us now formulate more precisely the
class of infinite horizon control problems which we shall consider. Let O C IR™
be an open set, such that either O = IR™ or 0O is a compact manifold of class
C?. We assume that f,L € C(IR" xU) and g € C(IR"). Moreover, for suitable
K,

(7.3) |f(z,v) = f(y, )| < Kplz -y

for all z,y € IR™ and v € U such that |v| < p. By a control we mean any U-
valued, Lebesgue measurable function u(+) on [0, co) such that u(s) is bounded
on [0,t] for any ¢t < co. Let U° denote the set of all controls.

The dynamics of the state z(s) are now
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d

(7.4) 77

(s) = f(z(s),u(s)), s=0,

with initial condition 2(0) = x. The payoff functional is

(7.5) J(w;u) = /OT ™ L(a(s), u(s))ds + e g(2 (1)) xr<oos

where 7 is the exit time of z(s) for O (or 7 = +o0 if 2(s) € O for all s > 0.)
If O = IR", then 7 = +o00 and the last term in (7.5) is missing. Let U, C U°
denote the set of controls u(-) such that

/OT e P |L(x(s), u(s))| ds < co.

Then J(z;u) is defined for all u(-) € U,. We assume that
(7.6) U, is nonempty for all = € O.
We also assume the analogue of (3.11):

(7.7) For every £ € 0O there exists v(§) € U such that
f(& (&) -n(€) > 0.

Here 7(€) is the exterior unit normal at &.
The value function V is defined by

(7.8) V(z) = inf J(x;u), z € O.

We will only consider problems in which V(x) > —oco. This is true, in particu-
lar, if L > 0 and g > 0 since then V' (z) > 0. For simplicity, we consider in this
section only the problem of control until exit from O, rather than the more
general formulation in Section 3. In particular, we do not consider the infinite
horizon problem with a state constraint x(s) € O for all s > 0. However such
problems can be analyzed exactly as below.

Equation (7.2) suggests that

(7.9) V(t,z) =e PV (z).

By substituting this in equation (5.3'), we obtain the dynamic programming
equation for the infinite horizon, discounted control problem:

(7.10) BV () + H(z, DV (z)) =0, 2 € O

where for z,p € R", H(z,p) = sup{—p- f(z,v) — L(z,v)}.
velU
As in (5.19) we have

(7.11) V(z) < g(z), Vz € 00.
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We cannot expect equality in (7.11) at all points of JO, although this is
true under additional assumptions (for example, if L > 0 and ¢ =0.) If O is
unbounded (in particular, if O = IR™) an additional condition will be imposed
to exclude solutions to (7.10) which “grow too rapidly” as |z| — oo. See (7.14).
Following the proofs of Lemma 4.1 and Lemma 4.2 we obtain a similar
result for the infinite horizon case.
Lemma 7.1. For any initial condition x € O andr >0

(7.12) V() = inf] /O T e85 L (a(s), u(s))ds

x

+6_579($(7))X7<r + e_ﬁTV(m(r))XTST].
Moreover, an admissible control u(-) € U, is 0 - optimal at the initial point x
if and only if it is § - optimal at every x(s) with s € [0, 7].

We continue with the proof of a verification theorem. Let W € C*(O) sat-
isfy the stationary dynamic programming equation (7.10) and the boundary
conditions (7.11). As in the proof of Theorem 5.1, using the state dynamics
and (7.10) we calculate that

e W (a(r)) = W(x) + /0 e P [=BW (a(s)) + @(s) - DW (a(s)))ds
=W(z) + /O e P [—BW (x(s)) + f(a(s), uls)) - AW (a(s))]ds

>W(zx) — /07" e P L(x(s),u(s))ds
for any u(-) € U, and r € [0,7). We let r T 7 to obtain
(7.13) W(z) < /O e P L(x(s),u(s))ds + lim e PTW (x(r)).

If 7 < oo, then (7.11) implies that the above limit is less than or equal to
e g (7).

However, if 7 = co we do not in general know anything about this term.
To avoid this difficulty, we assume:
(7.14) liTm e PrW(z(r)) =0
for all u(-) € U, such that 7 = oo.

We have proved the following.

Theorem 7.1. (Verification Theorem). Let W € C(O) satisfy (7.10),
(7.11) and (7.14). Then

(a) W(z) < V(z) for all z € O.
(b) Suppose that there exists u*(-) € Uy such that
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(7.15) L(z"(s), u™(s)) + f(z"(2),u"(s)) - DW (2" (s))

= —H(z*(s), DW(x*(s))

for almost every s € [0,7%) and W (x*(7*)) = g(x*(7*)) provided 7 < 0.
Then u*(-) is optimal for initial data x and W(x) = V(z).

In this theorem, 2*(-) denotes the solution to (7.4) with u(-) = u*(-), 2*(0) =
x; and 7* is the exit time of 2*(s) from O (or 4+oc if 2*(s) € O for all s > 0.)

Remark 7.1. A slight generalization of Theorem 7.1 can be proved in
which (7.14) is replaced by assumptions like those in Theorem II1.9.1 and
Theorem IV.5.1. Those results concern stochastic control problems. In the
deterministic case, one simply considers control functions u(-) instead of ad-
missible control systems (Section III.9) or progressively measurable control
processes (Section IV.5).

The following is one among many conditions sufficient for (7.14).

Lemma 7.1. Suppose that 3 > 0, that

(7.16) sup{f(z,v)-x : 2€0,v €U} < 0,

and that |W(z)| < C(1+ |z|™) for some constants C,m. Then (7.14) holds.
Proof. We calculate that

(7.17) d%(Ix(S)IQ) = 2f(2(s),u(s)) - 2(s)

for any control u(-). By (7.16)
j2(s)[* < |2* + Ks
for some K. Then, for suitable C
W (a(s)] < CL(1+ o™ + 5%),

which implies (7.14). O
Example 7.1. Let f(z,v) = —x +v, x € R',v € [-1,1]. Then

1
Fle)x < o +olla] < 1.
and hence (7.16) holds. Consider the problem of minimizing

J(au) = /0 T [;x(s)Q + ;u(sf] ds.

The stationary dynamic programming equation (7.10) is

o : 1 2 / 71 2 / _
(7.18) V(z) ‘rvrlngnl {211 +oV (:c)} 5% +zV'(x) = 0.
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Here ' = d/dx. The value function V turns out to be convex. Moreover,

V(—x) = V(x) and V(-) is increasing for x > 0. Thus, we look for a class C!
solution W of (7.18) with these properties. Equation (7.18) is equivalent for
x >0 to

(719)  V(z)+ %(V’(m))Q _ %xZ eV (@) =0, if VI(z) < 1
(7.20) V(z) — (% + %:ﬁ) + (14 2)V'(z)=0, if V/(z) > 1.

Equation (7.19) is the same as for the problem without control constraints
(U = R! instead of U = [—1,1].) Motivated by the solution to the linear
quadratic regulator problem (Section 5) we try W (z) = Dz? for || < b, where
W'(b) = 1. Then (7.19) holds for D the positive root of 2D + 3D — 1 =0
and b = (2D)~L. Then the linear equation (7.20) is solved for x > b, with
W (b) = Db?; and we set W (—x) = W (x). This solution W to (7.18) is of class
C'(IR') and grows quadratically as |z| — co. We determine u*(s) = u*(z*(s))
from the control policy

—2Dzx, if x<b
—sgnw, Zf |‘T| Zba

using the fact that W'(z) = 2Dz if |z| < b. The Verification Theorem 7.1
implies that V =W and u* is an optimal policy.

When O = IR" there are no boundary conditions. The stationary dynamic
programming equation (7.10) may have many solutions W in IR"™. Condition
(7.14) is helpful in finding the one relevant to the control problem. The fol-
lowing simple example illustrates this point.

Example 7.2. Consider the problem of minimizing

(7.21) 1/000 e *u(s)%ds,

2
subject to i(s) = wu(s) and u(s) € IR'. In this case O = U = IR'. The
problem is in fact an infinite horizon linear quadratic regulator problem with
n = m = 1. Since the running cost does not depend on the state, the optimal
control is u*(s) = 0. Hence V(x) = 0, which is a solution to the stationary
dynamic programming equation

(7.22) V() + %(V’(m))Q ~0, 2 R.

For any constant a,
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is also a solution of (7.22), different from the value function V(z). Formula
(7.15) states, in this case, that $v? + vW’(2*(s)) has a minimum at v =
u*(s) = *(s). This gives &*(s) = z*(s) — a with *(0) = z. If  # a, then
(7.21) is infinite and (7.14) does not hold for this choice of u*(s).

Remark 7.2. A verification theorem entirely similar to Theorem 7.1 is
true for the problem of control until the time 7/ when x(s) exits from O,
rather than from O. Since z(s) € O for 0 < s < 7/, the proof of Theorem 7.1
shows that in this case it suffices to assume that W € C1(0) N C(O) rather
than W € C'(O). See Remark 5.2 for the corresponding finite time horizon
problem.

Remark 7.2 will be used in the next example, in which O is the interval
(0,00).

Example 7.3. This example concerns a very simple deterministic model
for the consumption and investment behavior of a single agent. In this simple
model, the agent has wealth x(s) invested in an asset on which a fixed rate
of return r is earned. At each time s, the agent chooses a consumption rate
¢(s) > 0, which has the role of a control. The wealth dynamics are

d
(7.23) £x(s) =rz(s) —c(s), s> 0.
Let ¢ be a concave, increasing function on the control set U = [0,00). ¢ is

called a wutility function. The problem is to mazimize the total discounted
utility of consumption

’

(7.24) J(x;¢) = /OT e P 0(c(s))ds, x>0,

where either 7/ = 400 if 2(s) > 0 for all s > 0 or 7/ is the first s such that
z(s) = 0 (bankruptcy). In this model, once bankruptcy occurs the wealth
remains at 0, namely, z(s) = 0 for all s > 7. Hence, the problem is equiv-
alent to maximizing total discounted utility on the interval 0 < s < oo,
subject to the state constraint z(s) > 0. Let us take £(c) = vy~ '¢?, where
0 < 7y < 1. This is a commonly used utility function, of so-called HARA type
[KLSS]. In Example IV.5.2 and in Chapter X we will consider stochastic opti-
mal investment-consumption models, in which an investor divides the wealth
between a riskless asset with interest rate r and a risky asset with uncertain
rate of return.

Let us assume that ry < (. For ry > 3, it can be shown that the value
function V(x) is +00. The stationary dynamic programming equation is

1—v

> (V'(2)7T —raV'(z) =0, 2 >0,

(7.25) BV (z)

with the boundary condition V(0) = 0. (To use (7.10), we replace L by
—£, V by =V and maximum by minimum. In (7.25) we implicitly assume
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that V’(z) > 0.) A straightforward calculation shows that (7.25) has a power
type solution

1—v 4,1
7.26 W(z) = (—) " "=a2".
(7.26) @)= (G=5)
Using (7.26) and the procedure described in Example 5.1, we compute a can-
didate for the optimal feedback consumption rate

(7.27) (@) = (W'(@)7 = (ﬂl__?

)x.

Note that the optimal feedback control is a linear function in this example,
as was also true for the linear quadratic regulator problem in Example 5.1.

We must verify that, in fact, W is the value function and ¢*(-) is optimal.
For this purpose, we show that the value function is finite, (7.14) holds and
use Theorem 7.1 with Remark 7.2. Since ¢(s) > 0, (7.23) implies that

(7.28) x(s) < ze", xz = xz(0).

Then (7.23) and (7.28) imply an upper bound on the total consumption up
to time s:

S S d
| etorio= [ rate) = Zoatonan

:r/ x(p)dp — x(s) + x

0

Sr/ zePdp + x = xe"®.
0

Using this and Jensen’s inequality, we get

o) = [ (clo)ydo

< st / " e(p)dp)?

s
< stTrgYers,

Then integration by parts yields
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and this is finite since ry < . This upper bound for J(z;¢) implies the same
bound for V(x), and in particular that V(x) < co. By (7.28)

e PTo(T)Y < 2Ye— (=BT
which tends to 0 as T — oo since rvy < 3. Thus
lim e PTW (x(T)) =0
T—o0

as required in (7.14). Consequently, W (x) is the value function and ¢*(-) is
the optimal feedback consumption rate.

Example 7.4. This example is related to the production planning problem
described in Example 2.1. In this simple model there are two commodities;
n = 2. We assume that the running cost is given by

h(z) = alzy| + |wa], r = (r1,15) € IR?

with some a > 0. Let U be as in (2.3) with ¢1d; + ceds < 1. Then the
production planning is to minimize the total discounted holding and shortage
cost,

J(x,u) = /000 e Ph(z(s))ds.

Here z(s) is the solution of (2.1) with initial data z(0) = z. and u(s) € U for
all s > 0.

Clearly if there is no shortage of either commodity then the optimal pro-
duction rate is zero. Also if only one of the products is in shortage then the
optimal strategy is to produce that product with full capacity. Hence the
optimal policy u* satisfies

(0,0) ifIl,fE2>0
w*(z1,12) = (%,O)if:ﬂ1<0<x2

(O,é) if z1 > 0> xs.

When both products are in shortage (21,22 < 0) the optimal production
policy is produce one of the products in full capacity until it is no longer in
shortage, then produce the other product. The product that has the priority
depends on the parameters of the problem. To determine this priority rule
we use the dynamic programming equation. An elementary but a tedious
computation yields an explicit formula for the value function. See [LSST]. We
then obtain the optimal production rate u* by (7.15). For x1,zs < 0,

1 .
) (5,0)if e1 < acy
u (IlaxQ) = |
(0,5)if e > aca.

See [S1] for additional examples.
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1.8 Calculus of variations I

In the remainder of this chapter we consider a special class of optimal control
problems, already mentioned in Example 2.4. The state dynamics (3.2) are
now simply

(8.1) i;1:(5) = u(s), t<s<t,

ds
and there are no control constraints (U = IR™). The control problem is then
one of calculus of variations, for which there is an extensive literature ante-
dating control theory.

Let us begin by considering calculus of variations problems on a fixed time
interval [t, ¢1]. As endpoint conditions, we require that z(t) = x and z(t1) € M
where M is a given closed subset of IR™. See class (C) in Section 3. We recall
that z(-) satisfying (8.1) is Lipschitz continuous on [¢, 1] if and only if u(-) is
bounded and Lebesgue measurable on [t,t1]. If we write © = d/ds, then the
problem is to minimize

(8.2) J:/t1L(s,x(s),a’c(s))ds—|—w(x(t1))

among all Lipschitz continuous, IR"-valued functions x(-) which satisfy the
endpoint conditions. We assume that ¥ € C*(IR"),L € C*(Qo x IR") and
that for all (¢, z,v) € Qy x IR™:

(a)  Lyy(t,z,v) >0,

(8:3) L(t,z,v)

vl

Here L,, denotes the matrix of second order partial derivatives Ly;o;- Condi-
tion (8.3a) implies that L(t, x, -) is a strictly convex function on IR™. Condition
(8.3b) is called a coercivity, or superlinear growth, condition. Additional as-
sumptions about L, of a technical nature, will be made in Section 9. See (9.2).
It will be shown in Section 9, for the special case M = IR™ (no constraint on
x(t1)), that there exists 2*(-) which minimizes .J. Moreover, z*(-) € C?([t, t1]).
See Theorem 9.2.

In a calculus of variations problem, f(t,z,v) = v and U = IR™. The control
at time s is u(s) = #(s). The Hamiltonian H in (5.4) takes the form

(0)

— +o0 as |v| = oo.

(8.4) H(t,z,p) = max [~v-p— L(t,z,v)].
velR™
The following facts are proved in Appendix A. H € C?(Q, x IR"), and H is

strictly convex in the variable p. Moreover, the dual formula

(85) L(t,x,v) :;Iel%g%[*v'pr(tazvp)]
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holds. The points v and p where the max occurs in (8.4) and (8.5) are related
by the classical Legendre transformation

(86) p=—L,, v= _Hp7

which for each (¢,z) is globally one-one from IR™ onto itself. The duality
between L and H is related to the duality between Lagrangian and Hamil-
tonian formulations in classical mechanics, in which v has the interpretation
of velocity and p momentum for a particle of mass 1.

The following formulas relating first and second order partial derivatives
of L and H also hold:

(a) Ht = _Lt> Hz = _Lz;
(8-7) (b) pr = (va)_1§
(¢) Hip = LivHpp, Hyp = LyoHpp.

In (8.7) the partial derivatives of L and H are evaluated at (¢, z,v) and (¢, z, p),
where v and p are related by the Legendre transformation (8.6).

For a calculus of variations problem the adjoint differential equations (6.2)
become P(s) = —L, (s, 2*(s),#*(s)). Condition (6.3) states that u*(s) = i*(s)
maximizes —P(s) - v — L(s,z*(s),v) over IR"™. From (8.6) and (8.7a) we then
obtain the following differential equations for the pair z*(s), P(s):

(a) 2"(s) = —Hp(s,2"(s), P(s))
(8.8) .
(b) P(s) = Hq(s, 2" (s), P(s)).

The dynamic programming equation for a calculus of variations problem
is
ov
(8.9) ——+ H(t,z,D, V) =0,
ot
with H as in (8.4). Equation (8.9) is also called a Hamilton-Jacobi equation.
If there are no constraints on z(t;), i.e. M = IR"™, then

(8.10) V(t1,x) = (), xz € R".

Boundary conditions of type (8.10), prescribing V" at a fixed time ¢;, are called
Cauchy data for the partial differential equation (8.9). If M is a proper subset
of IR™ (e.g. a single point x1), then the boundary data for V' at time ¢; are
incompletely specified by (8.10).

A classical method for studying first-order partial differential equations is
the method of characteristics. This method introduces a system of 2n differen-
tial equations for a pair of functions z(s), P(s). These characteristic differen-
tial equations are just (8.8). In general, if z(s), P(s) are any solution to (8.8),
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then z(-) is called an extremal for the calculus of variations problem the
sense that it satisfies the Euler equation. Every extremal satisfies the Euler
differential equation ((10.1) below). However, if 2*(-) is minimizing then ad-
ditional conditions must hold. In particular, (s, z*(s)) cannot be a conjugate
point for ¢t < s < t1 (the Jacobi necessary condition for a minimum). See [He],
[FR, Chap 1], also Section 10.

The duality between H and L offers the possibility of calculus of varia-
tions descriptions of solutions to certain classes of first-order nonlinear partial
differential equations. If H(¢,x, p) satisfies certain conditions, including strict
convexity and superlinearity in p, then (8.5) defines an integrand L(¢,x,v)
for the corresponding calculus of variations problem. We shall return to this
point in Section 10.

Example 8.1. Suppose that L = L(v). Then it suffices to consider linear
functions x(-) in(8.2). Indeed, given any Lipschitz continuous z(-) let

I
v = & —t/t x(s)ds

Z(s) =x 4+ v(s—1).

Then #(t) = x(t) = x, &(t,) = z(t1) and Z(s) = v. Assumption (8.3a) implies
that L is convex. Hence, by Jensen’s inequality

/ " La(s))ds < / " La(s))ds.

(The inequality is, in fact, strict unless & (s)=constant almost everywhere on
[t,t1].) Assume that 1, is bounded. The value function in this example is

V(t,2) = min [t — () + (o + oty — 1)),

Since 9, is bounded, |[¢(z)] < C(1 + |z|) for some C. This together with
coercivity condition (8.3b) insures that the minimum is attained at some v*.
The corresponding linear function z*(s) = = 4+ v*(s — ¢) is optimal. By (8.4),
H = H(p). Any solution z(s), P(s) of the characteristic differential equations
(8.8) has P(s) = constant, &(s) = constant, which is in accord with what was
just shown about minimizing extremals z*(-).

Control until exit from Q. As in Section 3, case (B), let us now consider
the calculus of variations problem of minimizing

(8.11) J= /t L(s, 2(s), &(s))ds + (7, 2(7)),

where 7 is the exit time of (s, z(s)) from the closed cylindrical region Q =
[to,t1] x O, and ¥ is as in (3.6). Since U = IR" and f(s,{,v) = v, condition
(3.11) is satisfied with v(s,&) = n(§), where n(§) is the exterior unit normal
to 90 at £. The dynamic programming equation is again (8.9), which is to be
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considered in the cylindrical region @ with the data (5.18) at the final time
t1 and the inequality (5.19).

Let us give sufficient conditions for the lateral boundary condition V = g
to be enforced at all (¢,z) € [to,t1) X JO. Let us first assume as in (3.10)

(8.12) g=0, L>0, ¢ >0.
Then, as already noted in the discussion following (5.19), V (t,z) = 0 for all
(t,z) € [to,t1) X DO.

In the general case, if the function g in (3.5) is sufficiently smooth (for
example, g € C*(Q,)), then

g(r,z(7)) = g(t, ) + /tT[gt(57 2(s)) + Dag(s, 2(s)) - &(s)]ds

by the Fundamental Theorem of Calculus. We then rewrite J in (8.11) as

(8.11") J=J+g(t), where

J= /tT L(s,2(s),2(s))ds 4+ (2(t1)) Xret,,

(a’) L(S,y,U) = L(Sayvv) + gt(s?y) + Dwg(svy) ",

(0) v(y) =¥(y) — g(t1,y)-

(8.13)

We minimize J by minimizing J. Thus by replacing L by L and 1 by ¥, the
problem has been reduced to one with lateral boundary data O.
Proposition 8.1. Assume that:

(a) For all (s,y) € Q,v € U, gi(s,y) + Dzg(s,y) - v+ L(s,y,v) > 0;

(b) For y €O, g(t1,y) <¥(y).

Then
V(t,z) = g(t,z) forall (t,x) € [to,t1) x 0.

Proof. We take L, as in (8.13), and § = 0. Then V(t,z) = V(t,z) +
g(t, z). Since L,v,§ satisfy (8.12), V(t,x) = 0 on the lateral boundary, as
noted above.

(]

Remark 8.1. When (a) and (b) hold, then g is called a smooth subsolution
of the Hamilton-Jacobi equation with the boundary conditions. Note that (a)
is equivalent to

(8.14) —9:(s,y) + H(s,y, Dxg(s,y)) < 0.
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Example 8.1. (continued) Again let L = L(v), and let O be convex.
The same argument as above shows that it suffices to minimize J in (8.11)
among linear functions z(s) = z + v(t — s). For (¢,7) € @, the value function
is

V(t,z) = Ingn[(T —t)L(v) + ¥ (1,2 4+ v(T —1)].
The minimum is taken over all v € IR™ and 7 € [t,t1] such that (7,2 4+ v(T —
t)) € 9*Q. Suppose that the lateral boundary data do not depend on ¢, namely,
g = g(z) of class C*(0). The conditions for g to be a smooth subsolution are
H(Dg(y)) <0 and g(y) < ¢(y) for all y € O.

Let us again suppose that (8.12) holds and indicate how the unknown
scalar A in the transversality condition can be determined. Since g = 0, the
transversality condition (6.11) takes the form

(8.15) P(r*) = An(z*(1%)), H(r*,2*(t*),P(7*)) = 0.

Since V' > 0 and V(s,&) = g(s,£) = 0 for (s,&) on the lateral boundary, we
must have

(8.16) DV (s,€)-n(§) <0

for each (s, &) € [to, t1) x DO at which V is differentiable. Under perhaps addi-
tional smoothness assumptions on V near the lateral boundary, we anticipate
that P(7*) = D,V (7*,2*(7*)). See (6.4). This suggests that we require A\ < 0
in (8.15). Let us give two instances in which P(7*) is then determined by
(8.15).

Example 8.2. Suppose that H(s,&,0) < 0 for every (s,&) € [to, t1) x 90.
Now h(A) = H(s,& An(§)) is convex, with h(0) < 0 and h(\) — 4oo as
|A| = oo. Hence, there exists a unique A < 0 such that H(s, &, An(§)) = 0. By
taking (s,&) = (7%, 2*(7*)) we get P(7*) in (8.15).

Example 8.3. Let L(z,v) = 2|b(z) — v|?, where b(¢) - n(§) < 0 for every
& € 00. This arises in a large deviations, exit problem discussed later in
Chapter VII. In this example, H(z,p) = |p|* — b(z) - p, and H(&, Mp(§)) =0
is equivalent to

SO = b(E) - (w(©))

Since |n(£)| = 1, this has two solutions: A = 0 (which turns out to be irrelevant
in the large deviations exit problem) and A = 2b(¢) - n(£) < 0.

1.9 Calculus of variations II

In this section we consider calculus of variations problems on a fixed time
interval [t,?1], with no constraints on x(t1), i.e. M = IR™. Our purpose is to
prove existence and smoothness of an optimal trajectory, and also to show
that the value function V satisfies a Lipschitz condition.
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We seek a Lipschitz IR™-valued function x*(-) which minimizes

(9.1) J= /t 1 L(s,x(s),2(s))ds + ¥ (x(t1))

subject to the left endpoint condition z(t) = x.
Let us make the following assumptions about L. We assume that L €
C3(Qo x IR™), and that for all (¢, x,v):

(a) Lyy(t,z,v) > 0;
> v(v), where v(v) = +00 as |v] = o0;

(c) For suitable ¢y, L(t,x,v) > —c; and L(t,z,0) < ¢y;

(d) For suitable co,c3, |Li(t, z,v)| < caL(t,x,v) + c3;

(e) For suitable C'(R), |L,(t,z,v)| < C(R) whenever |v| < R;
(9.2)
(f) ¥ € CR(R™) N CH(R™).

Here ¢y, co, c3 are suitable constants, and C(R) a suitable positive function.
Condition (9.2a) states that the matrix L,, is positive definite.

Assumption (9.2a) is the same as (8.3a) and (9.2b) is a stronger form
of (8.3b). The remaining assumptions (9.2c-f) will be used to obtain various
bounds, for optimal controls and for the value function V.

Example 9.1. Let L(z,v) = $|v|> — g(x). This is the classical action
integrand in mechanics, for a particle of mass 1, if g(x) is the potential energy
of a particle at position . Assumptions (9.2) hold if ¢ € C?(IR") with q(x)
and Dgq(x) bounded, and if ¢ € CZ(IR™) N C*(IR™).

Reduction to Lagrange form. In the remainder of this section we will
assume that ¢ (z) = 0. This is the so-called Lagrange form of the calculus
of variations problem. The more general form (9.1) can be reduced to the
Lagrange form as follows. Let

L(t,x,v) = L(t,z,v) + D¢(x) - v.

Then L satisfies (9.2)(a)-(e), with different 4(v), C(R) and &, = 1,2,3. As
in (8.11"), the Fundamental Theorem of Calculus gives

j:/tlf/(s,x(s),j:(s))ds.
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As in Section 8, we regard u(s) = @(s) as a control. In order to prove
existence of a control u*(-) minimizing J(¢,2z;u) in (9.1) with ¢ = 0, let us
first impose a bound |u(s)| < R < oo. Then we show that, for R large enough,
the artificially introduced bound on u(s) does not matter. Let

(9.3) Ur(t) = {u(-) €U (t) : lu(s)] < R for all s € [t,t1]}.

For K C IR", let L*([t,t1]; K) denote the set of K-valued, bounded mea-
surable functions on [t,t1]. Then U°(t) = L°°([t,t1]; IR™) and Ugr(t) =
L*°([t1,t];Ur), where Ur = {|v| < R}.

Theorem 9.1. For each (t,x) € Qo, there exists wy(-) € Ur(t) such that
J(t,zuly) < J(t, z;u) for all u(-) € Ugr(t).

Theorem 9.1 is a special case of Theorem 11.1, which is proved below.

The next lemma is a special case of Pontryagin’s principle. See Theorem
6.3. Let u},(-) minimize J(¢,z;u) on Ug(t), and let

(@it =a+ [ (),
(9.4)

(b) Pr(s) z/le(r,xE(r),u*R(r))dr, F<s <t

Since f(s,y,v) = v, and ¥ = 0, Pr(s) satisfies the integrated form of the
adjoint differential equations (6.2) together with the terminal condition (6.5).
By Pontryagin’s principle:

Lemma 9.1. For almost all s € [t,11],

(9-5) L(s, xR (s), ur(s)) + ur(s) - Pr(s)

— @%I}%[L(s, T5(s),v) +v- Pr(s)).

Let us next consider the value function for the problem with constraint
fu(s)| < R:

(9.6) Vr(t,x) = J(t, x;up) = min J(¢, z;u).
UR(t)

We are going to find bounds for Vi and u};(s) which do not depend on R. Let
¢1 be as in (9.2¢).

Lemma 9.2. |Vi(t,z)| < c1(t1 —t). Moreover, there exists Ry such that
[up(s)] < Ry.

Proof. By (9.2c), L(s,y,v) > —cy . Hence, Vr(t,z) > —c1(t1 —t). On the
other hand, by choosing u(s) =0,z(s) =«

t1
Vr(t,z) < / L(s,z,0)ds < ¢1(t1 — )
¢

by (9.2¢). Thus, |Vr(t,z)| < c1(t1 —t). By (9.2d) and (9.4b)
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|Pa(s)] < / (oL a3 (r), ua () dr + cs)dr

= CQVR(t,IC) + Cg(tl — t)7

|Pr(s)| < (cac1 + c3)(t1 — ).

Let B = (cac1 + ¢3)(t1 — tp). The coercivity condition (9.2b) implies the
following. There exists a constant Ry such that |p| < B and L(s,y,v)+v-p < ¢1
imply |v| < R;. By (9.2¢) and (9.5)

L(s, 2g(s), ur(s)) + ur(s) - Pr(s) < L(s,25(5),0) < &1

for almost all s € [t,t1]. By setting u*(s) = 0 for s in the remaining set of
measure 0, this holds for all s € [¢,t1]. By taking y = a7,(s),v = uj(s),p =
Pr(s), we get |uj(s)] < Ry. O
Since
U’ (t) = Ursolr(t),

Lemma 9.2 implies that for R > R;
(9.7) V(t,x) = Vg(t,z) = J(t,x;uk),

where V is the value function for the calculus of variations problem formulated
in Section 8. From now on we write, with R > Ry,

2" (s) = wg(s), u'(s) =ug(s), P(s)= Pr(s)-

Since L(s,x*(s),v) +v- P(s) has a minimum on IR™ at v = u*(s) = &*(s), for
almost all s € [t, 1]

(9.8) —Ly(s,27(s),2%(s)) = P(s).
Then (8.6) implies for almost all s € [¢, 1]
(9.9) #*(s) = —Hp(s,z"(s), P(s)).

The right side of (9.9) is a continuous function of s. This implies that z*(-) €
CL([t,t1]) and that (9.9) holds for all s € [t,#;]. By differentiating (9.9) with
respect to s, one finds that x*(-) € C?([t,t1]); and differentiating (9.8) and
(9.4b) with respect to s gives the classical Euler differential equation for z*(-).

We have proved, in particular, the following:

Theorem 9.2.

(a) For every (t,x) € Qo there exists x*(-) which minimizes J in (9.1),
subject to the left end point condition x(t) = .

(b) Any such minimizing x*(+) is of class C*([t, t1]). Moreover, |i*(s)| < Ry
for all s € [t,t1] with Ry as in Lemma 9.2.

Let us next obtain a uniform bound and Lipschitz estimates for V.
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Theorem 9.3.
(a) For every (t,z) € Qo, |V (t,z)| < c1(t1 —t) where ¢1 is as in (9.2¢).
(b) There exists M such that, for every (t,z),(t',z") € Qo,

(9.10) V(t,z) — V(' 2")| < M|t —t'| + |z — 2')).

Inequality (9.10) states that V satisfies a Lipschitz condition, with Lip-
schitz constant M.

Proof of Theorem 9.3. Part (a) is immediate from Lemma 9.2, since
V = Vg,. To prove (b), by (9.2c,e) if |v| < R then |L(t,z,v)| < ¢1 + C(R)R.
Hence, by (9.2d) there exists Ny such that |L,(s,y,v)| < Ny whenever |v] <
R;. For any control u(-) € Ug,, let

z(s) =z + /ts u(r)dr, z'(s) =2 —x+ z(s).

Tt ws0) — J(ta'su) = /t (L (s, 2(s), u(s)) — L(s, 2 (s), u(s))]ds,

[t a3u) — J(6 ') < sup |Lel - sup [a(s) - 2/()|(t1 — 1)
[v|<R: [t.t1]

< Nilx —2'|(ty — t).
Since this is true for every u(:) € Ug,, and since Vg, =V,
(9.11) [V(t,x) = V(t,2')] < Ni|lz —2'|(t1 — t).

We may suppose that ¢’ > ¢. Let «*(-) minimize J for initial data (¢,z).
Then

V(t,z) = /t L(s,z*(s),2*(s))ds + V (', z*(t)).
¢
For Ny = ¢1 + C(R1)R; we have |L(s,y,v)| < Nz whenever |v| < R;. Then
[V(t,x) = V(' ,z)| < Nao(t' — t) + |V (', 2*(t')) = V(¢,x)|.
Moreover, since |#*(s)| = |u*(s)| < Ry,
|z*(t') — z| < Ry (' —t).

Therefore, by (9.11)
(9.12) [V(t,z) = V(' z)] < (N2+ RiN1(t; —t))|t' —t|.

Inequalities (9.11) and (9.12) are uniform Lipschitz estimates for V(¢,-) and
V(-,z). By combining these estimates, we get the Lipschitz estimate (9.10)
with M = Ny + (Rq + 1)N1(t1 — to). 0O
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1.10 Generalized solutions to Hamilton-Jacobi equations

The Hamilton-Jacobi equation (8.9) is a first-order nonlinear partial differen-
tial equation for the value function V. By Theorems 6.1 and 9.2, V indeed
satisfies (8.9) at each point (¢,z) € Qo where V is differentiable. However, we
will see that there are generally points where V' is not differentiable. In fact,
those points (t,x) are exactly the ones for which the calculus of variations
problem has more than one solution z*(-). See Theorem 10.2. As in Section
9 we take 1(x) = 0 (the Lagrange form), and we continue to assume that L
satisfies (9.2). At the end of the section, we will consider an application to
first order nonlinear PDEs, in which H rather than L is given. The idea in
this application is to introduce the calculus of variations problem in which L
is obtained from H by the duality formula (8.5).

We recall from Section 6 the definition of generalized solution. By Theorem
9.3(b), the value function V satisfies a Lipschitz condition on (¢ (not merely
a local Lipschitz condition.) From Theorems 6.1 and 9.2 we then have:

Theorem 10.1. The wvalue function V is a generalized solution to the
Hamilton-Jacobi equation in Q.

A difficulty with the concept of generalized solution is that (8.9) together
with the boundary data W (t1,2) = 0 typically has many generalized solu-
tions. Among them is one, called a viscosity solution, which is the natural (or
physically relevant) generalized solution. As we shall see in Chapter II, this
unique viscosity solution turns out to coincide with the value function V.

Let us next characterize those points (¢,2) at which the value function V'
is differentiable.

Definition. A point (¢,z) € Qq, with ty < t < t1, is called a regular point
if there exists a unique 2*(-) which minimizes J in (9.1), subject to the left
endpoint condition z(t) = z.

The condition ty < t is inessential, since the lower bound ¢y was introduced
only for convenience. One can always replace to by tg < to, and assume that
L satisfies (9.2) on [to, 1] x IR?".

Theorem 10.2. The value function V is differentiable at (t,z) if and only
if (t,x) is a regular point.

In preparation for the proof, let us prove:

Lemma 10.1. Let (¢,x) be a regular point and x*(-) the unique minimizer
of J for left endpoint (t,x). If (Tn, yn) — (t,x) asn — oo and () minimizes
J for left endpoint (T, yn), then &} (7,) — &*(t) as n — oo.

Proof. The Euler equation

d
(10.1) L, = gLU = Lyt + Lyou@), + Ly,
holds, where L, L,, --- are evaluated at (s,x}(s), & (s)). Since Ly, > 0 this

can be rewritten as

&, (s) = (s, 2,,(s), &7,(5)), T <5 <t

n
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where @ = L.} (L — Lyt — Lyzv). By Lemma 9.2, |7 (s)| < Ry, where R; does
not depend on n. Suppose that, for a subsequence of n, i*(r,) — v°, where
vV # 2(t). If we consider this subsequence instead of the original sequence,
then the theory of ordinary differential equations implies that 7 (s) — 2°(s)
and @7 (s) — °(s), where

i9(s) = &(s,2°(s),i%(s)), t < s < ty,

with 29(t) = z,4°(¢) = v°. Then

t1

/tlL(s,xO(s)73'c0(s))ds: lim L(s,z}(s), &) (s))ds

n—oo Tn

= lim V (7, yn)-

n—roo

By Theorem 9.3(b), V(7y, yn) — V (¢, ) as n — co. Hence
31
V(t,z) < / L(s,2°(s),2%(s))ds = V (t,z).
¢

Thus, 2°(-) minimizes J with left endpoint (t,z). Since v° # @*(¢),2°(-) #
2*(+), which contradicts the assumption that (¢, z) is a regular point. O

Proof of Theorem 10.2. If V is differentiable at (¢,x), then V satisfies
(8.9) there by Theorem 6.1. Therefore,

0 < Vi(t,z) + L(t,z,v) + v- D, V(t, x),

with equality when v = v* = &*(t), where z*(-) is any minimizer of J with
2*(t) = x. (Recall that by Theorem 9.2(b), u*(-) = £*(-) is continuous, and
hence v* = ligl %*(s) as required in Theorem 6.1(b).) By (9.2)(a), L(t,z,v) +

v- D,V (t, ) is a strictly convex function of v. Hence v* is unique. Since z*(-)
is a solution of the Euler equation, it is uniquely determined by its initial data
x*(t) = z,&*(t) = v*. Therefore, (¢, z) is a regular point.

Conversely, assume that (¢,z) is a regular point. Given { = (1,y,p) €
Qo x IR™, let z¢(-) be the solution of the Euler equation (10.1) for 7 <s < ¢;
with initial data (see (8.8)(a))

(10'2) xC(T) =Y j:C(T) = _HP(Tayvp)'

We also let
t1

G(T,y,p)Z/ L(s,xz¢(s), ¢ (s))ds.

Let n = (7,y) and let x;(-) minimize

/Tt1 L(s,x(s),&(s))ds
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subject to 27 (1) = y. Let £ = (¢,z). Then z{(-) = *(-) is the unique minimizer
of J for left endpoint (¢,z). As in (9.4b) let

(10.3) P,(s) = / 1 Ly(ryxy(r), &y (r))dr, 7 < s <t.

rrn rrn

Since xj(-) satisfies the Euler equation (10.1), Lemma 10.1 implies that

@y (r), & (r) tends to ¢ (r), #¢(r) asn — &, for t <r < t1. Moreover, x, (1) and

iy (r) are uniformly bounded. Hence, P, (1) — P¢(t) asn — &§. Now z;(-), P, (*)

satisfy the characteristic differential equations (8.8), and #}(s), P,(s) are re-
lated by the Legendre transformation (8.6). In particular,

Py(1) = —Ly(T,y,3(7)),
G(T7 Y, PY](T)) = V<7—7 y)

Moreover, for every p € IR"
G(r,y,p) 2 V(7 y).
By taking p = Pe(t) and p = P,(7) we get
G(r,y, By(1)) = G(t, 2, Py (7)) < V(7,y) = V(¢ )

< G(1,y, Pe(t)) — G(t, z, Pe(t)).
The function G is of class C1(Qo x IR"). Let

a=Gy(t,z, Pe(t)), b= D,G(t,z, Pe(t)).

Then
G(1,y, Py(7)) = Gt, 2, Py(7)) —alr —t) —=b-(y — )
ly — x|+ |7 ¢
cVmy) —V(tr) —alr —t) —b-(y —2)
- ly — 2|+ [ — 1
< Gy, Pe(t)) — Gtz Pe(t)) —a(r —1) —b-(y — )
- ly — |+ |7 — '
Since G € C*(Qo x IR™), the first and last terms tend to 0 as (1,y) — (¢, ).
Hence V is differentiable at (¢,z) and a = Vi(t,z),b = D,V (¢, z). O

Corollary 10.1. If 2*(-) minimizes J subject to x(t) = x, then (s,z*(s))
is a regular point fort < s < ti.

Proof. When restricted to [s,¢1], «*(-) minimizes J with left endpoint
(s,2*(s)). If **(-) is another minimizer of J with z**(s) = x*(s), then
£**(s) # *(s) since both z*(-) and **(-) satisfy the Euler equation. Then

a*(r) fort<r<s
z(r) =
¥ (r)for s <r <ty



I. Deterministic Optimal Control 45

minimizes J subject to Z(t) = z; and Z(-) is not of class C([t,#;]). This
contradicts Theorem 9.2(b). O

Corollary 10.1 states that only the left endpoint (¢,z) of an optimal trajec-
tory v* = {(s,2*(s)) : t < s < t1} can fail to be regular. Let us next impose
an additional condition on (¢, ), which will imply that the value function is
smooth (class C1) in some neighborhood of v*. This condition states that
(t,z) is not a conjugate point, a concept which is defined in terms of char-
acteristics as follows. In the proof of Theorem 10.2, we considered a family
of solutions parameterized by initial conditions ¢ = (7,y, p). Let us now con-
sider another family of solutions parameterized by terminal conditions at time
t;. For a € R™, let z(s, o), P(s, ) denote the solutions to the characteristic
differential equations

(a) X(s,0) = —H,(s, X (s,), P(s,a))
(10.4)

(b) P(s,a) = Hp(s, X (s,), P(s,a))
with the data

(a) X(t1,a) =«
(10.5)
(b) P(t1,c) = 0.

[We have taken ¢(z) = 0 in (9.1). In general, condition (10.5b) is P(t1,a) =
Dy(«)]. In (10.4), * = 9/9s as usual. From the theory of ordinary differen-
tial equations, for each « (10.4) with the data (10.5) have a unique solution
X(-, @), P(-, &) on some maximal interval S(«) < s < t;. We also observe that
if 27 (-) minimizes J with left endpoint { = (¢, ), then

zg(s) = X(s,a¢), where ag = z¢(t1),

and S(a¢) < t. In particular, x = X (¢, ).
The function X (-, -) is of class C*(A) where A = {(s,a) : @ € R", S(a) <
s < t1}. For fixed s, consider the Jacobian matrix

67X(8 o) = (8Xi
504 ’ o aaj

(S,Oé)), Zv] = 1,"',71.

Definition. We call (7, y) a conjugate point of the curve v, = {(s, X (s, )) :
S(a) <s<ti1}ify = X(r,a) and ZX(7,a) is of rank < n.

The classical Jacobi necessary condition states that if z(-) minimizes J
with left endpoint £ = (¢, z), then (s, g (s)) cannot be a conjugate point of e,
for t < s < 1. See [He], [FR]. However, the left endpoint ¢ of a minimizing
trajectory may be a conjugate point. If £ is a regular point, then x’g() is
unique. In this case we simply call £ a conjugate point, without explicitly
referring to Yo, -
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In the rest of this section, we assume that L satisfies (9.2) on [to, 1] x R*",
for arbitrary ¢y < t;. Thus, we may consider all initial times t < t;. A set NV
is called open relative to Q, if N = N N Q, where N C IR"! is open.

Theorem 10.3. Let (t,x) be a regular point and v* = {(s,z*(s)) : t <
s < t1} the unique minimizing trajectory with left endpoint (t,x). If (t,x) is
not a conjugate point, then there exists a set N open relative to Q, such that
v* C N and V € CY(N).

Sketch of proof. Except for one point, Theorem 10.3 is a standard result
in the classical theory of first order partial differential equations. See [CH,
Chap 2], [He, Chap 3]. Hence, we shall only sketch a proof. The method of
characteristics is used to construct a local solution W of the Hamilton-Jacobi
equation (8.9) in a neighborhood of ~*, as follows. Consider the mapping ¥
from A into IR"!, such that Y (s, ) = (s, X(s,)). Since £ = (¢,2) is not a
conjugate point, there exist positive pg, dg such that Y maps {(s,a) : t — g <
s <t1,|a—ag| < po} in a one-one way onto Ny with Ny open relative to Q.
Moreover, for each s € (t — dp, t1], the restriction of Y(s,-) to {|a — a¢| < po}
has an inverse X ! of class C1. Let

w(r,a) = / 1 L(s, X (s, a), X (s, ))ds;

and for (7,y) € Ny let
W(r,y) = w(r, X7 (y)).

Then W € C'(Ny) and W satisfies (8.9).

It remains to use the fact that (¢,z) is regular to show that W =V in a
possibly smaller neighborhood N of v*. As in the proof of Theorem 10.2, let
zy(-) be minimizing for left endpoint 7 = (7, y), and let a,, = x}(t1). Then

QZ‘;(S) = X(S,Oé»,]), T<s< t17

W(r,y) = w(T, ay).

By Lemma 10.1, there exists a relatively open set N containing vy* such that
|y, — | < po for any n € N. Then

V(r,y) = / 1 L(s7mf](s)73'c:;(s))ds = w(T, o)

and hence V(7,y) = W (r,y) for (1,y) € N. (Note that V(t1,y) = W(t1,y) =
0 if (t1,y) € N.) O
Remark 10.1. If L is of class C°°(Q, x IR") then the method of charac-
teristics shows that V € C°(N).
Example 10.1. In dimension n = 1, consider the problem of minimizing

J:%/tl\j:(s)\2ds+z/)(:v(t1)).
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From Example 8.1 it is seen that any minimizing z*(-) is a straight line seg-
ment. Thus

(10.6), Vit ) = vrgligl[%(tl — 0 4+ (a + (b — 1))

where v is the slope of the line y = z + (s — ¢)v. In this example, L(v) = 3v?

and H(p) = %pz. The characteristic equations (10.4) become X = —P, P = 0;
and (10.5) becomes X (t1,a) = a, P(t1, o) = ¢'(«). Hence

X(s,a) = a+(t1 = s)¥'(a)

%(s,a) =1+ (t; — )¢ ().

A conjugate point appears when (t; — )" (a) = —1.

Let us now suppose that ¢(z) = (—z) and ¢"(0) < 0 (for example,
(x) = cosx). For left endpoint (¢,0), since —z*(-) is minimizing whenever
2*(+) is minimizing there are two possibilities. Either: (1) 2*(s) = 0 is the
unique minimizer, in which case (¢,0) is a regular point; or (2) there is a
minimizer z*(s) #Z 0, in which case (¢,0) is not a regular point. Let A =
(t; — t)v. From (10.6), (¢,0) is regular if

2(t, — 1)

Let us assume that there exists K such that ¥(\) — ¥(0) > —K\? for all

A. Then (¢,0) is regular if ¢t; — ¢ < (2K)~!. On the other hand, (¢,0) is

not regular if (t; —t) > |¢”(0)| 7!, since there is a conjugate point at (Z,0)

where (t; — t)¥"(0) = —1. The regular points (¢,0) form a line segment with

right endpoint (¢;,0) and left endpoint (Z,0), with # < ¢ < t;. Whether £ = ¢

depends on the global behavior of ¥(x), not just the local behavior near = 0.
Let

P(\) —(0) > — forall A € R', X\ #0.

(10.7) E ={(t,x) € Qo : either (¢, z) is not regular or

(t,z) is a conjugate point}.

Theorem 10.4. E is a closed subset of Qg, and V € CY(Q,\E).

Proof. An easy modification of the proof of Theorem 10.3 shows that any
point (¢1, 1) of the terminal hyperplane {¢; } x IR™ has a relative neighborhood
N; which contains no point of E. For (¢,z) € Ni,V(t,x) = W (t, z) where
W is the solution to the Hamilton-Jacobi equation (8.9) by the method of
characteristics with W (¢y,z) = 0. Thus, V € C*(Ny). Let (t,x) € Qo\E. By
Theorem 10.3, there is a relative neighborhood N of v* such that V € C1(N).
Moreover, the set N constructed in the proof of Theorem 10.3 contains no
point of F. O

Remark 10.2. It can be shown that E is a set of Hausdorff dimension
< n. See [F2, p.521]. Thus, in the sense of Hausdorfl dimension, the value
function V' is smooth except at points of a “small” closed set E.
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Remark 10.3. In dimension n = 1, there is a close connection between
Hamilton-Jacobi equations and conservation laws. If we let Z(t,x) = V,.(¢, z),
then in dimension 1 the Hamilton-Jacobi equation (8.9) is formally equivalent
to the conservation law

0z 0
———+ —H(t,z,Z)=0.
ot + Oz (t.z,2)
A curve in the (¢, z) plane across which V,, is discontinuous corresponds to a
shock, in conservation law terminology. See [Daf].
Application to nonlinear PDEs. Consider a Cauchy problem for a first
order nonlinear PDE

(10.8) ~V,+ H(t,z,D,V) =0, (t,z) € Qo,

(10.9) V(ty,x) =0,

where now H rather than L is given. We would like to identify (10.8) as a
Hamilton-Jacobi equation, by defining L from the formula (8.5) dual to (8.4).
Let us assume that H € C*°(Q), x IR"™) and that

(a) Hyp(t,z,p) >0

(10.10)
) tim ZHTP) L
lpl=o0  |p]
We define L by (8.5):
(10.11) L(t,z,v) = max[—v-p— H(t,z,p)].
pelR™

The maximum is attained at p = I'(t, x, v), where
(10.12) v=—H,(t,z,I'(tx,v)).

The implicit function theorem implies that I' € C*~(Q, x IR"™). Since

L =-H(t,xz,])—v-T, L € C®(Q, x IR™). First and second order par-
tial derivatives of H and L are related by (8.7).

Since H satisfies the formula (8.4) dual to (10.11), we can apply Theo-
rems 10.1-10.4 to the Cauchy problem (10.8)-(10.9) provided that L satisfies
assumptions (9.2). For this purpose we assume:

(a) Assumptions (10.10) :

(b) p- H, — H > |Hp|v(H)p), where y(v) = 0o as |v| — oo;
(10.13) (c) For suitable ¢y, H(t,z,0) < ¢y and H(t,z,p) > —c1;

(d) For suitable co, c3, |Hy| < co(p- H, — H) + c3;

(e) For suitable C(R),|H,| < R implies |p| < C(R).
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Since Hp, is a positive definite symmetric matrix, its inverse L., is also
positive definite as required in (9.2a). Since L = p- H, — H and v, p are related
by (10.12), (9.2b) is just (10.13b). Similarly, from (8.6) and (8.7a), (9.2d, e)
are just (10.13d, e). Finally, by (10.11), H(t,2,0) < ¢; implies L(¢,z,v) > —¢;
and H(t,x,p) > —c; implies L(t,x,0) < ¢;.

Example 10.2. Let H(t,z,p) = g(t,z)(1+ |p|*)* where k > 1, g and D,g
are bounded, and g(t,z) > ¢ > 0. It is elementary to verify (10.13).

Remark 10.4. Assumptions (10.13) imply the following, which will be
used later in proving that the value function V is a viscosity solution to
(10.8)-(10.9). See Theorem I1.10.3. Let

(10.14) Hg(t,z,p) = max[—v-p— L(t, z,v)].
v|<R

Then there exists R(M) such that
(10.15) Hy(t,z,p) = H(t,z,p) if |p| < M,R > R(M).
To see this, let v* = —H(t,z, p). Then
—c; < H(t,z,p) = —v* - p— L(t,x,v*) < |o*|[(M —y(v")).

Since y(v) — oo as |v| = oo, this implies [v*| < R(M) for some R(M). If
|p| < M, R > R(M), then the maximum in (10.14) equals the unconstrained
maximum over v € IR"™. This implies (10.15).

I1.11 Existence theorems

An existence theorem for the control problem formulated in Section 3 asserts
that there exists a control «*(-) which minimizes J(t, z;u) among all admis-
sible controls wu(-).

In this section, we prove two such theorems which will be used in later
chapters. For a more complete study of existence theorems we refer to [Bk]
[Ce][FR].

In the first existence result which we prove, control is on the fixed time
interval [t, 1] and hence Q = Qo. Moreover, we assume:

(a) U is compact and convex;

(b) f(t,z,v) = fi(t,z) + f2(t,z)v, where
fi €CHQy x U) for i =1,2 and
(111) flz7f27f29: are bounded;

(¢) L€ CY Qo xU) and L(t,x,-) B
is a convex function on U for each (¢, z) € Qo;

(d) ¢ is continuous on R™.



50 I. Deterministic Optimal Control

The class of admissible controls u(-) is U%(t) = L*®°([t,t1];U) and the
criterion to be minimized is

t1
(11.2) Tt w3 0) = / L(s, o(s), u(s))ds + w(x(tr)),
¢
as in (3.4). We say that u,(-) — u(-) weakly as n — oo if, for every ¢(-) €
L ([t, t1]; IR™)
t1

lim Un(s) - d(s)ds = /t 1 u(s) - o(s)ds.

n—oo t

Since U is compact and convex, U°(t) is weakly sequentially compact.
Lemma 11.1. Let A and A, be continuous on [t,t1] x U, with A(s,-)
convex for each s € [t,t1]. If un(-) = u(-) weakly, then

Jim inf /t " s ())ds > /t " A(su(s))ds.

n— oo

Proof. Since A(s, ) is convex and of class C!
A(s, 0) 2 Als, uls)) + (v —u(s)) - Ao (s, u(s))

for all v € U. In particular, this is true if v = u,(s). Hence
t1 t1
/ A(s,un(s))ds > / A(s,u(s))ds
t t
t1
+ / [un(s) — u(s)] - Ay(s,u(s))ds.
t

The last term tends to 0 as n — 0o, since u,(-) — u(-) weakly. O

Lemma 11.2. Let x,(s) be the solution to (3.2) with u(s) = un(s) and
2, (t) = x. Suppose that u,(s) € U, that u,(-) tends to u*(-) weakly and that
Zn(8) tends to x*(s) uniformly on [to,t1]. Then

(11.3) d;; = fi(s,2%(8)) + fols, 2 (8))u"(s),t < s <t
and
(11.4) J(t, z;u™) < liminf J(¢, x; uy).

n—00

Proof. By (11.1)(b) we have
2a(s) =2+ [ Uslran(r) + falron(r ) ()
[ alrn(r)) = ol (] fun() 1
+ /ts fa(ryz* (7)) [un(r) — u* (r)]dr.
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The last two integrals tend to 0 as n — co. Hence
S
2(6) =+ [ Al () + falroa’ () ()
t

which is the integrated form of (11.3).
To obtain (11.4) we write

Tt 730 :/ttl A(s,un(s))ds—i-/ttl[L(s,xn(s),un(s))—L(s,x*(s),un(s)]ds

+ P(@a(t)),
where A(s,v) = L(s,z*(s),v). The second integral tends to 0 and t(x,(¢1))
tends to ¥(z*(t1)) as n — oco. Then (11.4) follows from Lemma 11.1. O

Theorem 11.1. Under the assumptions (11.1) an optimal control u*(-)
exists.

Proof. Let u,(-) be a sequence in U°(t) such that J(t,z;u,) tends to
V(t,z), where V(t,z) is the infimum of J(¢,z;u) among all u(-) € U(t).
Let x,(s) denote the corresponding solution to (3.2)-(3.3). By assumptions

(11.1)(a)(b), .
()] < [2] + (1 + / [ (r)]dr)

for some constant K. Gronwall’s inequality implies that x,(s) is uniformly
bounded on [t, t1]. By (3.2), the derivatives &, (s) are also uniformly bounded.
We use Ascoli’s theorem and weak sequential compactness of U%(t) to choose
a subsequence of (u,(+),z,(-)) which satisfies the hypotheses of Lemma 11.2.
If we again denote this subsequence by (u,(-),z,(-)), then

Vt,z) < J(t,z;u*) <liminf J(¢, z;uy,) = V (¢, x).
n—oo
Thus J(t, z;u*) = V (¢, ). O
In the second existence theorem, we consider a calculus of variations prob-

lem in a bounded cylindrical region Q = [tg,t1) x O, where 9O is a manifold
of class C2. Thus

(11.5) J= /; L(s, (s), i(s))ds + W(r, o(r))

where 7 is the exit time of (s, z(s)) from Q. No constraints are imposed on the
control u(s) = i(s), and thus U = IR". We make the following assumptions.
L € C3(Q x IR") and the following hold for all (t,z,v) € Q x IR" :

(a) L(t,z,v) > 0 and Ly, (t,z,v) > 0;

(b) There exist k> 0,p > 1 and Ry > 0 such that
(11.6) klv|P < L(t,z,v) whenever |v| > Ro;

(c) There exists K such that
| La(t, 2, 0)| + | Lo (t, 2, 0)] < K(1L+[o]?).
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The terminal cost function ¥ satisfies:

(a) U(t,z) =0 for (t,x) € [to,t1] x OO0;

(11.7) (b) ¥(t1,7) = ¥(x) for x € O, where ¥
is Lipschitz, ¢ (z) > 0 and ¥(z) =0
for = € 90.

We admit all controls u(-) € U(t), where U(t) = LP([t,t1]; IR™) with p > 1
as in (11.6). Without loss of generality, we may assume that u(s) = 0 for
7T < s <t,in case T < t3.

Theorem 11.2. An optimal control u*(-) exists.

Proof. As in the proof of Theorem 11.1, we choose a sequence u,(-) such
that J(t,x;u,) tends to V (¢, 2) as n — oo, where

V(t,z)= inf J(t,z;u).
(t,2) = nof  J& @)

By (11.5)

Tt w5 up) = /t L(5, 20 (), ttn (5))ds + © (7, 2 (7))

where &,,(s) = up(s), 7, is the exit time and u,(s) = 0 for 7,, < s < t;. The
LP-norm || u,(-) ||, is bounded by (11.6)(b) and the fact that L > 0,% > 0.
By Holder’s inequality, for s; < s9

|zn(51) — Tn(s2)| = |/52 Un (r)dr| < (s2 — 31)% | wn(-) ||p

where p~! + ¢~ = 1. Hence the functions x,(-) are equicontinuous, and also

uniformly bounded on [t,¢1] since x,(t) = . We take a subsequence (again
denoted by x,(-)) such that z,(s) tends to a limit 2*(s) uniformly on [¢, 1]
and uy,(-) tends weakly to u*(-), where u*(s) = @*(s). Let 7* denote the exit
time of (s,2*(s)) from Q. Then

7 < liminf 7,.
n—o0
We consider two cases
Case 1. z*(7*) € 90. Consider any ty < 7*. Then

to

(11.8) /t ’ L(s,z*(s),u™(s))ds < lim inf L(s,x,(5),un(s))ds.

n—oo t
To obtain (11.8), we slightly modify the proof of (11.4), taking into account
that u, (-) is bounded in || ||, norm but not necessarily pointwise. Let A(s,v) =

L(s,z*(s),v), and let xr(s) be the indicator function of {s: |u*(s)| < R}. As
in Lemma 11.1,
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/t : A(s,u*(8))xr(s)ds < liminf/t : A(s,un(8))xr(s)ds.

n—oo

Since A > 0, xr(s) <1 and xgr(s) = 1 as R — oo,

n—oo

[2 A(s,u*(s))ds < lim inf /:2 A(s, un(s))ds.

By the mean value theorem

| / LG5, 20 (5), n()) — L(5, 2" (5), 4 (5)]d]

:|/tz/0 Lo(5, 23n(5), tn(5)) - (@n(s) — 2*(s))dAds|
S K | an() —2() ||/tZ(1+‘un(8)|p)ds

where K is as in (11.6)(c), || || is the supnorm and z,(s) = z*(s) + A(zn(s) —
x*(s)). Since || un(-) ||p is bounded, the right side tends to 0. Since L > 0,
U > 0,(r*,2*(7*)) = 0 and to < 7* is arbitrary, we conclude in the same
way as for Lemma 11.2 that

J(t,xu*) = / L(s,z"(s),u*(s))ds < liniinf J(t, ;3 un).
t n o0
Hence, J(t,z;u*) = V(t,x) as in the proof of Theorem 11.1.

Case 2. 7* = #; and z*(7*) € O. Since x,(s) tends to z*(s) uniformly
on [t,t1], T, = t1 for large n. Then (11.8) holds with ¢» replaced by ¢;. Since
Y(xn(t1))tends to ¥ (z*(t1)) as n — oo, we again conclude that J(t, z;u*) =
V(t,z). O

We next show that Euler’s equation holds in integrated form.

Lemma 11.3. Let

(11.9) P(s) = /: Ly(ryx*(r),u*(r))dr, t <s < 7"

(11.10) P(s) = Ly(s,2%(s),u*(s)) + C

where C' is some constant.

Proof. (Sketch) We follow the classical derivation of Euler’s equation. Let
ty < 7* and consider any £(-) € C1([t,t2]; R™) such that £(t) = £(t2) = 0.
For |§| sufficiently small, 0 < XA <1 and s € [t,t2], A(s) € O where zx(s) =
x*(s) + AE(s). Then
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0< /t 2[[,(3, x1(s),@1(s)) — L(s,x*(s), 2% (s)]ds
B 5/t | /0 [Lo(s,27(8), 82(5)) - £(5) + Lu(s, 2a(5), &2 (5)) - €(5)dAds.

We divide by d and let 6 — 0 to obtain, using (11.6)(b)(c) and the dominated
convergence theorem

(11.11) O:/t2[L$(s,ac*(s),u*(s))~§(s)+LU(s,x*(s),u*(s))-é(s)]ds.

Since &(-) is arbitrary, (11.10) is obtained by integrating the first term in
(11.11) by parts. O
Corollary 11.1. z*(-) € C?[t, 7*].
Proof. This is obtained in the same way as Theorem 9.2. By (9.9) we have

(11.12) i*(s) = —Hy(s, 2" (s), P(s))

where P(s) = C — P(s). O

Theorem 11.3. There exists Ry, which does not depend on the initial
data (t,z) € Q, such that |u*(s)| < Ry.

Proof. Let us first show that |u*(7*)| < R, where Ry does not depend on
the initial data (¢,x). Corollary 11.1 implies that u*(s) = ©*(s) is continuous

n [t,7*]. Let v* = u*(7*). If |v*| < Ry, there is nothing to prove. Suppose

that [v*| > Ro.

Case A. 7" =t;. For small 6 > 0, let z(s) = 2*(t1 —0) for t; —0 < s < t;.
Then

t1 tl
/ L(s,z*(s),u*(s))ds + ¥(x*(t1)) < / L(s,x(s),0)ds + ¥ (x(t1)).
t1—0 t1—0
We let 6 — 0 to obtain from (11.6)(b) with £* = x*(7*),
klv*[P < L(1*,€%,v") < Br + Ba|v™],

where L(s,z,0) < B; for all (s,z) € Q and By is a Lipschitz constant for .
Since p > 1, this implies that [v*| < R3 for some R3.

Case B. 7 < t;. Then & € 00. For small § > 0 let 79 = 7" — 0,
y = x*(719), ¥ the point of JO nearest y and h = |§ — y|. Then

(11.13) h<|y—¢&"=0/v|+o(6).

Let 2(s) = y+v(s—17g), for 79 — h < s < t; where v = h=1(y —y). Then z(s)
exits O at time 79 + h. Then

T To+h
/ L(s,z*(s),u*(s))ds < / L(s,z(s),v)ds < Bsh,

0 To
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where L(s,z,v) < Bs for all (s,z) € Q, |v| < Rg. From (11.6)(b) and (11.13)
we have as § — 0
k|’U*|p < L(T*,§*7’U*> < B3|’U*|,

if |[v*| > Rp. Hence, |[v*| < Ry for some Ry4. Let Ry = max(Rs, R4).

Since 0 < J(t,z;u*) < J(t,z;0) and J(¢,;0) is bounded on Q, (11.6)
gives a bound for || u ( ) H which does not depend on the initial data (¢, ).
From (11.6)(c) and (11.9), |P(s)| < M; where M; does not depend on (¢, z).
In (11.10) take s = 7*. Since |u*(7*)] < Ra, the constant C' = C(t,x) is
bounded by some C’l. Hence7 |P(s)| < My + C; where P(s) = C — P(s). By
(11.12) and u*(s) = @*(s), |u*(s)] < Ry for some R;. O

1.12 Historical remarks

The deterministic optimal control problems considered in Sections 3 — 7 are of
type formulated during the 1950’s by Pontryagin and his associates [PBGM].
The method of dynamic programming was developed by Bellman during the
same time period [Be]. For the Pontryagin optimal control problem, dynamic
programming leads to the Hamilton—Jacobi-Bellman PDE derived in Section
5. In the setting of classical calculus of variations, this connection was known
since Hamilton and Jacobi in the 19th century. It played an important role in
Caratheodory’s approach to calculus of variations [C].

For a good, recent introduction to deterministic control theory, see Sontag
[Sg]. There are many other books dealing with mathematical aspects, includ-
ing [BK] [Ce] [He] [Y].

Pontryagin - type optimal control theory had roots in calculus of varia-
tions, as well as in older engineering work on control of linear and nonlinear
systems. For a concise introduction to the special class of calculus of variations
problems considered in Section 8, see [FR, Chap. 1]. The classical method of
characteristics for the Hamilton—Jacobi PDE, used in Section 10, was called in
calculus of variations the method of fields of extremals [He, Chap. 3]. For op-
timal control problems, the presence of control switching surfaces adds some
complications. See [F'3, Appendix]. Sections 9 and 10 follow [F2]. Theorem 10.2
is due to Kuznetzov and Sigkin [KSi]. For recent results about representations
of generalized solutions to Hamilton-Jacobi PDEs, see [Ca].

Nonsmooth analysis provides another interesting approach to determinis-
tic control and calculus of variations. See Aubin - Frankowska [AF], Clarke
[Clel,2], Rockafellar-Wets [RW].






I1

Viscosity Solutions

I1.1 Introduction

As we saw in the first chapter, the method of dynamic programing provides
a powerful tool for studying deterministic optimal control problems. This
method is equally useful in stochastic control, which will be formulated in
Chapters III, IV and V. In both cases the value function of the control prob-
lem is defined to be the infimum of the payoff as a function of the initial data.
When the value function is smooth enough, it solves a nonlinear equation
which we call the dynamic programing equation. For a deterministic optimal
control problem, this derivation is given in Section I.5. A similar computation
for stochastic problems will be carried out in Section II1.7. In general however,
the value function is not smooth enough to satisfy the dynamic programming
equations in the classical or usual sense. Also there are many functions other
than the value function which satisfy the equation almost everywhere, see
Section 2 below. Indeed the lack of smoothness of the value function is more
of a rule than the exception. Therefore a weak formulation of solutions to
these equations is necessary if we are to pursue the method of dynamic pro-
gramming.

In their celebrated 1984 paper Crandall and Lions [CL1] provided such a
weak formulation which they called viscosity solutions. Although the name
“viscosity” refers to a certain relaxation scheme, the definition of a viscosity
solution is an intrinsic one. In particular as we will see in Section 6, viscosity
solutions remain stable under any reasonable relaxation or approximation of
the equation. A uniqueness result for first order equations was another very
important contribution of that paper. Since then elegant equivalent reformu-
lations of viscosity solutions were obtained by Crandall, Evans and Lions.
Jensen proved the uniqueness of viscosity solutions of second order equations
in 1986. The recent article of Crandall, Ishii and Lions [CIL1] provides an ex-
cellent survey of the development of the theory and contains all the relevant
references.
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For a large class of optimal control problems the value function is the
unique viscosity solution of the related dynamic programming equation. In
the case of a deterministic problem this equation is a first order partial dif-
ferential equation, and for a controlled diffusion process the dynamic pro-
gramming equation is a second order parabolic partial differential equation.
However there are dynamic programming equations which are not differential
equations. The optimal control of a Markov chain yields a difference equa-
tion, and a piecewise deterministic process gives rise to a system of first order
differential equations. To capture this variety in dynamic programing equa-
tions we give an abstract discussion of viscosity solutions in Section 4. In this
abstract formulation the dynamic programming operator is viewed as the in-
finitesimal generator of a two parameter nonlinear semigroup satisfying (3.1),
(3.2) and (3.11) below. To define this semigroup, we view a given function v
as the terminal data to our optimal control problem. Then the value function
with terminal data ¢ is defined to be the evaluation of the semigroup at .
In this formalism, the semigroup property (3.2) is equivalent to the dynamic
programing principle and (3.11) is nothing but the derivation of the dynamic
programing equation for a smooth value function. Then in this abstract setup,
the viscosity property of the value function is a very easy consequence of the
semigroup property (or equivalently the dynamic programing principle) and
(3.11). See Theorem 5.1 below.

We should also note that prior to the formulation of viscosity solutions,
Hamilton—Jacobi equations have been used to formulate sufficient and nec-
essary conditions for deterministic optimal control problems. Clarke and his
students ([Clel] Section 3.7) used the theory of nonsmooth analysis to obtain
sufficient conditions for optimality. This approach was further developed by
Clarke and Vinter in 1983 [CV].

The theory of viscosity solutions is not limited to dynamic programming
equations. Indeed this theory applies to any equation with maximum principle
as defined in Section 4. In particular second order partial differential equations
of (possibly degenerate) parabolic type and first order equations have this
property. In the special case of a partial differential equation the definition
of a viscosity solution simplifies as we need to consider only local extrema
because of the local character of the equations (Definition 4.2.)

In the second part of this chapter we only consider the first order partial
differential equations. In Section 7, under standard assumptions we verify that
the semigroups related to deterministic optimal control problems have the
property (3.11). Also the semigroup property (3.2) follows from the dynamic
programing principle which is proved in Section I.4. Then Theorem 5.1 implies
that, if the value function is continuous, then it is a viscosity solution of the
dynamic programming equation. Sufficient conditions for the continuity of
the value function are discussed in Section 10. Although in this chapter we
restrict ourselves to continuous viscosity solutions, the theory is not limited
to continuous functions. A discussion of discontinuous viscosity solutions is
given Section VII.4.
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The uniqueness of viscosity solutions is an important property which we
discuss in Section 9 and 14. We prove the uniqueness of viscosity solutions
of a general first order partial differential equation in Section 9. The gener-
alizations of Theorem 9.1 are then stated in Section 14. In these sections we
consider equations which are not necessarily the dynamic programming equa-
tion of a control problem. In the special case of a control problem however,
the value function is the unique viscosity solution of the dynamic program-
ming equation satisfying appropriate boundary and terminal conditions. This
unique characterization of the value function is especially important in the
analysis of related singular perturbation problems (Chapter VII) and in the
numerical analysis of the control problems (Chapter IX).

To characterize a viscosity solution uniquely we need to specify the solution
at the terminal time and at the boundary of the state space. In some cases
however, the value of the solution at the boundary is not a priori known to
us. As an example consider the value function of an optimal control problem
with a state constraint. Since there is no need for the boundary cost function,
the boundary value of the value function is not a priori known. Also at the
boundary of the state space, the value function of an exit time problem may
achieve a value smaller than the given boundary cost. Therefore we have to
give a weak (viscosity) formulation of the boundary condition satisfied by
the value function. This issue of the boundary condition has been given a
satisfactory answer through the theory of viscosity solutions. The main idea
here is to look for a differential type boundary condition instead of a pure
Dirichlet condition. We discuss the state constraint case in Section 12 as a
first step towards a general formulation. We then extend our discussion to the
general exit time problem in Section 13. Also a uniqueness result with this
weak boundary condition is stated in Section 14.

We close the chapter with a brief discussion of the connection between the
adjoint variable and generalized gradients as defined in Section 8 below. The
main result of Section 15 is a generalization of the classical statement 1(6.4).
Recall that I(6.4) states that the adjoint variable is equal to the gradient of the
value function evaluated at the optimal trajectory. Since the value function is
not necessarily differentiable, in general the adjoint variable is a generalized
derivative of the value function.

For readers interested in an introduction to viscosity solutions, but not
in control theory, Sections 3 — 6 can be read independently of Chapter I by
omitting those examples arising from control theory. Similarly, Sections 8 and
9 provide a concise introduction to the theory of viscosity solutions for first
order PDEs, independent of any control interpretation.

The following is a partial list of function spaces that will be used in this
chapter. A more complete explanation of these notations is given in the general
list of Notations preceding Chapter 1. For a Banach space X', M(X) = set
of all real-valued functions which are bounded from below, C,(X) = set of
all continuous, real-valued functions which are polynomially growing. For a
measurable subset E of Euclidean IR™, and a positive integer k, the spaces
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C*(E),C>(E) consist of those functions which have an extension to some
open set F containing E, with continuous partial derivatives of orders < k
(or of all orders), respectively.

Spaces CF(E), and C3°(E) are defined similarly by requiring polynomial
growth of the corresponding partial derivatives. Set

Qo = [to,t1) x R™, Qo = [to,t1] x IR™.

For a measurable set G C Qo,

C12(G) = set of all real-valued function on G, which are once
continuously differentiable in the ¢ - variable and
twice continuously differentiable in the x - variables.

11.2 Examples

In this section we give three one dimensional examples. These examples il-
lustrate that in general the value function is not differentiable, the lateral
boundary condition 1(5.19) may hold with a strict inequality and that there
are many generalized solutions of the dynamic programming equation.
Example 2.1 Consider the calculus of variations problem with to = 0,¢; =
1,0=(-1,1), =0and L(t,z,v) =1+ %02, i.e. the problem is to minimize

/tT [1 + i(a’c(s))z} ds, te0,1]

where 7 is the exit time of (s, z(s)) from the closed region [0, 1] x [—1, 1]. Using
Example 1.8.1, we conclude that any optimal control u* is constant in time.
Indeed for initial condition (¢,z) € [0,1] x [—1, 1], an elementary calculation

shows that
2 if x>t

u (s)=4¢ 0 if |z| <t, s€]t, 7],
—2if x < —t,

is an optimal control. Using this control we directly compute that the value
function is given by

V(t’x)_{ 1—t |z <t

Clearly, V is not differentiable if ¢ = |z|. However, V satisfies the correspond-
ing dynamic programming equation

(2.1) —%V(t,x) + <aamV(t,:r)) -1=0,

for all (t,x) € (0,1) x (—1,1) except when ¢t = |z|. Finally we note that, in
this example the value function satisfies the boundary conditions,
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(2.2) V(1) =V -1)=0, te][0,1],

(2.3) V(l,2) =0,z € [-1,1]. O

Example 2.2. In the previous example V' is a generalized solution of (2.1)
satisfying (2.2) and (2.3). We now construct a sequence of Lipschitz continuous
generalized solutions of (2.1) which also satisfy (2.2) and (2.3).

For a positive integer k define hy(x) by

1 21
h - |- —
H@) = 5 ‘x %+ 1|
if x € [22;;11, 22;;11] for some i = 0, %1, ..., k.

Then for (¢,z) € [0,1] x [-1,1], let
Wi (t, ) = min{hy(x),1 — t}.

Clearly W}, satisfies (2.2) and (2.3), and (1 — t) solves (2.1). Also except at
the corners of its graph, hy, is differentiable with [-Lhy,(2)]? = 1. Therefore it
is easy to verify that W}, satisfies (2.1) at the points of differentiability. Thus
there are infinitely many generalized solutions to the dynamic programing

equation (2.1) with given boundary conditions (2.2) and (2.3). O
Example 2.3. Counsider a simple control problem with Q = [0,1) x(—1,1),
z(s) = u(s),L = 0,¥(¢t,z) = = and a control set U = [—a,a] with some
constant a > 0. Since the boundary data is increasing and the running cost is
zero, the optimal control is u*(s) = —a for all s. Hence the value function is
-1, ifrx+at <a-1,
(2.4) V(t’x)_{x+ata,ifx+at2a1,

for (t,z) € Q. V is differentiable except at x+at = a—1 and it is a generalized
solution of

2V(t,x)

Ox =0

(2.5) —%V(t,x) +a

When t=t; =1, the corresponding terminal boundary condition I(5.5),
(2.6) V(,2)=¥(l,z) =z, z € [-1,1],

is satisfied. However V(¢,1) < 1 = ¥(¢,1) for all t € [0,1). Hence the lateral
boundary condition 1(5.19),

Vt,x) < g(t,z), (t,x)€[0,1)x 0

holds with a strict inequality for (¢,z) € [0,1) x {1}. O
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I1.3 An abstract dynamic programming principle

In this section, we discuss a generalization of the dynamic programming prin-
ciple I(4.3). Then in this abstract set-up, the notion of viscosity solution to
dynamic programming equations will be introduced in the next section.

Let X be closed subset of a Banach space and C be a collection of functions
on Y which is closed under addition, i.e.,

o, eC=op+yYeC.

The main object of our analysis is a two parameter family of operators {7z, :
to <t <r <t} with the common domain C. In the applications the exact
choice of C is not important. However, when X' is compact, we will require
that C contains C'(X). For noncompact X, additional conditions are often
imposed. In most of our examples, X' C IR" and in that case we will require
that C contains M(X) N C,(X). (See end of Section 1 for notations.)

We assume that for every ¢, € C and tg <t < r < s < t1, T is a
function on X satisfying

(32&) ﬁr@b S 7;91/) if ¢ S Tr.ﬂ/’,
(3.2b) Tird = Tes¥0 if ¢ > Tt

By taking r = s in (3.2) we conclude that the above conditions imply
(3.2")(monotonicity) Tird < Top if ¢ < 9.

Moreover if T;s¢ € C, by taking ¢ = T,.s% both in (3.2a) and (3.2b) we obtain
(3.3)(semigroup) Tir(Trst) = Testp if Tosyp € C.

In general Ti,.1) may not be in C for every ¢ € C. In that case (3.2) is
a convenient way of stating the monotonicity and the semigroup conditions.
Also (3.2) is a slightly more general condition than (3.2") and (3.3). But when
Tir : C — C for every t and r, (3.2) and (3.3) are equivalent to (3.2). We will
use this equivalence in the following examples.

Example 3.1. (Deterministic Optimal Control). Let f, L, g be as in Sec-
tion 1.3, and O be an open subset of IR". Set X = O and C = M(X). We
assume that L and g are also bounded from below. Fix tg <t <r <t;,x €
X, u(-) €U(t,x), and ¥ € C. Define

T, i) = [ " L(s.2(s) u(s))ds + g7, 2(T))xr<r + ()Xo
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where, as in Section 1.3, U(t,z) is a set of controls satisfying the switching
condition 1(3.9), z(-) is the solution of I(3.2) and 1(3.3), and 7 is the exit time
of (s,z(s)) from @ = [to,t1] x O. Then the nonlinear semigroup is given by

(34) (Ter) () = inf T ().

u(-)€U(t,x)

Since L,g and @ are all bounded from below, 7.1 is also bounded from
below. Note that U(t, z) is nonempty and therefore for every ¢ € C, Ty is
well-defined and belongs to C. Clearly 7y, is monotone. Also with the notation
of Section 1.3, V(t,x) = (Te, %) (z). Thus, the dynamic programming principle
I(4.3) can be rewritten as

(Tit, ) (@) = (Ter (T, ) (),

for (t,2) € @, and ¥ € C. Hence the semigroup property, (3.3), holds with
s = t1. In fact without any change, the proofs of Lemma 1.4.1 and 1.4.2 yield
(3.3) for any s € [t,11]. O

Example 3.2. (Diffusion semigroup). Set X' = IR™ and C = C,(IR"). For
YpelCxe X and tg <t <r <t let

(3.5) (Terp)(@) = | ¢l + 2)K(r —t,2)dz,

Rn

where for h > 0,z € IR",

1 2
_ —|z|*/4h
K(h2)= (e

And for t = r, let T;; be the identity operator. Since 1) is polynomially growing,
there are constants K, m > 0 such that,

Y@+ 2)] < K14 [x]™ + |2™).

Also for each h > 0 and k > 0,|z|*K(h, 2) is an integrable function on IR".
Hence 79 € C.

The positivity of K implies (3.2'). Also the semigroup property of T, is
well known. Indeed (3.3) is proved by using the properties of the kernel K
and several changes of variables in (3.5).

The linear operator 7z, has a probabilistic representation in terms of the
standard Brownian motion. In Chapters III and IV, instead of the Brownian
motion we will use controlled diffusions to obtain nonlinear operators, which
are generalizations of both (3.4) and (3.5). See Section V.3. O

Example 3.3. (Poisson process). Let X be the set of nonnegative integers,
C be the set of all sequences {¢(i) : ¢ € X'} such that [¢(i)| grows at most
polynomially as i tends to infinity, and A(-) be a continuous, strictly positive
function on [tg, t1]. For to <t <r <t;,1 € X, and ¢ € C define
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(3.6)  (Tort))(i sz+kk| U Mu du] exp( /)\ du)

Then it is straightforward to verify that Ty, satisfies (3.1) and (3.2'). Also, for
to<t<r<s<tyandie€l

(Ter(Trat)) () = o320 Yoo (i + b+ m) gy o [f) Mw)du)*
[ Mw)du]™ exp(— [ Mw)du
=20+ 10) .eXp ft

{Zk ok'(e'k)'[f )\ du f )\ dqu}

=2+ E)% exp(— f: )\(u)du)[ftS A(u)dul®
= (Test)(i).

We used the substitution ¢ = k£ + m in the second step and the Binomial
Theorem in the third. Hence 7y, has the semigroup property (3.3).

This linear operator 7Ty, also has a probabilistic representation. Instead of
the Brownian motion, a time inhomogeneous Poisson process appears in the
representation of (3.6). Also the nonlinear generalizations of 74, it are related

to the optimal control of jump Markov processes. O
Fix r =t; and ¢ € C. For (t,z) € [to, t1] x X, define
(3.7) V(t,z) = (Te, ) ().

If Ty, is as in (3.4), V(¢, x) is the value function of the deterministic optimal
control problem. In analogy with this, V (¢, z) is called the value function. Us-
ing the semigroup property (3.3), we conclude that the value function satisfies

(3:8) V(t,z) = (Te V() (@), YoeXito<t<r<t,

provided that V(r,-) € C. This identity is just a restatement of the dynamic
programming principle 1(4.3), if Ty, is as in (3.4). Hence, we refer to (3.8) as
the (abstract) dynamic programming principle.

Having formulated the dynamic programming principle abstractly, we pro-
ceed to derive the corresponding dynamic programming equation. As in Sec-
tion 1.5, let » = ¢t 4+ h in (3.8). Assume that V(¢ + h,-) € C. Then

(3.9) —%[(ﬂHhV(t +h ) (@) - VE )] =0,

for all x € X and tg <t <t+ h <t;. To continue even formally, we need to
assume that the above quantity has a limit as h | 0, when V is “smooth”. So
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we assume that there exist X’ C X, D C C([to,t1) x X') and a one-parameter
family of nonlinear operators {G;}icf,,+,] of functions of X, satisfying the
following conditions with

Q = [to, t1) x X,

(3.10i) For every w € D, %w(t,x) and (Gyw(t,-))(x) are continuous on (t,z) € @,
and w(t,-) € C for all ¢ € [to, 1],
(3.10i)) w,w € D,A>0=w+w € D, \w € D,

1
(B-11) T (Tt + b)) — w(t,2)] = 5 w(t,2) - (Guo(t,)(@)
for all w € D, (t,x) € Q. We refer to the elements of D as test functions and
G as the infinitesimal generator of the semigroup {7, }. Note that, if w is any
test function, then w(t,x) is defined for all (¢,x) € [to,t1] X X even though
(3.11) is required to hold only for (¢,z) € Q.

Like the choice of C, the exact choice of D is not important. (See Section 6,
below.) One should think of D as the set of “smooth” functions. For example
if ¥ = O is a bounded subset of IR" and X = O, then we require that
D contains C*(Q), where Q = [tg,t1] x O. Indeed this requirement will be
typical when G; is a partial differential operator.

If however, X’ = O is an unbounded subset of IR" with X = O, then we
require that

M(Q) N CF(@) D,

(See end of Section 1 for notations.)

In most applications, X’ is simply the interior of X. In fact, when G; is a
partial differential operator, this is always the case. However, in the case of a
controlled jump Markov process which is stopped after the exit from an open
set O C IR™, we have X' = O, whereas X is the closure of the set that can
be reached from O. In that case, X may be larger than O, and [tg,t;] x X is
larger than Q.

Now suppose that V' € D and let h go to zero in (3.9) to obtain,

(3.12) —%V(t,x) + (G:V(t,)(x) =0, (t,x)€ Q.

Definition 3.1. V € D is called a classical solution of (3.12) if V' satisfies
(3.12) for all (¢,2) € Q.

In analogy with 1(5.3), the above equation is called the (abstract) dynamic
programming equation.

In general, the value function is not in D and therefore it is not a classical
solution of (3.12). In that case the equation (3.12) has to be interpreted in
a weaker sense (as a viscosity solution). This will be the subject of the next
section.

We continue by verifying the assumption (3.11) for the special cases (3.4),
(3.5) and (3.6). For the deterministic optimal control problem in Example 3.1,
(3.11) is formally satisfied by



66 II. Viscosity Solutions

(Ge¢)(x) = H(t, z, Dg(x))
= sup{—f(tmc,v) D¢( ) (t T v)}

veU

(3.13)

with D = C1(Q) N M(Q) and X" = O. A rigorous verification of this will be
given in Section 7. Note that in this case, (3.12) is the same as 1(5.3').
Now consider Example 3.2, with Ty, is as in (3.5). Let X’ = O = IR" and
D = {w € C\(Q,) and Wi, Wa,, Weiz; € Cp(Qo) for i,5 =1, n},

where Qo = [to, t1) X IR™. Here the subscript denotes the differentiation with
respect to that variable. Fix w € D, (t,z) € [to,t1) x IR™. For ¢ € C and
t <t+ h <t; we have,

(Tiern) (@) = [ (x+ 2)K(h, z)dz,

RTL
= Rnw(a: +Vhy)K(1,y)dy,

and similarly

(Turn)(@) = | Wz — Vhy)K(1,y)dy.

R"L
Since [ K(1,y)dy = 1, we obtain

}]gnﬁhw(t ) (@) — wit,z)] =

= (’Et+

s

(=) @) 4 F(Teenaot, ) (@) = w(t, o)

1
=// wi(t + ph,x + Vhy)K(1,y)dydp + | M(t,z;y)K(1,y)dy,
0 n IR"

with

1
Observe that M converges to D2w(t,x)y - y/2 as h | 0, where D?w(t,x) is
the Hessian matrix of second order spatial derivatives of w at (¢, z). Using the

polynomial growth and the continuity of w; and D2w, and the exponential
decay of K(l y), we obtain

hin [(Tetnw(t + b)) (@) — wlt, )]

! 1
=/ / wy(t, 2)K (1, y)dydp + 5/ Diw(t, )y - yK(1,y)dy
0 n R™

= w(t,z) + Aw(t, x),
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where Aw(t, z) is Laplacian of w at (¢,x). Hence (3.11) is satisfied with

(3.14) (Gid)(x) = =A¢(x) , (t,x) € Qo.

In Chapters IV and V, on controlled Markov diffusions, G; will be a general,
fully nonlinear, second order, elliptic partial differential operator. We also
remark that the choice of D is not the largest possible one. A more careful
analysis yields that the polynomial growth condition on the derivatives of w
is not necessary. However D contains C5°(Qo) and therefore it is large enough
for our purposes.

We close this section by analyzing the operator (3.6) in Example 3.3.
Observe that for any k > 2,

1 [t+h t+h
- E(/t A(s)ds)* exp (—/t A(s)ds) = 0,
and for k = 1 the above limit is A(t). Now using the identity
0o Ak 4
Ee = 1, VA Z 0,
k=0

together with the dominated convergence theorem, we obtain

1}%%[(7;%@(@') — g(i)] =

- o ‘ 11 t+h t+h
i S o6+ 1) =00l [ N e [ AG))

= A0 +1) = ¢(i)]-

Hence

(3.15) Gig(i) = =AD)[o(i + 1) — ¢(1)], i =0,1,2,...,

with X = X. Note that the above operator G; is a nonlocal operator.

I1.4 Definition

In this section, we define the notion of viscosity solutions of the abstract dy-
namic programming equation (3.12). This is a straightforward generalization
of the original definition given by Crandall and Lions [CL1]. Also see Cran-
dall, Evans and Lions [CEL] and Lions [L4]. Let @ = [to,t1) x X/, D, and C
be as in Section 3.

Definition 4.1. Let W € C([to,t1] X X). Then
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(i) W is a wiscosity subsolution of (3.12) in @ if for each w € D

o - _
(4.1) — 5w + (G, ) (@) <0,
at every (¢,Z) € @ which is a maximizer of W — w on [tg,t1] x X with
W(t,T) = w(t,T).
(ii) W is a wiscosity supersolution of (3.12) in @ if for each w € D

(42) D 0.7 + (Gl )@) > 0,

at every (¢,T) € @ which is a minimizer of W —w on [tg, t1] x X with W (¢, ) =
w(t,T).
(iii) W is a wviscosity solution of (3.12) in @ if it is both a viscosity subsolution
and a viscosity supersolution of (3.12) in Q.

Any classical solution of (3.12) is also a viscosity solution. See Lemma 5.1.

Although D is the natural set to use in the above definition, in most
applications an equivalent definition is obtained by replacing D with C*°(Q).
Indeed this is always the case when G; is a partial differential operator. See
Theorem 6.1 below. However, if X' is not compact and G; is not a partial
differential operator, additional requirements will be needed to obtain a similar
equivalent definition.

Remark 4.1. Consider the equation

W (t,2) + (GW (L)) =0, (7)€ Q

with a nonlinear operator G;, which is not necessarily the infinitesimal gener-
ator of a two-parameter semigroup 7Ty.. Set

D ={W e C([to, 1] x ) : Wi(t, 2), (G:W (¢, -))(2) € C(Q)}-

Then we say the W is a classical solution of the above equation if W € D
and if W satisfies the equation at every (t,z) € Q. The viscosity solutions
can also be defined as in Definition 4.1. But to have a meaningful theory
of viscosity solutions, the notion of a viscosity solution has to be consistent
with the notion of classical solutions. That is: every classical solution should
also be a viscosity solution. Indeed, if G; is the infinitesimal generator of a
two-parameter semigroup, there is a stronger connection between classical
and viscosity solutions (see Lemma 5.1.) When G, is a general operator, an
elementary argument shows that every classical solution is also a viscosity
solution if G; has a property which we call the mazimum principle: we say
that G; has the maximum principle if for every t € [tg,t1], and ¢, in the
domain of G;, we have
(G:9)(@) > (Ge¢) (),

whenever T € argmax{(¢ — ¢)(z)|z € X} N X" with ¢(ZT) = ¥(Z). The class
of equations that obey the maximum principle is an interesting one. Any
infinitesimal generator of a two parameter semigroup 7y, has this property.
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Let us now consider the case when G, is a partial differential operator. We
take X' = O, = O where O C IR"™ is open. If G; is a first order operator,
namely

(Gi9)(x) = H(t,x, Dp(x))

for some continuous function H, then G; has the maximum principle. More
generally, if

(4.3)(7) (Ged)(x) = F(t,x, Dd(x), D*¢(x), ¢(x))

for some continuous function F', then G; obeys the maximum principle if and
only if F' is elliptic (possibly degenerate), i.e

(4.3) (i) F(t,2,p, A+ B,V) < Ft,r,p, A V)

for all (t,z) € @Q,p € IR",V € IR and symmetric matrices A, B with B > 0.
Indeed, let ¢, € C?(O) and

7 € argmax{(¢ — ¥)(z)|z € O} N O,

with ¢(Z) = ¥(%). By calculus Do(Z) = D(Z) and D?¢(x) < D*y)(%). Hence
for every t € [to, t1),

F(t,7, D¢(T), D*$(T), $(T)) > F (1,7, DY(T), D*P(T), 9 (T))

if F' satisfies (4.3)(ii). Conversely, suppose that F' does not satisfy (4.3)(ii) at
some (¢,7) € Q and (p, A,V), B > 0. Define

w(x):V—i-p-(x—f)—i-%(A—i-B)(:c—f)~(x—T),x66,

qS(m):V—&—p-(ﬂc—f)—i-%A(x—E)-(a:—f) 2O

Then T € arg max{(¢ — ¢)(z)|x € O} N O and ¢,¢ € C*(O). So we conclude
that if (4.3)(ii) does not hold in @, G; does not have maximum principle. Hence
(4.3)(ii) is equivalent to the maximum principle property of F'.

We will now give an equivalent definition of a viscosity subsolution and a
supersolution of nonlinear partial differential equations.

Definition 4.2. Let O be an open subset of R",Q = [to,t1) x O, W €
C(0) and F be a continuous function satisfying (4.3)(ii). For (¢,7) € Q con-
sider the equation

(4.4) —%W(t,x) + F(t,z, D,W(t,x), D2W (t,z), W (t,x)) = 0.

(a) W is a wiscosity subsolution of (4.4) in @ if for each w € C*(Q),

(4.5) —%w(i 7) 4+ F(t,7, Dow(t, T), D2w(t, @), w(t,T)) <0
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at every (£,7) € Q which is a local maximum of W —w on @, with W (£,T) =
w(t,T).

(b) W is a wviscosity supersolution of (4.4) in @ if for each w € C*(Q),

46— Dw®) + FF Dol ), D2 (i, F) (i, F) > 0
at every (£,7) € Q which is a local minimum of W —w on Q, with W (£,T) =
w(t,T).

(c) W is a wiscosity solution of (4.4) in @ if it is both a viscosity subsolution
and a viscosity supersolution of (4.4) in Q.

When the infinitesimal generator G; is given by (4.3)(i), Definitions 4.1
and 4.2 are equivalent provided that W € C,(Q) N M(Q); see Theorem 6.1,
below. This equivalence follows from the local character of G; and the fact that
every test function w € D can be approximated by functions from C*(Q).
This approximation property also enables us to use test functions w € D or
w € C*(Q) or w from any other space which is dense in D; see Remark 6.1
below. Other properties of the second order equations will be the subject of
Chapters IV and V on optimal control of diffusion processes.

Remark 4.2. The viscosity property is often stated in the following
slightly different way, which does not require W (¢,T) = w(f,T). A viscosity
subsolution W of (4.4) in @ satisfies

—%w(’j) + F(t,7, Dyw(t,Z), D2w(t,7), W(t,7)) <0

at every (£,Z) € Q which is a local maximum of W — w on Q. Indeed, define
w(t,x) =w(t,z) + W, z) —w(t,z) , (t,z) € Q.

Then (£,7) is a local maximum of W — w on Q, and W (#,7) = w(f,7). A
similar result also holds for supersolutions.

If the function F in (4.4) does not depend on W (¢, x), i.e. F=F(t,x,p, A),
then (4.5), (4.6) are unchanged if w is replaced by w + ¢ with ¢ any constant.
In this case, this distinction is irrelevant.

Remark 4.3. Definition 4.1 is a weak formulation of sub and supersolu-
tions of (3.12). However, as we have already discussed in Chapter I, the value
function of a deterministic control problem satisfies certain boundary condi-
tions on {t;} x O and [tg,t;) x OO. In Sections 12 and 13, a weak formulation
of these boundary conditions will be given for the deterministic control prob-
lems. Also a more general definition which does not require the continuity of
W will be given in Section VII.4.

Let us return to Example 2.1 and verify that

V(t,z) = min{l — ¢,1 — |z|}

is a viscosity solution of (2.1) in @ = [0,1) x (=1,1). Let w € C'(Q) and
choose (¢,T) € arg max{(V —w)(t, z)|(¢t,z) € @} N Q. First suppose that V is
differentiable at (¢,T) or equivalently |Z| # ¢. Then
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(4.7)(0) SV(ET) = 5-w(i D).

Note that £ may equal to tg = 0 and in that case the time derivatives of V
and w may not be equal. Still we have,

(4.7) (i) SV(ET) < Sw.7).

Since V satisfies (2.1) at (¢,T), the above inequality implies that (4.1) is
satisfied with (Gy¢)(z) = (¢'(z))? — 1.

Now suppose that ¢ = |T| > 0. Recall that (£,7) is a maximizer of the
difference V — w. Using the directional derivatives of V' at (¢,T), we conclude
that

o . ma
0 T 0 -

el = il > _
87fw(t,a:) > —1, 7 axw(t,x) > -1

Therefore

<A -x<o.

Hence V is a viscosity subsolution of (2.1).

To verify the supersolution property of V, let (¢,Z) be a minimizer of
V —w. Since V is a concave function of its variables and w is differentiable,
V must be differentiable at (¢,Z). Then we have (4.7)(i) and

0 - o -
&V(t,f) > aw(t,f).
Therefore (4.2) is satisfied and V' is a viscosity supersolution of (2.1).

Now consider Wy, defined in Example 2.2. Recall that W, is a generalized
solution of (2.1). However, we claim that for k > 1 W, is not a viscosity su-
persolution of (2.1), and consequently not a viscosity solution of (2.1). Indeed,
let w = 0. Then (£, 52—) with # € [0, 1], is one of the several minimizers of

' 2k+1
Wy —w = Wj. But
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o 1.9 1.,

and (4.2) is not satisfied.
From the above discussion it is clear that if

(Ged)(x) = H(t,x, Dp(x)), (t,x) € [to,t1] x X,

with some continuous function H, then any viscosity solution of (3.12) satisfies
the equation at the points of its differentiability. But in addition, a viscosity
solution has to satisfy appropriate inequalities when it is not differentiable.
These conditions are summarized in an equivalent pointwise definition that is
discussed in Section 8.

I1.5 Dynamic programming and viscosity property

Recall that the value function is defined by

V(t, ) = (Tie, ¥) ().

In this section we will show that the abstract dynamic programming princi-
ple (3.8) yields that V' is a viscosity solution of the dynamic programming
equation (3.12), whenever it is a continuous function on Q= [to, t1] x X. For
deterministic optimal control, sufficient conditions for the continuity of the
value function are obtained in Section 10 and Theorem 13.1.

Theorem 5.1. Assume (3.1), (3.2), (3.10), (3.11). Suppose that V € C(Q).
Then, V is a viscosity solution of (3.12) in Q.

Proof. Let w € D and (£,7) € Q be a maximizer of the difference V —w on
Q satisfying V(,7) = w(,Z). Then, w > V. Using (3.2)(b) with ¢ = w(r,")
and s = t1, we obtain for every r € [t, t1],

(Terw(r, ) (@) 2 (Ta, ¥)(@) = V(£,7) = w(t, T).

Recall that by (3.101) w(r,-) is in the domain of 7;,.. Take r =t 4+ h and use
(3.11) to arrive at

_ _ 1 _ _
—%W(t,f) +Gru(t, ))(@) = —lim (T pw(t + b, ) (@) —w(t, 7)) < 0.
Hence (4.1) is satisfied and consequently V' is a viscosity subsolution of (3.12)
in Q. The supersolution property of V is proved ezactly the same way as the
subsolution property. O

We close this section by showing that the notion of viscosity solution is
consistent with the notion of a classical solution.

Lemma 5.1. Suppose that W € D. Then W is a viscosity solution of
(3.12) in Q if and only if it is a classical solution of (3.12).



II. Viscosity Solutions 73

Proof. First suppose that W is a viscosity solution. Since W € D, w =W
is a test function. Moreover every (¢,z) is a maximizer and a minimizer of
W —w. Hence (4.1) and (4.2) hold at every (¢, z) € Q with w = W. Therefore
W satisfies (3.12), classically, in Q.

To prove the converse, let w € D and (¢,T) € Q be a maximizer of W — w
satisfying,

w(t,T) = W(t,T).

Using (3.11) and the monotonicity property (3.2'), together with the inequal-
ity w > W, we obtain

0 - _ =\ g
— 5wt T) +(Gru(t, ))(@) =

= i (T + b, ) @) — 0@, 7)]

< (T W (4 B )(@) — W T,

o - _
=5 WD) + (GW(E,))(@) = 0.
Hence W is a viscosity subsolution (3.12). The supersolution property is
proved similarly. O

I1.6 Properties of viscosity solutions

In this section we obtain equivalent definitions and a stability result (Lemma
6.2), when G; is a partial differential operator. A stability result for a general
class of equations is also proved at the end of the section. See Lemma, 6.3.

Let G; be a partial differential operator given by (4.3)(i), X’ = O be an
open subset of IR" and X = O. We also require that the collections C and D
of functions are chosen large enough that

(6.1)(4) C,(0)NM(0O) CC,

(6.1)(i4) C*(@) N M(Q) C D.

As noted earlier, if O is bounded, then (6.1) requires merely that C'(O) C C
and C*~(Q) C D.

Lemma 6.1. Assume (6.1). Let G; be a partial differential operator as in
(4.3)(i). Then in Definitions 4.1 and 4.2, it suffices to consider only the strict
extrema of W — w.

Proof. Suppose that (4.2) holds at every strict minimum (¢,7) € @ of

W —w with W(t,ZT) = w({,T). Let (¢,Z) € Q be a minimum (not necessarily
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strict) of W — w satisfying W (¢, %) = w(¢,T). For € > 0, define w® = w + &§,
where . . -

E(t,a) = e =20 — 1 (12) € Q.
Clearly ¢ € Cp°(Q) N M(Q), and by (6.1)(ii), e£ € D. Then by (3.10)(ii)

w® € D. Also for every ¢ > 0, W — w® has a strict minimum at (¢,Z) with
W (t,T) = we (¢, T). Hence

—%wa(f, 7) + F(t,%, D,w® (t,T), D2w(, %), W(t,7)) < 0.

We now obtain (4.2) by letting € | 0 in the above inequality.
Hence in Definition 4.1(ii) it suffices to consider only strict minima of
W — w. The remaining assertions are proved similarly. O
Next we will prove that for a partial differential equation, Definitions 4.1
and 4.2 are indeed equivalent. A brief outline of this proof is the following: we
first approximate any test function w by a sequence w™ € C*°(Q) satisfying

(wi', Gew™) — (wy, Giw), as n — 00,

locally uniformly. Hence we only need to consider test functions which are in
C>(Q). Also, if G; is a partial differential operator as in (4.3)(i), then

(Gi0)(x0) = (Geth)(20)

if ¢ = 1 in a neighborhood of z(. This local behavior of G; enables us to
consider only the local extrema in our definition.

Theorem 6.1. Assume (6.1). Let W € C,(Q) N M(Q),G: be a partial
differential operator as in (4.3)(1) and D C C13(Q). Then W is a viscosity
subsolution (or a supersolution) of (3.12) in the sense of Definition 4.1, if and
only if W is a viscosity solution (or a supersolution, respectively) in the sense
of Definition 4.2.

Proof.

(i) (Necessity) Suppose that W € C,(Q)NM(Q) is a viscosity supersolution
of (3.12) in Q. Let w € C*°(Q) and (¢,T) € Q be a local minimum of W — w
with W (t,Z) = w(t,T). Then there exists an open, bounded neighborhood
N of (t,7) such that W (t,z) > w(t,z) for all (t,7) € N'N Q. By Urysohn’s
Lemma there is £ € C°(Q) satisfying (i) 0 < &(t,z) < 1, (ii) ¢ = 1 in a
neighborhood N of (£,7) (iii) £(¢,x) = 0, (t,x) € N. For (t,z) € Q, define

w(t,z) = &t 2)w(t,x) — (1=, 2))K,

where —K is a lower bound for W on Q. Since W >won NNQ and £ =0
outside of N, EW > &w on Q. Therefore

W=W+(1-OW >éw—(1-8K = 1.

Hence we have
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(6.2)(4) w=w onN,

(6.2)(i4) (t,7) € argmin{(W — @) (t,z)|(t,z) € Q}.

Since NNQ = NNQ, we C®Q) and & = 0 outside N, Ew € C™(Q).

Therefore, w € C*°((Q). Moreover w € C*(()) and equals to a constant
outside the compact set N. By (6.1)(ii) w € D and

—%@@@+F@ﬁD@@@JﬁﬂﬁﬂWﬂj»20

Due to (6.2)(i), all derivatives of @ and w agree at ({,Z) and the above in-
equality gives (4.6).

Now let W € C,(Q) N M(Q) be a viscosity subsolution of (3.12) in @Q,
and (¢,ZT) be a local maximum of W — w with W(¢,Z) = w(¢,Z). Then
w(t,z) > W(t,x) on NN Q, where N is an open, bounded neighborhood
of (£,7) satisfying N'NQ = N N Q. Since W is polynomially growing, there
are a constant K > 0 and an integer m > 0 satisfying

Wi(t,z)| < K(1+ |z|*™), (t,z) € Q.

Let ¢ be as before and for (t,x) € Q, define
w(t,x) = &t x)w(t,z) + (1 — E(t, ) K (1 + |2[*™).
Then w € C3°(Q) N M(Q) and satisfies w = @ on N, and
(,7) € argmax{(W — w)(t, )|(t, z) € Q}.

Continuing as in the supersolution case, we obtain (4.5).

(ii) (Sufficiency) Let W be a viscosity solution according to Definition 4.2.
Let w € D and ({,T) € @ be a maximum of W — w with W(¢,Z) = w(t, ).
In view of Lemma 6.1, we may assume that (¢,T) is a strict maximum. Since
D C CH%(Q), w € C12(Q). Therefore there is an open set Q* O @ such that
w € CH2(Q*). As in Appendix C, extend w to IR"*! by setting it equal to zero
on R\ Q*. Let w™ € C*°(Q) be a mollification of the extension of w. Since
w € CH2(Q*) and Q* D Q, W, wit, wy Wy, converge to w, Wi, Wa,, We,a,
uniformly on compact subsets of @), as n — oo (see Appendix C.) The uniform
convergence of w™ to w implies that there is (tn,z,) — (£, Z), as n — oo,
such that (t,,z,) is a local maximum of W — w™. Set w"(¢,z) = w"(t,x) +
W (tn, xn) — W™ (tn, x,). Then (t,,x,) is a local maximum of W — w"™ with
W (tn, xn) = W*(tn, xy,). Also for sufficiently large n, (t,,z,) € Q. So the
hypotheses of the lemma imply

0
_&w@nzxn) + F(tnamn; wa(tnaxn)aDiw(tnvxn)v W(t’ruxn)) S O
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Now let n go to infinity to arrive at (4.1). Therefore W is a subsolution of
(3.12) in Q. The supersolution property is proved similarly. (]

Remark 6.1. Take C = C(O) and D = C12(Q)NM(Q) or D = C12(Q)N
M(Q). Then the above theorem implies that Definition 4.1 with either choice
of D, and Definition 4.2 are equivalent for any partial differential equation with
maximum principle. From the above proof it is also clear that in Definition
4.2 we could use test functions from any function space between C12(Q)
and C*(Q). Therefore when applying the viscosity property or when proving
such a property, we have the freedom to choose the test function w from D or
C>(Q) or any other dense subset of C12(Q) (for example C*2(Q).) Indeed
this flexibility to choose w from several different classes will be used in the
sequel to simplify the presentation. Also in the sequel we will not specify C and
D, since all choices of C and D satisfying (6.1) and (3.10)(i) yield equivalent
definitions.

Now suppose that G, is a first order partial differential operator, namely,

(gt(b)(m) = H(tvx7 D¢($>)

for (t,7) € Q and ¢ € C*(O). Then the proof of Theorem 6.1 implies that
the definition obtained by using ¢ = M(O) and D = C*(Q) N M(Q) or
D = CYQ) N M(Q) in Definition 4.1 is equivalent to Definition 4.2. Again
this equivalence enables us to use test functions w from D or C*°(Q) or any
other dense subset of C*(Q) (eg. C*(Q) or C1(Q)). In Sections 8 and 9 we
shall use w € C1(Q).

Stability Results. Next we will prove a stability property of viscosity
solutions. This property states that if the viscosity solutions W*¢ of approxi-
mate equations depending on a small parameter € are uniformly convergent as
€ — 0, then the limiting function W is a viscosity solution of the limit equa-
tion. Notice that the equation (3.12) is in many cases of interest a nonlinear
partial differential equation. Therefore, the importance of this property is in
the fact that only the convergence of the solutions, but not their derivatives,
is required. See Chapter VII for a more detailed discussion of this subject.

Let W* be a viscosity subsolution (or supersolution) of

(63)° W (b,2) + (GF (1)) () = 0

in Q. One typical example of this situation is
(G70)(x) = —eAp(x) + H(t, z, Do(x)),

where H(t,z,p) is as in (3.13). But there are other interesting examples such
as,

Giola) =sup{ — 2 [ lota-+20) — o)Glt. g0y - Lt}

velU €
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where G(t,x,y,v) > 0 and yG(t,x,y,v) is an integrable function of y € IR™,
for every (t,z) € Q and v € U.

When both (6.3)¢ and (3.12) are partial differential equations, the proof
of the stability result is simpler. So we give two stability results, the second
of which applies to all dynamic programming equations.

Lemma 6.2. (Stability) Let W< be a viscosity subsolution (or a super-
solution) of

—%We(t,x) + F(t,x, D,We(t, ), D2We(t, ), We(t,z)) = 0

in Q, with some continuous function F¢ satisfying the ellipticity condition
(4.3)(ii). Suppose that F© converges to F, uniformly on every compact subset
of its domain, and W¢ converges to W, uniformly on compact subsets of Q.
Then W is a wviscosity subsolution (or a supersolution, respectively) of the
limiting equation.

Proof. Let w € C*(Q) and (¢,7) € @ be a strict maximizer of W —w with
W (t,z) = w(t, 7). Since W€ converges to W uniformly on compact subsets of
Q, there exists a sequence (t.,7.) — (£,Z), as € — 0, such that (¢.,z.) is a
local maximum of W¢ —w. Set w(t, x) = w(t,x) + We(t., x.) —w(te, zc). Then
(te, x) is a local maximum of W€ — & and We(t.,z.) = w(te, z.). Hence the
viscosity property W¢ implies that

—%u?(ts,x@) + F(te, xe, Dyt (te, w2), D2w(te, o), We(te, x.)) < 0.
Let € go to zero and use the uniform convergence of F© to F, to conclude that
W is a viscosity subsolution of the limiting equation (4.4). Once again, the
supersolution property is proved similarly.

Lemma 6.3. (Stability) Suppose that for every w,& € D, (t,x) € Q and
a positive, continuous function h, with h(0) =0,

(6.4) lim  (GSTw(s, ) + h(e)E(s, DY) = (Gew(t, )) ().
(5.9) > (t,2)

(s,y)€Q

Let W¢ be a viscosity subsolution (or supersolution) of (6.3)¢ in Q. Further
assume that there is a nonnegative function n € D such that (We—W)/(1+4n)
converges to zero as € — 0, uniformly on Q. Then W is a viscosity subsolution
(or supersolution, respectively) of (3.12) in Q.

Before the proof of the lemma, let us briefly discuss its hypotheses. The
condition (6.4) is a direct analogue of the local uniform convergence assump-
tion made on F* in Lemma 6.2. The uniform convergence assumption on
(We —W)/(1+n) however, is in general stronger than the assumption made
in Lemma 6.2. Recall that in Lemma 6.2 we only assumed the local uniform
convergence of W€ to W. This minor restriction is caused by the possible
non-local character of G;.
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Proof. Let w € D and (£,7) € Q be a maximizer of W — w on Q, with
W(t,T) = w(t,T). Set

f(t,x) =1- exp(7|t 7ﬂ2 - ‘x 7T|2)7 (t,%) € @7

We(t,x) — W(t,x)
1+n(tx)

h(e) =sun | (o) <@},
and for § > 0,
w(t,z) = wt,z) + k()L +nt,z)] + 0, z), (tz) € Q.
By (3.10)(ii) and (6.1)(ii), @ € D. Consider the difference
IF(t,z) = We(t, z) — i(t, z).
Since W < w on Q, for (¢,7) € Q,
I5(t, ) = W(t,z) — w(t, z)
+(We(t, @) = W(t,z) — h(e)[L + n(t, x)]) — 66(t, x) < —6§(¢, x)

Recall that W (¢,T) = w(¢,Z) and £(¢,Z) = 0. Hence the above inequality
yields

If(t,x) < I(1,T) — 66(t, v) — (WE(t,T) — W(E,T) — h(e)[1 +n(t, 7)])
< I9(t,T) — 0&(t, ) + 2h(e)[1 + n(¢,T))].

Since h(e) — 0 as ¢ — 0, and £(¢,x) is bounded away from zero out-
side any neighborhood of (¢,z), the above inequality implies that there are
(te,z.) € argmax{I¢(t,z)|(t,x) € Q} — ({,T) as € — 0. Therefore the viscos-
ity property of W¢ yields,

0
_Eﬁ’(tsa xe) + (Ge [w(te, ) + K.]) <0,
where K, = W¢(t.,x:) — W(te, x:). Now let £ and then § go to zero and use
(6.4), to arrive at (4.1). The supersolution property is proved similarly. O

I1.7 Deterministic optimal control and viscosity solutions

In this section, we prove that the value function defined by I(4.1) is a viscos-
ity solution of the dynamic programming equation 1(5.3") under two sets of
assumptions. In the first result (Theorem 7.1) the control space U is assumed
bounded. The second result (Theorem 7.2) has a simpler proof, and does not
require that U is bounded. However, in Theorem 7.2 it is assumed that an
optimal control exists.
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We start with a brief review of the notation and the assumptions of Section
1.3 and Example 3.1. Let O be an open subset of IR", X = O,C = M(X) (see
end of Section 1 for the notation) @ = [tg,t1) X O and Q¢ = [to,t1) X IR". We
assume that f, L € C(Q, x U), where U is the control space, and g € C(Q,)-
We also assume that f satisfies I(3.1), and L and g are bounded from below.
Let U(t,x) be a set of controls satisfying I(5.2), and the switching condition
1(3.9). Then for ¢ € C,tg <t < r < t; and x € O, the semigroup is given by

(Twd)(@) = inf [ZTTusxwxwﬁm5+mnxu»%<r

u(-)EU(t,x)

TP (r)xr>r]

where z(-) is the solution of 1(3.2), I(3.3) and 7 is the exit time of (s, z(s))
from the region Q.

In Example 3.1, it is shown that Ty, satisfies (3.1), (3.2), and the value
function is given by

(7.1) V(t,z) = (T, ¥)(x), (7)€ Q.

Then in view of Theorem 5.1 and Remark 6.1, V' is a viscosity solution of the

dynamic programming equation provided that V' € C(Q) and the > semigroup
satisfies (3.11). That is, for every (t,z) € Q and w € C1(Q) N M(Q),

(7.2) tim = [(Tavsno + by ))(a) — w(t, )] =

= %w(t, x) — H(t,z, D,w(t, x)),
where for (t,2) € Q ,p € R",
(7.3) H(t,z,p) = :gg{—f(t, x,v)-p— L(t,x,v)}.

We next verify (7.2) under the following assumptions. We assume that for
a suitable constant K,

(7.4) (i) U is bounded, B
(7.4) (ii) lf(t, z,v)| < K1+ |z|), V(t,z) € QueU.

In fact, (7.4)(ii) follows from the boundedness of U and I(3.1).

Theorem 7.1. Suppose that (7.4) is satisfied. Then, (7.2) holds for every
w € CYQ) N M(Q) and (t,x) € Q. In particular, the value function is a
viscosity solution of the dynamic programming equation 1(5.3") in Q provided
that V € C(Q).

Proof. First observe that the viscosity property of the value function
follows from (7.2), and Theorem 5.1. (See Remark 6.1.) Fix (¢,2) € Q,v € U

and w € C1(Q) N M(Q). In view of I(5.2), there exists an admissible control
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u(-) € U(t,z) satistying liin u(s) = v. Let x(-) be the state corresponding
slt

to control u(-) and the initial condition z(t) = z. Let 7 be the exit time of
(s,z(s)) from Q. Since z € O and t < t1, 7 > t. Therefore for sufficiently small
h > 0, we have z(s) € O for all s € [t,t+h) and t+ h < 7. Then the definition
of Tizqp yields

HTocsnot + b, ))(a) — wlt, )]

t+h
%/t L(s, 2(s), u(s))ds + %[w(t +hya(t £ h)) — w(t, o)

IN

1

t+h
- E/t {L(s,w(s),u(s)) + %w(s,x(s)) + %m(s) - Dyw(s, z(s)) | ds

t+h
= %/t {L(s,m(s),u(s)) + %w(&x(s))

+f(s,2(s),u(s)) - Dyw(s,z(s))]ds.

Since (z(s),u(s)) converges to (x,v) as s | t, the continuity of L and f, and
the smoothness of w yield

timsup 3 [(Tonaw(t + B, )) (@) — w(t, )]
nl0

0
< aw(t, x) —{—f(t,z,v) - Dyw(t,x) — L(t,z,v)}.
The above inequality holds for every v € U. Therefore,

(7.5) Jimn sup % (Tovsnw(t + b, ))(@) — wit,z)]
h10

0
For later use in the proof of Theorem 7.2, we note that (7.4) has not been
used in the derivation of (7.5).
Fix (t,z) € Q,u(-) € U(t,z). Let x(-) be the solution of 1(3.2) and 1(3.3).
For any r > t, we integrate 1(3.2) over [t,r] and then invoke (7.4)(ii) to obtain,

la(r) — 2| < / (s, 2(s), u(s))ds
<K(r—t)+ K/tr|:c(s)|ds

< K(@r—t)(1+|z])+ K/)jx(s) — x|ds.
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Then, Gronwall’s inequality yields
(7.6) lz(r) —z| < 1+ |z))[exp K (r —t) —1] , ¥r >t
Choose r* > t satisfying,
(14 |z|)[exp K (r* —t) — 1] = distance (z,00).
Hence z(s) € O for all s € [t,r*) and consequently
T>2r Aty , Yu(r) € Ut x).

In particular, 7 >t + + for every u(-) € U(t, ) and sufficiently large n. So for
n large enough, we may choose an admissible control u™(-) € U(t, =) satisfying

0 (T (e 2 ) @z b [T s @

n

(e (43))
+w|t+—, 2" |+ — ,
n n

where 2™(s) denotes the state corresponding to the control u™(-). We now
estimate that

(7.8) n {('EH_}LU) <t + % )) (z) — w(tvx)}

ot
f(s,2"(s),u"(s)) - Daw(s, " (s))] ds

— _% + n/fi [L(s, z"(s),u"(s)) + 9w<s,x”<s>>+

t++

= %w(t,x) + n/t L(t,z,u"(s))ds
t++

—i—(n/t ft,z,u™(s))ds) - Dyw(t, x) + e(n),

where

e(n) = ! + n/ttJr% ((,%w(s,x"(s)) - (,iw(t,x)) ds

5
—|—n/t (L(s,z"(s),u™(s)) — L(t,z,u"(s)))ds
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t+ o
+n/t [f(5,2"(s),u™(5)) - Dyw(s,a"(s)) = f(t, x,u"(s)) - Dyw(t, x)]ds.

The estimate (7.6) implies that 2™ (s) — z, as s — t, uniformly in n. Therefore
the continuity of L and f yields

nh_{glo e(n) =0.

We now rewrite (7.8) as

w[(Taeyw (14 2.)) @)= wttn)] 2 St —1-F"Doten)- L)+l

where "
(F", L") :n/t (F(t, 2, u™(s)), L{t, 2, u" (s)))ds.
Set
FL(t,x) = {(f,¢) € R"": (f,0) = (f(t,x,v), L(t,z,v)) forsome v € U}.

Then (F™,L"™) belongs to the convex closed hull, ¢o[FL(t,z)], of the set
FL(t,z). Consequently,

(o2 ) -]

> %w(t,x) —sup{—f - Dyw(t,z) — € : (f,¢) € e0|FL(t,z)]} + e(n)

0
= &w(t,x) — H(t,z, Dyw(t,x)) + e(n).
Here we have used the fact that maximization of a linear function over a set
yields the same value as the maximization over the convex closed hull of the
same set. We now complete the proof of (7.2) after recalling that lim e(n) = 0.
n—oo

O

The proof of Theorem 7.1 uses the abstract viscosity solution framework
in Section 3, and does not depend on the existence of an optimal control. We
next obtain a similar result assuming that optimal controls exist, but that
condition (7.4) need not hold. The proof uses the alternate Definition 4.2 of
viscosity solutions for PDEs.

Theorem 7.2. Assume that an optimal control u*(-) € U(t, z) exists, for
each (t,x) € Q. Then the value function is a viscosity solution of the dynamic
programming equation 1(5.3') in Q provided that V € C(Q).

Proof. An argument like the proof of (7.5) above shows that V' is a viscos-
ity subsolution of I(5.3"). To show that V' is a viscosity supersolution, suppose
that w € C*°(Q) and that V — w has a local minimum at (¢,Z) € @ with
w(t,z) = V(¢,T). Let u*(-) be optimal for initial data (¢,Z), and let x*(-)
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be the corresponding state with z*(f) = Z. By the dynamic programming
principle, for small enough h > 0,

t+h
V(t,z) = /f L(s,z*(s),u*(s))ds + V(t + h,z*(t + h)),

T+h ) )
0> /E L(s,z*(s),u*(s))ds + w(t + h,z*(t + h)) — w(t, T).

Let F'(s,y,v,p) = f(s,9,v) - p+ L(s,y,v). Then

f+h a
> / {atw(s,m*(s)) — H(s,z*(s), wa(s,x*(s))} ds.
t
We let h | 0 and obtain

_E(E’ )+ H(t,z,D,w(t,z)) > 0.
Thus V is a viscosity supersolution. O
Concerning the existence of optimal controls needed in Theorem 7.2, we
refer to Section I.11.1 and to [FR, Chapter 3].

I1.8 Viscosity solutions: first order case

In this section, we consider the viscosity sub and supersolutions of a first order
partial differential equation

(8.1) —%V(t,m) + H(t,x,D,V(t,z)) =0, (t,x)€Q,
where H is a continuous function of Q x IR™. We do not assume that H is
necessarily related to an optimal control problem. Recall that the notion of
viscosity solution applies to equation (8.1); see Definition 4.2.

We start our discussion with a definition.

Definition 8.1. Let W € C(Q) and (¢,z) € Q.
(a) The set of superdifferentials of W at (t,x), denoted by DTW (¢, x), is the
collection of all (¢,p) € IR x IR™ satisfying

(8.2)(0) (@,p) = (gtw@,x),pxw@,x))

(8.2)(a1) (t,z) € argmax{(W — w)(s,y)|(s,y) € Q},
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for some w € C1(Q).
The set of subdifferentials of W at (¢, ), denoted by D~W (¢, z), is the col-
lection of all (q,p) € IR x IR™ satisfying

(5:3)(9) (0.0) = (it Dyole.s)).

(8.3) (i) (t,2) € argmin{(W — w)(s,y)|(s,y) € Q},

for some w € C1(Q).
In view of Remark 6.1, W is a viscosity subsolution of (8.1) in @ if and
only if

(8.4) —q+ H(t,z,p) <0, Y(p,q) € D"W(t,z),(t,z) € Q.
Similarly W is a viscosity supersolution of (8.1) in @ if and only if
(8.5) —q+ H(t,z,p) >0, Y(q,p) € D w(t,x),(t )€ Q.

Next, we give different characterizations of the sets DTW (¢, x) and

D-W(t,x).
Lemma 8.1. Let W € C(Q) and (t,x) € Q. Then,

(8.6) D (1) = {<q,p> e B
limn sup W(s,y) —W(t,x) —q(s —t) —p- (x —y) < 0}
(5.9)—(t,2) s —t[+ |z -yl
(s,9)€Q
(8.7) D~W(t,x) = {(q,p) € Rt
timing V(&9 - Wtz) —q(s —t) —p-(z—y) > 0}.
(s,y)— (L) |s —t| + |z -yl

(s,9)€Q

Proof. Fix (t,z) € Q. Let (¢,p) € DTW(t,x) and w € C*(Q) be a test
function satisfying (8.2). Then by (8.2)(ii),

W(S’y) - w(s,y) < W(t,l‘) - w(t,x),
for every (s,y) € Q. Hence
lim sup Wi(s,y) = W(t,z)—q(s—t)—p-(y — )

(s.9)—(t,2) [t — s+ |z -yl
(s:y)€Q
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< limsup w(s,y) —w(t,z) —q(s—t) —p-(y — )
(5.9) = (t.2) t—s|+ |z -yl
(s,)€Q
On the other hand, let (¢,p) be an element of the right hand side of (8.6).
For (s,y) € Q, define

=0.

2a(s,y)
w(s,y>q<st>+p‘<yx>+/( o,
a(s,y
where )
a(s,y) = (|t = s + [z —yl*)?
and for p > 0,

Wi(s,y) —W(t,x) —q(s —t) —p- (y — x)

h(p) = sup{] s —t| + |z — ]

AQ]:

(s.9) € Q,0 < a(s,y) < p},

with h(0) = 0. Then h € C(]0,0)), because (g, p) belongs to the right hand
side of (8.6). Consequently w € C'(Q). Moreover, it is straightforward to
check that w satisfies (8.2). Therefore (¢,p) € DTW (¢, z). See Proposition
V.4.1 for a more detailed proof of a similar result. The identity (8.7) is proved
similarly. O

Using the above characterization of DYW (¢, z) and D~ W (¢, z), we obtain
the following result

Corollary 8.1. Let W € C(Q).

(a) DYtW(t,z) and D~W(t,z) are convez for every (t,z) € Q.

(b)  Suppose that (t,x) € (to,t1) X O. Then W is differentiable at (t,x),
in the sense of Section 1.6, if and only if both DYW (t,x) and D~ W (t,x) are
non-empty. When W is differentiable, we have

(8.8) DTW(t,z) = D" W(t,x) = { (aatW(t, x), Da:W(t,ac)) } .

(c)  Let W be a viscosity solution of (8.1) in Q. Then W satisfies (8.1),
classically, at every point of differentiability (t,x) € (to,t1) x O.

(d) Let N C (to,t1) x O be an open, convex set and let W be convex on
N. Then for every (t,z) € N,D-W(t,x) is nonempty and it is equal to the
set of subdifferentials in the sense of convex analysis (see Rockafellar [R1].)

(e)  Let N be as in part (d), and W be concave on N. Then DTW (¢, z)
is nonempty for every (t,z) € N.

() Suppose that W is Lipschitz continuous on Q, i.e.

(8'9) |W(57y) - W(Ll‘)‘ < Ml'*%' - y| + M2|t - S|, (s7y), (t,.’L‘) € @7

for a suitable constants My, My. Then,
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(8.10) lp| < M, g < Mo

for every (q,p) € DTW (t,2) UD~W (t,z) and (t,x) € (to,t1) X O.

Proof. The convexity of the sets of sub and superdifferentials follow easily
from Lemma 8.1. Also if W is differentiable at (¢,z) € (to,t1) x O, then
(8.8) follows immediately. Now suppose that (q,p) € DTW (¢, z) and (g,p) €
D~W(t,x), at some (¢, z) € (to,t1) x O. Using (8.6) and (8.7), we obtain

N at (5 VA
limsup PPV 2+ @= @k _
(h,2)—0 | + |2

Choose (h, z) = p(¢— q,p — p) with p > 0 and then let p go to zero to obtain
|[p — B| = |¢ — q| = 0. Therefore W is differentiable at (¢,2) and (8.8) holds.

Suppose W is convex on N. Then, for (¢,x) € N the set of subdifferentials
in the sense of convex analysis [R1] is given by

oW (t,z) ={(q,p) € R"™ : W(s,y) —W(t,x) —q(s—t)—p-(y—=x) >0,

V(s,y) € N}.

Tt is well known that this set is non-empty at every (¢, x) € N. Also, it is clear
that
oW (t,x) C D”W(t,x),

at every (t,z) € N. We claim that the above holds with an equality at every
(t,z) € N. Indeed, let (q,p) & OW (t,x). Then, there exists (5,7) € N satisfy-

ing

WE,y) —W(t,z)—qgh—p-Z2=-3<0

where h =3 — t, and Z = § — x. For every integer n, set

1 - _
(Snayn) = (tam) + 27(]7‘72:)

The convexity of W yields,

W(sa0) — W(t,2) < S(W(.5) - W(t,2))

1, = 1
= - h L Z) = =
2(q +p-2) 25

|s1 —t| + |y1 — 7|
|h| + [Z|

qs1—t)+p-(y1 —x) =9

By induction, the above argument yields

|3n *t| + |yn 7$|
|hl + [Z]

W(5n7yn) - W(tax) < Q(Sn - t) +p- (yn - I) -9
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for every n. Therefore

Wi(s,y) —W(t,x) —q(s —t) —p-(y — )

lim inf
(s.9)—(t,x) ls —t| + |y — x|
(s,9)€Q
nyYn) — t7 - n —1t)— : n 5
< liminf VG ¥n) =Wt 2) —qlsn = =p- =) . _ 3

Hence (q,p) € D~W (t,x). Part (e) is proved by using the identity
DYW(t,x) = —D~ [-W](t,z),

for every (t,z) € Q. Finally, let W be Lipschitz continuous on Q, (t,7) €
(to,t1) x O and (q,p) € DT™W (t,z). Let us show that |p| < M;. The proof
that |q| < My is similar. Then, (8.6) and (8.9) yield,

—M; + |p| = —M; —i—sup{—wzz € R"}

|z
=—-M; Jrlirnsupﬂ
z—0 |Z|
Wit — Wit —-p-
< limsup (t,z +2) (t,z) —p ZSO.
z—0 |Z|

Hence |p| < Mj. Similarly, |g| < Ms, which implies (8.10) for every (¢,p) €
DTW (t,z). The case (q,p) € D~ W (t,z) is proved similarly. O
Remark 8.1. A Lipschitz continuous function W of @, is called semi-
concave, if for every bounded subset B of @, there exists a constant K (B)
such that
W(t,z) = W(t,z) — K(B)(t* + |z|?)

is concave on every convex subset of B. W is called semi-conver if —W is
semi-concave.

When W is semi-concave by part (e) of the above corollary, DTW (¢, ) is
nonempty. Also by part (b), we conclude that D~W (£, Z) is nonempty if and
only if W is differentiable at (£,7). Observe that for any (¢,7) € Q

(¢,p) € D¥W(t, ) <= (q+ 2K (B)t,p + 2K (B)z) € DTW(t, z).

Hence, if W is semi-concave then for every (¢,7) € (to,t1) x O, DTW (t,T) is
non-empty and D~ W (¢,Z) is non-empty if and only if W is differentiable at
(t,7).

The semi-concavity is a natural property of a large class of value functions.
In the special case of controlled diffusions on IR™, the semi-concavity of the
value function in the spatial variable is proved in Section IV.9; see IV(9.7).
Also see [CS]. O
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Corollary 8.2. Let W be a viscosity subsolution (or a supersolution) of
(8.1) in Q. Suppose W satisfies (8.9). Then W is a viscosity subsolution (or
a supersolution, respectively) of

(8.11) —%W(t,x) + H(t,z, D,W(t,x)) =0,
n Q if
(8.12) H(t,z,p) = H(t,x,p) , Y(t,z) €Q and |p| < M,

where My is the constant appearing in (8.9).
Proof. Let (¢,p) € DTW (t, ) for some (t,z) € Q. Then (8.4) yields

—q+ H(t,z,p) <0.
Also, (8.10) is satisfied. In particular, |p| < M; and by (8.12),
—q+ H(t,z,p) = —q+ H(t,z,p) <0.
Hence W is a viscosity subsolution of (8.11). The supersolution case is proved
similarly. ([l
We continue by computing the sets of sub and superdifferentials of several

functions. First consider the value function V defined in Example 2.1. Recall
that for (¢,z) € [0,1] x [—1,1],

V(t,z) = min{l — |z|,1 — ¢}.

If (¢t,z) € (0,1) x (—1,1) and t # |z|, then V is differentiable and we compute
the sub and superdifferentials by (8.8). If ¢ = |z| € (0, 1), then

DYV (t,z) = {\(~1,0) + (1 — \) (o,—|z|> : Ae0,1]}.

Since V' is concave, D~V (¢, z) is empty if t = |z| € (0,1).
Now let W, be as in Example 2.2. For specificity take k = 1. Then

Wi(t,z) = min{hi(x),1 -t} , V(t,z) € [0,1] x [-1,1].

Clearly for (t,z) € (0,2) x (=1,1), Wi(t,z) = hy(x) and

3
{(071)}7 T < (_15_%)U(_%70)U(%7%)7
{(07*1)}3 T € (*%7 7%) U (07 %) U (%a 1)7

D+W1 (t, JJ) =

11
(2)7 x:_§7§7
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{(0’)\) tA€ [_17 1]}’ €T = _%a %7
D_Wl(t’x): ®7 $:_%707%7
DTW(t,x), otherwise.
This shows that W is not a supersolution of (2.1), because at « = 7% or % the

condition (8.5) is not satisfied. The set of subdifferentials or superdifferentials
is not, in general, a line segment. For example

D, @o) — w{(0,1), (0, 1), (—1,0)}.

Also at a given point both the subdifferential and the superdifferential sets
may be empty. To see this, extend Wi (¢, z) to [0,2] x [—1,1] by setting

Wi(t,z) = -Wi(2—t,x), Vtel,2].

Then D¥Wy(1,—%) = D~Wi(1,—1) = D*Wi(1,4) = D~ Wi (1, %) = 0.

I1.9 Uniqueness: first order case

Let W be a viscosity subsolution of (8.1) in @ and V' be a viscosity superso-
lution of (8.1) in @, satisfying

(9.1) W(t,z) < V(t,x), Y(t,z) € 0"Q.

Recall that 9*Q = ([to,t1) x 90) U ({t1} x Q). Under a technical assumption
on H (see (9.4)), we will prove that

(9.2) W(t,x) < V(t,z), V(t,z) € Q.

See Theorem 9.1. In particular Theorem 9.1 implies that there exists at most
one viscosity solution V of (8.1) in @, satisfying the lateral and terminal
boundary conditions

(9.3)(a) V(t,z) = g(t,z),¥(t,x) € [to,t1) x O.

(9.3)() V(t1,z) = ¢(x), Vo € O.

Let us now state our assumption on H. We assume that there are a con-
stant K and h € C([0,00)) with h(0) = 0, such that for all (¢,z), (s,y) € Q,
and p,p € IR™ we have,

(9-4) [H(t,z,p) — H(s,y,D)| <

< h(ft = sl + |z —yl) + h(lt = s])lp| + K|z — yllp| + K|p — Dl
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When H is differentiable, the following condition is sufficient for (9.4):
(9-4) |Hyl + |Hy| < K(1+ |p])

and |H,| < K for a suitable constant K.

Theorem 9.1. Let W and V be a viscosity subsolution and a viscosity
supersolution of (8.1) in Q, respectively. If Q is unbounded, we also assume
that W and V are bounded, and uniformly continuous on Q. Then

(9.5) sup[W — V] = sup[W — V.
Q 9"Q

An immediate corollary to this theorem is the following.

Corollary 9.1. (Uniqueness) There is at most one viscosity solution of
(8.1) which is bounded and uniformly continuous on Q, and satisfies the bound-
ary conditions (9.3).

Remark 9.1. In particular, in (8.1) we may take for V the value func-
tion of a deterministic control problem as in I(4.1). Then (8.1) becomes the
dynamic programming equation 1(5.3). If V' is bounded, uniformly continu-
ous on @ and satisfies the boundary conditions (9.3), then it is the unique
viscosity solution of I(5.3). (See Section 10). Other uniqueness results with a
weak (viscosity) formulation of the boundary condition (9.3)(a) are discussed
in Sections 13 and 14.

To explain the main idea in the proof of Theorem 9.1, we consider the
equation

~Vi(t,z) + H(DV (t,z)) =0, (t,x) € Q.

To simplify the discussion we assume that ) is bounded, and
W(t,x) <V(t,x), Y(t,z)e I Q.

We continue with a brief outline of the proof of (9.5).
First we define an auxiliary function

Uty ais,y) = W(ta) = Vis,y) = o= (It = s + [z —y*) + B(s — t1)

b

2¢
for (t,7),(s,y) € Q and e > 0. Let (t,Z; 3,9) be a maximizer of ¥ on Q x Q.
Then for all (¢,z) € Q.

for every 8 > 0. First suppose that (£, ), (5,7) € Q. Then the map

(t,.’ﬂ) - ¢(t,$; S, y)
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has a maximum at (¢, ). Set
wit,) = o (it = 5P + 1z~ g%), (7)€@
Then W — w has a maximum at (¢,Z) € @ and by Remark 4.2,
—w(t,Z) + H(D,w(t, 7)) < 0.
We rewrite the above inequality as,

—q: + H(ps) <0,

= (F-5), p= (D)
Similarly the map
(Svy) — 711[}({7:%” 57y)
= V(s,9) ~ [-5-((F— ) + |2~ yP?) + Bls — 1) ~ W(F,2)]

has a minimum at (8, 7). Therefore V — w with

(s9) =~ (0= s+ 2= yP) + B — 1), (5,0) € @

has a minimum at (8, y). Since V' is a viscosity supersolution,
—w4(5,9) + H(Dyw(s,7)) > 0.
We directly calculate that
Ws(5,9) = q= + B, Dyw(5,9) = p-.

Hence
_/B_qE+H(pE) 2 0.

Subtracting the two inequalities satisfied by p. and ¢., we obtain 5 < 0. So we
have proved that if (¢,z) € Q and (5,7) € Q, then 3 < 0. But 8 > 0. Therefore
we have either (f,7) € 9*Q or (5,7) € 8*Q or both. Also we formally expect
that |t — 5],]|Z —y| — 0 as e — 0. Since W and V are continuous and W <V
on 0*Q), we have
limsup ¢(, 7; 5,9) <0,
eJ0

for every > 0. Hence W < V on Q.

In the above argument the parameter ¢ is used to keep |t — 5|, |z — 9|
small. In the proof of Theorem 9.1 we will use the auxiliary function

1 1
B(t,35,) = W(t,) = Vis,y) — 5 lo — yl* = 5o[t — s> + B(s — ),
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instead of 1. The use of two parameters €,§ > 0 instead of only € is technical
and allows us to consider Hamiltonians which are less regular in the ¢ - variable
(See (9.4)).

Proof of Theorem 9.1. (Q bounded case)

For small parameters ¢,0,3 > 0, define an auxiliary function for (¢,x),

(s,y) € Q by,

1 1
O(t,xis,y) = W(ta) = Vis,y) = o-|v —yl* = g5lt = s + B(s = t).

Since @ is bounded, @ achieves its maximum on @ x @, say at (£,%), (3,7).
We prove (9.5) in several steps.

1.  In this step, we estimate the differences |t —3| and |z —7g|. For p > 0,
set

DP = {((Lx),(s,y) EGXQZ |t—8‘2+ \x—y|2 Sp},
mw (p) = 2sup{|W(t,z) — W(s,y)| : ((t,2),(s,y)) € Dy},
mV(p) = QSU-p{'V(t"T) - V(Say)l : ((tvx)7 (S’y» € DP}a
and
Ky = sup{mw (p) : p > 0}.

Since W and V' are continuous, and Q is compact, W and V are uniformly
continuous on Q). Thus my, my € C([0,00)) with my (0) = my (0) = 0. We
now claim that,

(9.6) 7 -3 < VK19,
(9.7) |z — 7| < Vemw (Ki[e + d]).

Indeed, the inequality &(1,7;3,7) > 9(3,7;35,7) yields

1 5 1. _5 _ _

ST =yl + 5l =8 < 2W(ET) - W(s9)

(9.8) <
<mw ([t =3 + [z - 7%

Since myy (+) is bounded by K7, (9.8) yields (9.6) and |7 — 7|? < K;e. Using

these inequalities, (9.8), and the monotonicity of my (-), we obtain (9.7).
2.  Suppose (t,T) € 0*Q. Then we have,

<V(t,z)—V(57) +sup[W — V]
9*Q

<imy(t-35P+z-7*)+ zug[W - V).
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Using (9.6) and (9.7) in the above inequality, we arrive at

(9.9) &(t,7;3,7) < —my (Ki(e +9)) + sup[W — V.

1
2 9 Q
3.  Suppose (3,7) € 0*Q. Arguing as in the previous step we obtain,

_ 1
(9.10) &(t,T;5,7) < 5mw(Kl(eré)) + sup[W — V1.
0*Q

4. Suppose that (¢,T), (3,7) € Q. Consider the test function
(t,7) = et 51+ oola — 3P, (ha) €Q
w(t,z) = o5 3 o lz =7l (e .

Then, (t,7) € argmax{W (¢t,x) — w(t,z) : (t,r) € Q} and

(9.11) —qs + H(t,T,p:) <0,
where
=55, p=1E-)
qs = 5 y  Pe = - r—y).

Next, we consider the test function

(5,4) = —glf— s = o7 — yf? + (s — 1), (5,0) € @
Then, (5,7) € argmin{V (s,y) — @(s,y) : (s,y) € Q} and therefore
(9.12) B — a5 + H(5,9,pe) > 0.
Subtract (9.12) from (9.11) and then use (9.4) to obtain,
B < H(S,9,p:) — H(L, T, pe)

< W[t =53] + [z = 7l) + h(|t = 5]) | + K[z = Fllpe|.
The estimates (9.6) and (9.7) imply that
1 1 K
el = <7 =7 < —VEKie =/ —,
€ € €
and .
|z~ 9|

[z —yllpe| = < mw (Kie + 0]).

Combining the above inequalities and (9.6), (9.7) we arrive at

(913) 5§h(\/K1€+ K15)+h(\/K1§)\/§+me(K1[€+(S])
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5.  Let k(e,d) denote the right hand side of (9.13). Then,

lslig[lgin k(e, 0)] =

Since 8 > 0, there are () > 0 and d(e, 8) > 0 such that for all € < &(3) and
6 <d(e,B), k(e,8) < B.So fore < e(f), § < (e, 3), (9.13) does not hold and
therefore we have either (¢,Z) € 8*Q or (5,7) € 8*Q or both. Then by (9.9)
and (9.10) we obtain,

(9.14) lim sup limsup ¢(¢,7; 3, 7) < sup[W — V],
cl0 540 9 Q

for every 5 > 0. -
6. For any €,4,5 > 0 and (t,z) € Q we have,

W(t,x) = V(t,z) + Bt —t1) = D(t, x5, ) < B(L,7;5,7).

Hence (9.14) yields (9.5), after taking the limit 3 | 0.

(Q unbounded case).

Since W and V are bounded, for every v > 0 there are (¢, z-), ($4,y,) € Q
satisfying

(915) ¢(t77x778’}’vy"/) > sup b — Y-
QxQ

Perturb the auxiliary function @ by,
i
Dy (t,a58,y) = P(t, 238, y) — §[|t - t'y|2 + s — 5ﬂ/|2 + |z — x'y‘Z +ly — y’y|2]7

for (t,2), (s,y) € Q. ‘We claim that the maximum of ¢, on Q@ x Q is achieved,
say at (£,7), (5,7) € Q. Indeed, for any |z —x |2+ |y—y, |+t —t, > +]s—s,]* >
2 we have

Q'Y(t7x;57y) S @(t,x, 57y) -
(9.16) S P(ty, 43 8y, Y7)
= Doy (ty, T3 S, Yy )-

We now follow the steps of the argument given for the bounded Q.

1. Let mw, my and K7 be as in Step 1. Since W and V are assumed to
be bounded and uniformly continuous, K7 is finite and my, my € C([0, 00))
with mw (0) = my (0) = 0. Then (9.16) yields,

(9.17) =t P+ 5 =5+ [T —a,* + 7 - 7,/* < 2.

We claim that for v < 2,6 <1 ande < 1,
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(9.18) 7 -3 < V2(K1 + 1)s,

(9.19) 7 — 7] < Vev/2[2y + mw (2(K; + 1)e)].

1 ] _
< SKy+off -3+ %|t—t7\2

IA

1 _
§K1 + [t -3+ 7.

Hence for 7,9 < %, (9.18) follows from the above inequality. To prove (9.19),
use the inequality @, (¢,7;5,7) > ¢,(t,7;5,7). Then,

1 _ - Yo _
glw—yFSW(t,w)—W(t,y)+§[|y—wwl2—Ix—xWIQ}

IN
N | N -

_ _ Y
mw (|7 = 1%) + 17 = 7* + 57 — 2,/

mw ([T —71%) + [z — 71> + 7.

IN

For ~v,e < %, we obtain

1
—z—7g* <

e mw (|7 = 7*) + 7.

1
2
Hence |7 — 7|* < 2(K; + 1)e and use this in the above inequality to arrive at
(9.19).

2. Suppose (t,T) € 9*Q. Then proceed exactly as in Step 2 to obtain

9.20) & (1,7:5,7) < %mV(Z(Kl +1)(e +6)) + sup[IV — V.
*Q

3. Suppose that (5,7) € 9*Q and proceed as in Step 3. Then,

(9.21) . (t,7;3, mw (2(K1 + 1)(e + 6)) + sup[W — V1.

o*Q

)

IN

<
| —

4’.  Suppose that (¢,7), (5,7) € Q. Consider the test function

— 1 -2 1 2, 7 2, 7 2 e
Wit ) = 5elt = 52+ oo — 7+ 2l = o2+ o — a2, (4,) €.

Then, (£,7) € argmax{W (¢t,z) —w(t,z) : (t,z) € Q} and
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(9.22) —q5s — gy + H(,Z,p- +py) <0,
where L
65 = 5(E=5) 4y =7t~ 1),
and )
Pe = g(f*y) s Py = (T = zy).

Next, consider the test function
W (5,9) = — g5l — 57 = o[~y = Lls = 97 = Ly~ 1l + 55 — 1),
26 2e 2 K 2 K

for (s,y) € Q. Then, (3,7) € argmin{V (s,y) — w*(s,y) : (s,y) € Q} and we
have,

(9.23) ~B—q5s—q,+H(,9,p: +D,) >0,
where
a4y = Y(sy—3) , Dy = Y(Yyy =)
Subtract (9.23) from (9.22) and use (9.4) to obtain,
B < H(5,Y,p- +D,) — H(E,T,pe +py) + ¢y — 17,
< h([t =5+ [z = 7l) + k([ = SD[Ipe| + [P, 1| + K[z = Yl[|pe] + [P, ]
+K‘p'y _p’)’| +q’)/ _q'y'
The estimates (9.17), (9.18) and (9.19) yield

o 2K, +1)
— < P S
T-7l < PR
= _ =2
7
peli7— 71 = I = 2l (208 + 1)),

and
|p’Y|v |ﬁ’y‘7 ‘q’Y|’ |q'y| S 27
Combining above inequalities, (9.17) and (9.19) we obtain

2K, +1)

(9:24) 5 < h(V2(K1 + 1) (Ve +V6) +h(v/2(K:1 +1)d) .

+ 2

F2K 27 + mw (2(K1 + 1)e) + 2(K1 + 1)ev] + 2(K + 1)y.
5. Using (9.20), (9.21) and (9.24) as in step 5 we arrive at

lim sup lim sup lim sup @ (¢, 7; 5,7) < sup[W — V],
€10 510 Y10 9*Q
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for every (3 > 0.
6.  Argue exactly as in step 6 to obtain (9.5). O

Remark 9.2. To analyze the interior maximum case, (¢,7), (5,7) € Q, we
used only the modulus of continuity, my, of W. A symmetric argument can
also be made by using only my . Hence the analysis of the interior maximum
requires the continuity of only one of the functions. This observation will be
useful in the discussion of semicontinuous viscosity solutions; Chapter VII.
Also there is an alternate proof of Theorem 9.1 due to Ishii, which does not
use the modulus of continuity of either function [I4], [CIL2].

Extensions of Theorem 9.1 to unbounded solutions and Hamiltonians
which do not satisfy (9.4) have been studied by Ishii [I3]. In particular Ishii
proved the uniqueness of a viscosity solution V on Qg = [to,t1) x IR™ which
satisfies the following growth condition,

V(=)

lim ——— =

with an exponent m which is determined by the Hamiltonian H. In his analy-
sis, Ishii modified the auxiliary function @ as follows:

Do (t, x58,y) = D(t, x5 8,y) — a1+ [z[™ + |y|™),

where @ > 0 is a parameter. Then for every a > 0, d,, achieves its maximum,
say at (¢,7),(5,7). Using an argument similar to the proof of Theorem 9.1,
Ishii first showed that

sup @, (1, %; 8,7) < o0.

a>0
Then repeating the proof of Theorem 9.1 he completed his proof of uniqueness.
(See Theorems 2.1, 2.3 in [I3] and Section 5.D of [CIL1].)

Remark 9.3. For a deterministic control problem the Hamiltonian H
takes the form (7.3). When the control set U is bounded, this Hamiltonian H
satisfies (9.4) under standard assumptions on the data (see the proof of The-
orems 10.1 and 10.2 below.) If however, U is not bounded (9.4) is restrictive.
Still Theorem 9.1 and Corollary 8.2 yield comparison and uniqueness results
for Lipschitz continuous sub and supersolutions. Indeed in view of Corollary
8.2 any Lipschitz continuous sub or supersolution of the dynamic program-
ming equation of the original problem is also a sub or supersolution of the
dynamic programming equation of another control problem with a bounded
control set. We then can apply Theorem 9.1, since the Hamiltonian of the
second problem satisfies (9.4). Such an argument is carried out in detail in
the proofs of Theorems 10.3, 10.4 and Theorem VII.8.2.

Remark 9.4. In some applications the Hamiltonian H in (8.1) may de-
pend on V (¢, x), i.e.,

(9.25) —%V(t, x)+ H(t,z,D,V(t,x),V(t,xz)) =0, in Q.
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Let W be a viscosity subsolution of (9.25) in @ and V' be a viscosity supersolu-
tion of (9.25) in Q. If H is nondecreasing in V (¢, x) then a minor modification
of the proof Theorem 9.1 yields

(9.26) sup[W — V] < sup[(W — V) Vv 0].
Q 9 Q

In general, instead of monotonicity of H we assume that there is 8 > 0
satisfying

(927) H(tvxvpa V+ ’U) - H(t,x,p, V) > _ﬂvv
for all (t,z) € Q, p€ R", v>0and V € IR. Set
Hp(t,z,p, V) =0V + e'BtH(t, z, e Pp, e*ﬁtV).

Then (9.27) implies that Hg is nondecreasing in V.
Proposition 9.1. Assume (9.27) and that Hg satisfies (9.5). Let W and
V' be a viscosity subsolution and a supersolution of (9.24) in Q, respectively.
Then
sup[W — V] < ePt=t0) sup[(W — V) v 0).
Q 9Q
We start the proof with a lemma.
Lemma 9.1. Let W be a viscosity subsolution (or a supersolution) of
(9.25) in Q. For (t,z) € Q and a constant [3, define

W(t,z) = ®"W(t, z).
Then W is a viscosity subsolution (or a supersolution, respectively) of
o _ _
(9.28) —&W(t,a:) + Hg(t,z, D,W(t,z), W(t,z)) =0, in Q.

Proof. Let w € C'(Q) and (Z,7) be a maximizer of W — @ on Q, with

W(t,z) =w(t,T). Set

Q
Then w € CY(Q), (I, Z) maximizes W —w on Q and W (,7) = w(%, 7). There-
fore

a - _ _ _
0 Z —all)(t,f) + H(tafa wa(taf)a w( 79_3))
g O
= [—&w(t,x) + Hp(t, %, D,w(t, %), w(t, z)]
The supersolution case is proved exactly the same way. ([l

Proof of Proposition 9.1. Set
W(t,z) = LW (t, x), V(t,z) =PV (t,x).
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Then W is a viscosity subsolution of (9.28) in @ and V is a viscosity super-
solution of (9.28) in ). Also Hp is nondecreasing in V. So by Remark 9.4, we
have

sup[W — V] < sup[(W = V) v Q].

Q 9 Q

In view of the definitions of W, V', the proof of Proposition 9.1 is now complete.
|

I1.10 Continuity of the value function

We will prove the continuity of the value function for a deterministic control
problem under two different sets of assumptions. We retain the notation and
the assumptions of Sections 1.3 and II.7. In particular, we assume that f, L,
are continuous functions and I(3.1) is satisfied.

Theorem 10.1. Suppose that U is bounded, Q = Qo = [to,t1) x IR™,
U(t,x) =UO(t) for every (t,x) € Q,. Moreover assume that f satisfies 1(3.1),
that f, L, are bounded and L, are uniformly continuous on Qu x U and
IR™, respectively. Then the value function is bounded and uniformly continuous
on Q. In particular, the value function is the unique viscosity solution of the
dynamic programming equation 1(5.3') in Qq, satisfying the terminal condition
1(5.5).

Proof. When the control set is bounded, the Hamiltonian H given by
(7.3) satisfies the condition (9.4). Indeed for any two functions g, g on U, we
have

| sup g(v) — sup §(9)| < sup |g(v) — g(v)|.
velU veU velU

Therefore

|H(t,x,p) - H(Svyaﬁﬂ

< SEBHL(t’x’U) - L(Svyav) + f(t,.’L‘,U) p— f(S,y,’U) §|}

< sup|L(t,z,v) — L(s,y,v)| + sup| f(s,y,v)||p — Pl
velU velU

+ Sup‘f(thvv) - f(S,y,’U)| |p|
velU

Then the uniform continuity of L, the boundedness of f and the uniform
Lipschitz continuity 1(3.1), of f yield (9.4). Hence the last assertion of the
theorem follows from Theorem 7.1 and Theorem 9.1, once we establish the
boundedness and the uniform continuity of the value function.

The boundedness of the value function follows easily from the boundedness
of L and . Fix (t,2), (t,y) € Qy, and u(-) € U°(t). Let z(-) and y(-) be the
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solutions of 1(3.2) with initial conditions z(t) = = and y(t) = y, respectively.
Set
A(s) = [z(s) —y(s)l, s €[t ta].

Then, 1(3.1) and the boundedness of U yield,

A(s) =

ot / " fry () u(r))dr —y - / " Fry(r) u(r)dr
<le—yl+ / () u(r)) — Fry(r),u(r)dr

<l|lz—y|+ K/ A(r)dr, s € [t,t1].
t

Gronwall’s inequality implies that
(10.1) A(s) < |z —yleBED ] s e[t 1)
For p > 0, define
mi(p) = sup{|L(t,z,0) — L(s,y,0)| : [t — s| + |& — 9] < p,v € U,

and
my(p) = sup{|Y(z) — ()| : [z —y| < p}.

The uniform continuity of L and ¢ implies that mp,my € C([0,00)) with
mr(0) = my(0) = 0. Set T' = t; — to. By using (10.1) we estimate that,

Tt s u) — Tty )| < / (s, 2(5), u(s)) — L(s, y(s), u(s))|ds

+(2(ta)) — P (y(t))]

t1

< | me(Als)ds +my (A1)

< Tmy(|z = yle"T) + my(jz - yle"T).
Therefore,

V(t,z) = V(£ y)| < supyyeuow |/ (E z3u) — J(E y;u)
(10.2)
< Tmp(|z —yle™T) + my(jz —yle"T).

Now fix (t,2) € Qy,7 € [t,t1] and u(-) € U°(t). The restriction of u(-) on
[r,t1] is an element of U°(r), which we call u(-) again. With this notation we
have,
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|J(t, z;u) — J(ryz;u)| < |J(Ex;u) — J(r,x(r);w)| + |J(r, x(r);u) — J(ry z;u))|

<

/t L(s,z(s),u(s))ds| + |J(r, z(r);u) — J(r, z;u)]|.
Set K1 = sup{|L(t,z,v)| : (t,x) € Qy,v € U}. Then (10.1), (10.2) yield
|J(t, x5 u) — J(ry2z;u)| < Ki|r —t| + Tmy(Jo(r) — z]efT)+

+my (Jo(r) — zleT).

Since f is bounded, |z(r)—z| < K3(r—t) for a suitable constant K. Therefore,

(10.3) [V(t,x) =V (r,x)| < sup |J(t,x;u) — J(r,x;u)]
u(-)EUO(2)

< Kilt—r|+Tmg(|t — 7“|K2€KT) + my (|t — ’I"|K2€KT).

Clearly the above argument is symmetric in r and ¢. Hence (10.3) holds for
every (t,z),(r,x) € Q. O

Remark 10.1. If the hypotheses of Theorem 10.1 are strengthened to
require that

(a) (IL(t,2,v) — L(s,y,v)| < Kp(|]t — s| + |z — y])
(10.4)
(b) LI¥(z) —v(y)| < Kylz —yl,

then the value function V' is Lipschitz continuous on Q. This follows by taking
mr(p) = Krp, my(p) = Kyp in (10.2) and (10.3).

We next study the bounded @ case. As in Section 1.3, Q = [to, t1] x O where
O is bounded and O is a manifold of class C2?. We wish to find conditions
under which the value function V is Lipschitz continuous on Q. The boundary
data for V are (9.3). However, examples show that V' may not continuously
assume the “lateral” boundary data (9.3a) unless further assumptions are
made. Let us assume that ¢ = 0. The more general case can be reduced to
this one by the same methods as in Section 1.8 for the calculus of variations
problem.

We recall that the value function is

(10.6) Vt,z) = u(~)ienl/§0(t) J(t, x;u),
(10.7) J(t,x;u) = /tT L(s,z(s),u(s)ds + ¥ (7, z(7))

where U°(t) = L>®([t,t1];U) and ¥(r,2(7)) = 0 if 7 < t1, ¥(1,2(7)) =
Y(x(tr)) if 7= t.

Lemma 10.1. Assume 1(3.1), (10.4) and that U is bounded. Moreover,
assume that there exists M such that
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(10.8) |V (t,z)] < M distance (z,90), (t,x) € Q.

Then V is Lipschitz continuous on Q.

Proof. Given z,y in O and u(-) € U°(t), let x(s),y(s) be the solutions to
I(3.2) with z(t) = z, y(t) = y respectively. Let 7., 7, denote the exit time of
(s,z(s)), (s,y(s)) from @, and 7" = min(7,, 7). By the dynamic programming
principle,

’

Vity) < / " L(s.y(s),u(s))ds + V(' y())

and given 0 > 0, there exists u(-) such that

/ L(s, 2(s), u(s))ds + V(. 2(+')) < V(t,2) + 6.

t

By (10.1), |z(s) — y(s)| < Ci|z — y|, where Cy = ef(t1=%) Hence
V(t,y) <V(t,x) + Bilz —y| + 0+ |V (7', 2(r") = V(7' y(7"))]

where B; = C1 K. We consider three cases.
Case 1. 7, = 7y = t;. Then

V(' 2(7) = V(' y(7")] = [p(x(tr) = ¥(y(t))| < Bafz -y

where BQ = Cle.
Case 2. 7/ =7, < t1. Then V(7/,z(7")) = 0 and

[V (', y("))| < M distance (y(7’),00)
< Mla(r") —y(r"))| < Bslz — y|

where Bg = ClM

Case 3. 7/ =1, < t;. Asin Case 2, V(7/,y(7')) = 0 and |V (7', 2(7"))| <
Bs|x —yl.

Since 6 is arbitrary,

where My = By 4+ By + Bs. Since x and y can be exchanged,
(10.9) [V(t,z) = V(t,y)| < Mi|z —yl.

We next show that V(-,x) satisfies a uniform Lipschitz condition on [to, ¢1].
Let r € [t,t1]. By the dynamic programming principle, given 6 > 0 there exists
u(+) such that

(10.10) V(t,z) —V(r,z) < /tT1 L(s,z(s),u(s))ds + V(r,z(m1)) — V(r,z)
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<V(t,x) =V(r,x)+06

where 71 = min(r, 7). Let K7, K3 be as in the proof of Theorem 10.1. If 7y = 7,
then
|V (r,z(m)) = V(r,2)| < My|z(r) — x| < MK (r —t).

If 71 < r, then (1) € 00 and V (71, 2(71)) = 0. Then

|V (71, 2(m1)) = V(r,z)| < M distance (x,00) <
< Mlz(m) — x| < MKs(r —t).

Since 6 is arbitrary, from (10.10)
(10.11) |[V(t,x) = V(r,x)] < Ma(r —t)

where My = K1 + (M + M;)Ks. From (10.9) and (10.11), V is Lipschitz
continuous. |

Lemma 10.2. In addition to the hypotheses on f, L, 1, U in Lemma 10.1,
assume 1(3.10), 1(3.11). Then (10.8) holds for some M.

Proof. We first show that such an estimate holds in a neighborhood of
any given point (¢,Z) € [tg,t1] X 0. Let W (zx) = distance (z,90) and let
Na(ag) = {y € O: |y — Z| < ag}. Since 9O is a manifold of class C2, W €
C(N3(a)) for small enough ag > 0. Moreover, DW (zg) = —n(Z) where 1(€)
is the exterior unit normal at £ € 90. Let Ny(aq) = [to, t1]N{s: |s — | < a1},
and let N(a1,a2) = Ni(a1) x No(asg). By 1(3.11), there exist vg € U and
positive ¢, ay, as such that

f(s,y,vo) ’ DW(y) < —¢, (87y) € N(al?a2)'

Choose 31, 32 such that 0 < 82 < az and 0 < ¢!y + 31 < ay. For (¢,2) €
N(B1, B2), let x(s) be the solution to 1(3.2) with u(s) = vy, x(t) = z, and let
71 be the exit time of (s, x(s)) from N (a1, as). For t <s <7,

LW (a(s)) = (5, 2(5), ) - DW(a(5)) < —c.
Hence
(10.12) 0 < W(z(r)) <W(z)—c(r —t).
If z(m) € 00, then from (10.12) and 0 < L(s, z(s),vg) < K3
(10.13) 0<V(t,z) < Kic 'W(x).
If x(m) ¢ 00, then from (10.12) and W (x) < B,

I =t < |m—t|+ [t =t <c B+ B < .

Hence 71 = t; and
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0<V(t,z) < Kic'W(z) + [¢(z(t))]
< Ky 'W(z) + LyW(z(t1))

since ¥(y) = 0 for all y € 0. By (10.12), W(z(t1)) < W(z) and hence, for
all (t,z) € N (b1, B2)

(10.14) 0 < V(t,z) < MW (x)

where My = Kic™! + Ly.

Since JO is compact, (10.14) implies that there exist M, § > 0 such
that 0 < V(t,x) < M ;W (x) for all (t,z) € Q such that W(z) < 4. Let
M = max(My,5 1 M) where 0 < V(t,z) < M, for all (t,z) € Q. We obtain
(10.8).

O

Theorem 10.2. (@ bounded) Assume that U is bounded and that 1(3.1),
1(3.10), I(3.11), (10.4) hold. Then the value function V is the unique Lipschitz
continuous viscosity solution to the dynamic programming equation 1(5.3) in
Q with the boundary data (9.3).

Proof. Lemmas 10.1 and 10.2 imply that V is Lipschitz continuous. The
theorem then follows from Theorem 7.1 and Corollary 9.1. (]

We next apply these results to nonlinear PDEs which are Hamilton-Jacobi
equations for some calculus of variations problem on a fixed time interval
considered in Sections 1.9 and I.10. Since U = IR"™ is not compact, a truncation
argument is used in which IR" is replaced by Ur = {|v| < R}. Consider
the Cauchy problem I(10.8)-1(10.9) where H (t,z,p) satisfies I(10.13). Define
L(t,z,v) by the duality formula I(8.5). Let V(¢,x) be the value function of
the calculus of variations problem in Section 1.9 with (z) = 0.

Theorem 10.3. (Q = Qo). Assume that H satisfies 1(10.13). Then V is
the unique bounded, Lipschitz continuous viscosity solution to the Hamilton-
Jacobi equation 1(10.8) with boundary data 1(10.9).

Proof. The function L satisfies 1(9.2). By Theorem 1.9.3, V' is bounded
and Lipschitz continuous, with Lipschitz constant M in 1(9.10). Moreover, by
1(9.7) there exists R; such that V = Vg for R > Ry, where Vj is the value
function when the constraint |u(s)] < R is imposed. By Theorem 7.1, for
R > R,, V is a viscosity solution to

(10.15) _%/ + Hyp(t,2,D,V) =0

with Hp in 1(10.14). Let Ry = max(Ry, R(M)) where R(M) is as in 1(10.15).
By Corollary 8.1(f), (¢,p) € DTV (t,2)UD~V (¢, z) implies |[p| < M and hence
H(t,x,p) = Hg(t,z,p) for R > Ry. By (8.4) and (8.5), V is a viscosity solu-
tion to I(10.8). Finally, let W be any bounded, Lipschitz continuous viscosity
solution to I(10.8)-1(10.9) with Lipschitz constant M;. The same argument
shows that W is a viscosity solution to (10.15) if R > R(M;). By Theorem
10.1, W = Vg for R > R(M;). This implies that V = W. O
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We conclude this section with a result about the calculus of variations
problem in a bounded cylindrical region considered in Section I.11. This re-
sult will be applied in Section VII.10 to an exit probability large deviations
problem. Note that condition I(3.11), which is needed in Theorem 10.2, is
satisfied for f(v) =v, U =Ug = {|v| < R}.

Theorem 10.4. (Q bounded). Assume that 1(11.6), I(11.7) hold. Then
the value function V is Lipschitz continuous on Q. Moreover, V is the unique
Lipschitz continuous viscosity solution to the Hamilton-Jacobi equation 1(8.9)
with boundary data V(t,z) = ¥ (t,x) for (t,x) € 0*Q.

Proof. By Theorems I.11.2 and 1.11.3, there exists Ry such that V (¢, z) =
Vr(t,z) for all (t,z) € Q and R > Ry, where Vg is the value function with
control constraint |u(s)| < R. By Theorem 10.2, V' is a Lipschitz continuous
viscosity solution to (10.15) and the boundary data, for R > R;. The Hamil-
tonian H, defined by I(8.4), is in C?(Q, x IR™). Since Q is bounded, there
exists R(M) such that (t,z) € Q, |p| < M imply |H,(t,z,p)| < R(M). The
proof is completed in the same way as for Theorem 10.3. (]

I1.11 Discounted cost with infinite horizon

In Section 1.7, we studied a class of optimization problems with infinite horizon
(t; = o0). In that section, we assumed that for (s,y) € [0,00) X O,v €
U, f(s,y,v) is independent of s, and

L(s,y,v) = e~ " L(y,v),

g(s,y) = e Pog(y),

for some discount factor § > 0. Then, the value function V (¢, x) has a similar
form,

(11.1) V(t,x) =e PV (z) , (t,x) €[0,00) x O.

The function V' (z), which we call the value function, satisfies the dynamic
programming equation

(11.2) BV (x)+ H(z,D,V(z))=0, € O,

where

(11.3) H(z,p) = sup{—f(z,v) -p— L(z,v)} , x € O,p € R".
vel

First we give a definition of viscosity sub and supersolutions of (11.2) in
O. This definition is obtained by simply substituting the form (11.1) into the
Definition 4.2. The following definition does not require H to satisfy (11.3).

Definition 11.1. Let W € C(0O).
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(a) W is a wiscosity subsolution of (11.2) in O if for each w € C*°(0),
(11.4) BW(z) + H(z, Dw(z)) <0,

at every T € O, which is a local maximizer of W — w.
(b) W is a wiscosity supersolution of (11.2) in O if for each w € C*°(0),

(11.5) BW(Z) + H(z, Dw(T)) > 0,

at every T € O, which is a local minimizer of W — w.
(¢) W is a viscosity solution of (11.2) in O if it is both a viscosity subsolution
and a viscosity supersolution of (11.2) in O.

We should emphasize that here the test function w is only a function of
x, not (t,x) as it is the case in Definition 4.2. Recall that in Definition 4.2,
we require W = w at the extrema. In the above definition however, we do
not require this equality but instead, we use SW (%) both in (11.4) and (11.5).
This modification is discussed in detail, in Remark 4.2. Also in the above
definition we can replace w € C*°(0) by w € C'(0) exactly as in the “time
dependent” case considered in Sections 46, see Remark 6.1.

A straightforward modification of the proof of Theorem 9.1 yields a com-
parison result for viscosity sub and supersolutions of (11.2), when 8 > 0.

Theorem 11.1. Suppose that 3 > 0 and there exists a constant K > 0
satisfying,

|H(z,p) — H(y,p)| < K(1+[p])|z —y| + Klp -7l

for every x,y € O and p,p € IR™. Let W and V be a viscosity subsolution
and a viscosity supersolution of (11.2) in O, respectively. If O is unbounded,
we also assume that W and V are bounded and uniformly continuous on O.
Then for every x € O,

W(z) = V(z) <sup{(W(y) - V(y)) VO : y € 00}.

The analysis of 8 = 0 case is more complicated. If however, H(z,0) <
—cp < 0 for all z € O, then a result similar to the above theorem holds. See
[L4] and [BaS]. This result in particular applies to the dynamic programming
equation of time optimal control problems.

When (3 > 0, the continuity of the value function can be proved under
the assumptions used in Section 10. The proof of the continuity under these
assumptions is similar to the arguments of the previous section. We leave these
extensions to the reader.

I1.12 State constraint

In this section we analyze the optimal control problem with a state constraint.
Recall that this is class D of Section 1.3 and the class of admissible controls
U(t,x) is given by
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(12.1) Ut,z) ={u(-) eU’(t): z(s) €0, Vs €[t t]}.

We assume that for every (t,z) € Q
(12.2) Ut,z) # 0.

Also as in Section 7, we assume that f satisfies 1(3.1), f, L, are continuous
functions of Q x U,Q x U and O, respectively, and L, are bounded from
below. Since the process z(-) is not allowed to leave the region @ from the
lateral boundary [tg,?1) x 0O, the function g is irrelevant in this problem.

The admissible control sets U(t, x) satisfy the switching condition I(3.9).
In the next theorem we verify that U(¢, z) also satisfies 1(5.2).

Theorem 12.1. U(t,z) satisfies 1(5.2) at every (t,z) € Q. In particular,
if f, L satisfy the hypotheses of Theorem 7.1 or Theorem 7.2 and the value
function V is continuous on Q, then V is a viscosity solution of the dynamic
programming equation 1(5.3") in Q.

Proof. Fix (t,z) € Q and v € U. Let u(s) = v for s € [t,t1]. Let z(s) be
the solution of 1(3.2) and 1(3.3) and 7 be the exit time of (s,z(s)) from Q.
Then 7 > t. Also (7,2(7)) € Q and by (12.2) there exists u(-) € U(7,z(7)).
Now define a control 4(-) by

oy v, ifseltT]
ifs) = {u(s), if s € [rt1].

Since w(-) € U(T,z(7)),u(-) € U(t,z). Also li?tl 4(s) = v, and therefore 1(5.2)

is satisfied. Finally we use Theorem 7.1 or Theorem 7.2 to conclude that the
value function is a viscosity solution when it is continuous. O

When ¢ = t;, the terminal condition (9.3b) is satisfied. However, there
are many viscosity solutions of I1(5.3') in @ satisfying (9.3b). As an example
consider the equation (2.1). Then both V(¢,z) = min{l — |z|,1 — ¢t} and
W(t,z) =1—t solve (2.1) in (0,1) X (—1,1) and they both agree at the final
time W(1,2) = V(1,2) = 0. Indeed in this example W is the value function
with a state constraint, while V" is the value function with the lateral boundary
cost g(t,z) = 0. Note that V' = g on the lateral boundary {—1,1} x [0, 1] and
V and W do not agree on the boundary. Also notice that the value of W on
the boundary is not a priori given.

In this section, we derive a (differential) boundary condition satisfied by
the value function when a state constraint is imposed. This condition plays an
essential role in our discussion of boundary conditions when U(t,z) = U(t)
but O # IR™. A general uniqueness result covering all these cases is stated in
Theorem 14.1 and a more general result is proved in Section VIL.8.

To derive the boundary condition formally, assume that v*(-) € U(¢, ) is
optimal at a boundary point Z € d0. Suppose that u*(-) is continuous at ¢.
Since z*(+), the state corresponding to control u*(-), satisfies the constraint,
we have

f(fa z, u* (t)) ’ 77@) <0,
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where n(T) is the outward normal vector at T € 90. The continuity of u*(-)
and Remark 1.5.1 imply that

—ft,z,u"(t)) D, V(t,z) — L(t,z,u*(¢t)) = H(t, T, D,V (¢,T)),
if V' is continuously differentiable. Hence for any v > 0

H(t,z, D,V (t,T) +yn(T))

> _f(ﬂf’ UJ*(%)) ' [D‘LV(%’ f) + VTI(E)] - L(

~|
8
IS
*
—
~+
N
=

(12.4)

> H(t,z, D, V(t,7T)).

This condition is an implicit inequality that has to be satisfied by D,V (¢, )
at the boundary point (¢,T) € [tg,t1) x JO. In fact the convexity of H in the
gradient variable p yields that the condition

Hy(t,Z, D,V (L,Z)) - n(T) 2 0

is equivalent to (12.4), whenever H,, exists. B
To obtain a weak formulation of (12.4), suppose that V € C'(Q) and

consider the difference V' — w with a smooth function w € C*°(Q). If the
minimum is achieved at a boundary point (¢, x) € [to,t1) x 0O, then

0 0
_ < =
tw(t,x) tV (t, ),

and
Dyw(t,z) = D,V (t,x) +yn(z)

for some > 0. Since V is a solution of 1(5.3"), (12.4) yields

—%w(t7 aH-H(t,x, Dyw(t, z))

> _%V(wg) + H(t,z, D,V (t,z) + yn(z))

> —%V(t, )+ H(t,z, D, V(t,x))

=0.

So we make the following definitions, which require neither V nor the
boundary 0O to be differentiable.

Definition 12.1. We say that W € C(Q) is a viscosity supersolution of
1(5.3") on [tg,t1) x O if for each w € C*(Q),
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(12.5) —%w@@+H@aDﬂﬂjDzo
at every (,T) € [to, t1) x ONarg min{(W —w)(t,z) : (t,z) € Q} with W(£,7) =
w(t,T).

In view of Remark 4.2, we do not have to require W (¢,7) = w(¢,T). Also,
in the above definition we can replace w € C*°(Q) by w € C*(Q) as was done
in Section 6. Notice that in the above definition, the minimizer (¢, ) may be
an element of the lateral boundary [tg,t1) X dO. In that case (f,Z) is not an
interior minimum of W — w, but we still require (12.5).

Definition 12.2. W is called a constrained viscosity solution of the dy-
namic programming equation 1(5.3") if W is a viscosity solution of I(5.3') in
Q and a viscosity supersolution of 1(5.3") on [tg,t;) x O.

We now have the following characterization of the value function. The
uniqueness of constrained viscosity solutions will be discussed in Section 14.
See Theorem 14.1 and the discussion following Theorem 14.1.

Theorem 12.2. Suppose that f, L satisfy the hypotheses of Theorem 7.1 or
Theorem 7.2. Assume that V is continuous on Q. Then the value function V
of the optimal control problem with a state constraint is a constrained viscosity
solution of 1(5.3").

Proof. In view of Theorem 12.1, it suffices to prove (12.5) for every smooth
function w € C°°(Q) and a minimizer (£,%) € [to,t1) X OO of the difference
V —w with V({,T) = w(t,T). Since 7 = ¢; for every control, the dynamic
programming principle 1(4.3) states that

t+h
V(t,z) = inffi) ﬁ L(s,z(s),u(s))ds + V(t + h,z(t + h)),

for all h > 0 such that ¢ + h < ¢1. Since V(t,x) > w(t, ) for every (¢,T) € Q
and V(¢,7) = w(t, T),

V(t,z) =w(t,T)

t+h
> inf /{ L(s,z(s),u(s))ds + w(t + h,z(t + h)).

We now choose u™(-) € U(t,Z) satisfying (7.7). Starting from (7.7) we follow
the arguments of the proof of Theorem 7.1 and use the above inequality to
obtain,

—QMC@+H@3DMKEDEO

ot
Hence V is a viscosity supersolution on [tg, t;) x O. If an optimal control exists,
then we argue exactly as in Theorem 7.2. O

Example 12.1. As in Example 2.1, take @ = [0,1) x (—-1,1),U =
R, f(t,z,v) =v,L(t,z,v) =1+ in. This is a calculus of variations problem
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on the fixed time interval ¢t < s < t;, with state constraints —1 < z(s) < 1.
The corresponding dynamic programming equation is,

(12.6) f%V(t,x) + <aaxV(t,x)) —-1=0.

Suppose that W € C?([0,1] x [~1,1]) is a constrained viscosity solution of
(12.6). Then (12.6) is satisfied at every interior point (¢, z) € (0,1) x (—1,1),
and by continuity at every (¢,z) € [0,1] x [—1,1]. Now suppose that for w €
C>=([0,1] x [-1,1]), W — w achieves its minimum at (£, 1) for some ¢ € [0, 1).
The differentiability of W yields that

0 _ a9
R >
tW (t,l) > tw(t,l)

and 9 9

—Wi(t,1) < —w(t,1).

LW 1) < Suff)
In fact for every p > a%W(f, 1), there is a w € C*°([0, 1] x [—1,1]), such that
W —w achieves its minimum at (£,1) and Zw(,1) = p. Indeed for v > 0, let

o - _
wwa@:p@—1y+§wwﬂxr¢@+v@—1F+y@—w?
For v sufficiently large, W — w” is a concave function, and consequently (¢, 1)
is the minimizer of it. Set w = w?; then the viscosity supersolution property
of W yields

o - _
OS*aw@H+C—w@Df—l

o .
< —=—Wi(t1 21
< 8JV(,)+p

— Iwan+ <;$W(t, 1))2 —1+

0 . -
for every p > %W(t’ 1). Therefore

(12.7)(4) 8%W(zf, 1)>0, Vtelo1).

A similar analysis yields
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0
(12.7)(41) a—W(t, -1)<0, Vte[0,1).
x
In fact, in this example (12.7) is equivalent to the supersolution property at
the boundary, when W is continuously differentiable.
Another explanation of the boundary condition (12.7) is obtained by
studying the optimal controls. Let v*(¢,x) be as in 1(5.21), i.e.,

0 1
v (t,z) = ar _ggfgo) {vaxW(w) +1+ 4112}

— {—2£W(t7x)} . (t2) € Q.

Let W € C?%([0,1] x [~1,1]) be a constrained viscosity solution of (12.6).
Substitute v*(-, ) into I(3.2) to obtain

with initial data z*(¢) = 2. Then (12.7) yields that 2*(s) € O for all s € [t, #;].
Hence u*(s) = v*(s,2*(s)) is an admissible control.

As a simple example, take 1 = 0. Then the optimal control is u*(s) = 0
and the value function is given by

Vit,z)=1—-t, (t,z) € Q.

V' is the unique solution of (12.6) satisfying (12.7) and the terminal data
V(1,2) = $(x) = 0.

I1.13 Discussion of boundary conditions

Consider the deterministic optimal control problem, called class B in Section
I.3. Recall that U(t,z) = U°(t) for every (t,z) € Q and the state x(s) is
controlled up to its exit time from the closed domain Q. When f, L, g and
1 satisfy the conditions of Section 10, the value function V' € C(Q) and the
lateral boundary condition (9.3a) is satisfied. However, in Example 2.3 we
have shown that (9.3a) is not always satisfied.

In this section we will derive a weak (viscosity) formulation of the boundary
condition (9.3). We then verify that the value function satisfies this viscosity
formulation. Also a continuity result for the value function is stated at the
end of the section.

First let us assume that f satisfies 1(3.11). Fix (¢,7) € [to,t1) x 9O and
define u(s) = v(t,7) ,s € [t,t1], where v(-,-) is as in 1(3.11). Then the exit
time of the state corresponding to this control and initial data z(t) = =, is
equal to . Hence,
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(13.1) V(7)< g4,7), (7)€ [to,t1) x O.

We continue by a formal derivation of a viscosity formulation of (9.3a). So
suppose that

(13.2) 9&.7) > VET),

at some (¢,T) € [to,t1) x DO, and that there exists an optimal control u*(-) €
UO (%) which is continuous at . Let 2*(+) be the solution of 1(3.2) with control
u*(+) and initial data 2*(f) = 7, and 7* be the exit time of (s, z*(s)) from Q.
Then (13.2) yields 7* > t. Consequently

(13.3) f@t,z, (1)) - n(zT) <0,

where 7(Z) is the unit outward normal vector of 9O at Z. Recall that the
above inequality is the starting point in our derivation of (12.4). So formally
we conclude that at every (£,T) € [to,t1) X OO, either the boundary condition
(9.3a) is satisfied or (12.4) holds.

We now make the following definition, which does not require that the
Hamiltonian H is related to a control problem.

Definition 13.1. Let W € C(Q).
(a) W is a wiscosity subsolution of (8.1) in @ and the lateral boundary con-
dition (9.3a) if it is a viscosity subsolution of (8.1) in @ and for each

w € C®(Q),

(13.4)  min {c’?tw(t’ T)+ H(t,7,D,w(t, @), W(t,T) — g(t,x)} <0

at every (£,7) € argmax{(W — w)(t,2)|(t,z) € Q} N [to,t1) x FO.
(b) W is a wiscosity supersolution of (8.1) in ) and the lateral boundary
condition (9.3a) if it is a viscosity supersolution of (8.1) in @ and for each

w e C¥(Q),

(135) max {—Sw(h.5) + B2 Dawa). WE.) — 97) | 20

at every (£,7) € argmin{(W — w)(t,z)|(t,z) € Q} N [to, 1) x JO.
(¢) W is a wiscosity solution of (8.1) in @ and (9.3a) if it is both a viscosity
subsolution and a viscosity supersolution of (8.1) in @ and (9.3a).

Notice that (13.1) implies (13.4). Also we have formally argued that if
V(t,Z) < g(t,7) then V is a supersolution at (¢,%). Hence we have essentially
shown that the value function V is a viscosity solution of I(5.3') in @ and
(9.3).

The state constraint problem can also be formulated as an exit control
problem with lateral boundary function “g = +o00”. In that case (13.4) is
automatically satisfied and (13.5) is equivalent to (12.5). Hence the formal
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limit, “g 1 4+00”, of the above definition yields the definition of constrained
viscosity solutions. In fact the value function V of the constrained viscosity is
a viscosity solution of I(5.3') in @ and (9.3) with any g > V.

Finally observe that the value function V' of the exit control problem sat-
isfies (13.1). However, in Definition 13.1 we have used a weaker inequality
(13.4). So if we were only interested in dynamic programming equation 1(5.3)
we could replace (13.4) by (13.1). But, when the Hamiltonian H is not related
to an optimal control problem, the unique viscosity solution of (8.1) in  and
(9.3a) satisfies (13.4) but not necessarily (13.1). So for a general Hamiltonian,
Definition 13.1 is the correct formulation.

To obtain the continuity of the value function, let us assume that for every
(t,x) € [to, t1] x OO, there exists v(t,x) € U satisfying

(13.6) flt,z,u(t,x)) - n(z) <O0.

The above condition together with I(3.11) yield that the boundary 9O is
“reachable” from nearby points and the converse is also true. Then using
the type of argument introduced in Section 10 and the “reachability” of the
boundary, whenever the state is near the boundary, one can prove that the
value function is continuous. We refer to [S2] and [CGS] for the detailed proof
of continuity. Here we only state the result.

Theorem 13.1. (a) Suppose that f satisfies 1(3.11). Then the value func-
tion V is a viscosity solution of 1(5.3") in @Q and the lateral boundary condition
(9.3a), provided that V € C(Q).

(b) Suppose that L, f,1 and g satisfy the hypotheses of Theorem 7.1, and f
satisfies 1(3.11) and (13.6). Then V € C(Q).
Example 13.1. Consider the equation (2.5) with boundary conditions

(13.7)(i) Vit,1)=1, telo1],

(13.7)(23) V(t,—1) = -1, te[0,1],
and the terminal condition (2.6). It is straightforward to check that V' given
by (2.4), is a viscosity solution of (2.5) in @ = [0,1) x (—1,1) and (13.7)(ii) is
satisfied. Moreover, for every ¢ € [0,1),

Vi, ) =(-1)V(l—-—a+at) <1
Also except at t = [(a — 2)/a] vV 0,V is differentiable at (¢,1) and

B) ~[0if0<t<[(a—2)/d VO,
&Ev(t’l)_{1if[(a—2)/a]\/0<t<1.

Since 6 ~V(t,1) > 0, an argument similar to the one given in Example 12.1
yields (13 5). Hence V is a viscosity solution of (2.5) in @ and (13.7).
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I1.14 Uniqueness: first-order case

In this section we state a comparison result between viscosity subsolutions
and supersolutions of (8.1) in @ with the lateral boundary condition (9.3a).
As in Theorem 9.1 we assume that H satisfies (9.4). We also assume that the
boundary of O satisfies a regularity condition: there are g, > 0 and an IR"
valued, bounded, uniformly continuous map # of O satisfying

(14.1) B(z +en(z),re) C O, Yo € O, € (0,&0].

Here B(z,r) denotes the set {y € R™ : |z —y| < r}.

Before we state our comparison result, we give an example to clarify which
domains satisfy (14.1).

Example 14.1. Let O = {(z1,72) € IR* : 71 > 0,29 > 0}. Then A(z) =
(1,1) with » = 1//2 and ¢ = 1 satisfies (14.1).

In general any domain with a uniformly C'! boundary or a piecewise linear
boundary satisfies (14.1).

Theorem 14.1. Assume (9.4) and (14.1). Let W be a viscosity subsolution
and V' be a wviscosity supersolution of (8.1) in Q and the lateral boundary
condition (9.3a), respectively. If Q is unbounded, we also assume that W and
V are bounded and uniformly continuous on Q. Then

sup[W — V] <sup(W (t1,z) — V(t1,2)) vV O.
Q o

A discussion of the above theorem is given in Section VIIL.8, see Re-
mark VIL.8.1. Also in that section a generalization of the above theorem for
semi-continuous sub and supersolutions is given. This generalization to semi-
continuous functions is a technically powerful tool. It is used elegantly by
Barles and Perthame [BP1] in their study of problems with vanishing viscos-
ity. Their approach is described in Chapter VII. We refer to [CGS] for the
proof of the above theorem.

We claim that the above result also applies to the constrained viscosity
solutions. Indeed let W be a bounded, uniformly continuous constrained vis-
cosity solution of I(5.3"). Let K be an upper bound for W and the value
function V' of the state constrained problem. Then both W and V are vis-
cosity solutions of 1(5.3') in @ with boundary condition (9.3a) with any g
satisfying

g(t,x) > K, (t,x) € [to,t1) x 00.

Then the comparison result Theorem 14.1, yields that V' = W provided
that the value function V' is bounded, uniformly continuous and V (t1,z) =
W (t1, ). Hence in this case, the value function is the unique constrained vis-
cosity solution of I(5.3) satisfying the terminal condition (9.3b). Moreover,
the value functions of the constrained and unconstrained problems agree if
the boundary data g is large enough.
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I1.15 Pontryagin’s maximum principle (continued)

In Section 1.6, we have given a proof of the Pontryagin’s maximum principle
for the fixed finite horizon control problem. The adjoint variable was shown
there to be the gradient of the value function when the value function is
differentiable. In this section we prove that the adjoint variable in general,
belongs to the set of subdifferentials of the value function, as defined in (8.2i).

As in Theorem 1.6.2, we assume that U(t, z) = U°(t) and O = R™.

Theorem 15.1. Let u*(-) be an optimal control at (t,x) which is right
continuous at each s € [t,t1), and P(s) be the adjoint variable satisfying
1(6.2), 1(6.3) and 1(6.5). Then for each s € [t,t1),

(15.1) (H(s,z*(s), P(s)), P(s)) € DYV (s,z*(s)),

where DTV (t,x) is the set of subdifferentials of V at (t,z), as defined in
(8.2i).
Proof. Consider the function J(r,y;u*(:)). Since u*(-) is admissible at
every (r,y),
V(Tv y) < J(Tay;U*('))7 V(T, y) € QO~
Moreover, equality holds at (s, z*(s)) with s € [t,t1]. Hence by Definition 8.1,
it suffices to show that J is a continuously differentiable function with

(15.2) DyJ(s,z*(s);u*(-)) = P(s),

0
(15.3) EJ(s,x*(s);u*(-)) = H(s,z"(s), P(s)),
for all s € [t,t1). First note that (15.2) is proved in Section I.6. See 1(6.8) and
the calculations following it. Using the notation z(s;r,y) to denote the state

at time s > r with initial condition z(r;r,y) = y, we compute as in the proof
of I(6.8) that

1o %J(r’ a*(r);u”(-)) = —L(r, ™ (r), u”(r))+
—i—Z{/ ! 8LBEjL(s,gg*(s),u*(s))zj(s;r,%*(r))ds
- a(z'jw(tl’m*(tl))zj(tﬁ'r,37*(7“))} ,
where ,
2(simy) = 5o (s;7,y).
Since

2(sim,y) =y + / " Fpsa(pir )t (0)dp,



116 II. Viscosity Solutions

by differentiation with respect to r, we obtain for j =1,---,n,
zj(s;ry)=—fi(r,y,u +Z{/ sa(psr,y),ut(p)zk(ps T, y)dp}-
Set z(s) = z(s;r,2*(r)). Then, for each j =1,...,n,
(15.5) — = i i (s,x*(s),u"(s))zx(s), Vs € (r,t1)

k= a ) ) )
and
(15.6) 2(r) = —f(r,z"(r),u"(r)).

We claim that

%J(ﬂ a"(r);u”(-)) = =L(r,z*(r), u*(r)) = f(r,z™(r), u*(r)) - P(r).

Indeed, (15.5) and I(6.2) yield
d "9 .
£[ Z:: 87 su”(s))z5(s)-

Hence the initial condition (15.6) and the terminal condition I(6.5) yield

—f(r,a(r),u(r)) - P(r) = 2(r) - P(r)

Therefore using (15.4), we conclude that

%J(n a™(r);ut () = =L(r, 2" (r),u"(r)) = f(r,a”(r),u"(r)) - P(r).

Consequently 1(6.3) implies (15.3). O
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I1.16 Historical remarks

The definition of viscosity solutions was first given by Crandall and Lions
[CL1] for a general first order partial differential equation. They also proved
the uniqueness of viscosity solutions. Then equivalent definitions were pro-
vided by Crandall, Evans and Lions [CEL]. Lions’ research monograph [L4]
provides an account of the earlier theory for dynamic programming equations.
The second order equations were then studied by Lions [L1-3] and Jensen [J].
For a complete list of the relevant literature, we refer to the recent survey
article of Crandall, Ishii and Lions [CIL1].

In Section 9 we closely followed the proof of Crandall, Evans and Lions.
More sophisticated uniqueness proofs are now available. See Ishii [14] and
Crandall, Ishii and Lions [CIL2]. These proofs in some cases provide a modulus
of continuity for viscosity solutions. The uniqueness of unbounded solutions
was proved by Ishii [I3]. Barron and Jensen provided an alternate proof for
dynamic programming equations [BJ1]. The proof of Barron and Jensen also
provides more information about the value function.

The analysis of control problems with a state constraint was first given by
Soner [S2], and then by Capuzzo-Dolcetta and Lions [CaL]. The general treat-
ment of exit time problems is due to Ishii [I2], and Barles and Perthame [BP2].
Also see Subbotin [Su2] for a different approach using the characteristics.

The connection between the Pontryagin’s maximum principle and viscos-
ity solutions was first explored by Barron and Jensen [BJ2]. Our discussion is
more closely related to Zhou’s proof [Zh]. The connection between the max-
imum principle and viscosity solutions was extensively studied by Cannarsa
and Frankowska [CF1,2] [Fra]. For an elegant and deep treatment of the max-
imum principle and related topics we refer to Clarke [Clel,2].

In this book we did not cover several important issues. Existence of viscos-
ity solutions of partial differential equations which are not necessarily dynamic
programming equations, differential games [ES1][KSu][LSo1][Sul,2], Perron’s
method [I6], singularities of viscosity solutions [CS] and the Neumann prob-
lem [L7] are some examples of the topics which are not covered in this book.
An excellent discussion of these topics with a complete list of references is
given by Crandall, Ishii and Lions [CIL1]. Another topic which is not cov-
ered is viscosity solutions in infinite dimensions. See [CL3] [CL4] [Ta]. These
arise, for instance, in optimal control problems in which the state dynamics
are governed by PDEs, rather than ODEs of the type 1(3.2).

The sets of sub and superdifferentials defined in Section 8 are closely re-
lated to subgradients of nonsmooth analysis. In 1973 Clarke [Cle3] introduced
a subgradient OW (¢, x) which is similar to sub- and superdifferentials. Other
subgradients that are more closely related to the sub- and superdifferentials
of Section 8 were then introduced by Rockafellar [R2] and Mordukhovich
[Mul,2]. We refer to [Clel,2] for the connection between these subgradients
and their applications to optimal control.
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Optimal Control of Markov Processes:
Classical Solutions

IT11.1 Introduction

The purpose of this chapter is to give a concise, nontechnical introduction to
optimal stochastic control for Markov processes. Just as was done in Chapters
I and II for deterministic optimal control problems, the dynamic programming
approach will be followed. For a finite time horizon stochastic control prob-
lem, the dynamic programming equation is a nonlinear evolution equation,
of the form (7.5) below. In the particular case of controlled Markov diffu-
sion processes, the dynamic programming equation becomes a second order
nonlinear partial differential equation. Controlled Markov diffusions will be
considered in much more detail in Chapters IV and V. When there is a suf-
ficiently regular “classical” solution to the dynamic programming equation,
with appropriate terminal data at a final time ¢, then a Verification Theorem
provides a solution to the problem. This technique is applied to some illustra-
tive examples in Section 8, and for infinite time horizon models in Section 9.
For deterministic control, corresponding Verification Theorems appeared in
Sections 1.5 and L.7.

Sections 2 - 5 are intended to provide a brief background sketch about
continuous time Markov processes, with references and examples of typical
kinds of Markov processes encountered in control applications. Experts on
Markov processes will recognize that the way in which we define domains
for backward evolution operators and generators in Section 2 is not quite
standard. However it is convenient for our purposes.

In Sections 6 and 7 we begin the discussion of controlled Markov processes
at a formal (heuristic) level. Then in Sections 8 and 9 we give a precise de-
finition of value function, denoted by V4g, using the concept of admissible
system and prove the Verification Theorems.

As already seen in case of deterministic control, the value function often
lacks smoothness properties needed to be a classical solution to the dynamic
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programming equation. In succeeding chapters, we study controlled Markov
processes without requiring smoothness of value functions. For controlled
Markov diffusions, the value function is interpreted as a viscosity solution
to the dynamic programming (or Hamilton - Jacobi - Bellman) partial differ-
ential equation. The viscosity solution framework also turns out to be quite
convenient in studying dependence on small parameters (Chapter VII) and
in proving convergence of finite - difference numerical methods for computing
value functions approximately (Chapter IX.) In Section 10 we shall consider
briefly “general” classes of controlled Markov processes, without assuming
that the value function is a classical solution to its dynamic programming
equation. The technique, due to M. Nisio, is to construct a corresponding
nonlinear semigroup. This approach is closely related to the abstract dynamic
programming principle formulated in Section II.3.

I11.2 Markov processes and their evolution operators

In this section we summarize some basic concepts and results about continuous
time Markov processes. We use the following notations throughout. X' denotes
the state space of a continuous time Markov process x(s). We shall always
assume that Y is a complete separable metric space. In the special case when
X is discrete, then x(s) is a continuous time Markov chain. Another case of
particular interest in this book is when Y = IR"™ = n - dimensional euclidean
space and z(s) is a Markov diffusion process governed by a system of stochastic
differential equations (Section 4 and Chapter IV). We let B(X) denote the
Borel o - algebra, namely the least o - algebra containing all open subsets of
X,

Elements of the state space X will be denoted by z,y,---. Let Iy C IR!
be an interval half open to the right, and let Iy be the closure of Iy. The
elements of Iy will be denoted by s,t,---. We will consider two cases: (1)
Iy = [to,t1) a finite interval, Iy = [to,t1], or (2) Iy = Iy = [0,00). Let
x(s) = z(s,w) be a Y- valued stochastic process, defined for s € T and w € (2,
where I is some subinterval of Iy and (£2,F, P) is some probability space.
Roughly speaking, the Markov property asserts that the state x(t) contains
all probabilistic information relevant to the evolution of the process for times
s > t. This can be expressed precisely as follows. Consider any finite set of
times s1 < 89 < -+ < $y, < sin I. Then for all B € B(XY)

(2.1) P(x(s) € Blz(s1), -, 2(sm)) = P(z(s) € Blz(sm))

P— almost surely. The conditional probabilities in (2.1) denote versions of
conditional probabilities with respect to the o - algebras F(z(s1),- -, 2($m))
and F(x(sm)), generated respectively by the X - valued random variables
x(s1), -+, x(sm) and by z(s,,) respectively.

The transition distribution of a Markov process z(s) is defined for ¢ <
s,s,t € Iy and for x € X by



ITI. Optimal Control of Markov Processes: Classical Solutions 121
(2.2) P(t,z,s, B) = P(x(s) € Blz(t) = z), VB € B(X).

It is required that P(t, -, 8, B) is B(X) - measurable for fixed s, ¢, B, and that
P(t,x,s,-) is a probability measure for fixed ¢, s, . Moreover, the Chapman-
Kolmogorov equation

(2.3) P(t,x,s,B) = / P(r,y,s, B)P(t,z,r, dy)
)

holds for t < r < s,t,r,s € Ij.
For the introductory discussion to follow the reader may find [EK, Chaps.
4], [GS1, Chap. 7], or [Fe, Chaps. IX, X] helpful.

Property (2.1) can be expressed in the following slightly more elegant form.
Let F* = F(x(0),0 < r) denote the smallest o — algebra with respect to which
the X - valued random variables () are measurable for all § < r (0,7 € I).
Then (2.1) is equivalent to

(2.1) Plxz(s) € B|F*] = P(r,z(r),s, B)

for r < s (r,s €1).
Let us now define a family of linear operators T; ; associated with the
transition distribution of a Markov process. For t < s (s,t € Iy), let

(2.4) Ti p(x / o(y)P(t, z,s,dy),

for all real-valued, B(X) - measurable ¢ such that the integral exists. By the
Chapman - Kolmogorov equation (2.3),

(2.5) T [Trs0) = Tish, t <1 < s.

In the theory of Markov processes, ¢ is often restricted to belong either to the
space B(X) of all bounded, B(XY) - measurable functions, or to a subspace of
bounded uniformly continuous functions. However, if the state space X' is not
compact, we shall wish to consider unbounded ¢ as well.

We shall denote the right side of (2.4) by Ei,¢(x(s)), the subscripts indi-
cating that we have specified the data z(t) = z. Thus,

(2.4") Tis(x) = Erpdp((s)), t < s.

Backward evolution operators and equations. Let Iy = [to, t1] be a
finite interval and @ denote a real - valued function on Iy x IR™. We define a
linear operator A by

(2.6) Ad(t,x) = lim h'[E,®(t + h,x(t + h)) — d(t, z)]
h—0*t
provided the limit exists for each = € 3 and each ¢ which is not the right end

point of I. Let D(A) be a space of functions @, such that AP is defined for
each ¢ € D(A) and moreover the following hold for each & € D(A):
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(i) ®,00/0t and AP are continuous on Iy x X;
(i) Fi|P(s,z(s))| < oo, Etz/ |A®(r, z(r))|dr < oo for t < s (s,t € Iy);
¢
(iii) (Dynkin’s formula) For t < s,

S
(2.7) E . ®(s,2(s)) — D(t,z) = Em/ AP(r,x(r))dr.
t
The Dynkin formula (2.7) is implied by the following property:

2.7) B(s, 2(s)) — B(t, ) — /t " A (r, w(r))dr

is a {F,, P} martingale, where {F,} is some increasing family of o - algebras
such that x(s) is Fs - measurable.

We shall need D(A) to be large enough that the expectations E;P(s, x(s))
for all & € D(A) determine the transition distribution P(¢,z,s,-). This will
be true, in particular, if D(A) contains some subset D of the space of bounded
uniformly continuous functions on Iy x X, with D dense in the uniform norm.

We shall call A the backward evolution operator, acting on D(A) satisfying
(i), (ii) and (iii) above for all ¢ € D(A). If ¢(¢,x) = ¢(x) does not depend
on t, then the right side of (2.6) equals to hlirg1+ h=YTy e4no(x) — ¢(x)]. We

denote minus the left side of (2.6) by Gi¢(x). Thus
0

(28) Gﬁﬁ(ﬂ?) = —aTt3¢($)|S:t+.

A formal calculation suggests that we should have
]

(2.9) AD = %—t — Gi2(t, )

where the notation indicates that the operator Gy acts in the “state variable”
x.

In later sections, the choice of D(A) will depend on the various classes
of Markov processes being studied there. For all Markov process which we
consider, (2.9) holds.

Backward evolution equation. Given continuous functions £(¢,z) on
[to, t1] x X and t(x) on X, consider the equation

(210) OZA@+€(t,ZL')7 toﬁtﬁtl,
with the final (Cauchy) data
(2.11) P(t1,7) = Y(z).

The linear inhomogeneous equations (2.10) is called a backward evolution
equation. If it has a solution ¢ € D(A) which also satisfies (2.11), then by the
Dynkin formula (2.7) with s = #;
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(2.12) O(t,) = Era { / " b, w(s)ds + w<x<t1>>} .

This gives a probabilistic formula for solutions to the backward evolution
equation. In stochastic control theory, £ is often called a running cost function
and ¢ a terminal cost function. Formula (2.10) expresses ®(t,z) as a total
expected cost over the time interval [to, t1].

I11.3 Autonomous (time-homogeneous) Markov
processes

Let us now take Iy = I = [0,00). A Markov process is called autonomous (or
time-homogeneous) if the transition distribution satisfies

I:’(t,x,s,B) =I:’(O,m,s—t,B), 0<t<s.

In the autonomous case, we will always take initial time t = 0. We also write
E, = Ey;, Ts = Tys. Thus,

3-1) Tip(x) = Exd(x(s)).
Equation (2.5) becomes the semigroup property
(3.2) Trisp =T (Tsp) , 7,8 > 0.
In the autonomous case, Gy = G where according to (2.8)

(3.3) Go(z) = - lim hHThg(a) - ¢(@)], v € 2.

We suppose that (3.3) holds for ¢ € D(G) where D(G) is a subspace of the
space C(X) of continuous functions on X', which has the following property:
If &(t,z) = n(t)¢(x) with n € C1([0,00)) and ¢ € D(G), then ® € D(A) =
Dyp,¢,)(A) for each t; < oo, and

Ano) = i — nGo.

We shall call —G the generator of the autonomous Markov process z(s). The
Hille-Yoshida theorem gives sufficient conditions that D(G) contains “suffi-
ciently many” functions ¢, and that the transition distributions

P(57x7') = P(O,Jj757')

are determined by G. See [EK, Chap. 4].
Discounted infinite horizon expected cost. Let us fix 8 > 0, which
should be regarded as a discount factor. Let ¢ be continuous on X, with
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oo
Ez/ e P |0(x(s)|ds < oo
0

for all x € Y. Consider the linear inhomogeneous equation

(3.4) Bp=—-Gop+L(x) , veX.
Suppose that ¢ € D(G) is a solution to (3.4), with the property that
(3.5) lim e P E,¢(x(ty)) = 0.

t1—00

Since A(e P'¢) = e Pt (—G¢ — B¢), the Dynkin formula (2.7) with @ = e="¢
and s replaced by t; gives

e P E(a(th)) — ¢(z) = *Er/o 1 e (G + Bo)(x(s))ds.

From (3.4) and (3.5) we get

(3.6) 6(z) = E, /O " e P 0(a(s))ds.

The right side of (3.6) is called the discounted infinite horizon expected cost,
for the running cost function ¢(x).

Remark 3.1. If X' is compact, then any continuous function ¢ on X is
bounded. In that case, condition (3.5) holds automatically. Formula (3.6) gives
a probabilistic representation of any solution ¢ to (3.4), among solutions sat-
isfying (3.5). However, for noncompact X, property (3.5) implicitly prescribes
some kind of growth condition on ¢(x) for “large” x. The following simple
example illustrates this point.

Example 3.1. Let ¥ = R' = real line and G¢ = —%(b”. Then — G
generates the Markov process z(s) = x+w(s), s > 0, where w(s) is a standard
brownian motion. Let £(x) = 22,3 = 1. Then ¢(x) = 22 + 1 is the desired
solution to (3.4), for which (3.5) and therefore (3.6) holds. The general solution
to (3.4) is

d(z) = 22 + 1 + 1 exp(V2z) + ¢ exp(—V2z).

Since exp(—s++/2x(s)) is a martingale, (3.5) is satisfied only when ¢; = ¢y =
0. The other solutions grow exponentially as x — 400 or x — —oo. These
solutions are excluded by requiring that ¢ € C7(IR") as defined in Section 9
below.

I11.4 Classes of Markov processes

Let us now give examples of some kinds of Markov processes which arise in
stochastic control applications. In the next section we shall discuss in some-
what greater detail the class of Markov diffusion processes on n dimensional
Euclidean IR".
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(a) Finite state, continuous time Markov chains. In this case, X is a finite
set, and

(4.1) Giglz) = =) plt,z,y)[d(y) — ()],

y#£x

where p(s,z,y) represents an infinitesimal rate at which z(s) jumps from x
to y:
pls,2,y) = lim h=VPla(s + h) = yla(s) = 2.
h—0

If p(-, x,y) is continuous, then given any (¢, x) there is a Markov chain x(s)
for s > t with initial data z(¢) = . The Dynkin formula (2.7) holds for any
& such that @(-,x) and P;(-, z) are continuous.

For Markov chains with an infinite number of states there are additional
technical restrictions which we will not discuss. See [Ch].

(b) Deterministic evolution in IR™. Consider an ordinary differential equa-
tion in IR™, written in vector-matrix notation as

d
(4.2) = lsal), t<s<n,
s
with initial data z(t) = z. Let Q, = [to,t1] x IR™. We assume that:

(i) f is continuous on Q;

(it) There exists M such that B
(4.3) |f(s,2)] < M(1+ |z|) for all (s,z) € Qq;
(#i7) For each a, there exists K,
such that |£(5,2) — f(s,4)| < Kalz — 3|
whenever |z| < a, |y| < a.

When (4.3) (iii) holds, f(s,-) is said to satisfy a local Lipschitz condition,
uniformly with respect to s. If f(s,-) is differentiable at each point x € IR™,
then (iii) is equivalent to the condition |f(s,z)|] < K, whenever |z| < a,
where f, denotes the gradient of f(s,-). In case K = K, can be chosen
independent of a, then f(s,-) is said to satisfy a uniform Lipschitz condition.
If f is continuous on @, and satisfies a uniform Lipschitz condition, then f
also satisfies (4.3) (ii) with M the larger of K and Jmax | f(s,0)]. In fact,

[f(s,2)| <[f(5,0)[ +|f(s,2) = £(5,0)] < M(1 + |2]).

The assumptions (4.3) imply that (4.2) with initial data x(t) = = has a
unique solution. Although x(s) is nonrandom, we can regard it as a Markov
process. The Fundamental Theorem of Calculus gives

Gigp(z) = = f(t, ) - Do(x).
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For the deterministic evolution on IR™ defined by (4.2), the backward evolution
operator is a first order linear partial differential operator:

(4.4) AD(t,x) = Dy(t,z) + f(t,x) - D D(t, x).

Here D¢ denotes the gradient of ¢, and D,® the gradient of &(t,-). We may
take D(A) = C1(Q,), the space of all & with continuous first order partial
derivatives. The Dynkin formula (2.7) is a consequence of the Fundamental
Theorem of Calculus.

(¢) Random evolution with Markov chain parameters. Let z(s) be a finite
state Markov chain, with state space a finite set Z. We regard z(s) as a
“parameter process”. On any time interval where z(s) = z is constant, x(s)
satisfies the ordinary differential equation

dz _ (s,2(s),2).

ds
We assume that f(-,-,z) satisfies the conditions (4.3) for each z € Z. Let
t<s<ty,and let /| < T < -+ < T, denote the successive jump times of
the parameter process z(s) during [t,t1]. We let 79 = ¢, 7pm41 = t1, and define
z(s) by
dx + .
(4.5) = f(s,xz(s),2(1;")), i <s<Ti41, 1 =0,---,m, z(t) =z,
s
with the requirement that x(-) is continuous at each jump time 7;. The process
x(s) is not Markov. However, (z(s), z(s)) is a Markov process, with state space
Y = IR" x Z. For each ®(t,x, z) such that &(-,-, 2) € C1(Q,) we have

(4.6) AD(t,x,2) = Pe(t,x, 2) + f(t,x,2) - Dy P(t, x, 2)

+ Zp(ta 25 C) [@(tv'xa C) - @(t,x, Z)] :
(#z

The Dynkin formula (2.7) is a special case of a result which we will derive
in Appendix B. The middle term on the right side of (4.6) comes from the
deterministic evolution of x(s) during intervals of constancy of z(s), as in
Example (b), and the last term comes from the parameter process z(s).

Example (c) is a special case of a class of Markov processes (z(s), z(s))
called random evolutions, for which the state space is a product X = X x M.
If for simplicity we consider only the autonomous case, then the generator GG
takes the form

Go(x, 2) = GIo(:, 2)(x) + Gad(, -)(2).

For fixed z € Yy, —G7 generates a Markov process with state space X7; and
—@G generates the “parameter process” z(s) with state space Xs.

Example (c) can be generalized in a different direction by allowing a-
dependent jumping rates p(s, z, z, () for the z(s) process. The resulting z(s)
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is an example of a piecewise deterministic stochastic process. See [Dav 2].
(d) Jump Markov processes. In this case, A = % — Gy, with

Grolo) = =6(t.2) [ [6(w) — o) (1. ).
Here 6(t,z) measures the intensity with which jumps occur from state x at
time ¢, and I1(t, z, -) is the probability distribution of the post - jump location
y. See [EK, p.162].

(e) Markov diffusion processes on IR™. This will be discussed in the next
section. The backward evolution operator is a second-order partial differential
operator, of parabolic type (possibly degenerate parabolic.)

(f) Processes with generators of Levy form. This class is sufficiently general
to include most “reasonable” Markov processes on IR™. We shall not give the
expression for the backward evolution operator A, but refer the reader to [EK,
p.379].

I11.5 Markov diffusion processes on IR™; stochastic
differential equations

In this section we take X = IR™ and as before let Q, = [to,t1] x IR™. A Markov
process is called an n-dimensional diffusion process if:

(1) For every € >0

lim h_l / P(t7 x, t+ h7 dy) =0:
h—0t

lz—y|>e
(2) There exist functions a;;(¢, z), fi(t,x), ¢, =1---,n,

such that for every € > 0

h—0*t

lim hl/l ) (yi — ) P(t, 2t + h,dy) = fi(t, )
z—y|<e

h—0t

lim h_l/ | (i — ) (y; — ;) P(t,x,t + h,dy) = aij(t, x).
rz—y|<e

These limits hold for each x € IR™ and t € Iy. The vector function f =
(fis-++, fn) is called the local drift coefficient and the matrix-value function
a = (a;;) the local covariance matriz. The justification for these names is as
follows. Suppose that instead of (1) the slightly stronger condition

1) lim h! ly — 22P(t,z,t + h,dy) = 0
h—=0 lo—y|<e

holds. Then from (1') and (2), f(s,z(s))h and a(s, z(s))h are good approxi-
mations to the mean and covariance matrix of the increment z(s + h) — x(s)
conditioned on x(s).
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Let C12(Q,) denote the space of @(t, z) such that & and the partial deriv-

atives @y, Py, Pu;u;, 4, = 1,---,n, are continuous on Q,- For @ € C12(Q,),
let
1 n n
(5.1) AP =0+ 5 AZI i (t, ©) P, + Z; fi(t, 2)Ps,.
i,j= i=

In later chapters, we will often write (5.1) in the more compact form
1
(5.1") AD = &, + 5 tra(t,z)D2® + f(t,x) - D, .

The matrices (a;; (¢, x)) are symmetric and nonnegative definite. If there exists
¢ > 0 such that for all £ € IR",

n

(5.2) Z ag;(t,x) &&5 > clé]?,

4,j=1

then A is a uniformly parabolic partial differential operator. If (5.2) holds only
with ¢ = 0, then A is called degenerate parabolic. Similarly, in the autonomous
case f = f(x),a = a(x), we define for ¢ € C?(IR")

n

(53) ~Co= 13 Y ay(@)br, + 3 Fi2)0n,
=1

ij=1

If (5.2) holds, then —G is a uniformly elliptic operator; otherwise —G is de-
generate elliptic.

We need to state conditions on the local drift f and local covariance a
which insure that the corresponding n-dimensional Markov diffusion processes
x(s) exists. Moreover, we must choose a suitable subspace D(4) of C12(Q,)
such that the Dynkin formula (2.7) holds for all & € D(A). This will be done
by using results about stochastic differential equations.

Diffusions represented as solutions of stochastic differential equa-
tions. Let us suppose that there is a n X d - matrix valued function o (¢, x)
such that .

aij = waﬂje, hj=1,-,n.
=1
In other words, oo’ = a. We suppose that the functions f;, o;; are continuous
on @, and satisfy the growth and local Lipschitz conditions (4.3) (ii), (iii).
Let to <t < t1, and let w(s) be a d - dimensional standard brownian motion
on the interval I = [t,¢1]. The Ito - sense stochastic differential equation

(5.4) dx = f(s,x(s))ds + o(s,x(s))dw(s), t < s < ty,

with given initial data z(t) = = (z € IR™) has a pathwise unique solution,
which is a Markov diffusion process [EK,Chap. 5], [IW, Chap. 4]. Moreover,
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for each m = 1,2, - - there exists a constant C,,, (depending on m and t; —t),
such that
(5.5) Ep|z(s)|™ < Cr(L+ |z|™), t < s <.

See Appendix D. The formal derivative dw/ds (which in fact does not exist) is
called in engineering literature a white noise. Thus, (5.4) describes a dynamical
system driven by an additive white noise, with state dependent coefficient
o(s,x(s)). We say that & satisfies a polynomial growth condition on @, if
there exist constants K and m such that for all (¢,7) € Q,,

|D(t, 2)| < K(1+ |2[™).

We take D(A) = C}*(Q), where C}%(Q,) denotes the space of & €
C12(Q,) such that &, P, Do, Py, i, J =1+, n satisfy a polynomial growth
condition. For z(s) satisfying (5.4) with x(t) = z, the Dynkin formula (2.7)
follows from the Ito differential rule applied to @(s,x(s)). By the Ito differen-
tial rule,

D(s,x(s)) — D(t,x) — /:A@(r,x(r))dr
(5.6)

:/ (Do - ) (r, 2(r))duw(r).

t

Since o (s, z) satisfies a linear growth condition (4.3)(ii), $,0 also has polyno-
mial growth. From (5.5), it follows that the right side of (5.6) is a martingale,
and we get (2.7) by taking expectations.

Remark 5.1. The method of diffusion approximation is used to reduce to
problems in partial differential equations more complicated questions about
stochastic processes which are not diffusions. The technique has been ap-
plied to problems from a wide variety of applications, in engineering, chemical
physics and genetics.

One common use of diffusion approximations is to replace a Markov chain
with many states and nearest - neighbor transitions by a diffusion obtained
after rescaling time and state variables and passing to a limit. Convergence of
the rescaled Markov chains is proved by martingale/weak convergence meth-
ods [EK, Chap. 7]. For queuing systems, the diffusion limit is called the heavy
traffic limit. See Harrison [Har| concerning the use of heavy traffic limits for
flow control.

In other applications a diffusion limit is obtained for processes which are
not Markov, or which are Markov on a higher dimensional state space. For a
treatment of such situations and applications in communications engineering,
see [Ku2].
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I11.6 Controlled Markov processes

We now consider problems in which the time - evolution of z(s) is actively
influenced by another stochastic process u(s), called a control process. The
control process has values u(s) € U, where U is a complete separable metric
space. We refer to X as the state space and U as the control space.

Example 6.1. (Controlled Markov chain.) For each constant control v €
U, infinitesimal jumping rates p(s, z,y,v) for a finite state Markov chain are
given, as in Section 4, Example (a). If control u(s) is used at time s, the
jumping rates are p(s,x,y, u(s)).

Example 6.2. (Controlled Markov diffusion.) In this case we suppose that
x(s) satisfies a stochastic differential equation of the form.

(6.1) dx = f(s,z(s),u(s))ds + a(s,z(s),u(s))dw(s).

We will specify later (Chapter IV) conditions of f, o, and the control process
under (6.1), with initial data x(t) = z, has a unique solution.

In formulating a general class of control problems with a finite time hori-
zon, we suppose that for each constant control v € U, the state process x(s)
is Markov with backward evolution operator A”. The domain D(A") may de-
pend on v. However, we assume that there is a “large enough” space D such
that D C D(A?) for all v € U. For instance, for controlled Markov diffusions
on IR", we shall take D = C}%(Q) as in Section 5.

One must also specify what kind of information is available to the controller
of time s. Without yet being mathematically precise, throughout this book
the controller is allowed to know the past history of states z(r) for r < s when
control u(s) is chosen. The Markovian nature of the problem suggests that it
should suffice to consider control processes of the form

(6.2) u(s) = u(s, z(s)).

Such a function uw from Qg into U is called a Markov control policy. For-
mally, we expect that when (6.2) holds z(s) should be a Markov process with
backward evolution operator satisfying, for @ € D,

(6.3) ALP(t,x) = ALEDP(L, ).

For instance, for a controlled Markov diffusion

n

1 n
(64) A" =+ > itz ult, 2)Pa 0, + > filt,z,ult, 7)) Py,
i=1

i,j=1

Various assumptions, depending on the type of control processes being
considered, are needed to insure that A% indeed defines a Markov process.
Discontinuous Markov policies u must often be admitted, in order to obtain a
policy u* which minimizes an expected cost criterion J of the type (6.5) be-
low. This introduces additional mathematical complications; in fact, a Markov
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control policy u* satisfying (7.7) below is a natural candidate for an optimal
policy. However, in some cases there is no Markov process corresponding to
w*. This difficulty is encountered for degenerate controlled Markov diffusions,
and in particular in case of deterministic optimal control (with a;; = 0 in
(6.4)). This point will be discussed further in Section IV.3.

For various technical reasons, it will be convenient to allow control processes
u(s) which depend on the past in some more complicated way than through
a Markov policy in (6.2). This will be formalized later through the idea of
admissible control system. In case of controlled diffusions, we shall consider
in Chapter IV a class of admissible control systems in which u(s) is progres-
sively measurable with respect to some increasing family {F;} of o - algebras
to which the brownian motion w(s) is adapted.

Criteria to be optimized. Roughly speaking, the control problem on a
finite time interval ¢t < s < ¢; is to minimize

(6.5) J— Em{/t " L(s, 2(5), u(s))ds + ().

We call L(s,z,v) a running cost function and ¥ a terminal cost function We
always assume that L and 1 are continuous, together with further (integra-
bility) assumptions needed to insure that J is well defined. If ¢)(z) = 0 then
the problem is said to be in Lagrange form. If L(t,z,v) = 0, the problem is
in Mayer form. These names are used similarly in the calculus of variations.
(Sec. 1.9.)

I11.7 Dynamic programming: formal description

In this section we shall describe in a purely formal way the principle of dy-
namic programming, the corresponding dynamic programming equation, and
a criterion for finding optimal Markov control policies. Our first mathemati-
cally rigorous statements about dynamic programming for controlled Markov
diffusions will be made in Section 8. These will take the form of “Verifica-
tion Theorems” which require that the dynamic programming equation have
a sufficiently well behaved “classical solution”. It often happens that there
is no classical solution. In such cases, we must resort to solutions to the dy-
namic programming equation which hold in some weaker sense (in particular,
viscosity solutions.)

Finite time horizon. Let ¢t < s < t;. Since the controller is allowed
to observe the states x(s) of the process being controlled, we may as well
assume that the initial state x(t) = x is known (x € X). The starting point
for dynamic programming is to regard the infimum of the quantity J in (6.5)
being minimized as a function V (¢, z) of the initial data:

(7.1) V(t,z) = igf J(t,x; control),
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the infimum being over the class C' of controls admitted. V is called the
value function (or optimal cost function). Since we have not yet specified C,
formula (7.1) remains only heuristic. The next step (at least conceptually) is
to obtain Bellman’s principle of dynamic programming. This states that for
t<t+h<t,

t+h
(7.2)  V(t,z)= igf E:, {/ L(s,z(s),u(s))ds + V(t+h,z(t + h))} .

Speaking intuitively, the expression in brackets represents the sum of the run-
ning cost on [t,t+ h] and the minimum expected cost obtained by proceeding
optimally on [t + h,t1] with (¢ + h,2(t + h)) as initial data.

The dynamic programming equation is obtained formally from (7.2) by
the following heuristic derivation. If we take constant control u(s) = v for
t <s<t-+h, then

t+h
V(t,z) < Eyy / L(s,z(s),v)ds + Ee, V(t + h,z(t + h)).
¢
We subtract V (¢, ) from both sides, divide by h and let A — 0:

t+h
lim h_lEm/ L(s,z(s),v)ds = L(t, z,v),
¢

h—0t

lim A1 [E,V(t+hz(t+h)—V(taz)=

h—0t+
t+h
Jim h‘lEm/ APV (s, 2(5))ds = A"V (t, 2).
h—0t+ t
Hence, for all v € U
(7.3) 0< AV (t,x)+ L(t,z,v).

Among the various assumptions needed to make this argument rigorous would
be an assumption (such as V' € D) which justifies using the Dynkin formula.

On the other hand, if «* is an optimal Markov control policy, we should
have

t+h
V(t,z) = By / L(s,z*(s),u(s,z*(s))ds + EV(t + h,x*(t + h)),

where 2*(s) is the Markov process generated by A%*. A similar argument gives,
under sufficiently strong assumptions (including continuity of u* at (¢,x))

(7.4) 0=AYV(t,x) + L(t,z,u*(t,x)).

Inequality (7.3) together with (7.4) are equivalent to the dynamic program-
ming equation
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(7.5) 0= rrg[rjl [A°V (t,z) + L(t, x,v)].
Equation (7.5) is to be considered in [tg,t1] x X, with the terminal (Cauchy)
data

(7.6) V(t1,2) =¢(z), x € X.

The above formal argument also suggests that an optimal Markov control
policy should satisfy

(7.7) u*(t,x) € argmin[A°V (¢, z) + L(t, z,v)],

where
argming(v) = {u* € U: g(u") < g(v) for all v € U}.

The dynamic programming equation (7.5) is a kind of nonlinear evolution
equation. Let x(t) be a controlled Markov chain with finite state space X' and
jump rates p(s, z,y,v). In the notation of Section 4, let

(78)  F(ta; ¢)=min |3 p(t,z,9,0)[6(y) — ¢(x)] + L(t, 2, )
e

In this case (7.5) becomes a system of ordinary differential equations

(7.9) %V(t,x) + F(t,z; V(t,-)) =0, z € X.
These differential equations evolve backward in time, for to < ¢t < ¢1, with the
terminal data (7.6).

Next, consider a controlled random evolution with Markov chain parame-
ters of the kind in Section 4 (c¢). Now f = f(t,z, z,v) depends on a control
variable v. As in Section 1.5, for (¢,7,z,p) € Q, X Z x IR", let

H(t,x,z,p) = max [—f(t, z,z,v)p — L(t,x, z,v)].
ve

Then V =V (¢, z,2) and (7.5) has the form
ov
(710) _a + H(t7x7 Z, Dzv) - Zp(tv 2, C)[V(t,x,() - V(t»xv Z)] =0.
C#z

In the variables (¢, x), (7.10) describes a system of first-order partial differen-
tial equations indexed by z € Z (recall that Z is a finite set.) These equations
are coupled through the zeroth order terms.

For a controlled Markov diffusion, governed by the stochastic differential
equation (6.1), the dynamic programming equation (7.5) becomes a partial
differential equation IV(3.3) of second order for V(¢,x). This case will be
studied in detail in Chapter IV.
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Infinite horizon discounted cost control problem. Consider the
problem of minimizing

(7.11) J=E, /000 e P L(x(s), u(s))ds

and introduce (again formally) the value function

(7.12) V(z) = iélf J(z; control),

where C; is some class of admissible controls and x = x(0) is the initial
state. By a formal derivation similar to the finite time horizon case, we get
the following dynamic programming equation for the discounted cost control
problem on the infinite time interval [0, c0) :
(7.13) BV (z) = mi{l}l[—G”V(aﬁ) + L(z,v)].

ve
For this problem we may consider stationary Markov control policies u(x).
The formal derivation of (7.13) suggests that an optimal stationary Markov
control policy u* should satisfy

(7.14) u*(z) € argmin[—G "V (z) + L(z,v)].

II1.8 A Verification Theorem; finite time horizon

We again consider a finite time horizon, with Iy = [to, ¢1). Let us call W (¢, x)
a classical solution of the dynamic programming equation (7.5) with terminal
data (7.6) if W € D and

(8.1) 0= Héi[l}[AUW(t, x)+ L(t,z,v)], (t,x) € Ip x ¥
(8.2) W(t1,x) = ¢(z), for all € X.

(The space D was defined in Section 6.) In this section, we show that if
W is a classical solution, then W (t,z) equals the minimum total expected
cost among an appropriately defined class of admissible control systems. See
Theorem 8.1. The proof is quite simple, but the assumption that W is a
classical solution is quite restrictive. For the deterministic control problem,
considered in Chapter I, the partial derivatives W; and W,,,i = 1,---,n,
of a classical solution must be continuous. For controlled Markov diffusions,
W € D requires in addition continuity of the second order partial derivatives
Wz, together with polynomial growth of W and A"W. (Later we show that
polynomial growth of AW is not, in fact, needed; see Theorem IV.3.1).

Let (§2,F,P) be a probability space and z(s) = z(s,w) a X - valued
stochastic process defined on [t,¢1] x 2. This process is called measurable if
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x(+,-) is measurable with respect to the o - algebras B([t,¢1] x F) and B(X).
Tt is called corlol if the sample paths z(-,w) are right continuous and have
left hand limits. (Some further background about stochastic processes and
stochastic differential equations is summarized in Appendix D.)

Given initial data (¢, ), we call

™= (97 {fs}aP7x(')7u('))

an admissible control system if (£2,F,, P) is a probability space, {Fs} is an
increasing family of o-algebras (t < s < t1), and «(-), u(:) are stochastic
processes on [t,t1] such that:

(1) z(s)eX, t<s<ty, z(t)==z
x(+) is corlol and z(s) is Fs — measurable;

(13) u(s) €U, t<s<t,
u(s) is Fs — measurable and u(-, -) is measurable;

(#it) For all @ € D, satisfying Fi,|P(t1,x(t1))] < oo, and

t1
Em/ |AYS)B(s, 2(s))|ds < oo,
t
the Dynkin formula holds:
ty
Eﬂwhﬂhn—ﬂL@:Em/ AYC)B(s, 2(s))ds.

t

The total expected cost corresponding to 7 is

t1
J(t,z;7) = Eyy {/ L(s,z(s),u(s))ds + 1/}(x(t1))} .
¢
Theorem 8.1. Let W € D be a classical solution to (8.1) - (8.2). Then
for all (t,z) € [to,t1] x X

(a) W(t,x) < J(t,z;m) for every admissible control system .
(b) If there exists an admissible system m* = (2%, {F*}, P*,x*(-),u*(-)) such
that
u*(s) € argmin[A"W (s, z*(s)) + L(s,z"(s), v)]
for Lebesgue xP* - almost all (s,w) € [t,t1] x 2%, then W(t,z) =
J(t, x;m*).

Proof of (a): Let m be any admissible control system. Since u(s) € U,

AYCIW (s, 2(s)) 4+ L(s, z(s), u(s)) > 0.
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From (8.2) and the Dynkin formula

Wt z) = By, {/; _ AW (5, (s))ds + ¢(x(t1))}

<m.{[ " Lo, a(s), u(s)ds + sGate)

This proves (a). For part (b), the inequality becomes equality. |
We call Theorem 8.1 a Verification Theorem. If we let

(8.4) Vas(t,x) = iréf J(t,x;m)

where C' is the class of all admissible control systems, then V45 = W provided
the assumptions of Theorem 8.1 hold. In addition to the requirement W € D,
it may not be easy to show that 7* exists with the property required in (b).
A natural way to proceed is to select a Markov control policy u* such that,
for each (t,z) € Iy x X,

w*(t,x) € argmin[A"W (s, z) + L(s, x,v)].

If u*, together with any initial data (¢, ), determine a Markov process z*(s)
with backward evolution operator A% , then we can take

(8.5) u*(s) = u*(s,z"(s)).

Once the corresponding control system 7* is verified to be admissible, 7* is
optimal. When this procedure works, we call u* an optimal Markov control
policy.

We conclude this section with two examples, both of which involve con-
trolled Markov diffusions. Additional examples will be given in Section 9.

Example 8.1. (Stochastic linear regulator). This is a stochastic pertur-
bation of the linear quadratic regulator problem (Example 1.2.3 and 1.5.1).
The stochastic differential equations for z(s) are linear:

(8.6) dx = [A(s)x(s) + B(s)u(s)]ds + o(s)dw(s).

There are no control constraints (U = IR™) and the expected total cost is

(8.7) J= Em{/t 1 [z(s) - M(s)xz(s) + u(s) - N(s)u(s)]ds + x(t1) - Dz(t1)}.

We make the same assumptions as in Example 1.2.3, and assume that o(-) is
continuous on [tg, t1].

To apply the Verification Theorem 8.1, let us seek a solution W of the
dynamic programming equation (8.1) which has the special form

(8.8) W(t,z) =z P(t)x+ g(t).
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When ¢ = ¢; we must have W (ty,x) = « - Dx. Thus,

A slight modification of the calculation used in Example 1.5.1 for the deter-
ministic case shows that P(t) satisfies the Riccati equation I(5.15), with the
same data 1(5.16). In addition, dg/ds = —tra(s)P(s), where a = oo’ and tr
is the trace. Hence, by (8.9)

(8.10) g(t):/tltra(s)P(s)ds.

The unique v which minimizes AYW (¢, x) + L(¢, z,v) is v = u*(t, z), where

’

(8.11) w(t,2) = —~N~'()B' (t)P(t)z.

This feedback control is precisely the same as for the deterministic case. See
1(5.17). In order to verify that u* is an optimal Markov control policy, con-
sider any (2, {F}, P,w), where ({2, F;,, P) is a probability space, {F} is an
increasing family of o - algebras and w(-) is a Fs - adapted brownian motion
on [t, t1]. (In the terminology of Section IV.2 below, this is called a reference
probability system.) The linear stochastic differential equation

(8.12) da™ = [A(s)x"(s) + B(s)u*(s,2%(s))]ds + o(s)dw(s)
with initial data z*(¢) = = has a unique solution z*(-). Let
u'(s) = u’(s, 27 (s)).

The system 7* = (£2,{Fs}, P,x*(-),u*(-)) is admissible, if we take D =
C’;’Q(@O) as in Section 5 and Example 6.2. By Theorem 8.1, W (¢, x) is the
minimum of J(¢,x;7) in the class C of all admissible control systems 7, and
J(t,z;7*) = W(t,z). Thus, u* is an optimal Markov control policy. A more
detailed treatment of the stochastic linear regulator problem is given in [YZ,
Chapt. 6].

Example 8.2. Let us take X = U = IR", and let x(s) satisfy

(8.13) dr = u(s)ds + dw(s).

In the setting of Nelson’s theory of stochastic mechanics [Ne], one can regard
x(s) as the position of some “particle” at time s. If (8.13) is the model taken for
the motion, then the velocity is undefined since brownian paths are nowhere
differentiable with probability 1. However, one can regard u(s) as a kind of
local “average velocity”. Consider the problem of minimizing

A ! Sl — a(eto] s+ vieta) )
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in the class of admissible systems 7. In this example
1
(8.14) L(w,v) = 3[v* = q(x)

is the classical action integrand, if one interprets v as the velocity of a particle
of mass 1 and ¢(x) as the potential energy when the particle is at position z.
If v» = 0 we can call J the mean average action.

In Example 8.2, the dynamic programming equation (8.1) becomes

1
(8.15) 0= 83W+ SAW - IDxW\Z—q(w),

with the terminal data (8.2). The procedure used to get (8.5) leads to mini-
mizing %|v|? 4+ v- D, W over U = IR". We obtain as candidate for an optimal
Markov control policy

(8.16) u*(t, ) = =D, W(t,x).

The nonlinear term in (8.15) is quadratic in D, W. The dynamic programming
equation is linearizable by the following transformation. Let

P(t,x) = exp[=W(t, z)], ¢(z) = exp[-¢(z)].
Then (8.15), (8.2) become

ob
(8.17) 0= EJF A +@ + q(z)®
(8.18) D(ty, x) = P(x).

Equation (8.17) is just the backward heat equation with a potential term
q(x)®. This kind of substitution will be considered more systematically in
Chapter VI, when we discuss logarithmic transformations.

If g(z) = o - Cx and ¢(x) are quadratic functions, with ¢(z) < 0 and
¥ (x) > 0, we have a special case of the stochastic linear regulator in Example
8.1. Then &(t, x) has the gaussian form

&(t,x) = 6(t) exp[—x - P(t)x],

with 6 = exp(—g), as could have shown directly from (8.17) - (8.18).

Remark 8.1. This formulation is an oversimplification of Nelson’s ideas.
To allow for time-reversibility in quantum mechanical phenomena, Nelson
allows forward and backward local average velocities.

Stochastic control interpretations for solutions of the Schrédinger equation,
in a stochastic mechanics setting, have been given. See Nelson [Ne], Guerra -
Morato [GM], Zambrini [Za]. There has not been unanimity in deciding which
combination of average forward and backward velocities is most suitable to
replace the kinetic energy term 1|v|? in (8.14).
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II1.9 Infinite Time Horizon

In this section we consider problems of minimizing an infinite horizon, dis-
counted expected cost:

(9.1) J = E/OOO e P L(x(s),u(s))ds, B> 0.

In this case, the control problem is specified by a collection {G"},v € U, such
that — G¥ is the generator of an autonomous Markov process (Section 3.) We
assume that D(G") D D for each v, where D is a “sufficiently large” class of
functions.

Given an initial state x, we call

m= (2, {F:}, Pa(),u(")

an admissible control system if (£2,F, P) is a probability space, {Fs} an in-
creasing family of o - algebras (s > 0) with F; C F, and x(-), u(-) are sto-
chastic processes on [0, 00) such that:

(a) Assumptions (8.3) (4) (i¢) hold for s > 0;
(b) Assumption (8.3) (i¢4) holds with

d(t,x) = e Ptp(x), forall p € D and 0 < t; < oc;

(0) B, / =55 L(2(s), u(s))|ds < oo,
0
We note that, for & = e ¢, the Dynkin formula becomes

e P Eyg(a(th)) - ¢()
(9.3) ty
=B, [ -G 6 - ol (as))ds.
0

The dynamic programming equation for this infinite time horizon control
problem is

(9.4) BW(x) = {)r.leilrjl[—G”W(x) + L(z,v)].

We call W a classical solutionif W € D and W satisfies (9.4) for all x € X.
Lemma 9.1. Let W € D be a classical solution to (9.4). Then:

(a) W(z) < J(z;7) for every admissible m such that

(9.5) liminf e~ E, W (z(t,)) < 0.

t1—00



140 III. Optimal Control of Markov Processes: Classical Solutions

(b) If there exists an admissible system 7" such that
u*(s) € argmin[—G*W(x*(s)) + L(z*(s),v)]
for Lebesgue x P - almost all (s,w) € [0,00) x 2, and

(9.6) limsup e #4 E, W (2% (1)) > 0,

then W(x) > J(x;7*).
Proof of (a). Since u(s) € U,
—GUIW (2(s)) = BW (a(s)) + L(a(s), u(s)) = 0.

By applying Dynkin’s formula to @ = e %I/, as in the derivation of (9.3),
we get

97 W) <E, /O L e85 La(s), u(s)ds + e~ B W (a(t)).

We let t; — oo through a sequence for which the last term tends to a limit
<0.

Proof of (b). In the proof of (a), equality now replaces inequality in (9.7).
We let t; — oo through a sequence for which the last term tends to a limit
> 0.

O

Let Cy denote the class of admissible 7 such that (9.5) holds, and let

(9.8) Vas(z) = i&f J(x; 7).
Theorem 9.1. Let W € D be a classical solution to (9.4). Then W(z) <
Vas(z). If there exists m* € Cy such that (9.6) holds and
u*(s) € argmin[—G"W (x*(s)) + L(z*(s),v)]
for Lebesgue x P - almost all (s,w) € [0,00) x {2, then
W(z) = Vas(x) = J(; 7).

Theorem 9.1 is an immediate consequence of Lemma 9.1. The control
system 7* is optimal in the class Cy. As in the finite horizon case (Section 8)
we may seek to find an optimal stationary Markov control policy u* such that

(9.9) u*(z) € argmin[—G "W (z) + L(x, u)],
u(s) = u*(2%(s)),

and z*(s) is a Markov process for s > 0, with generator —G%  and initial
state 2*(0) = . However, to prove the existence of u* with these properties
is a separate matter from the Verification Theorem 9.1.
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If in Example 6.2 we take f = f(z,v),0 = o(z,v) we have an infinite time
horizon problem for a controlled Markov diffusion processes. The generator
—G@G" is then

) 1 n n
(9.10) —G'o =3 Y aij(#,0)bwa, + ) fil#,0)0a,,
i=1

ij=1

with a = oo’. To apply Theorem 9.1, we can take D = C?(IR"), where CZ(IR™)
is the set ¢ € C*(IR™) such that ¢, ¢z, dz,a,,1,Jj = 1,-, n satisfy a polynomial
growth condition. Another verification theorem, with less restrictive growth
assumptions on a classical solution W to (9.4), will be proved in Section IV.5.

Example 9.1. Consider an infinite horizon discounted stochastic linear
regulator. For simplicity, we take scalar state z(s), control u(s) and brownian
motion w(s). Using notations similar to Example 8.1

(9.11) dz = [Az(s) + Bu(s)]ds + odw(s), B # 0,

with 2(0) = z. The problem is to minimize
(9.12) J= Ex/ e P [Max(s)? + Nu(s)?]ds,
0

where M > 0, N > 0. In this example the dynamic programming equation
(9.4) is

0'2 " ’ 32 ’
(9.13) BW = =W + AzW — — (W )% 4 Ma>.

2 4N
Let us seek a solution of (9.4) of the form

(9.14) W(z)=Kaz?+g

where K > 0 and g are constants. A calculation gives K as the positive root
of the quadratic equation

2
(9.15) BK =2AK — %KQ + M

and g = 37102 K. The optimal stationary Markov control policy is linear (as
in (8.11)):
(9.16) u*(r) = —N"'BKz.
Since M > 0, N > 0, by (9.12) and (9.14)
liminf e P E, W (x(t)) =0

t1—o0
for any control such that J < co. Hence (9.5) holds for every admissible 7, and
(9.6) is automatic since W > 0. To verify that u* is optimal, we use Theorem
9.1 with
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= (2,{Fs}, P,x"(-),u" ("))

where x*(s), u*(s) satisfy for s > 0

(9.17) dz* = [Ax™(s) + Bu*(s)]ds + odw(s)
with z*(0) = x and

(9.18) u*(s) = —N"'BKz*(s).

Thus, u* is an optimal Markov control policy, and Vags(x) = W(z) is the
minimum expected discounted cost.

The multidimensional infinite horizon, discounted stochastic linear regu-
lator problem can be solved in a similar way, provided that a detectability
condition holds. An expected average cost per unit time criterion can also be
considered. See [Davl, Sec 5.4].

Example 9.2. This is a highly simplified production planning model, in
which demand is random. Let x(s) be the inventory level of some good at time
s, u(s) the production rate, and z(s) the demand rate. We allow z(s) < 0,
which corresponds to unfilled orders (a shortage). The demand process z(s) is
assumed to be a finite state Markov chain, with state space Z. The production
rate is constrained by u(s) > 0, and the inventory dynamics are

d
(9.19) ch = u(s) — z(s).
The pair (z(s), z(s)) is the state and wu(s) is the control. This is an instance
of a controlled random evolution with Markov chain parameters, of the kind
in Section 4(c). Let us take

L(z,v) = h(z) + g(v), where
hix, >0, hy >0

(9.20) h(z) =
holz|, © <0,h2 >0

g(0) = ¢'(0)=0, g"(v) >¢>0for v>0.

If we assume that the Markov chain z(s) has autonomous jumping rates

p(z,€);
v 09
(9:21) —GU(w,2) = (v = 2) 5+ > P2 Qlolw, Q) = 6l 2)
(#z

Then W (z,z) is a classical solution to the dynamic programming equation
(9.4), if W(-,2) € C*(IR") for each z € Z, and W satisfies
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W = min{(v— 2) D0 4 o)} + hiax) + 3 (2 W (2, ) — W, 2)]
- §F£z

It can be shown that a classical solution W (x) > 0 exists. Moreover, W (-, z)
is a strictly convex function on IR, W (z, z) — +o00 as || — co and OW/dx
is bounded. See [FSS, Thm. 2.2]. A candidate optimal control policy u*(z, z)
is found by minimizing ¢g(v) + vW, for v > 0. We get

(g/)il(fw”ﬂ(xvz)) ) if WT(I,Z) <0
(9.22) u*(x,z) =
0 , if Wa(z,2) >0.

To use Theorem 9.1, one needs to verify (9.5) for any admissible 7. Condition
(9.6) is automatic since W > 0. Since W, is bounded, |W (z)| < C(1+ |]|) for
suitable C'. Then (9.5) holds provided

(9.23) liminf e % B, |x(t;)| = 0.

t1—00
By (9.20) L(z,v) > k|z|, where k = min(hq, hz) > 0. Therefore, if J(z;7) <
0o, then
Em/ e Pz (s)|ds < k™ T (z;7) < oc.
0

This implies (9.23) for any admissible system 7, and thus = € Cj.
If we use u* in (9.22), then (9.19) becomes

(9.24) W =@ (5), 2(5)) — 2(s).

Since (¢')~! and W,(,2) are nondecreasing continuous functions, u*(-,2) is
nonincreasing and continuous. This implies that (9.24) with z*(0) = x has
a unique solution z*(s). See Hartman [Hn, Thm 6.2]. Moreover, |z*(s)| is
bounded by a constant depending on the initial data z = x(0) [FSS, Lemma
4.1]. Let u*(s) = u*(z*(s),2(s)); and let (£2,F,P) denote the probability
space on which the Markov chain z(s) is defined, with Fs = FZ the o-algebra
generated by z(r), 0 < r < s. By a version of the Dynkin formula proved in

Appendix B,
= (Qv {fs}»Pvm*()7U*())

is an admissible system, with J(z,7*) < W(z) < oo by Lemma 9.1(b). By
Theorem 9.1, J(z,7*) = W(z). Thus, u* is an optimal Markov control policy
and Vag(z) = W(x) is the minimum expected discounted cost.

Example 9.3. This is another simple production planning model, in which
demand is fixed but random machine breakdown and repairs are allowed.
It was analyzed by Akella-Kumar [AK]. We will formulate the model and
summarize their results. There is one machine, which is either working or
not. If the machine is working, it produces a good at rate u(s), subject to
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0 < u(s) < K. The constant demand is at rate d < K. The inventory z(s)
changes according to

dz
i —d
75 = us)
during intervals when the machine is working, and according to
dr
ds

when the machine is not working. Let z(s) be a 2-state Markov chain, with
state space Z = {1, 2}, such that the machine is working when z(s) = 1 and
not working when z(s) = 2. We take L(z,v) = h(z) with h(x) as in (9.20).
Thus, the running cost function depends on holding costs for > 0 or shortage
costs for z < 0, but not on the production rate v. In this example, the control
space depends on z, namely, U(1) = [0, K] and U(2) is the empty set. This
minor change in the problem formulation does not cause any difficulty. The
dynamic programming equation (9.4) becomes
(9.25) BW(x,z) = IIE?)[—GUW(ﬁ, z) + h(x)].
velU(z

When z = 2, the control v does not enter. From (9.21) we get the following
pair of differential equations for W(z, 1) and W (z, 2);
(9.26)

BW(x,1) = min [(v—d)W,(z,1)] + h(x) + p(1,2)[W (2,2) — W(z,1)],

0<v<K

BW (2,2) = —dWy(z,2) + h(z) + p(2,1)[W(x,1) — W(z,2)].

A candidate optimal Markov control policy is

0 if Wo(z,1) > 0
w(z,1)=<¢ d if Wp(z,1) =0
K if W, (2,1) < 0.

Akella-Kumar [AK] show that (9.25) has a classical solution W > 0, with
W(z,1), W(x,2) strictly convex and W,(x,1), Wy(z,2) continuous and
bounded. Define Z by W, (Z,1) = 0. Then

0 ifx>7
(9.27) w(z,1)=<¢d ife =7
Kifz <.

An explicit formula for T is given in [AK]. Arguments like those in Example
9.2 can be used to verify the W (z,z) = V(z,2) and the u*(z,1) is an opti-
mal Markov control policy. It is interesting to note that for some choice of
parameters T = 0.

Additional examples, of controlled Markov diffusion processes on an infi-
nite time horizon will be given in Section IV.5.
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I11.10 Viscosity solutions

Let us again consider controlled Markov processes on a finite time horizon.
In Section 8 we assumed that the dynamic programming equation (7.5) with
terminal data (7.6) had a “classical” solution W € D. Under the rather re-
strictive assumptions of Theorem 8.1, it turned out that W = Vg, where
Vas defined by (8.4) is the value function using the class C' of all admissible
control systems 7. In this section we discuss some results which hold without
such restrictive assumptions. The idea is to consider, as in (7.1),

(10.1) V(t,x) = iréf J(t, ;)

where C' is a suitable class of admissible control systems 7 (not necessarily
including all admissible 7.) Although one cannot generally expect V to be a
classical solution of the dynamic programming equation, it is often possible
to interpret V' as a viscosity solution in the sense of Definition I1.4.1. In this
section, we present briefly some results of this kind, but do not include any
proofs.

Let us rewrite the dynamic programming equation (7.5) in the form
11(3.12), proceeding formally as in Section 7. We recall from Section 6 that a
controlled Markov process is associated with a family A” of backward evolu-
tion operators, v € U. We rewrite A" in the form (2.9):

(10.2) A = %f —GU(t, ).

Consider the nonlinear operators G;, such that

(10.3) Giyp(x) = sup [GY(x) — L(t, z, v)]

velU
Then the dynamic programming equation (7.5) becomes

(104 O (62) + @V (1)) = 0,
which is just 11(3.12).

The case of controlled Markov diffusions will be considered in detail in
Chapters IV and V. In that case, a convenient class C' of admissible control
systems turns out to be those which arise via progressively measurable con-
trol processes. See Section IV.2. The dynamic programming equation (10.4)
is a second-order nonlinear partial differential equation, which we call of
Hamilton—Jacobi-Bellman (HJB) type. It will be shown that a dynamic pro-
gramming principle holds, from which it follows that the value function is a
viscosity solution of the HJB equation (Section V.2.) From uniqueness results
for solutions to HJB equations, the particular choice of class C' turns out not
to be especially important. Every choice of admissible controls for which a
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dynamic programming principle holds leads to a value function which is the
same as the unique viscosity solution of the HJB equation with given bound-
ary data.

For controlled Markov processes formulated in the general framework of
Section 7, the known results are less complete. To show that the function V
in (10.1) is a viscosity solution, one can try to use Theorem II.5.1. For this
purpose, consider the nonlinear operators Ty, defined (for v in a suitable class
C of functions) by

(105 Tovle) =t B { [ Lissalu(o)ds + 0G0}

The monotonicity property II(3.2') is immediate. However, properties 1I(3.1)
and II(3.2) are not at all immediate, and indeed depend on further assump-
tions about the Markov process control problem. As already noted in the de-
terministic case (Example I1.3.1) the semigroup property I1(3.3) corresponds
to a dynamic programming principle. By taking r = t1, we have by (10.1):

(10.6) V(t,z) = T, ().

Definition II.4.1 of viscosity solutions also requires a set D of “smooth”
test functions such that I1(3.10), (3.11) hold. For controlled Markov processes
we typically require that D C D(A") for all v € U, that Y’ = ¥ and that D
is dense in the uniform norm in the space of bounded, uniformly continuous
functions on [tg, t1] x X.

The best results which are known in this general setting can be obtained
from Nisio’s construction of a nonlinear semigroup for controlled Markov
processes [Nil]. Let us sketch Nisio’s construction, in the case of controlled
time homogeneous Markov processes on X = IR", following [Nil]. To sim-
plify matters, let us assume that there is no running cost (L = 0.) This is no
real restriction (see Remark 10.2). Let C be the space of bounded, uniformly
continuous on IR™ and assume that U is compact. For each v € U, we are
given a semigroup 7’ of positive linear operators on C such that 7’1 = 1. In
the stochastic control interpretation, the semigroup 7)Y corresponds to a time
homogeneous Feller Markov process under constant control v (Section 3.) Let
L denote the class of all bounded, Lipschitz continuous functions on IR™. For

P € L, let
) —
\) — sup 1@ =00
T#Y lz -yl
Assume that there exists 8 > 0 such that

(10.7) MTPY) < P A\(1), Vb € L and v € U.

For h > 0,7 = Mh, M = 1,2, -, define the nonlinear operator 7,” inductively
by
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(10.8) Tt () = inf T (T ) (x),

with 7¢*¢) = 9. Then T, is monotone, contracting; and using (10.7) it can be
shown that 7" : C — C. Now let h = hy = 27N, If r = M27™0 is a dyadic
rational number, then for N > Ny

TNy > Ty,

The basic idea of the Nisio construction is to obtain the nonlinear semigroup
T on C by

: h
(10.9) Tap= lim T,
TN—T

where ry is dyadic rational. The results of [Nil, Chap. 2] imply that the
operators Ty, = T,—¢ satisfy 11(3.1)-(3.2). Moreover, the function V defined
by (10.6) is continuous on Q, = [to,t1] x IR™.

For constant control v, let S? denote the corresponding semigroup for the
Markov process (s, z(s)):

(10.10) Syd(t,x) =T P(t+r,-)(x).
Corresponding to (10.7), assume that there exists v > 0 such that
(10.11) ASyD) < "A(D)

for all Lipschitz continuous @ on R"*!. In (10.2), GY = G¥ where —G" is
the generator of the semigroup 7} for a time-homogeneous controlled Markov
process. Assume that there exists a dense subspace Dy of the space of uni-
formly continuous, bounded functions on IR™*!, such that for each & € Dy;

(10.12) @, is continuous on IR"** and

GY®(t,-)(z) is continuous on R"™* x U.

(10.13) sup ||A"P| < oo
velU
(10.14) 1}3?01 RSy — & — hA ®|| = 0.
(As usual, || || is the sup norm.) Let D denote the space of @ restricted to

Qy, ® € Dy. (In this chapter we denote “smooth” functions of (¢,z) by &
rather than w as in Chapter II.) Then I1(3.10) follows from (10.12). By [Nil,
Theorem 2.1]

(10.15) 1}11301 R Thd — @) = &, — GO,
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G = sup G'9.
velU
Thus, 11(3.11) holds for all & € D, and by Theorem II.5.1, V' is a viscosity
solution of (10.4).

Remark 10.1. Unfortunately, we do not know a uniqueness theorem for
viscosity solutions to dynamic programming equations of the general form
(10.4). However, uniqueness theorems are known if G; is a second order par-
tial differential operator (Section V.8). Uniqueness results for (10.4) are also
known for some particular classes of nonlocal operators G;. See [Sa] [S3]
[LeB][AT].

Stochastic control interpretation. Nisio’s construction of the nonlin-
ear semigroup 7., outlined above, is purely analytical. A stochastic control
interpretation of V(¢,x) can be given in terms of piecewise constant controls.
Ifti—t=Mh M=1,2---, let

Vh(t7 T) = ﬁ?’ftw(x).

Then V" (t,z) turns out to be the value function obtained by requiring that
u(s) is constant on each interval [t + mh,t + (m + 1)h),m = 0,1,---, M —
1, and (10.8) can be interpreted as a corresponding discrete time dynamic
programming equation. According to (10.9),
V(t,z) = lim V' (ty,z),
i

where t; — ¢ is dyadic rational. In case t; —t = M2—No ig dyadic rational,
V(t,x) is the infimum of Fy,¢(x(t1)) among controls which are constant on
some dyadic partition of [¢,¢1], with h = hy and N > Ny. For a more precise
formulation of these statements and proofs, we refer to [Nil, Chap.2].

Remark 10.2. In this section, we assumed that L = 0. This restriction
can be removed by the following device. Consider an “augmented” state space
¥ x IR', with elements denoted by (z,Z). At time s, the augmented state is
(z(s),Z(s)), where

#(s) = /t L(z(r), u(r))dr.
Let ¥(z,z) = ¢¥(x) + Z. Then

J(t,x;m) = J(t,x,0;m), where

J(t, Z, (E; 71') = Emi!p(l'(tl), i‘(ﬁ)).

I11.11 Historical remarks

The study of optimal control for continuous time Markov processes began
in the early 1960’s with the stochastic linear regulator problem (Example
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8.1.). That model has several features which are appealing from the view-
point of engineering applications. The problem reduces to solving a matrix
Riccati equation, and optimal control policies are linear in the state. More-
over, the optimal policy is insensitive to the intensity of noise entering the
state dynamics. A good introduction to linear-quadratic models in estimation
and stochastic control is Davis [Davl]. There is also a substantial literature
on control of discrete time Markov processes and applications. Bertsekas [Bs]
provides a good introduction to this topic.

For continuous time controlled Markov processes, the theory is most ex-
tensively developed for Markov diffusion processes. See [BL1] [Bo] [EIK] [FR]
[Krl] [L1-L3]. For optimal control of jump markov processes, see [El, Chap
17]; and for control of piecewise deterministic processes see [Dav2] [Ve].

In Section 6 - 9 we formulated a general class of Markov process control
problems. The Verification Theorems 8.1 and 9.1 allow one to solve examples
in which the value function is a classical solution to the dynamic programming
equation. However, these sections include only rather elementary results. The
Nisio nonlinear semigroup in Section 10 provides a further step toward a
theory which does not refer to particular types of controlled Markov processes
(diffusions, jump processes, etc. ).

There are interesting types of control problems for Markov processes which
do not fit the model considered in this chapter. Among them we mention sin-
gular stochastic control (Chapter VIII), impulsive control [BL2] and problems
with switching costs [LeB].






1A%

Controlled Markov Diffusions in IR"

IV.1 Introduction

This chapter is concerned with the control of Markov diffusion processes in
n-dimensional IR™. The dynamics of the process x(s) being controlled are
governed by a stochastic differential equation of the form (2.1). Section 2 is
concerned with the formulation of finite time horizon control problems for
Markov diffusions, where control occurs until exit from a given cylindrical
region @ C IR™*!. Several candidates for the value function are considered,
which are shown later to agree under appropriate assumptions.

For a controlled Markov diffusion, the dynamic programming equation
becomes a second order, nonlinear partial differential equation, which we call a
Hamilton - Jacobi - Bellman (HJB) equation. Sections 3-5 are concerned with
cases when the HJB equation has a sufficiently smooth “classical” solution.
Verification theorems in the same spirit as those in Sections 1.5, ITI.8 and
I11.9 are proved. This is done for finite horizon problems in Section 3, and
for infinite horizon discounted problems in Section 5. Section 5 also provides
illustrative examples.

We saw in Chapters I and II that the value function V for a deterministic
control problem is generally not of class C1(Q). Thus, V cannot generally be
a classical solution to the first - order HJB equation of deterministic optimal
control. In contrast, if the second order HJB equation for a controlled Markov
diffusion is of uniformly parabolic type, then the corresponding boundary
problem indeed has a unique classical solution. Theorems of this type de-
pend on the theory of parabolic partial differential equations, and are quoted
without proof in Section 4.

In Sections 6-10 the assumption of uniform parabolicity is abandoned.
Hence, the value function need not be a classical solution to the HJB equa-
tion. The goal of these sections is to provide a systematic analysis of value
functions, for problems on a fized finite time interval. The methods are prob-
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abilistic. They depend on standard results about stochastic differential equa-
tions, which are reviewed in Appendix D. A strong form of the dynamic pro-
gramming principle is proved in Section 7, by making approximations which
reduce the result to the uniformly parabolic case. In Section 8, we obtain
bounds for first-order difference quotients of the value function V. For second
- order difference quotients, one sided bounds are obtained in Section 9. If
V is a classical solution to the HJB equation, these bounds imply the same
bounds for the corresponding first and second order partial derivatives. The
bounds on difference quotients depend only on certain constants associated
with the functions f, o describing the state dynamics, and with the cost func-
tion. Hence, they can be shown to hold uniformly if the stochastic control
problem is approximated in various ways. In Section 10, we use such bounds
in studying generalized subsolutions and solutions to HJB equations.

IV.2 Finite time horizon problem

Let us consider a control model in which the state evolves according to an IR™-
valued process x(s) governed by a system of stochastic differential equations
of the form

(2.1) dx = f(s,z(s),u(s))ds + o(s,z(s),u(s))dw(s), t <s < i,

where u(s) € U is the control applied at time s and w(s) is a brownian
motion of dimension d. As in previous chapters, we fix tg < t1, and let Q¢ =
[to,t1) x IR™, Q, the closure of Q.

We make the following assumptions: U C IR™ for some m, and U is closed.
The functions f, o are continuous on Q, x U, and f(-,-,v), (-, -, v) are of class
C1(Q,). Moreover, for some constant C

(@) [fel + [f2] < C, low] + |oa] < C;
(2.2) (0) [f(t,2,v)[< C(1+ |2 + |v])
lo(t,2,0)[< C(1+ || + [v]).

Here f;,0¢, fz, 0, denote the t-partial derivatives and gradients with respect
to x, respectively. The inequalities (2.2a) are equivalent to the following:

|f($,y,'0) - f(t,:]],’l))‘ S C’HS 7t| + ‘y - IL’”,
(2.2)(a’) B
lo(s,y,0) —o(t, 2, 0)| < Clls — 1] + [y — =]

for all (s,y), (t,7) € Q, and suitable constant C. The notation |o| denotes
the operator norm. We also recall that o, 0, denote respectively the ¢ partial
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derivative and the differential D o of the matrix valued function o(t, z,v); and
|o¢|,|o| are the operator norms. Since o(-,-,v) € C1(Q,), the equivalence of
(2.2)(a) and (2.2)(a’) follows from the integrated form of the Mean Value
theorem.

Progressively measurable controls. Let us consider control processes
u(+) which are progressively measurable, in a sense which we now define. Fix
an initial time ¢ € [tg,t1). For t < s < ¢y, let By denote the Borel o-algebra
on [t,s]. Let (£2,F, P) be a probability space, {Fs} an increasing family of
o-algebras with F, C F for all s € [t,t1].

Definition 2.1. A U-valued process u(-), defined on [t,#1] x §2, is Fs-
progressively measurable if the map (r,w) — u(r,w) from [t,s] x §2 into U is
B x Fs-measurable for each s € [t,1].

We call a progressively measurable control process admissible, if moreover

ty
(2.3) E/ |u(s)|"ds < o0 for m=1,2,---.
t

In later sections we shall often assume that the control space U is compact.
For U compact, |u(s)| < M for some M < oo, and (2.3) automatically holds.

Let w(:) be a Fs-adapted brownian motion on [t,t1], and consider (2.1)
with fixed initial data

(2.4) z(t) =z, x€ R"

From standard theory of stochastic differential equations with random co-
efficients, (2.1) - (2.4) has a pathwise unique solution x(s) which is Fs-
progressively measurable and has continuous sample paths. Moreover, for each
m = 1,2,---, the m” order absolute moments Ej,|z(s)|™ are bounded for
t < s < ty. These facts are reviewed in Appendix D.

Criterion to be minimized. We consider the problem of minimizing a
criterion J similar to the one in II1(6.5). However, instead of controlling on
the fixed interval [t,¢1] we control up to the smaller of ¢; and the exit time of
z(s) from a given open set O C IR™. We assume that either O = IR™ or that
90 is a compact (n— 1)-dimensional manifold of class C3. Let Q = [to, 1) x O.
for (t,z) € Q, let

(2.5) T=inf{s: (s,2(s)) € Q}.

Note that 7 is the exit time of x(s) from O, if exit occurs by time ¢, and
T =t; if z(s) € O for all s € [t,t1]. We call 7 the exit time from the cylinder
Q. One always has (7, z(7)) € 0*Q, where

(2.6) 0"Q = ([to, 1] x 00) U ({t1} x O).

Of course, in the particular case O = IR"™, Q) = Q¢ and 9*(Q is the hyperplane
{tl} x IR™.
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Let L,¥ be continuous functions which satisfy the following polynomial
growth conditions:

(a) |L(t, 2,v)] < C(1+ [z|* +[v]")
(2.7)
() [@(t,2)] < C(1+ |z[*)

for suitable constants C, k. Given initial data (¢,x) € @ and any admissible
progressively measurable control process u(-), let

(2.8) J(t,z3u) = Ery { /t " L(s,2(s), u(s))ds + w(r, x(T))} .

The problem is to choose u(-) to minimize J.
Let us restate the problem in a somewhat more systematic way. By a
reference probability system v let us mean a 4-tuple

v= (“(27{-7:5}=va)

where (£2,F;,, P) is a probability space, {Fs} is an increasing family of o-
algebras and w(-) is a Fs-adapted brownian motion on [¢,¢1]. Let A, denote
the collection of all Fs-progressively measurable, U-valued processes u(-) on
(t,t1) which satisfy (2.3). We consider the infimum of (2.8) among all u(-) €
At,/I

(2.9) V., (t,z) = Ji4nf J(t, x;u).

We also consider the infimum of V,, (¢, z) among all reference probability sys-
tems v:

(2.10) Veum(t, ) = inf V., (¢, z).

We call u*(-) € Ay v-optimal if V,,(¢t,z) = J(t,x;u*). We call u*(-) an
optimal admissible progressively measurable control process if u*(-) € Ay« for
some

v = (27 {F} P wT)
and Vpy(t,2) = J(t, z;u*). We will show later in the chapter that, under
suitable assumptions, V,, = Vp), for each v.

Consider the case Q = Q¢ and hence 7 = t;. We defined the concept of
admissible control system in Chapter II1.8 and corresponding candidate Vg
for the “value function”. Given v, u(-) € Ay, and initial data (2.4), let 2(-) be
the corresponding solution of (2.1). Then the system

™= (97 {fs},P,(E('),U('))

is admissible with respect to the class D = C’;’Z (Qp)- To see this, the operators
A" in Section II1.6 now have the form
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n

1 n
(2.11) AP =P+ it 2, 0) e, + Y filt 2, 0)y,,
i,j=1 i=1

where a = o0’. As in II1(5.6) the Ito differential rule applied to ® € C}*(Q,)
gives

B(s, 2(s)) — B(t, ) / A B, (1))
(2.12) t

= /:stﬁ(r,x(r)) co(r,z(r), u(r))dw(r).

Assumption (2.3) and the boundedness of Ei.|xz(s)|™ on [t,t1] for each m
imply
Ei|®P(s,x(s))] < oo, Etw/ | AW @ (r, 2(r)|dr < oo,
t

Em/ts|Dx§P(r,x(r))|2|a(r,x(r),u(r)|2d7' < .

The right side of (2.12) is then a martingale, and we obtain Dynkin’s formula
ty
(2.13) Eip®(ty,2(t1)) — ®(t,2) = By / A O)p(r, z(r))dr.
t

Therefore, 7 is an admissible system.

Every admissible, progressively measurable u(-) defines an admissible sys-
tem 7, with J(t, z;u) = J(¢, x; 7). Hence, we always have Vyg < Vpys, where
Vas was defined by formula I11(8.4). While we do not know in general whether
equality holds, this will be proved in many cases. In some instances, the Ver-
ification Theorem in Section 3 can be used to see that Vas = Vps.

Remark 2.1. Additional restrictions are sometimes made on the class
of reference probability systems admitted. One such restriction would be to
require that Fs is the o - algebra generated by the brownian motion w(-),
instead of assuming (as we have done) only that w(-) is F - adapted. In the
formulation of singular stochastic control problems in Chapter VIII, we shall
assume right continuity of the o - algebras Fs. Since we will make assumptions
under which V,, turns out to be the same for all reference probability systems
v, such additional restrictions turn out to be unimportant for our purposes.

IV.3 Hamilton-Jacobi-Bellman PDE

For controlled Markov diffusion processes, the dynamic programming equation
ITI(7.5) becomes a nonlinear partial differential equation (PDE) of second or-
der. See (3.3) below. Let 87 denote the set of symmetric, nonnegative definite
n x n matrices A = (A4;5),4,7 =1,---,n. Let a = 00’ and
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(31) traA = Z aiinj'

i,5=1

For (t,z) € Qy,p € R", A € 87, let

(32)  Hlta,p.4) = supl—f(t,2,0) p— stralt,z,v)A ~ L{t,z,v)]
velU

If U is compact, the supremum is always attained. Otherwise, some extra
conditions are needed to insure this. For each fixed (¢,z,v), f-p+ %tr aAisa
linear function of (p, A). Hence, H(t,x,,) is a convex function on IR™ x S¥.
As in Chapter 111, let C*?(B) denote the set of functions @(¢,z) such that
¢ and its partial derivatives @, ®,,, Py, ,1,j = 1,---,n are continuous on
B C IR™™. Let D,® denote the gradient of @ in  and D2® = (®,,,,),i,j =
1,--+,n. The dynamic programming equation III(7.5) can then be written as

aVv
(3.3) ——5 T Ht, DV, DIV)=0, (t,z) € Q.
Equation (3.3) is often called the Hamilton-Jacobi-Bellman (HIB) partial dif-
ferential equation associated with the optimal stochastic control problem for-
mulated in Section 2. It is to be considered in the cylinder Q = [tg,t1) X O
with the boundary data

(3.4) V(t,z) =¥(t,z) for (t,x) € 0*Q.

The HJB partial differential equation is called uniformly parabolic if there
exists ¢ > 0 such that, for all (¢,2,v) € Qo x U and £ € R"

(35) Z aij(t,x,v)fiﬁj Z C|€|2.
3,j=1

When (3.5) holds, results from the theory of second order nonlinear PDEs of
parabolic type imply existence and uniqueness of a solution to the boundary
value problem (3.3)-(3.4). These results will be summarized, without proofs,
in Section 4.

When (3.5) does not hold, the HIB equation (3.3) is said to be of de-
generate parabolic type. In this case a smooth solution V (¢, z) cannot be ex-
pected. Instead, the value function will be interpreted as a solution in some
broader sense, for instance as a generalized solution (Section 10). Another
convenient interpretation of the value function is as a viscosity solution to
the HIB equation (Chapter V.) In addition, in the degenerate parabolic case
the value function may not assume continuously the boundary data (3.4) at
points (¢, z) € [to,t1) x 0. An additional assumption will be made in Section
V.2, to insure that Vpy,(¢,z) is continuous in Q.



IV. Controlled Markov Diffusions in IR" 157

Let us next prove a verification result (Theorem 3.1), which has somewhat
different assumptions than Theorem II1.8.1. For B C Q, let C,(B) denote
the set of all @ continuous on B and satisfying a polynomial growth condition

(3.6) 2@, 2)| < K(1+ |2[™)

for some constants K and m. -
Theorem 3.1. (Verification Theorem). Let W € C13(Q) N Cp(Q) be a
solution to (3.3)-(3.4). Then:

(a) W(t,z) < J(t,z;u) for any admissible progressively measurable control
process u(-) and any initial data (t,z) € Q.
(b) If there exist v* = (2%, {F*}, P*,w*) and u*(-) € Ay,+ such that

(3.7) u*(s) € argmin[f (s, z*(s),v) - D, W (s,x2*(s))

—|—%tr a(s,z*(s), v)chW(s, x*(s)) + L(s,x*(s),v)]

for Lebesguex P* - almost all (s,w) € [t,7*] x 2%, then W(t,z) =
Vp]\/[(t,x) = J(Lx;u*).

Here z*(s) is the solution of (2.1) corresponding to v* and w*(-), with
x*(t) = x, and 7* is the exit time of (s,z*(s)) from Q.

Theorem 3.1 will be obtained as a special case of the following result, in
which the exit time 7 is replaced by an Fy - stopping time 6§ with ¢t < 0 < 7.
(We recall that 6 is an F; - stopping time provided that the event 6 < s is Fy
- measurable for each s € [t,11].)

Lemma 3.1. Let W be as in Theorem 3.1. Then:

(i) If u(:) € Ay, and 0 is an Fs-stopping time with t < 0 < 7, then

0
W(t,z) < Eiy {/t L(s,z(s),u(s))ds + W(H,:c(Q))} .

(i) If v*,u*(-) are as in Theorem 3.1(b), then for every F-stopping time 0*
with t < 6* < 71*

0"
W (t,z) = Ety {/t L(s,z*(s),u*(s))ds + W (0", z*(@*))} .

Proof of Lemma 3.1 (a). We return to notation A” of Chapter III and
recall that (3.3) is the same as IT1(7.5) in case of controlled Markov diffusions.
Let us first assume that @ is bounded, i.e. that O is bounded, and that
W € CY2(Q). For each (t,z) € Q,v € U,

0 < A*W(t,x) + L(t, z,v).
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Let us replace ¢, x,v by s,z(s),u(s),t <s<7:
(3.8) 0 < AW (s, 2(s)) + L(s, x(s), u(s)).

We next use the Ito differential rule, integrated from ¢ to 6 in II1(5.6), to get

0
(3.9) W(0,x(0)) — W(t,x) — / AYW (s, 2(s))ds = M(0)

t

where

M(s) = /ts X+ (1) Dy ®@(r, (1)) - o(r,z(r), u(r))dw(r)

is a Fs-martingale. Here x,(r) is the indicator function of the event r < 7.
Then E;, M (0) = 0. We get (i) by taking expectations in (3.9) and using (3.8).
In the general case, for 0 < p=1 < (t; —tg) let

1 1
Oﬂ = Oﬂ{|x\ <p, dist (I760) > ;} ) Q[I = [t07t1 - ;) X OP'

Let 7, be the exit time of (s,z(s)) from @,, and 6, = 6 A 7, = min(0,7,).
Since Q,, is bounded and W € C**(Q,), by part (i)

ep
(3.10) W(t,z) < Eiy {/t L(s,z(s),u(s))ds + W(Gp,x(t?p))} .

As p — 00, 0, increases to 6 with probability 1. Since

0, t1
Etx/t |L(s,z(s),u(s))|ds < Em/t |L(s,z(s),u(s))|ds < oo,

0, 0
lim Em/t L(s,x(s)m(s))ds:Etx/t L(s,z(s),u(s))ds.

p—+00

Since W € Cp(Q), W(0,,2(6,)) — W (6, z(0)) with probability 1 as p — oo,
and
(W (05, 2(60,))] < K(1+ |2(6,)*] < K(1+]]z(-)[")

for suitable k, K, where || || is the sup norm on [t,#1]. By Appendix D,
Eiz||z(1)]|™ < oo for each m = 1,2,---. We take m > k and let o = mk~1.
Then E.,|W(6,,2(0,))|* is bounded, which implies uniform integrability of
the random variables W (8,,2(6,)). Hence

ILm EW(0,,2(0,)) = E;W(60,2(0)).
p—+00

This proves (i).
Proof of Lemma 3.1(ii). Inequality (3.8) is an equality when u(s) =
u*(s) and z(s) = 2*(s). Then (3.10) also becomes an equality. O
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Remark 3.1. From (3.8)
(3.11) CG=W(sAT,z(sNT)) — /tS ’ L(r,z(r),u(r))dr

is a local submartingale, and a local martingale when u(s) = u*(s),z(s) =
2*(s) and 7 = 7*. While we do not explicitly use this property, it is essentially
the basis for the proof of Lemma 3.1.

Proof of Theorem 3.1. For part (a), take 6 = 7. Since W satisfies (3.4),
W(r,z(7)) = ¥(r,2(7)). Use Lemma 3.1(i); similarly, use Lemma 3.1(ii) for
part (b). O

Markov control policies. As in earlier chapters we call a Borel measur-
able function v : @, — U a Markov control policy. Let £ denote the class of
Markov control policies u with the following properties:

(i) w is continuous on  Qy;
(3.12) (ii) For each p > 0 there exists K, such that for to <t <y,
‘Q(t,iﬂ) - @(tay” S [(Plaj - y‘v |‘T‘ S P |y| S P

(iii) There exists C such that |u(t, z)] < C(1 + |z|).

Let u € L. Given any (2, F,{Fs}, P) and Fs-adapted brownian motion
w(s), the stochastic differential equation

dx = f(s,z(s),u(s, x(s))ds + a(s,z(s), u(s, z(s))dw(s),
(3.13)
z(t) ==z

has a pathwise unique solution. The process
(3.14) u(s) = u(s, z(s))

is Fs progressively measurable and admissible, since Ey;|x(s)|™ is bounded
on [t,t1] for each m. We then write J(¢,x; u) instead of J(t,x;u).

Theorem 3.1 then has the following:

Corollary 3.1. If there exists u* € L such that

@*(Say) € argmin[f(s,y,v) : DIW(Say)
(3.15)
+atra(s,y,v)DiW(s,y) + L(s,y,)]

for all (s,y) € Q, then W(t,x) = J(t,z;u*) for all (t,z) € Q.
Proof. Given any reference probability system v, let 2*(s) be the solution
to (3.13) with u = u*, and

(3.16) u*(s) =u*(s,2"(s)) , t<s<7".
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Then we use Theorem 3.1(b). O

Remark 3.2. We call u* an optimal Markov control policy. For u € L the
reference probability system v can be arbitrary, since (3.13) has a pathwise
unique solution. Thus, if there is an optimal u* € £, then

W(t,x) = Vu(t7$) = VPM(tax) = J(tax;ﬂ*)'

If, in addition, Q = Qg and W € 01%72(@0), then Theorem III.8.1 gives
W(t,x) = Vas(t,z). In that case, all of the candidates V,,, Vpas, Vag for the
name “value function” agree.

Unfortunately, there is generally no w* which satisfies both (3.12) and
(3.15). If, for instance, the control space U is compact and convex, then order
to have a continuous function u* satisfying (3.15) one generally needs to know
that f-D, W+ %tr aD2W + L, considered as a function of v, has a minimum on
U at a unique v* = u*(s,y). When this uniqueness property fails, one generally
must allow discontinuous Markov control policies in order to get an optimal
policy v*. In Corollary 3.2, u* is merely required to be bounded and Borel
measurable. However, in addition the stochastic differential equation (3.13)
with initial data is required to have a solution z*(s) which has a probability
density. In Section 4 we will show how Corollary 3.2 can be applied in the
uniformly parabolic case.

Corollary 3.2. Let U be compact. Let u* be Borel measurable and satisfy
(3.15) for almost all (s,y) € Q. Given (t,x) € Q, assume that there exist
v = (25, {F:}, P*,w*) and a solution z*(-) to

(3.17) dz* = f(s,2*(s),u"(s,2%(s))ds + o (s, x*(s),u* (s, 2" (s))dw*(s)

with x*(t) = x, such that
t1
(3.18) / Pru{(s,2"(s)) € N}ds = 0
t

for every N € B(Q) with (n + 1)-dimensional Lebesgue measure 0. Then

W(t,z) = Vpr(t,x) = J(t, x;u”).

Proof. By hypothesis, there exists N € B(Q) with (n + 1)-dimensional
Lebesgue measure 0 such that (3.15) holds for all (s,y) € Q\N. Let x(s) be
the indicator function of the event (s,z*(s)) € N. Then

B | " (s)ds = / " P{(s,2%(s)) € N}ds = 0.

The conclusion follows from Theorem 3.1(b). O
Remark 3.3. The results of this section extend readily to the case when
the criterion J to be minimized has the following more general form. Let
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£(t, z,v) be a continuous function which is bounded above (¢ < M for some
M). Let

(3.19) J(t,z;u) = Eyy {/tT I'(s)L(s,z(s),u(s))ds + F(T)LT/(T,x(T))} ,

(3.20) I'(s) =exp /ts L(r, x(r), u(r))dr.

In case £ = 0, (3.19) becomes (2.8). The Hamilton - Jacobi - Bellman equation
now has the form
ov

(3.21) — 5 At DV (), DIV (8 2), V(E,2)) =0,

where for (t,7) € Qy,p € R", A € st Vel

(322) H(t,l‘,p, A7 V) = sup[—f(t,:c,v) P
velU

—%tr a(t,x,v)A — L(t,z,v) — l(t,x,v)V].

In contrast to (3.2), the “zeroth order term” —¢V appears in (3.22). Cor-
respondingly, in the statement of the Verification Theorem 3.1, a term
0(s,x*(s),v)W (s, *(s)) must be added on the right side of formula (3.7).
To prove this form of the Verification Theorem, in the proof of Lemma 3.1 a
Feynman-Kac formula (see Appendix formula (D.15)) is used instead of the
Ito differential rule.

In Section VI.8 we will consider again criteria of the form (3.19)-(3.20), in
case L = 0, ¥ = 1. The problem of minimizing J is called there a risk sensitive
control problem.

IV.4 Uniformly parabolic case

When the condition (3.5) of uniform parabolicity holds we expect the bound-
ary value problem (3.3) - (3.4) to have a unique solution W (t,z) with the
properties required in the Verification Theorem 3.1. In this section we state,
without proof, some results of this kind. These results are proved by methods
in the theory of second order nonlinear parabolic partial differential equations.
In the first result which we cite the following assumptions are made:

(a) U is compact;
(b) O is bounded with O a manifold of class C3);
(4.1) (¢) For g = a, f, L, the function g and its partial derivatives
Gts 9z, s Ju,z; Are continuous on QxUi,j=1,---,n.

(d) ¥ € C*(Qy)-
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Theorem 4.1. If assumptions (3.5) (4.1) hold, then (3.3)-(3.4) has a
unique solution W € C12(Q) N C(Q).

This theorem is due to Krylov. For a proof see [Kr2, Chap. 6, esp. pp. 279
and 297].

In case o(t, z) does not depend on the control parameter v, the HJB equa-
tion (3.3) takes the form

(4.2) —86—‘: - %tra(t,x)DiV + H(t,z,D;V) =0,

where as in the case of deterministic optimal control (see formula I(5.4))

(4.3) H(t,x,p) = sgg[—f(t, x,v) - p— L(t,x,v)].

A partial differential equation of the form (4.2) is called semilinear, since
D2V appears linearly. Results for semilinear, uniformly parabolic HJB equa-
tions were proved before corresponding results for fully nonlinear uniformly
parabolic PDEs were known. See [LSU]. If some standard technical estimates
for linear, uniformly parabolic PDEs are taken for granted, then one can also
consult [FR, Sec. VI.6 and Appendix E.|

Results like Theorem 4.1 in an unbounded region ) require additional
boundedness or growth assumptions on a, f, L, ¥ and certain of their partial
derivatives. To simplify matters, in the unbounded case let us consider only
O = IR" (hence @ = Qo). Let

(4.4) U(ty,x) = (x).

The next result which we cite is a special case of a theorem of Krylov [Kr
2, p. 301]. We denote by CF(IR™) the space of ¢ such that ¢ and its partial
derivatives of orders < k are continuous and bounded. The space C}" Qo)
is defined similarly. See the Notation list before Chapter I. The following
assumptions are made:

(a) U is compact;

(b) a, f, L are continuous and bounded on Q, x U;

(¢) For g = a, f, L, the function g and its partial
derivatives gi, gz, , gz,4; are continuous and bounded on
Qo x Ui, j=1,---,n

(d) ¥ € Cy(IR").

(4.5)

Theorem 4.2. Let Q) = Q. If assumptions (3.5) (4.5) hold, then (3.3)
with the Cauchy data W (ty,z) = ¢(x) has a unique solution W € Cp*(Q,).

When the strong boundedness restrictions in (4.5) do not hold, one can
often find a solution W € C+2(Q,) N C,(Q,) by approximating a, f, L, by
functions which satisfy (4.5). Let us cite a result of this type, for the semilinear
case. We assume that o (¢, x) is a nonsingular n X n matrix. Moreover:
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(a) U is compact;

(b) f(t,x,v) = b(t,z) + o(t,2)O(t, z,v);

(c) b, o are in C2(Qy); moreover, 0,0, 0, b, are
bounded on @, while © € C*(Q, x U) with

(4.6) O, 0, bounded;

(d) L € CY(Q, x U), and L, L, satisfy a polynomial
growth condition;

(e) v € C3(IR™), and 1,1, satisfy a polynomial
growth condition.

Theorem 4.3. Let Q = Qo and assume (3.5), (4.6). Then (4.2) with the
Cauchy data W (t1,x) = 1(z) has a unique solution W € C12(Qq) N Cp(Qy)-

This is [FR, Thm 6.2, p. 169]. The proof of existence of W given there uses
PDE arguments; see [FR, p. 210]. However, uniqueness is obtained using the
stochastic control interpretation of the HIB equation (3.3) and a verification
theorem.

Remark 4.1. The existence Theorems 4.1 - 4.3 all extend readily to HIB
equations of the more general form (3.21) - (3.22). It is sufficient to add the
assumption that (4.1)(c) if @ is bounded, or (4.5)(c) if @ = Qo, also holds for
g==1.

Optimal Markov control policies. Let us next sketch how to apply
Corollary 3.2 to show that an optimal Markov control policy u* exists. As
already pointed out in Section 3, the requirement that u* € L is generally
too restrictive. Therefore, we seek u* which may be only bounded and Borel
measurable. For (s,y,v) € Q x U, let

1
F(s,y,v) = f(s,5,0) - DaW(s,y) + Stra(s,y,0) D;W (s, ) + L(s,y,v),

where W € C12(Q) is a solution to the HJB equation (3.3). By a measurable
selection theorem there exist Borel measurable v* : @ — U and N € B(Q)
with (n + 1)-dimensional Lebesgue measure 0, such that

u*(s,y) € argmin F(s,y,v)

for all (s,y) € Q\N. See [FR, Appendix B]. For (s,y) € Q,\Q, let u*(s,y) =
v, where vy € U is arbitrary. In order to apply Corollary 3.2, we need v* and
a solution z*(s) to (3.17) with «*(¢) = «, such that (3.18) holds. Let us cite
two results which provided sufficient conditions for this.

Case 1. Let us assume that o(t,z,v) is an n X n matrix, such that for all
(t,z,v) € Qy x U,

(4.7) > itz 0685 2 y[¢f, where 7> 0.

ij=1
Assumption (4.7) implies that a = oo’ satisfies the uniform parabolicity as-
sumption (3.5). By a result of Krylov about existence of a solution to a sto-
chastic differential equation with measurable coefficients [Kr 1, p. 87], there
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exist v* and a solution z*(s) to (3.17) with 2*(¢) = x. [It is not asserted that
this solution is unique in probability law.] By an estimate of Krylov [Kr 1, p.
66], for each p > n there exists M, with the following property. For every ¢
which is Borel measurable on Q,

t1
(438) B / 195,27 (5))|ds < My gl [p1,
t

where || ||p+1 is the norm in LPT1(Qy; m) and m denotes (n + 1)-dimensional
Lebesgue measure. If g is the indicator function of N, with m(N) = 0, the
right side of (4.8) is 0. Therefore, (3.18) holds.

Case 2. Let us assume that o(t,z) is a nonsingular n X n matrix (which
does not depend on v). Moreover, we assume that there exists C' such that,
for all (¢,7) € Qy:

(4.9) o~ (t,2)] < C.

Assumption (4.9) implies (3.5). In this case, the existence of v* and a solution
x*(s) to (3.17) with z*(t) = z is immediate from Girsanov’s Theorem. [This
solution is unique in probability law.] It also follows from Girsanov’s Theorem
that 2*(s) has a probability density p*(s,y) for t < s < t;. See [FR, p. 143].
If m(N) = 0, then

/ttl Pia{(s,27(s)) € N}ds = //N p*(s,y)dyds = 0.

Therefore, (3.18) holds.

We summarize these results in the following theorem.

Theorem 4.4. Assume (4.1) if O is bounded, or (4.5) if O = IR™. More-
over, assume either (4.7) or (4.9). Then u* is an optimal Markov control
policy, and Vpp(t,x) = W(t,x) for all (t,x) € Q.

Theorem 4.4 will not be used in the developments which follow.

IV.5 Infinite time horizon

Let us now suppose that the stochastic differential equations (2.1) which de-
scribe the state dynamics are autonomous: f = f(z,v),0 = o(z,v). We take
t = 0 as the initial time. Then (2.1) becomes

(5.1) dx = f(z(s),u(s))ds + o(x(s),u(s))dw(s), s>0,

with initial data 2(0) = x. We assume that f, o are continuous on IR"™ x U,
with f(-,v),0(-,v) of class C1(IR") and (as in (2.2))

(5.2) [fal <C, oo <C
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(5.3) |f(z,0)] < C(L+ |z] + |v]), |o(z,v)| < C(1+|2|+v])

for some constant C'. As in Section 2, let O C IR™ be open, with either O = IR™
or 0 a compact manifold of class C3. Let 7 denote the exit time of z(s) from
O, or 7 = +o0 if z(s) € O for all s > 0.

Let L be continuous on IR™ x U, and ¢ continuous on IR™. We also assume
that L satisfies the polynomial growth condition (2.7a). Given initial data
x € O, we wish to minimize

(5.4) J(z;u) = Ex{/OT e PSL(x(s), u(s))ds + XT<oo€_ﬁTg(J](T))},

where 3 > 0 is a discount factor. In order to formulate this problem more
precisely, we define admissible progressively measurable control processes as
follows. Let v = (£2,{Fs}, P, w) be a reference probability system (Section 2),
where now (£2, F, P) is a probability space, Fs C F, and w(-) is a Fs-adapted
brownian motion on [0,00). Let A, denote the set of all Fs-progressively
measurable, U-valued processes u(-) on [0,00) which satisfy (2.3) with ¢t =0
and any t; < 0o, together with

T.e_ﬂS x(s),u(s))|ds < co.

(5.5) B [ e as) u(s)lds <
Let

(5.6) Vo (z) = ljlluf J(z;u)

(5.7) Vem(z) = irl}f V. ().

The dynamic programming equation (HJB equation) is now the second
order nonlinear partial differential equation

(5.8) BV +H(x,DV,D*V) =0, z €O,

where H(z,p, A) is defined by (3.2). See III(9.4). It is considered with the
boundary data

(5.9) V(z)=g(z), xe€00.

If there exists ¢ > 0 such that
(5.10) Z (,0)6:; > cl¢]?

for all £ € IR"™ and v € U, then the HJB equation is uniformly elliptic. In that
case, one may expect (5.8)-(5.9) to have a smooth solution which is unique
if O is bounded. For O unbounded and > 0 there will generally by many
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solutions to (5.8)-(5.9). Among these solutions the value function turns out
to be the one which does not grow too rapidly as |z| — oo.

When (5.10) does not hold, then the HIB equation is of degenerate elliptic
type. In that case, one cannot expect the value function Vp,; to be a smooth
solution to (5.8)-(5.9). Indeed, additional assumptions are needed even to
ensure that Vp), is continuous on O, and that Vpy, satisfies (5.8) and (5.9)
in some weaker sense (e.g. as a viscosity solution as defined in Chapter V).

At the end of this section we will mention, without proof, some results
about existence and regularity of solutions to (5.8)-(5.9). However, we first
prove a Verification Theorem similar to Theorems II1.9.1 and 3.1, and give
some examples.

Theorem 5.1 (Verification Theorem). Let W € C?(0) N Cp(O) be a
solution to (5.8)-(5.9). Then for every x € O:

(a) W(x) < J(z;u) for any admissible progressively measurable control
process u(-) such that
(5.11) lim inf = B, [xrzr, W(2(t2))] < 0.

(b) Suppose that there exist v* = (2%, {Fr}, P*,w*) and u*(-) € A, such
that

(5.12) u*(s) € argmin|f(z*(s),v) - DW (z*(s))

1
+§tr a(z*(s),v)D*W (z*(s)) + L(z*(s),v)]
for Lebesgue x P*- almost all (s,w) such that 0 < s < 7*(w), and

(5.13) lim e P B, [Xrese, W(2*(t1))] = 0.
t1— o0 -
Then W(x) = J(x;u*).
Sketch of proof. We apply the Ito differential rule to ®(z,t) = W (z)e P*.
As in the proof of Lemma 3.1, for any ¢; < oo,

Wi(z) < EI{ /oth e P L(x(s),u(s))ds

e P xrse, W(a(ty)) + 6_’6TXr<t19(35(7'))}-

For u(-) = u*(-) equality holds. We then proceed as in the proof of Lemma
I11.9.1.
]
Theorem 5.1 does not quite allow us to conclude that W(z) = Vpp(z).
However, if we let Vpps () be the infimum of .J(z; u) among all v and u(-) € A,
such that (5.11) holds, then

W () = Veu(z) = J(w;u”).
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This complication can often be avoided. See Corollary 5.1, and also Examples
5.1, 5.2.

Optimal stationary Markov control policies. As in (9.4) we may
seek optimal controls of the form u*(s) = u*(2*(s)), where u* is a stationary
Markov control policy such that

(5.14) w*(z) € argmin[—-G W (z) + L(z,v)]

(5.15) —G"W(z) = f(z,v) - DW(z) + %tr a(x,v)D*W (z).

An analogue of Theorem 4.4, asserting the existence of an such optimal u*
can be proved. However, we shall not do so.

If W is bounded on O (in particular, if O is bounded and W € C(O))
conditions (5.11), (5.13) are readily verified:

Corollary 5.1. Let W € C?(0) N Cy(0O) be a solution to (5.8)-(5.9).
Moreover, assume either that 3 > 0 or that T < oo with probability 1 for
every admissible progressively measurable control process u(-). Then W(z) =
J(x;u*) = Vpa(x).

Minimum mean exit time from O. Let us apply Corollary 5.1 in the
special case L(z,v) = 1,¢g(x) = 0,8 = 0. Let O be bounded and U compact.
Moreover, assume the uniform ellipticity condition (5.10), which implies 7 <
oo with probability 1. Let J(z;u) = E,7, the mean exit time of x(s) from O.
The HJB equation in this case becomes

(5.16) néi[r}[fG”V(x) +1]=0, z€O0.

The boundary data are
(5.17) V(z) =0, ze€d0.
Example 5.1. Let n = 1,0 = (—b,b) and let
dz = u(s)ds + adw(s), a >0,

where the control constraint |u(s)| < 1 is imposed. Then (5.16) becomes

2
%V (@) + \rﬁiﬁnlv-v () +1=0, [z|<b,

with V(b) = V(=b) = 0. We expect the value function V(z) = Vppy(z) to

be symmetric with V(x) decreasing for 0 < < b. Moreover, u*(z) = sgn x

should turn out to be a stationary optimal Markov control policy. With this

in mind let W () be the solution to

2
%W () + W (z)+1=0, 0<z<b,
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W'(0) =0, W(b)=0.
For —b < 2 <0, let W(x) = W(—xz). The explicit formula for W (x) is

W(z) = —le = — 67%} +b— |zl

Then W € C?([-b,b]) and W satisfies (5.16)-(5.17). As in the discussion
preceding Theorem 4.4, Girsanov’s Theorem implies that the stochastic dif-
ferential equation

dx* = sgn x*(s)ds + adw*(s), s >0,

with initial data z*(0) = x has a solution for some reference probability system
v = (2% {Fr}, P*,w*). We take u*(s) = sgn x*(s). Corollary 5.1 can then
be applied to show that Vpys(z) = W(z) and that u*(x) = sgn x is an
optimal stationary Markov control policy.

The next example comes from financial economics.

Example 5.2 (Merton’s portfolio problem). Chapter X of this book
is concerned with applications of stochastic control theory to finance. The
earliest such application was Merton’s classical portfolio optimization problem
[Mer1]. This is formulated as follows. An investor has a portfolio consisting
of two assets, one “risk free” and the other “risky”. The price p(s) per share
of the risk-free asset changes according to dp = prds while the price S(s)
of the risky asset changes according to dS = S(uds + odw(s)). Here r, u, o
are constants with » < u, ¢ > 0 and w(s) is a brownian motion. Let z(s)
denote the investor’s wealth at time s, w(s) the fraction of wealth in the risky
asset and ¢(s) the consumption rate. No constraint is imposed on 7(s), but
it is required that x(s) > 0, ¢(s) > 0. Then x(s) changes according to the
stochastic differential equation

(5.18) dx = (1 —m(s))x(s)rds + w(s)x(s)(uds + odw(s)) — c(s)ds.

We stop the process if the wealth x(s) reaches 0 (bankruptcy). Thus O =
(0,00). If we write uy(s) = 7(s), ua(s) = c(s), then the control is the two-
dimensional vector u(s) = (u1(s), uz2(s)), subject to the constraint us(s) > 0.
Thus U = (—o00,00) X [0,00) The “running cost” is

(5.19) L(z,v9) = £(v3)

where £(c) is the utility of consuming at rate ¢ > 0. We assume that ¢(0) =
0,0 (0%) = 400, (c) > 0, (¢) < 0 for ¢ > 0. The problem is to mazimize
the total expected utility, discounted at rate 5 > 0:

(5.20) J(xyur,u) = Ey /OT e Pt(c(s))ds

where ¢(s) = uz(s) is the consumption rate and either 7 = 400 or 7 is the
bankruptcy time.
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For v = (vy,v2) € U,

o?vz?

—G"W () = T

Waw + (0 — r)v12W, + raW, — vaW,.

The dynamic programming equation (5.8) can be put in the form:

2,22
(5.21) BW = max z 1)21$ Wez + (1 — r)v1zWy
vy

+raW, + max[l(ve) — vaWy].
’UQZO

More precisely, if ¢ is replaced by — £, then the problem is to minimize — J.
Thus — W must satisfy the equation corresponding to (5.21), with min instead
of max and ¢ replaced by — £. This has the form (5.8). The value function V'
should be increasing on [0, 00). Moreover, this example has a linear—concave
structure which implies that V is concave. See Example 10.1 below. Accord-
ingly, we look for a solution to (5.21) for > 0 with W, > 0, W,, < 0 and

0= lim W(x).

z—0t

By an elementary calculation, we get the following candidates for optimal
investment and consumption policies:

622 uite) = -Y ) = () W)

Let us now assume that
1

(5.23) lc)=—-c", 0<y <1
Y

Such an ¢ is called of hyperbolic absolute risk aversion (HARA) type. As a
solution to (5.21), we try

(5.24) W(x) = Kz".

Then (5.22) becomes

* _ H—=T * _ %1
(5.25) uj(z) = A =7)02’ us(z) = (vK)7 Tz

Note that u} does not, in fact, depend on z, and u*(z) is linear in z.
It remains to determine K. By substituting (5.24) and (5.25) in (5.21) we
get a nonlinear equation for K, which has a positive solution provided

(n—1)*y
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Let us verify that u}, ub are optimal policies and that W(z) is the max-
imum expected discounted utility. Since W (x) > 0, condition (5.11) is auto-
matically satisfied by —W (recall that signs change for a problem of maximum
rather than minimum). Hence by Theorem 5.1(a) by W (z) > J(x;u1,us) for
all admissible u1 (+), uz(-). Instead of verifying (5.13), let us check directly that,
for all z > 0,

(5.27) W(z) = J(z;ul,ul).

Since u} is constant and u}(z) is linear in x, 2*(s) satisfies a linear, constant
coefficient stochastic differential equation (5.18) which can be solved explicitly.
By doing so, we find that z*(s) > 0 for all s > 0. (In fact by applying the Ito
differential rule to logz*(s), we find that logz*(s) is a brownian motion with
drift). Thus 7% = 4-00. As in the proof of Theorem 5.1

W(z) = E, {i / " e g (o ()] ds + e-ﬁ“W(w*(tl))}

for any ¢; > 0. Since W (x*(¢1)) > 0 this implies by (5.25)
oo

(5.28) Ew/ e P [x* ()] ds < 0.
0

Since W(x*(t1)) = Klz*(t1)]”, we get (5.27) by sending ¢; — oo through a
sequence such that e £, [z*(t1)]” tends to 0.

Remark 5.1. In this model there is no way to create wealth or to consume
once bankruptcy occurs. The problem which we have formulated is equivalent
to one with a state constraint (z(s) > 0 and 7 = 400 in (5.20)).

Remark 5.2. It was shown by Karatzas - Lehoczky - Sethi - Shreve [KLSS]
that the Merton problem has a relatively explicit solution even if £(c) does
not have the special HARA form (5.23). They show that by introducing a
new “independent variable” the dynamic programming equation for W(x) is
changed into an inhomogeneous second order linear differential equation. This
will be discussed in Section X.4.

When wuy(s) > 1, the term (1 —u1(s))z(s) in (5.18) is negative. This term
represents money borrowed by the investor; and it has been implicitly as-
sumed that money is borrowed at the same rate r as the return rate for the
riskless asset. When the borrowing rate is larger than r, the dynamic program-
ming equation no longer has an explicit solution W (x). This case has been
studied by Fleming-Zariphopoulou [FZ] and Fitzpatrick-Fleming [FF] using
viscosity solution techniques and numerical solutions of the dynamic program-
ming equation. Another simplification in Merton’s problem is that transaction
costs were ignored. When these are included in the model, one has a stochas-
tic control problem of “singular” type. The portfolio selection problem with
transaction cost is solved by viscosity solution methods in Section X.5.

For results like Theorem 4.1 concerning the existence of a classical solution
W € C?(0)NC(O) when O is bounded and the uniform ellipticity condition
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(5.10) holds, we refer to Evans [El] [E4], Gilbarg - Trudinger [GT, Thm.
17.17], Trudinger [Tu].

IV.6 Fixed finite time horizon problem: Preliminary
estimates

We will take Q = Qo = [to,t1) x IR™ in the rest of this chapter. Thus, control
occurs on a fixed finite interval [t,t1]. Our goal is to study systematically the
value function Vpas, without the uniform parabolicity condition (3.5). For
notational simplicity, let us write

‘/(t7 :I?) = VPM (t, LL‘)

We can no longer expect that V € C12(Qy); hence V cannot be in general
a classical solution at the HJB equation (3.3). However, we will find that V
satisfies (3.3) in some extended sense (as a generalized solution in Section 10,
or a viscosity solution in Chapter V.)

We make the following assumptions:

(a) U is compact;

(b) f,0 are continuous on Q, x U, and f(,-,v),0(:,+,v)
are of class C1(Q,) for each v € U;

(¢) For suitable Cp,Co
[fel + 1Szl < Cu, loi] + loa| < C1,
|f(t,0,0)] + |o(t, z,v] < Ca.

(6.1)

Remark 6.1. The assumptions (6.1) are similar to (2.2). However, compact-

ness of U and boundedness of o are now assumed. We have not sought ut-

most generality, under the weakest possible assumptions. For example, for

the estimates in this section one could assume instead of class C1(Q,) that

ft,-,v),0(t,-,v) satisfy a Lipschitz condition uniformly with respect to t, v.
Unless stated otherwise, we shall also suppose that

(6.2) Y(z) =¥ (t1,2) =0, z € R".
This is scarcely a restriction. Indeed, if ¢ € C}*(Q) then the Dynkin formula
implies that

J(t,z;u) =(x) + Em/1t 1 E(s,:z:(s), u(s))ds,

with L = L — G¥4. The first term ¥ (x) on the right side is unaffected by the
control u(-). Hence to minimize .J is equivalent to minimizing the last term.
We assume that L is continuous on (), x U and that

(6.3) |L(t,z,0)| < C3(1+ |z[*)
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for suitable C'5 and k. We shall use standard results about stochastic differ-
ential equations with random (progressively measurable) coefficients. These
are summarized in Appendix D. In the notation of the Appendix D, given a
progressively measurable u(-), let

b(s,y) = f(s,y,uls)), V(s,y) = o(s,y,u(s)).
Then (2.1) can be rewritten (Appendix (D.1)) as
(2.1') dr = b(s,z(s))ds + (s, z(s))dw(s),
with initial data 2(t) = . If we let
A(s,9) = L(s, ,u(s)
then 5
It z:0) = By /t A(s, 2(s))ds.

From Appendix (D.7)

(6.4) Epllz()™ < B (1 + [2]™),

where || || is the sup norm on [t,#1]. The constant By, depends on C; and
Cy in (6.1c) as well as U and t; — tg. See Appendix (D.5). By (6.3) and (6.4)
with m =k,

(6.5) [T (t, 25u)| < Mt — t)(L+ |al*),
with M = C3(1 + By). From the definition (2.10) of V' = Vpy and (6.5):
(6.6) V(t,2)] < Mt = )1+ [2]"), (t2) € Q.

The fact the M depends on f, o, L only through the constants C;,C5, C3 and
k will be useful when we make various approximations to f,o and L.

Let us first obtain bounds for the change in the value function V' when f
and L are approximated by certain functions f, and L, with compact support.
For each p > 0 choose a, € C*°(IR™) such that

0<a,(z) <1, |Day(z)| <2,
ap(z) =1for |z| <p, a,(z)=0for |z|>p+1.

Let L, = a,L, f, = o, f. Note L, and f, satisfy (6.1) and (6.3) with the same
C5,C3 and C’i which does not depend on p.

Given a probability reference system v and progressively measurable u(-) €
Ay, let x,(s) denote the solution to
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(2.1,) dz, = fy(s,2,(s),u(s))ds + (s, 2,(s), u(s))duw(s)

with z,(t) = 2(t) = 2. From the theory of stochastic differential equations,
with probability 1

(6.7) z,(s) =a(s) for t <s <7,

where 7, is the exit time of (s, z(s)) from Q, = [to,t1) X {|z| < p}. See [GS2]
or [IW, Chap. 4]. By (6.4) with m =1,

(6.8) Pua(7p < t1) < Pio(2(-)[| > p) < Bip™ (1 + |a]).

Let
Ap(say) = Lp(37y7u(5))-
Lemma 6.1. There exists C' such that

(6.9) E/ A (5,2,(5)) — A(s, x(s))|ds < CpH (1 + |41},

where k is as in (6.3).
Proof. Let x, be the indicator function of the event 7, < t;. Using the
Cauchy—Schwarz inequality

t1 t1
Em./ |Ap|ds < Eta:/ Xp|Aplds
T t

P

t )
<[(t1 = 1) Pre(7, < tl)Etz/ |/1p|2ds]f.
t

By (6.3) and (6.4) with m = 2k, for suitable constant I’
ty
Em/ |A,2ds < T(1 4+ [z]?F).
¢
Thus, by (6.8) and Cauchy-Schwarz, for suitable C'

n ¢ 1 2k+1y1
Bu [ 1Alds < Gomd (14 [aPHL,

P

Similarly,
ty
Bu [ 1Alds < Gpm b oL,

P

Finally, by (6.7) and definition of L,, A,(s,z,(s)) = A(s,z(s)) for t < s < 7,.
O
Let

Jo(t,zyu) = Etm/t 1 L,(s,z,(s),u(s))ds.
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Then Lemma 6.1 implies
o (t ) — J (8, 25u)] < Cpm 2 (14 |aHH1)z,
Since this is true for all v and u(-) € Ay,
(6.10) Vo(t,2) = V(t,2)| < Cp~2 (14 [a*F1)7,

where V), is the value function with f, L replaced by f,, L,. The same inequal-
ity (6.10) holds for |V}, — V, |, where v is any reference probability system.

Let us next obtain estimates in the sup norm || ||. Let Z(s) be the solution
of

(2.1) di = f(s,%(s), u(s))ds + (s, %(s), u(s))dw(s),

with #(t) = x(t) = x. By Appendix (D.9), there exist B,, such that
(6.11) Biellz(-) = 2C)I™ < Bl lf = FII™ + llo = &1 ].

We also consider an integrand L instead of L, and let

A(s,y) = L(s,y,u(s)).

Lemma 6.2. Assume that L, L, L, are continuous, and that L— L, L, are
bounded on QQy x U. Then

(6.12) Em/t " As,2(5)) — Als, 3(5))|ds

< (b1 = O{IL = LI+ Bl Lol [ILf = fll +llo =611 T},

with By as in (6.11) with m = 1.
Proof. We have

|A(s,2(s)) = A(s, ()] < |A(s, 2(s)) = A(s, ()] + |A(s, 2(5)) — Als, ()]
<L = L|l + | Lol () = &C)lI-
By (6.11) with m = 1 and Cauchy-Schwarz
Ela() =) < Bi[If = fll +llo = 3] ).
If we set .
J(t,z;u) = Em/t L(s,%(s), u(s))ds,

then |.J — J| is no more than the left side of (6.12), for every v and u(-) € Ay, .
Therefore,

(6.13) [V(t,2) = V(t,2)| < (ts = ){IL = LIl + Ball Lol [ = fll +llo =] ]}
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The same inequality (6.13) holds for |V, — V, |, where v is any reference prob-
ability system.

Let us apply Lemma 6.2 to the case when (2.1) is perturbed by adding a
“small” term €2 oqdw;, where w1 (+) is a dj-dimensional brownian motion in-
dependent of w(-). Let u(-) € Ay, where p = (82, {Fs}, P,w,w:) is a reference
probability system. Let x¢(s) be the solution of
(6.14) dz® = f(s,2°(s), u(s))ds + o (s, z(s),u(s))dw(s )Jre%aldwl

with z¢(t) = x(¢) = z. Define
ty
J(t, xu) = Etz/ L(s,z%(s),u(s))ds,
¢
(6.15) Ve(t,x) = inf inf J(¢, z;u).
12 -Am

In Lemma 6.2 we take f = f,L = L and 6 = (o, 6%0'1). The matrices 6 (¢, z, v)
are n X (d+ dy) dimensional, where d, d; are the respective dimensions of the
brownian motions w(-), w1 (). Then

(6.16) | — J| < Ke?,

where K = (t1 — to) B1|| Ly || |o1]. From (6.16) we will obtain:
Lemma 6.3. If L, is continuous and bounded on @, x U, then

(6.17) V(t,z) — VE(t,z)| < Ke?.

Proof. To obtain (6.17) from (6.16) there is the minor difficulty that
V is defined in (2.10) using 4-tuples v, while V¢ is defined in terms of 5-
tuples . However, given p = (£2,{Fs}, P,w,w1), let v = (£2,{Fs}, P,w). Any

u(-) € Ay, is also in Ay,. By (6.16)
J(t, xyu) > (t,x,u)—Ke% ZV(ﬁ,ac)—Ke%7
and therefore )
Ve(t,z) > V(t,x) — Ke2.
On the other hand, given v consider another reference probability system ({2,
{F.},P',w'"), with w'(s) an n-dimensional brownian motion adapted to {F.}.
For (w,w’) € 2 x 2, let wi(s,w,w’) = w (s,w’). Let
p=(2x Q2 {Fs x Fi}, P x P w,wy).

If u(-) € Ay, we can regard u(-) as an element of Ay, which does not depend
on w’. Then

J(t,xyu) > J(t, x5 u) — Ke? > Ve(t, z) — Ke?,

and therefore

[N

V(t,x) > V(t,x) — Ke2.



176 IV. Controlled Markov Diffusions in IR"
IV.7 Dynamic programming principle

Let us next obtain a result which is a stronger version of the traditional
dynamic programming principle. We again write Vpyr = V. When we refer to
a stopping time 6 in this section, we always assume that 6 € [t,¢;].

Definition 7.1. The fixed finite time horizon problem has property (DP)
if, for every (t,x) € Qo, the following hold: For every v, u(-) € A, and {F;}-
stopping time 6,

0
(7.1a) V(t,z) < Eyy {/t L(s,z(s),u(s))ds + V(Q,x(@))} .

For every 0 > 0, there exist v and u(-) € Ay, such that

(7.1b) V(t,z)+ 0> By {/teL(sw(s),u(s))ds + V(&x(&))}

for every {Fs}-stopping time 0.

We will establish property (DP) by using Theorem 4.2 together with an
approximation argument. A similar dynamic programming principle when @
is replaced by a cylindrical region @ will be obtained in the next chapter. See
Section V.2.

We shall not use Theorem 4.4 about the existence of optimal Markov con-
trol policies. Instead, under the assumptions of Theorem 4.2 we will construct
directly u(-) with the properties needed in (7.1b). For this purpose we define
the concept of discrete-time Markov control policy. Let u, : IR™ — U be Borel
measurable for £ = 0,1,---, M — 1, and let u = (ug, 4y, -, up;_q). We par-
tition [t,t1) into M subintervals I; = [s;,s;41),5 = 0,1,---,M — 1, where
t=50<s1<---<sy=tand s;41 —s; = (4 —t)M~'. Then u is called a
discrete-time Markov control policy, relative to this partition.

Given initial data (¢, ) and any reference probability system v, a discrete-
time Markov control policy u defines u(-) € Az and solution z(-) to (2.1),
such that
(7.2) u(s) = u;(z(s;)), if s€l;,j=0,1,---,M—1.

This is done by induction on j. For s € I;, x(s) is the solution to (2.1) with
Fs,-measurable initial data x(s;).

Lemma 7.1. Assume (3.5) and (4.5). Let W be as in Theorem 4.2. Given

any reference probability system v and § > 0, there exists u(-) € Ay, such that

0
(7.3) W(t,z)+ 6 > Eiy {/t L(s,z(s),u(s))ds + W(G,m(@))}

for every {Fs}-stopping time 6.
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Proof. Let us fix p,a > 0. Since W € Ciz(@()), the partial derivatives
Wi, Wy, Wy, are uniformly continuous on Q, = [t,t1] x O,, where O, =
{lz| < p}. Hence, there exists v > 0 such that |s' —s| <y and |y —y| <~
imply

(7.4) |A"W (s,y) + L(s,y,v) — A"W(s',y") — L(s'", 9/, v)| <

oo

for all v € U and (s,y) € Q,. Here A’W is as in (2.11), and
written as

—~

3.3) can be

0 = min[A"W + LJ.
velU
Let 5p = B1U---UBp, where By, ---, By are disjoint Borel sets of diameter
less than /2. We choose M large enough that M ~1(t; —t) < min(y, 1). We
partition [t,#1) into M subintervals I; = [s;, sj11) of length M~ (t; —t), and
choose yi, € By,. Since W satisfies the HIJB equation (3.3), there exist v € U,
such that

) [0
AUJkW(‘Sjuyk) + L(Sj7yk37vjk) < 5

By (7.4)
(75) AvjkW(say) + L(Svyvvjk) <«

for all s € I; and y such that |y — yz| < 7.
We define the discrete time Markov control policy u = (ug, uy, -, Upr_1)

by

Vjk if Yy e By,

U; (y) = . .

Vo if (Svy) € QO\va
where vg € U is arbitrary. Define, by induction on j, u(-) € Ay, and solution
x(s) to (2.1) with z(t) = = such that (7.2) holds. Thus

(7.6) u(s) =vji if s € Ij,2(s;) € By.

Let us show that (7.3) holds, if p, « and M are suitably chosen. By Dynkin’s
formula

(7.7) W(t,x) = Ey, {— /6 AYSOW (5, 2(s))ds + W (0, 17(9))}

t

= By {/9 Lds + W (0, x(a))} — Eyp, {/G[A“(S)W + L]ds} .

In using Dynkin’s formula, we recall that W € C’; 2(Q,). We must estimate
the last term from below. Let

Y .
= {llz0)ll < p,l2(s) —2(s5)l < 5,5 € 13,7 =0,1,---, M —1}.
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By (7.5) and (7.6), and the fact that |x(s;) —yx| < /2 if 2(s;) € By, we have
on I’

(7.8) AW (s, 2(s)) + L(s, 2(s), u(s)) < a.

Note that f and o are bounded by (4.5b). By a standard estimate for solutions
to stochastic differential equations (Appendix (D.12)) there exists C' such that
Clsj41 — 55)°

Pro(maxe(s) — (s)| > ) < ;

2 v
Since sj41 — s; = M ~1(t; — t) and there are M intervals I;, we have

C(ty —1)?

g
(7.9) Pro(maxa(s) = 2(s;)| 2 9) < =37

3.1

We then have by (7.8) and the fact that 6 < ¢,
0
(7.10) Em/ [AY“OW + L]ds < oty —t) + ||A"W + L|| Pep ().
¢

By (6.8) and (7.9), the last term is less than §/2, if p and M are chosen large
enough. If a(t; —¢) < §/2, then (7.3) follows from (7.7) and (7.10). O

As a consequence of Lemma 7.1 we have:

Lemma 7.2. Assume (3.5) and (4.5). Let W be as in Theorem 4.2. Then
W =V =V, for every v, and property (DP) holds.

Proof. By Dynkin’s formula

0
(711) W) < By {/t L(s, o(s), u(s))ds + W(G,x(@))}

for every v, u(-) € Ay, and Fs-stopping time 6. (See proof of Lemma 3.1.). In
particular, if we take 8 = t; and use Lemma 7.1 we get

W(t,z) = Hlf J(t,z;u) =V, (¢, x).

Therefore, W = V,, = V. Property (DP) is then just (7.3) and (7.11).
O
Theorem 7.1. Assume (6.1)-(6.3). Then V is continuous on Q, and prop-
erty (DP) holds. Moreover, V =1V, for every reference probability system v.
Proof. Step 1. Assume that (3.5) and (4.5) hold. Then the conclusions of
Theorem 7.1 follow from Lemma 7.2.
Step 2. Next, assume that there exists p such that

flt,z,0) =0, L(t,z,v) =0 if |z| > p.

By a standard smoothing technique (Appendix C), for n = 1,2 - there exists
continuous L,, such that ||L, — L|| = 0 as n — oo and L, (-,-,v) € C;’z(QO).
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Similarly, by smoothing f and o, there exist f,,, o,, with the same smoothness
property, such that

Titn (Lo (1f = full + llo = o]} = 0
Choose &, such that 0 < &, < (n||Ly.||)~!, and let
_ 1
= 1L = LI+ Bil L [ = full + 1o = oull +24]

with By as in (6.11). Then 7, — 0 as n — oco. In (2.1) let us replace
1

f,o by fn,0, and add a small 2dw; term, where w; () is a brownian mo-
tion independent of w(-). Consider any reference probability system p =
(£2,{Fs}, P,w,w1) and u(-) € Ay,. Let 2,,(s) be the solution to

Q2 = (s, 2a(s), u($))ds + 0u(s, 2a(s), u(s))dw(s) + e dwy (s),

with z,(t) = z(t) = z. Let

t1
In(t,x;u) = By A (s, (s))ds,
t

An(s,y) = Ln(s,y, u(s)),
Vou(t,z) = j4nf I (t, x5 u)

Va(t,z) =inf V,,, (¢, z).
w

_ 1
We apply Lemma 6.2 with f = f,,L = L,,6 = (opn,e3l), I = identity
matrix, to conclude that

(7.12) | Jn (8, 5 u) — J(t, x;u)|

< Em/75 1|/1(s7nc(s)) — An(8,2,(5))|ds < (t1 — t) 1.

Since this is true for arbitrary u(-) and (¢,z) € Qo

(7.13) Vo = Vil < (81 = to)nn.

By Step 1, for each n = 1,2,---, property (DP) holds and V,,,, = V;,. Since
each V,, is uniformly continuous on @, and 7, — 0 as n — oo, we conclude
from (7.13) that V,, tends uniformly on @Q, to a limit V, and V = V,, for each
. Given any reference probability system v = (2, {Fs}, P, w) and u( ) € Ap,
the product space construction in the proof of Lemma 6.3 provides a brownian
motion w; independent of w and reference probability system g such that
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u(-) € Ay, Since dw; appears with coefficient 0 in (2.1), we have V,, =V, = V.
Since this is true for each v,V =V, = V.
It remains to verify property (DP). We have

|EvaV (0, () — EuoVa (0, 2(0))]
S|V = Vall + Ew|[V(0,2(0)) — V(0, 2n(0))].
By (6.11), for each av > 0
Pi([2() = 2a ()l > @) < a 2B [|a() — 2n ()]
< Boa?[||f = full® + llo = onll? + enl.
From this inequality, (7.13b) and uniform continuity of V,

11_)111 sup EtL|V(9?'r(9)) - Vn(evxn(e)” =0.
n o0 0

Therefore, from (7.12) and (7.13)

(7.14) 9 9
B, {/ Lds + V(G,x(@))} — By {/ Lyds + Vn(G,xn(G))H =0,

where L = L(s,z(s),u(s)), Ln, = Ln(s, n(s),u(s)). We get (7.1a) from Step
1, (7.13) and passage to the limit as n — oco. To get (7.1b) we choose u and
u(-) € Ayg, such that

lim sup
n— oo 0

0
Vi(t,z) + g > B, { /t (s, 20 (s), u(s))ds + vn(e,xn(e)}

for all {F;}-stopping times 6, where n is chosen large enough that in (7.14)

0
Sl;p B} — Eu{---} < o8

Note that u(-) € Ay, where v = (§2,{Fs}, P,w) is obtained by omitting the
last component w; of the 5-tuple . Then (7.1b) holds for this choice of v.
Therefore, property (DP) holds.

Step 3. Given f, o, L satisfying (6.1)(b)(c) and (6.3), let f, = a,f, L, =
a,L as in Section 6. By Step 2, the corresponding value function V), is con-
tinuous and property (DP) holds for the problem determined by f,, o, L,. By
(6.10), V, tends to V uniformly on each compact set as p — co. Hence V is
continuous. Fix pg, and consider |z| < pg. Let Q = [to,t1) x {|z| < po}, and
7 the exit time of (s,z(s)) from Q. If # < 7 and p > po, then z,(0) = x(0) by
(6.7). Hence

BV, (8,2,(8)) — V(6,2(0))] <
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< Sup Vo = VI+ Ew[|Vp(0,2,(0))] + [V(0,2(0))[; 0 > 7.
Since V' and V, satisfy (6.6), by (6.10)
Bl Vi (8, 2,(8)) = V(8,2(6))] < Cp™# (14 pg 1)

+M (1 — t0){2Pia (1 < t1) + Era[llz, ()[I* + 2 ()1 7 < 1]}

Here, we have used {7 < 0} C {7 < t1}. Let x be the indicator function of
{7 < t1}. Then, using Cauchy-Schwarz and (6.4), (6.8)

Bz, ()II*; 7 < t1] = Ero[ll2,() "]

1

Kp,?
2
for suitable K. The same estimate holds for Ey,[||z(-)||*;7 < t;]. Hence

< [Biallay ()1 P (r < 11)]7 < (1+ Jz|R+1)3

_1
BV, (8,2,(0)) — V(0,2(0))] < Cp~2 (1 + p2F+h)2 4 Kpy 2 (1 + o412,

Moreover, by (6.9)

0
B, / [Lo(s,2,p(5), u(s)) — L(s, x(s), u(s))]ds| < Cp~ 2 (1 + |z[?+1)z.

Consequently,

Eu {/ "Las 4V, x(ﬁ))} = B {/ s 10 x,w»}

_1 1
< Kpy * (14 213,

lim sup sup
p—00 6

b

However, given (t, z), the right side can be made arbitrarily small by choosing
po large enough. As in the last part of Step 2, we conclude that property (DP)
holds. Moreover, V' =V, since V,, = V,, for each p and V,, — V,, uniformly
on compact sets as p — oo. (]

In the discussion above we have taken terminal data ¢ = 0. For nonzero
terminal data 1, the following extension of Theorem 7.1 holds.

Corollary 7.1. Assume (6.1), (6.3), and that ¢ is bounded and uniformly
continuous. Then the conclusions of Theorem 7.1 are true.

Proof. (a) Suppose first that ¢ € CZ(IR™). We replace L by L=L-G"
and v by terminal data 0 as in the discussion following (6.2).

(b) If 4 is bounded and uniformly continuous, then a standard smoothing
technique (Appendix C) gives a sequence v, € CZ(IR") such that ||1)—1, || —
0 as m — oco. Let Vj,,,, V},, be the corresponding value functions. Then

”Vmu - Vl/” S ”wm _7/}”3 va - V” é ||1/}m _¢||
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We obtain Corollary 7.1 from part (a). O
As a particular case, we may consider nonrandom 6 = r. For brevity, let
us write
inf--- =inf inf
u(-) v ou()EAL

Thus, (2.10) becomes (recall that V' = Vpys)

V(t,z) = inf) J(t, z;u).

Corollary 7.2. Let t <r < ty. Then

V(t,z) = iI(lf; E, {/T L(s,z(s),u(s))ds + V(T,J;(r))} .

t1

Corollary 7.2 is a traditional statement of the dynamic programming prin-
ciple.

Remark 7.1. As in Remark 3.3, let us consider a more general criterion J
of the form (3.19), where 7 = ¢;, since we consider control on the time interval
[t,%1] and @ = Qo. We again define V' = Vpjs by (2.10). On the right side of
(7.1a) and (7.1b) we now put

0
(7.15) Eqy {/t I'(s)L(s,x(s),u(s))ds + F(@)V(&x(@))} ,

with I'(s) as in (3.20). Theorem 7.1 again holds. In the proof of Theorem 7.1
and Corollary 7.1, we used the Verification Theorem 3.1 and Theorem 4.2,
which guarantees smoothness of the value function under the strong assump-
tions (4.5). If we add to (4.5b) a corresponding smoothness assumption on ¢
then Theorem 4.2 is still true. See Remark 4.1. Only routine changes are then
needed in the proof of Theorem 7.1.

IV.8 Estimates for first order difference quotients

In Section 6, we obtained a bound (6.6) for the value function V' (¢, ), which
depends only on certain constants C7, Cy,C3 and k associated with f, o, and
L. In this section we will find bounds for first-order difference quotients of
V, and in Section 9 a one sided bound for certain second-order difference
quotients. In case that V € C12(Q) these estimates provide corresponding
estimates for partial derivatives of V. If V' does not possess that degree of
smoothness, then the estimates for difference quotients are useful in showing
that V satisfies the HJB equation in a generalized sense (Section 10).

We continue to assume that (6.1)—(6.3) hold. Let £ € IR™ be a direction
(|€] = 1). For any function ®(t,x) and h > 0 we consider the difference
quotients
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Ap® = —[P(t,x + hé) — D(t, x)]

3‘\’—‘ 3“,_.

AD = —[B(t + h,z) — B(t, )]

A2p — %[@(t, 4 hE) + Bt w — he) — 28(¢, 7).

In order to obtain bounds for A,V, A;V we need a stronger assumption than
(6.3) about L. Let us assume that L is continuous on Qg x U, that L(-,-,v) €
C1(Q,) for each v € U and that

(a) |L(t, 2, v)| < C3(1 + |z[*)
(8.1)
(0) [Le| + [Lz| < Ca(1 4 [2])
for suitable constants Cs, Cy, k > 0,£ > 0. Let
1
A = At u) = 11t + hw) — T 2,w)]
Lemma 8.1. There exists My such that
(8.2) |ApJ| < My(1+ |al|)
for every direction € and 0 < h < 1. The constant My depends on Cy,Cq,Cy, ¥
and t1 — to.
Proof. Given (t,2°) € Qq let z(s) be the solution of (2.1) with z(t) = 2°;

and let xj,(s) be the solution of (2.1) with x,(t) = 2° + h&. Also, let Az(s) =
+[zn(s) — 2(s)]; and as in Section 6, let L(s,y, u(s)) = A(s,y). Then

Ay = E/ A(s,zp(8)) — A(s, z(s))]ds

t1
= E/ / Ay (s,22(s)) - Ax(s)d\ds,

where 2*(s) = (1 — A)x(s) + Az (s). By (8.1b) and A, = L,,
Ao (s, 2% ()€ Ca(1 + |27 (s)[)
< Ca(L+ Ja ()l + |zn(s)]).

By Cauchy—Schwarz

|4ﬂg@w[h+mwuwmnm#[/WM@mﬁ.

t
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We bound the first term on the right side using (6.4) with m = 2¢ and
x = 2%, 2% + h¢. By Appendix (D.10), E|Axz(s)|? < B, where B depends
on bounds for |f;| and |o,|, and hence on the constant Cy in (6.1)(c). Since
€] =1,0<h <1,

Lo [ 4 |2 + he]* < (1 + |2*)
for suitable ¢,. This implies (8.2), for suitable M; depending on C7,Cy, Cy, £
and t1 — to. O

Since the bound in (8.2) is the same for all u(-), we obtain from Lemma
8.1:

(8.3) 1A V] < My(1+ |z]f).

In order to estimate A;V, let us make a time shift, after which the initial
time is 0. Thus, we let

u(r) = u(t+r), o(r) = w(t+r), 0<r <t —t,
and let Z(r) = x(t + r) be the corresponding solution to
(8.4) dz = f(t+r,z(r),u(r))dr + o(t +r,z(r),u(r))dw(r)

with Z(0) = 2°. Moreover,
t1—t

(8.5) J(t, 2% ) = E / L(t+ 1, (r), a(r))dr-
0

If we denote the right side by J(¢,2%; %), then
(8.6) V(t,2°) = inf J(t,2°; 1),

where the infimum is taken over reference probability systems 7 on the time
interval 0 < r < t¢;—tand @ € Agp. If t is replaced by t+h, with 0 < h < t1 —t,
then

(8.7) V(t+ h,z) =inf J(t 4+ h,2°; @), where
_ t1—t—h
88)  J(t+ha%a) =E / L(t+ h + 7, 2 (r), a(r))dr,
0

(8.9) dxp=f(t+h+rzp(r),alr))dr+o(t+h+rzu(r),a(r))do(r),

with Z5(0) = Z(0) = 2°. The inf in (8.7) is taken over the same class of
7,4 € Aoy as in (8.6). The values of u(r) for t;y —¢t —h < r < t; —t do not
affect J, but it is easy to verify that this makes no difference. Let A;J =
R=YJ(t + h, 2% u) — J(t, 2% w)).
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Lemma 8.2. There exists My such that
(8.10) |ApJ| < My(1 4 |z|* + |2[%)

for 0 < h <t;—t. The constant My depends on C;,i =1,--- .4,k £ and t;1 —tg
where k, £ are as in (8.1).
Proof. Let

f(s,y,v) = f(s+h,y,v), 6(s,y,v) = o(s+ h,y,v).

Then ~
If = fll < Ifellh < Cih, |6 — o] < |loe||h < Cih

with Cj as in (6.1c). Fix an initial time ¢ and initial state z = z°. By (6.11)

(8.11) E sup |z(r) —zu(r)|™ < 2B, CT*h™, m =1,2,---,
0<r<ry

where 71 = ¢t1 — t. Let

A(r,y) = L(t+r,y,u(r), An(ry) = Lt + h 47y, a(r)).
By (8.1b) and the mean value theorem

s12) (@) [An(r, Zn(r)) = Alr, @n(r))] < Cah(1+ |z0 ()],
8.12
(b) [A(r,Zn(r)) = A(r, 2(r))| < Cal AZ(r)|A(1 + |2(r)[* + 21 (r)[*)

where Az = h™(z), — z). We have

ri—h
4= 2B [ ran) — Aran(r)lar

ri—h
+%E/O [A(r, 2 (1)) — A(r,z(r))]dr

e (" Ao ze)ar

r1—h

If (i), (ii), (iii) denote the terms on the right side, then by (8.12a) and
(6.4) with x(-) replaced by Zp(-),

()] < K1 (1+ |z,
for suitable K. The same proof as for Lemma 8.1 gives
(1) < Ka(1+ |al).

By (8.1a) and (6.4)
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(i) | < K1+ |2[7).

By combining these estimates, we get (8.10). O
From Lemma 8.2, (8.6) and (8.7) we get

(8.13) AV < My(1+ |a|* + |2f)

As an immediate consequence of Lemmas 8.1 and 8.2 we have:
Theorem 8.1. Assume (6.1), (6.2) and (8.1). If V is differentiable at
(t,z) € Qo, then

(a) |D:V(t,2)| < My(1+ |z[)
(8.14)
(b) [Va(t, )] < Map(1+ |zf* +[a]f).

Proof. Use (8.2) and let h — 0F. Then
Ve(t, )| < Mi(1+[a])

where V¢ denotes the derivative of V(¢,-) in direction . Since £ is arbitrary,
this gives (8.14 a). Similarly, (8.14b) follows from (8.10). O

IV.9 Estimates for second-order difference quotients

We will now obtain a bound for second difference quotients A2J = A2 J(t, -, u).
This will imply a one-sided bound (9.7) for A2V. In addition to the previ-
ous assumptions let us now assume that f(-,-,v),0(:,-,v), L(-,-,v) are of class
C12(Q,) for each v € U. Moreover, their second order partial derivatives in
x satisfy

(a) ‘fx:c| + |U:L’:L’| S CS
(9.1)
() [Las| < C5(1 + [2|™)

for suitable Cs and m > 0.
Lemma 9.1. There exists M3 such that

(9-2) |AZT| < My(1+ || + [2|™)

for every direction & and 0 < h < 1. The constant M3 depends on Cy,---,Cs, £, m
and tl — t().

Proof. Given (t,2°) € Qo and u(-), we again let z(s) denote the solution
to (2.1) with z(t) = 2°. Let z; (s) denote the solution to (2.1) with = (t) =
29 + h¢, and ;, (s) the solution to (2.1) with z; (£) = 2° — h¢. Let

L () — a(s)], A”a(s) = o [ (5) — ()],
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Ag(s) = 7l () + 25 (5) — 2e()]

Similarly, if g € C2(IR") and z, 2%, 2~ € IR"™, let

Aag = 5lo(et) + g(e7) — 29()] = £[ATg + Ag).

By Taylor’s formula with remainder, applied to g(z) —g(z) and g(z~) —g(x),
1 1
(9:3)  Aog(x) = gu(2)(A22) + 5 (A7) - g5, (AT2) + 5 (A7) - g5,(A72),

where

gt =2 /O 1 /O 1 Gaa (T + AuAT ) AN,
Since z(s), ) (s), z;, (s) all satisfy (2.1) and
Aoz (t) = h™2[2° + hé + 2° — he — 22°] =0,
Asx(s) satisfies the stochastic integral equation
Aqz(s / As fdr + / Agodw(r
We apply (9.3) with g = f;,045,i=1,---,n,5=1,---,d to get
0.0 Aua(s) = [ foaa()dr+ [ 0, Aan(r)du(r) + ) +hals),

where f,, 0, are evaluated at (r,z(r), u(r)) and

hi(s) = ;/:KAW(T))' 22 (AT2(r)) + (A7 2(r)) - fr, (A7 a(r))]dr
ha(s) = ;/:[(AW(?“)) 0 (ATa(r) + (A7 a(r) - 0, (A7 (1)) dw(r),

rE =2 / / Foar2(r) + MaN¥a(r), u(r)) MAdy,

—2/ / Oua (1, (1) + ApAT 2 (r), u(r)) Ad\dp.

By a standard estimate for stochastic differential equations, there exist
constants I'; depending on the constant C in (6.1c) and t; — £o, such that

(9.5) BlA*a(s)Y < Tj,j=1,2,---.
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By (9.1a), f.. and o, are bounded. Hence, by (9.5) with j = 1,

E[h1(s)]* + |ha(s)]*] < K

for suitable K. Since |f,| < C1, o, < C1, (9.4) and Gronwall’s inequality

applied to
m(s) = sup E|Aqx(r)|?
t<r<s
imply that
(9.6) BlAx(s)P <K, , t<s<t

for suitable K.
We again let A(s,y) = L(s,y,u(s)). Then

t1
AgJ:E/ Ay A(s, z(s))ds.
¢

From (9.3)

Ao A(5,2(5)) = Au(s, 2(s))- Ao () + 5 (AT (s)- AL, (A () +

By Cauchy - Schwarz
t1 N ty )
IAJHJE/IM%@WE/ |Aga(s)[2ds)
t t

1
2

1, .- _

+7(E/ AT, 2ds)5(E/tl |ATz(s)4|ds)?.

t1 1 t1 1
—l—%(E/ |A;I|2ds)§(E/ |A_x(s)|4ds)5.
t t

As in the proof of Lemma 8.1, assumption (8.1b) implies that

E/ $)[2ds < Dy (1+ |2°]%)?

for suitable D;. Since

Al (s, 2( / / 2 (8, 2(8) + ApAT 2 (s))AdAdp,

(9.1b) implies that
| Ae (s, 2(s)] < C5(1+ [a(s)|™ + |27 (s)[™).

From (6.4) we then get

x

(A7a(s)).
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t1
E/ |A;’x|2ds < Dy(1+ |x0|m)2.
t

The same inequality holds with A, instead of A},. From these inequalities

together with (9.5) with 7 = 2 and (9.6), we get (9.2). A careful inspection

of the proof shows that Mj can be chosen to depend only on Ci,Csy,--- as

stated in Lemma 9.1. g
From Lemma 9.1, let us obtain a one sided bound for A2V :

(9.7) A2V (t,x) < Ms(1 + |f* + |z|™).
To obtain (9.7), given ¢ > 0 choose u(-) such that

Sh?
J(t,xu) < V(t,z)+ -

Then
V(t,z+ h&) + V(t,x — h&) — 2V (¢, x)

< J(t,x+h£;u) —I—J(L:L’— hf;u) —2J(t,x;u) + 6h2
= h2[A2] + 4],
AV < A2J 46 < Ma(L+ [af* + [2]™) + 6.

Since § is arbitrary, we get (9.7). Let

d2
(9.8) DEV(t,x) = Wv(ﬂx + h&)le=o

if this second derivative exists. In particular, if the second order partial deriv-
atives V., are continuous, then

2 _ 2
Dg V(t,r) = hlg& ATV (t, x).

By (9.7), for every direction &
(9.9) DV (t,x) < Ms(1+ |2|° + |2™]).

In case V is a smooth solution to the HJB partial differential equation
(3.3), the estimates (8.14) and (9.9) provide a bound for A*V. An essential
feature of this bound is that it does not depend on a positive lower bound ¢
for the eigenvalues of a(t, z,v) as in (3.5).

Theorem 9.2. Assume (6.1), (6.2), (8.1), (9.1). Let Q C Qo be an open
set such that V€ CY2(Q) and V satisfies (3.3) in Q. Then there exists My
such that, for all (t,xz) € Q and v € U,
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(9.10) |A°V (t,2) < Ma(1 + |z]?),

where p = max(k, (+1,m). The constant My depends on Cy,i =1,---,5,k, {;m
and t1 — to.
Proof. We recall that

1
AV =V, + 5traDﬁJ/ +f-D.V.

By (6.1c) and (8.14)

Vil < Ma(1 + [a|* + |2[%),
(9.11) B
[FIIDLV] < MyC(1+ |2|*) (1 + |]),
where C' = max(C}, Cs). Given t,z,v choose an orthonormal basis ¢!, - - -, &"
for IR™, such that

n
tra(t,z,v)D2V(t,z) = Z Ai(t,z,v)Dee, V(t, ),

=1

where A1,---, A\, are the eigenvalues of the symmetric, nonnegative definite
matrix a. Since a = o0’ and |o| < Cy by (6.1¢), (9.9) implies for suitable K,

(9.12) traD2V < K(1+ |z|* + |z|™).

Inequalities (9.11), (9.12) give an upper bound for A’V. On the other hand,
since V satisfies the HIB equation (3.3) in @, A*V + L(¢,z,v) > 0. Hence, by
(8.1a) we have the lower bound

AV > —L > —Cs(1 + |z|*).

These upper and lower bounds give (9.10). O
Remark 9.1. Inequality (9.7) implies that V (¢,-) is a semiconcave func-
tion on IR™ (see Remark I1.8.1 for the definition.)

IV.10 Generalized subsolutions and solutions

Let us now use the estimates for difference quotients in Sections 8 and 9 to
describe V' as a generalized solution to the HJB equation. This will be done
in the semilinear case, when o(t,x) does not depend on the control. However,
V' is shown to be a generalized subsolution without this restriction.

We make the same assumptions about f,o, L as in Theorem 9.1. These
functions are continuous on Q, x U, are of class C12(Q,) as functions of (¢, z),
and satisfy (6.1) (8.1) (9.1). Let us introduce the following notations. For 1 <
p < 00, let LY (Qo) denote the space of Lebesgue measurable functions ¥ such
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xBY € LP(Qy) for every compact B C @y, where y g is the indicator function
of B. Let C§°(Qo) denote the space of @ such that all partial derivatives of
@ of every order are continuous on @y, and ¢ has compact support in int Qg
(i.e. D(t,x) =0 for (t,x) ¢ B, where B C int Qg is compact).

Generalized partial derivatives of V' are defined as follows [Zi]. Suppose
that there exists ¥; € L} .(Qo) such that

(10.1) / U, ddxdt = — V&, dxdt, for all & € C5°(Qo)
0 Qo

Then ¥; is called a generalized first order partial derivative of V' with respect
to ;. If such ¥; exists, it is unique up to Lebesgue (n+1)-measure 0. We write
W; = V,,. Similarly, the generalized partial derivatives V;, V, ., (if they exist)
are defined as those functions in Lj,.(Qo) such that, for all & € C5°(Qo),

(10.2) / Vi bdadt = — / V&, dadt,
0 0

(10.3) / Vo0, Oddt = / VO, dudt.
0 0

Remark 10.1. If V is locally Lipschitz in @y, then by Rademacher’s
theorem, V is differentiable almost everywhere in Q. Integrations by parts
show that the usual partial derivatives V;,V,, which exist at each point of
differentiability, are also generalized first order partial derivatives of V.

We define A’V in the generalized sense, as follows. Consider the formal
adjoint of the linear operator AY:

(10.4) (A")*"®P=—-D, + = Z 5 aa (a;j(t,z,v)P Z i(t,z,v)P).

1,j=1

If there is a function ¥V € L}, .(Qo) such that

(10.5) / Wddedt = | V(AY) Sdwdt.
0 Qo

for all @ € C§°(Qo), then we set A¥V = ¥". The function ¥ is unique up to
Lebesgue (n + 1)-measure 0.

Remark 10.2. An equivalent interpretation of generalized partial deriva-
tives is in terms of the Schwartz theory of distributions [Zi]. Any function in
L},.(Qo) has (by definition) partial derivatives of all orders in the Schwartz
distribution sense. If a distribution theory partial derivative of V can be iden-
tified with a function in L} .(Qo), then this function is the corresponding

generalized partial derivative of V. Similarly (10.5) is equivalent to the state-
ment that AV, regarded as a Schwartz distribution, can be identified with
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the function ¥V € L}, .(Qo). Note that in defining AV, we did not require
that the individual generalized second order partial derivatives V,,,, in (10.3)
exist.

We say that a sequence ¥, converges to ¥ weakly* in L3S (Qo) if

(10.6) lim [ W, bdedt = / Wddadt

e
nTree QO 0

for every @ € L'(Qq) with support in some compact set B C Qo.
Lemma 10.1. Let ¥, € L}, (Qo) be such that, for every compact set

B C Qo, |¥,(t,z)| < Kp for all (t,z) € B andn =1,2,---.
Then:

(a) There is a subsequence W, which tends to a limit ¥ weakly* in L35.(Qo);
(b) If (10.6) holds for all & € C§°(Qo), then W, tends to ¥ weakly* in

L35.(Qo).
(c) If ¥, > 0, then ¥ > 0.

Lemma 10.1 follows from [Ro, Thm 17, p. 202].

Here K denotes a suitable constant. In (c) the inequalities are understood
to hold for almost all (¢, z).

Lemma 10.2. Let V,, € CY(Qq) for n = 1,2,---. Assume that, for every
compact set B C int Qq, V., — V uniformly on B as n — oo and that
[Vt (8, )| + | DV (t,2)| < Kp for all (t,x) € B. Then the generalized par-
tial derivatives Vi, Vy, exist for i = 1,---,n and are the respective limits of
Vots Ve, weakly™ in L3S (Qo).

Proof. This is an easy consequence of Lemma 10.1, together with (10.1),
(10.2). O

Let us next consider f,,o,,n = 1,2,---, and also a,, = ona,'l. Let (A2)*
denote the formal adjoint as in (10.4). We require that, for every & € C5°(Qo),

(10.7)  lim (A4})*®P = (A")*®, uniformly on every compact set B C Q.
n—oo

In particular, (10.7) holds provided f,, oy, their first order partial deriva-
tives in ¢, x and fm:ﬂj, Ona;z; are all continuous and converge uniformly on
compact sets to f, o and the corresponding partial derivatives.

Lemma 10.3. Assume that:

(a) fn,on are such that (10.7) holds;

(b) Vi € CH2(Qo);

(¢) For every compact set B C Qo, Vi, = V uniformly on B and |A%V, (¢, z)| <
Kp forall (t,z) € B, ve U.

Then AVV exists in the generalized sense, and is the weak™ limit in L3S, (Qo)
of AvV,.
Proof. For any & € C§°(Qo)

/ (AU V) Bdadt — / Vi (AY)*Bdadt,
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lim Vo (A?)*®dadt = V(AY)*®dxdt.
o0 JQo Qo
Since A}V, is uniformly bounded on every compact set B C @, Lemma 10.1
implies that A7V, tends weakly in L7 (Qo) to a limit ¥¥. Since ¥V satisfies
(10.5), ¥¥ = A"V, interpreted in the generalized sense. ]
Definition 10.1. We call W a generalized subsolution of the HJB equation

(3.3) if, for every v € U, A’W exists in the generalized sense and
(10.8) AW (t,x) + L(t,z,v) >0

for Lebesgue almost all (¢,x) € Qo.

Theorem 10.1. Let V' be the value function. Then AYV exists in the gen-
eralized sense. Moreover, V is a generalized subsolution of the HJB equation.

Proof. The same kind of approximations used in the proof of Theorem
6.1 provide f,,on, L, with the following properties: (a) fn,on, L, converge
uniformly on compact sets to f, o, L as n — oo; (b) the partial derivatives of
fn,on with respect to ¢, z;, z;x;, i, = 1,---,n are continuous on Q, x U and
converge uniformly on compact sets to the corresponding partial derivatives of
fyo; (¢) fn,on, Ly, satisty (6.1), (8.1), (9.1) with the same C1,---,C5, k, £, m;
(d) the HIB equation

(10.9) 0= min[A}V,, + L]

has a solution V,, € 0,31’2(@0) with V,,(¢1,2) = 0. Moreover, V,, — V asn — oo
uniformly on compact sets. By (9.10) A?V,, (¢, x) is uniformly bounded on each
compact set B C int Q. We conclude from Lemma 10.3 that AYV,, tends to
A’V weakly* in L3 (Qo). Since Ly, (t,x,v) tends to L(t,z,v) uniformly on
compact sets, A%V, + L,, tends to A"V + L weakly* in L}, .(Qo), for each
v € U. Since AYV,, + L,, > 0, Lemma 10.1(c) implies that A*V + L > 0 for
Lebesgue almost all (¢,x) € Qp. O

Remark 10.3. It can be shown that the value function V' is the maximal
generalized subsolution. See [L1][L9] for results of this type. Another approach
using convex duality ideas leads to a characterization of the value function as
the supremum of smooth subsolutions. See [VL] [FV].

Generalized solutions to HJB. The HJB partial differential equation
is
(10.10) 0= géiIIJl[A”V(t, z) + L(t, z,v)].
Since the HJB equation is nonlinear and convergence of A V,,+L,, to A’V +L
is only weakly* in L3°.(Qo), we cannot pass directly to the limit from (10.9)
to conclude that the value function V satisfies (10.10) in any sense. However
let us now show how this can be done in the semilinear case, with o = o(t, z).

In this case
A"®(t,x) = Ao®(t,z) + f(t,x,v) - DyP(t, @),
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1
(10.11) Agd = Py + Ftr aD2®,

a(t,z) = o(t,z)o(t,x)".

Equation (10.10) can then be rewritten as
(10.12) 0=—AgV(t,z) + H(t,z,D,V),
where as in 1(5.4)

(1013) H(tax7p) :magv([ff(tax7v) 'pr(t,I,U)].
ve

We will accomplish the passage to the limit from (10.9) to (10.12) by first
showing that D,V,, tends to D,V Lebesgue almost everywhere in Qg as n —
0.

Lemma 10.4. IfV (¢, ) is differentiable at x, then DV, (t,x) — D,V (t, )
asn — oo.

Proof. Consider any direction { € IR™ (]¢| = 1). Then Taylor’s formula

with remainder gives, since V,, € C12(Qy),

2
Vn(ta x + hf) = Vn(twr) + thVn(tvx) : §+ %Dﬁfvﬂ(t’w + )\hﬁ)

where 0 < A < 1. Since V,, satisfies (9.9) for some M3 not depending on n, for
0 < h <1 we have

(1014) %[Vn(twr + hf) - Vn(twr)] - Da:Vn(ta m) 5 <Ch

for suitable C' (which may depend on ¢,z). Since V,, satisfies (8.3) with M;
not depending on n, D, V,(t,x) is a bounded sequence in R"™. If D,V (¢, x)
tends to p as n — oo through some subsequence, then by (10.14)

1
(10.15) E[V(t,x +hé) = V(t,x)]—p- £ <Ch
for every direction £. In particular, (10.15) holds with £ replaced by —¢. Since
V(t,-) is differentiable at x,

DV(tw)-€ = lim S [V(t,+ he) — V(1,)

for every £. Therefore, p = D,V (¢, ). Since the limit p is the same for every
convergent subsequence, D, V,,(t,x) — D,V (t,z) as n — oo. O
Lemma 10.5. Ay, V,, tends to AgV weakly® in L3S.(Qo), where AgV exists
in the generalized sense.
Proof. Ay, V,(t,z) is uniformly bounded on each compact set B C Qq
since Agp, = AY — fn - Dy and ALV, fn - DV, are uniformly bounded on
compact sets. The proof is then the same as for Lemma 10.3. (]
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Definition. Let W be locally Lipschitz on Qo. We call W a generalized
solution of the HIJB equation if AgWW exists in the generalized sense and (10.12)
holds for Lebesgue almost all (¢,z) € Q.

In the deterministic case, o(t,z) = 0 and Ag® = &;. Hence, this definition
of generalized solution agrees with the one in Section I.6.

Theorem 10.2. In the semilinear case (o = o(t,x)) the value function V
is a generalized solution the HJIB equation (10.12).

Proof. We use the same approximations f,,on, L, to f,o,L as in the
proof of Theorem 10.1. In the semilinear case, (10.9) becomes

(10.16) 0=—Ap, Vs + Hy(t,x, D, V,,), where

1
Apnd = D, + itr anD2®,
Hn(ta 'va) = Iglea[}([_fn(ta z, U) P = Ln(ta z, U)]
and a,, = 0,,0),. Since f, — f, L, — L uniformly on compact sets, we have

n—0o0

uniformly on compact subsets of Q, x IR". By Lemma 10.4 we then have

(10.17) H(t,x,D,V(t,x)) = lim H,(t,x, D, V,(t, x)),
n—o0

for each (t,x) at which V(¢,-) is differentiable. However, (8.3) implies that
V(t,-) satisfies a Lipschitz condition on each compact subset of IR™. By
Rademacher’s theorem, V'(¢,-) is differentiable at Lebesgue almost every
x € IR™. Therefore, (10.17) holds for Lebesgue almost every (¢, z) € Qp. More-
over H,(t,z,D,V,(t,x)) is uniformly bounded on compact sets. For every
P € C5°(Qo)

[~ AoV + H(t,z, D,V)|®dudt

Qo
= lim [ [~AonVi + Hy(t, z, D,V,)|Pdadt = 0.
n—oo QO
This implies (10.12) for Lebesgue almost all (¢, z). O

Remark 10.4. The upper bound (9.7) for A2V was used together with
the inequality A¥V + L > 0 to obtain the bound (9.10) for |[A"V| in case V is
smooth. Then it was shown, by approximating V' by smooth value functions
V,, that A"V exists in the generalized sense. It was not claimed that the
generalized second derivatives V., exist; and in fact that need not be true.
For instance, if n = 1, ¢ = 0 (the deterministic case) simple examples show
that V,(t,-) may have jump discontinuities. When that occurs, there is no
generalized second derivative V,; in the sense of (10.3). By (9.7) V(¢,-) is
semiconcave. When n = 1 the Schwartz distribution theory second derivative
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of V (¢, ) can be identified with a measure on IR'. By a theorem of Alexandrov,
V(t,-) is twice differentiable at almost all points of IR!. See [CIL1, Theorem
A2]. This pointwise second derivative can be identified with the generalized
second derivative V, if and only if V,(¢,-) is absolutely continuous on each
finite subinterval of IR'. Similarly, for n > 1 the semiconcavity of V(t,")
implies that the Schwartz distribution second derivatives Vi« are measures.
Viscosity solution methods (see [L3]) and Alexandrov’s theorem can then be
used to show that the HJB equation is satisfied almost everywhere. Similar
results were obtained by Lions [L9] for an infinite-horizon discounted problem.

Problems with affine - convex structure. Let us now mention a special
class of problems for which V(¢,-) is a convex function on IR™. Convexity of
V(t,-) is equivalent to A%V > 0. One has then a bound for |A2V|, which will
imply the existence of generalized second derivatives V,,,, which are bounded
on every compact set.

Let us now assume that:

(a) U is convex and compact, U C IR™.

(10.18) (b) f(t,z,v) = A1(t)x + A2(t)v + A3(t), o(t,v) =1 (t)v +12(t),
whereA;, Ay, Az, v1,72 are of class O ([to,t1]).

(c) L is continuous on Q, x U, L(t,,) is convex on IR" x U,
and (6.3) holds.

Models with this special structure often arise in such applications as fi-
nance and inventory theory. An instance is the Merton portfolio problem
(Example 10.1 below.)

Let us fix a reference probability system v. By Theorem 7.1, V' = V,,. Since
U is convex, the set Ay, of admissible progressively measurable u(-) is also
convex.

Lemma 10.5. J(t,-,-) is conver on IR™ x Ay,.

Proof. Let 20, 2! € IR™ and ug(-),u1(-) € Ag. For 0 < XA < 1, let

2 = (1= M)z + Azt, un(-) = (1 = Nuo(-) + Mg (-).

Let x)(s) be the solution to (2.1) for t < s < t;, with x\(t) = 2*. By
(10.18)(b),
zA(8) = Azo(s) + (1 — N1 (s).

By convexity of L(s, -, ")
L(s,zx(8),ux(s)) < (1 — X)L(s,20(8),uo(s)) + AL(s, z1(s),u1(s)),
which implies

J(t,a:)‘,u,\) < (1= NJ(t, 2% ug) + ATtz uy). O
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Lemma 10.6. V (¢,-) is convex on IR".
Proof. Given 20, 2! € R", we define x
uo(+), u1(+) such that

A as above. Given ¢ > 0, choose

J(t,x' u;) < V(t,x%) + 6 for i =0, 1.
By Lemma 10.5,
V(t,2?) < J(t, 2™ uy) < (1= NV (t,2%) + AV (¢, 2') +6.

Since § is arbitrary, V(¢,-) is convex. O

Remark 10.5. Lemmas 10.5 and 10.6 remain true if o = vo(¢)z 41 (¢)v+
~2(t). Since we have assumed in Sections 6-10 that o(t,z,v) is bounded
(see(6.1c)), we have omitted the term ~o(t)z.

Let us denote by Wfo’so (IR™) the space of functions g such that g € C} (IR™)
and D,g satisfies a Lipschitz condition on every compact set I" C IR"™. See
[Zi]. For every g € WZ)’;’O(R") the generalized second derivatives g,z ;,%,j =
1,---,nexist and gu,.; € Ly, (IR"™). If g is both convex and semiconcave, then
for every bounded set B C IR", 0 < D?g < K(B) in the sense of Schwartz
distributions. Thus:

Lemma 10.7. If g is both convex and semiconcave, then g € WZ;ZO(R”).

By taking g = V' (¢, ) we get:

Theorem 10.3. In addition to (10.18) assume that L(-,-,v) is of class
CY2(Q,) and satisfies (8.1b), (9.1b). Then V (t,-) belongs to W2 (IR™) for
each t € [to,t1).

Example 10.1. Let us return to the Merton portfolio problem in Example
5.2. Let

¢(s) = ur(s)a(s), c(s) = ua(s)-

Then ¢(s) is the amount of wealth in the risky asset and c¢(s) is the con-
sumption rate at time s. The wealth dynamics are equation (5.18). Moreover,
L = {(c) is concave. Let us regard ¢(s) and c(s) as the controls. Given a
reference probability system (2, {F;}, P,w),s > 0, we admit all Fs - pro-
gressively measurable controls (¢(-),c(+)) such that ¢(s) > 0, x(s) > 0 and
J < oo in (5.20) with 7 = +o00. See Remark 5.1. Just as in Lemma 10.6,
the linear-concave structure of this problem implies that the value function is
concave.

IV.11 Historical remarks

The theory of optimal control for Markov diffusion processes had an extensive
development since the 1960’s. This chapter is intended as introduction to some
aspects related to dynamic programming and the Hamilton—Jacobi-Bellman
PDE. For another introduction to older results, see [FR, Chap. 6]. Other
aspects of the theory of controlled Markov diffusions are described in [BL1]
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[Bo] [EIK] [El] [Hau][YZ] as well as other books and research papers cited
there. We have not considered problems with partial state observations, for
which the method of dynamic programming leads to an infinite dimensional
HJB equation. See [L5] [Hi] [I5] [Ni2].

In Section 1.4 we showed that it is quite easy to obtain a dynamic pro-
gramming principle for deterministic optimal control problems. At an intu-
itive level, one should be able to proceed similarly in case of stochastic control.
However, various technical difficulties are encountered in doing so. In Section
7 we obtained a dynamic programming principle, for problems on a fixed fi-
nite time horizon, by an approximation method which reduces everything to
the case when the Hamilton-Jacobi-Bellman PDE has a classical solution.
An extension of this result, and a remark about other approaches to dynamic
programming, will be given in Sections V.2 and V.10. The book of Yong-Zhou
[YZ] gives another treatment of controlled Markov diffusions, by dynamic
programming and stochastic maximum principle methods.

The one sided estimate (9.7) for second difference quotients is due to
Krylov [Krl, Sec. 4.2]. Tt is useful in proving regularity properties of value
functions, such as the existence of A*V in Theorem 10.1. Krylov’s estimate
was proved for control problems on a fixed time interval [t,¢;]. Lions [L3]
proved corresponding estimates for control until exit from a bounded cylin-
drical region Q = [to,t1) X O, or until exit from O in the infinite horizon
discounted cost problem (Section 5). In the latter case, the discount factor
must be sufficiently large.

Following Krylov [Krl, p. 209] let us say that the stochastic control prob-
lem is nondegenerate if, for each (t,x), there exists v € U such that the
matrix a(t, z,v) is positive definite. This is weaker than condition (3.5). For
nondegenerate problems, Krylov [Krl, Sec. 4.7] proved by probabilistic meth-
ods that all generalized derivatives Vi, Vi, Vae;,4,5 = 1,-++,n of the value
function V exist, and that the Hamilton—Jacobi—Bellman PDE holds almost
everywhere in Q. Similar results were proved by Lions [L3] for the problem
of control until exit from O (or from @), using probability and PDE methods.
See also Lions [L9] and Evans [E5]

As already noted in Remark 10.4, the fact that V satisfies the Hamilton
— Jacobi — Bellman PDE almost everywhere can be proved by the theory of
viscosity solutions (Chapter V) and the differentiability properties of semi-
concave functions. In the semilinear case this result however is slightly weaker
than Theorem 10.2 which also proves that AoV € L}, ., with AoV interpreted
in the generalized sense.

The regularity of solutions to fully nonlinear, elliptic equations of type
(5.8) was proved by Evans [E1] [E4]. Also see [GT, Chapter 17].
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Viscosity Solutions: Second-Order Case

V.1 Introduction

In this chapter we study the exit time control of a Markov diffusion process as
formulated in Section IV.2. With the exception of the last section, we assume
that the state space is a bounded finite-dimensional set. The main purpose of
this chapter is to study viscosity solutions of the dynamic programming equa-
tion which is a second-order, nonlinear parabolic partial differential equation,
(4.1) below. If the controlled Markov process is uniformly parabolic, then there
are classical solutions to this equation and the related results were discussed
in Section IV.4. In this chapter we do not assume the uniform parabolicity
and therefore we only expect the value function to be a viscosity solution.
Indeed when the value function is continuous, Theorem I1.5.1 implies that the
value function is a viscosity solution of (4.1).

Among the hypotheses of Theorem I1.5.1, condition II(3.2) is equivalent to
the dynamic programming principle. In the literature several proofs of the dy-
namic programming principle were given by using either measurable selection
theorems or compactness type arguments. In Section 2 we give an alternate
proof of Lions when appropriate assumptions are satisfied. See Theorem 2.1.
Lions’ proof is based on an approximation argument and uses the results of
Chapter IV. This proof also shows that under these assumptions, the value
function is continuous and satisfies the boundary data pointwise.

In Sections 4-8, we prove a uniqueness result, or more generally a com-
parison result for viscosity solutions of (4.1). Equation (4.1) is a second-order
equation and the uniqueness results of Chapter IT do not apply to (4.1) (see
Section 5, below). Moreover, second-order equations introduce new difficul-
ties which cannot be resolved by simply modifying the techniques discussed
in Chapter II. These difficulties were overcome by Jensen in 1986. Jensen first
extended the classical Alexandrov maximum principle to semi convex func-
tions. At its maxima a semiconvex function is differentiable but may fail to
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be twice differentiable. However, Jensen proved that there are points of twice
differentiability which are arbitrarily close to its maxima and at these points
Hessian is nonnegative and the gradient is small. Jensen used this result to
obtain a first comparison result. To use this generalized maximum principle
in a general uniqueness proof, we need to approximate the subsolutions by
semiconvex subsolutions and supersolutions by semi-concave supersolutions.
The so-called inf and sup convolutions provide exactly that. These approx-
imations are also used as powerful approximations of viscosity solutions in
general. The definition and the properties of these operations are given in
Section 5. The combination of these tools enabled Jensen to prove the first
uniqueness result for second-order equations when the coefficients of equation
(4.1) are state-independent. Later the uniqueness result was generalized to
cover all equations satisfying standard Lipschitz regularity assumptions. The
main tool in this extension is a lemma due to Ishii. Later Crandall and Ishii
streamlined these results in a powerful analysis result about the maxima of
semi-continuous functions. In recent years, Crandall-Ishii lemma has been the
cornerstone of every comparison result proved in the literature. In our pre-
sentation we chose to state the Crandall-Ishii Lemma, Theorem 6.1 and refer
to the survey article ” Users’ Guide to Viscosity Solutions for Second Order
Partial Differential equations” by Crandall, Ishii and Lions [CIL1] and to the
paper of Crandall and Ishii [CI] for its proof. We then prove a general compar-
ison result in Section 8, Theorem 8.1. This result implies that if a continuous
subsolution W of (4.1) and a continuous supersolution V satisfy W < V at
the boundary, then this inequality holds everywhere.

A discussion of viscosity solutions defined on the whole space is given in
Section 9. The techniques of Sections 4-8 can easily be modified to apply to
this case. However, to acquaint the reader with approximation arguments, we
approximate the given equation by a sequence of equations defined on large
balls. We then pass to the limit by letting the radii of the balls go to infinity.

For readers interested in viscosity solutions but not in stochastic control
theory, Sections 4-9 can be read independently of Sections 2 and 3.

V.2 Dynamic programming principle

In Section IV.7 we established a dynamic programming principle for Markov
diffusion processes on a fixed finite time interval [¢,¢;]. This principle was ob-
tained as a consequence of a somewhat stronger property (DP). See Corollary
IV.7.1 and Corollary IV.7.2. In this section, we will obtain similar results for
the problem of control until time 7 of exit from a bounded cylindrical region
Q = [to, t1) X O. We again write V = Vpys, where Vp,s is as in IV(2.10). Thus

V(t,x) = inf J(t, z;u),

u

where for brevity
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inf---=1inf inf
u(:) vou( €A

The definition of property (DP) in Section IV.7 is modified by replacing any
stopping time 6 by 7 A ¢ = min(, §) where 7 is the exit time of (s, z(s)) from
Q. Thus, property (DP) holds if:

(a) For every v,u(-) € Ay, and {F;}-stopping time 0,

(212) V() < Bu {[Ae L(s, 2(s), u(s))ds + V(A 6, 2( A 9))} .

(b) For every 6 > 0 there exist v and u(-) € Az, such that
TNO
(2.1b) V(t,z)+ 6 > FEy, {/ L(s,x(s),u(s))ds + V(T AN, x(T A 9))} .
¢

for every {F,}-stopping time 6.
In particular, by taking § = r (nonrandom) with ¢ < r < ¢, property
(DP) implies

(2.2) V(t,x)= ir(lf)’ E. {/; ' L(s,z(s),u(s))ds + V(T Ar,x(T A T))} .

Let us assume that @ and the control set U are bounded, and that IV(6.1),
IV(6.3) hold. We will obtain property (DP) by using a device of Lions to
reduce it to the corresponding result in Section IV.7. However, additional
assumptions will be needed to ensure continuity of the value function V' on
Q.

Let us begin by considering an auxiliary control problem, in which the
running cost L and terminal cost ¥ in IV(2.8) are replaced by continuous
functions L, ¥ such that:

(a)

(b) @(t,x) =0, (t,z) € [t,t1] x DO.

(]

>0, ¥ >0,
(2.3)

Let ¢(z) = ¥(ty,x) for z € O, and ¢(z) = 0 for € IR™\O. Then ¢ is
bounded and uniformly continuous on IR™. The criterion to be minimized is

(24)  Jtz0) = Fu { / " E(s, 2(s), u(s))ds + zz?<x<t1>>xf_tl} .

Let V(t,x) be the corresponding value function. By (2.3), V' > 0. If the
reference probability system v is fixed, V,, is defined similarly.

Let us next introduce an approximation of .J. Let cZ(w) be the distance
between z and O. For € > 0, (t,7) € Qo we define
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(2.5) J(t, x;u) = Eiy [/t l I'(s,e)L(s,z(s),u(s))ds

+F<t17s>zz3<x<t1>>},

where Foe) o (‘i/t Cg(x(r))dr> .

Clearly I' depends on (¢, ) and u(-), but this dependence is suppressed in our
notation. Since d = 0 on O, we have

(2.6) I'(s,e) =1, s € [t, 7).

Hence, for (t,z) € Q,

(2.7) Je(t, 2 u) = J(t 23 u) + Em/ 1 I'(s,e)L(s,z(s),u(s))ds

+ I (tr, e)p(@(t)) Xr=t, -
The positivity of L and ¢ imply that J¢ > J on Q. Also I'(s,e') < I'(s,e) for
¢’ < €. Hence J¢ is nondecreasing in € > 0. Let
Vf:HlfJE, VeE=V5y =infV;.
In Chapter IV it is shown that V© = V¢ for every v and V¢ satisfies property
IV(7.1). See Remark IV.7.1.

Let p(z) be the signed distance to the boundary of O, i.e., for z ¢ O,
p(x) = d(z) is the distance between x and O, and for z € O, —p(x) is the
distance between x and the complement of O. To prove the convergence of V¢
in @, we also assume a condition analogous to 1(3.11), i.e., assume that 9O
is smooth and hence p is smooth near 90 and for every (¢,x) € [to,t1] x 9O,

there exists v(t,z) € U satisfying
(2.8)

A"E0j(0) =

n

Z aij(t7x7v(t7x))ﬁfvifbj (x) + f(zﬁx,v(t,ac)) : Vﬁ(az) >0,

4,j=1

DN | =

where A" is as in IV(2.11). Further we assume that v has a smooth extension.
We set V(t,z) = ¥ (t,z) on 0*Q. Thus,

V(t,x) =0, (t,z) € [to, 1], xO,
(2.9)

V(t1,z) =(z), z € O.

We will show that these boundary data are assumed continuously.
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Lemma 2.1. Assume (2.8). Then V € C(Q) and V satisfies (2.1a), (2.1b)
with L replaced by L. Moreover, V =V, for each v.
Proof. Let « € 00,t € [tg,t1). Set (s) = v(t, x), with v(t,z) as in (2.8).
Then
0<Ve(t,z) < J(t,x;q)

and we claim that

(2.10) lig)l Je(t, x;w) = 0.

Let z(s) be the state process corresponding the control @ and the initial
condition z(¢) = . Then, by Ito’s formula and (2.8), p(z(s)) is locally a strict
submartingale. Since, d is the positive part of d(x(s)) P-almost surely
satisfies

/ d d?”>0 Vs € [t,tl}.

Hence P-almost surely I'(e,s) — 0 as € | 0. Then (2.10) follows from the
dominated convergence theorem.

Hence V¢ converges to V = 0 on [to,t1) x 8O, as ¢ tends to zero. Since
Ve=V =1 on {t;} x O,V = V on 9*Q. Observe that 0*Q is compact and
since () = 0 for 2 € O, V is continuous on 9*Q. Then by Dini’s Theorem
[Ro, p. 162] this monotone convergence is uniform on 9*Q. Set

h(e) = sup{Ve(t,z) — V(t,z) : (t,z) € I*Q}.

We have just argued that h(e) - 0 as e | 0. .
Since V¢ satisfies the dynamic programming principle and V (7, z(7)) =0
when 7 < ¢y, yields

VE(t,x) < J(tasu) + B o I(re)[VE(r,2(r)) = V(r,z(r))],
for any (¢,z) € Q and u(-) € Ay,. Since (1,2(7)) € 0*Q and I'(T,¢) = 1, we

now have

VE(t,x) < J(t,x;5u) + h(e), Y(t,z) € Q.

Therefore 3 3 -
V(t,2) < VE(t2) < V(L a) + he), V(t,o) € Q.

Hence V¢ converges to V uniformly on Q. Consequently V e C (Q). Also for
a reference probability system v,

V<V, <VE=V<V+h).

Therefore V =V, for any V.
It remains to show that V satisfies (2.1). By Corollary IV.7.1 and Remark
IV.7.1, for every u(-) and stopping time 6,

0
Vet z) < Em{ /t D(s,) (s, 2(5), u(s))ds
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I(0,6)VE(0, m(@))}.

Since V = 0 on §*Q, I'(0,e) > 0when 6 > 7, and I'(s,e) = 1 fort < s < 7AH,
we get (2.1a) by letting e — 0. For every 6 > 0 there exists u°(-) such that

0
VE(t,x) > Eyy {/t I'(s,e)L(s,z(s),u(s))ds

+I'(0,)VE(0,2(0)) —g

for every stopping time 6. If we take ¢ small enough that |V — V|| < /3,
then u(-) = u°(-) satisfies (2.1b). Here we use the positivity of L and the fact
that I'(s,e) =1fort <s <71 A6. O

Let us now consider running cost function L and boundary cost function
¥ which do not necessarily satisfy (2.3). As in I(3.6) set

g(t,z) =¥(t,x), (t,x) € to,t1) x 00,

P(x) =¥ (tr,2), =eO.
We also assume that g can be extended to Q, such that g € C3(Q,) and

(2.11a) —gi(t,2) + H(t,x, Dpg(t, ), D2g(t,z)) <0, VY(t,z) € Qy,

(2.11b) g(t1,z) <YP(x), VYxe R,

where for (t,z) € Qy,p € IR™ and a symmetric matrix A, H(t,z,p, A) is as in
IV(3.2), ie,
(2.12)

H(t,x,p, A) = sup {—; tr(oo’)(t,z,v)A] — f(t,z,v) - p — L(t,z, 1})} .
veU

Assumptions (2.11) state that g is a smooth subsolution of the HIJB equation
IV(3.3). Observe that (2.11) is satisfied if L,¢b > 0 and g = 0, as in (2.3).
Condition (2.11) is very similar to the hypotheses of Proposition 1.8.1. See
Remark I1.8.1. Using 1(8.13) as our motivation, we define

L(t,z,v) = L(t,z,v) + A%g(t, ),

Y(x) = (@) - g(tr, ),

for (t,z) € Qy,v € U (see IV(2.11) for the definition of A¥). Then L > 0,4 >0
as required in (2.3). Recall that in Section IV.2, ¥ is assumed continuous.
Hence

g(t1,2) = Y(z), Vz e do,

and an application of Ito’s formula yields
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g(r,2(7)) = g(t, ) + Fra / A g (s, (s))ds,

t

and

j(t, xyu) + g(t,x) = Etx{/;[li(s, xz(s),u(s) — A“(S)g(s, x(s))]ds

T g(r2(r) + D)) xomrs }

= J(t, z;u).
Since this is true for all u(-), we get
(2.13) V=V+4g V,=V,+g.

From Lemma 2.1 and (2.13) we obtain the main result of this section.

Theorem 2.1. Assume IV(6.1), IV(6.3), (2.8), (2.11) and that v is con-
tinuous on Q. Then'V is continuous on Q and property (DP) holds. Moreover,
V =V, for every reference probability system v.

Remark 2.1. Our method is to approximate the exit time control problem
by a sequence of problems with state space @,. We then use the results of
Chapter IV. For a general proof of dynamic programming we refer to the
books of Bensoussan-Lions [BL1], Krylov [Krl] and Borkar [Bo]. Bensoussan-
Lions and Krylov prove dynamic programming by discretization. Their proof
requires continuity of the value function. Borkar’s proof however [Bo, Sec.
II1.1] is more general. Also a probabilistic proof based on a deep measurable
selection theorem of Brown and Purves [BrP] is possible. In the discrete-
time setup such a proof is given in Bertsekas and Shreve [BsS]. Borkar’s [Bo,
Lemma II1.1.1] is an analogue of this measurable selection theorem. Recently
this method was used by Soner and Touzi [ST1] to prove a geometric dynamic
programming. El Karoui and her collaborators [ENJ] and Kurtz [Kz] avoid
using measurable selection by proving the compactness of the set of admissible
controls.

V.3 Viscosity property

Except in Section 9, we will take @) to be bounded in the rest of this chapter.
Let v be a reference probability system and define a two parameter family of

nonlinear operators on C = C(O) by

(Tod)(o) = inf Bud [ Do) ue)ds + ol 0o
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+¢<x<r>>x72r},

where tg <t <r <t;,¢ € C, 7 is the exit time of (s,z(s)) from @ and g €
C(Q) is a given function, which we call the lateral boundary data. Clearly T,
satisfies I1(3.1)-1I(3.2"). The semigroup property 11(3.3) however, is equivalent
to the dynamic programming principle (2.2).

To apply the results of Chapter II to this situation, we also have to verify
11(3.11). Indeed we shall prove that T1(3.11) holds with ¥ = O, £ = O,
D = C12(Q) and the infinitesimal generator,

(gt(b)(x) = H(t, T, D¢(w)7 D2¢($))7 (t73;‘) €Q,

where H is as in (2.12). In view of Theorem II.5.1 and Remark II.6.1, this
result will imply that the value function is a viscosity solution of the dynamic
programming equation provided that it is continuous, see Corollary 3.1 below.

Theorem 3.1. Suppose that f,o satisfy IV(2.2), U is compact, and g and
L are continuous. Then for every w € D and (t,x) € Q we have

1
tim = [(Tepenw(t + by ) (@) — wit,z)] = %@U(t, ) = (Grw(t, ) ().

Proof. We start with a probabilistic estimate. Let x(-) be the solution
of IV(2.1) with control u(-) and initial condition z(t) = = € O. Since Q is
bounded, f and o are bounded and for any positive integer m and h € (0, 1]
we have

(3.1) By sup |a(p) — z*"
t<p<t+h
2m
B s /pf(sw(SM(S))der /pa<s,z<s>,u<s>>dw<s>
t<p<t+h t t

X t+h 2m
<GB ( / |f<s,x<s>,u<s>>|ds>

2m

+ CmEtm sup
t<p<t+h

/tpa(s,x(s),u(s))dw(s)

< ém||fH2mh2m + Cfm||0_||2mhm

< Cph™,

where |- || denotes the sup-norm on Q and C,,, Cp,, C,,, are suitable constants.
(See (D.4) in Appendix D for a more general probabilistic estimate of the
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above type.) Set d(z) = dist(z, 00) and recall that 7 is the exit time from Q.
Then for ¢t + h < tq,

Pio(1 <t 4 h) < P ( sup  |x(p) — x| > d(x))
t<p<t+h

(3.2) < (B sup |z(p) — 2[*™)(d(z))>"
t<p<t+h

< Cph™/d(x)?™.

Fix v € U and let u(s) = v. Then the definition of T; ;15 yields

I(h) = > [(Tearnw(t + b)) (x) — w(t, )]

1 (t+h)AT
< T E / L(s, 2(s), v)ds
t

1
+EEtI [w(t +h, x(t + h)) - w(t7 x)]XTZtJrh

+%Em lg(7,2(7)) — w(t, )] Xr<t+h-

The estimate (3.2) with m = 2 yields

.1

for every (t,z) € Q. Hence

1 (t+h)AT
li + P / L(s,2(s), v)ds = L(t,z,v)

and

1
litn By [g(r, (7)) = w(t,2) r<rn = 0.

Also, by Ito’s formula

1
lsn B [w(t + by o(t + 1)) = w(t,2) e

_ %%Em w((t + 1) A7, 2((E+ k) AT)) — w(t, )]

1 (t+h)AT
= lim-F A
i s / w(s, (s))ds

= A%w(t, ).
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Substitute the above into (3.3) to obtain

limsup I(h) < L(t, z,v) + A%w(t, z),
R0

for all v € U. By taking the infimum over v, we get

. 0
hn;foup I(h) < mw(t,z) = (Gew(t, ) ().

For any sequence h,, | 0, there exists u,(-) satisfying

(Tr0(tm, ) (@)
> Eax[J{T"L<s7xn<s>,un<s>>ds+—g<7n7mn<7h>>x7n<tn

+w(tn7 Tn (t7l))XTn=tn:| - (hn)27

where t, =t + hy, T = Tn Atp, () is the solution of IV(2.1), IV(2.4) with
control u,, and 7, is the exit time of (s, z,(s)) from Q. Therefore

I(hy) > hlnEm/tTnL(s,xn(s),un(s))ds
(34) o Bt () — w(t,2)]r, =1,

1
+h7Etm[g(7—na l'n('rn)) - ’U)(t, ‘r))]XTW,<tn - hn

The probabilistic estimate (3.2) with m = 2 implies that the limit of the third
term is zero and

1 tn Tn
lim |—E,, </ L(t,xz,un(s))ds 7/ L(s,xn(s),un(s))ds>‘
n—oo| hy, f ¢
. 1
(3.5) < nlgréOHLHEEm(tn — Tn)

+ lim iEm/t U L(t, 2,10 (5)) — L(s, 2 (s), n(s))|ds.

n—oo n

Since Q x U is compact, L is uniformly continuous. Also (3.1) implies that for
every 6 > 0,

lim P( sup |z,(p) —x|>3d)=0.
n—o0 4<p<ith,
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Therefore the uniform continuity of L and (3.1) imply that the limits in (3.5)
are zero. We now use (3.2) and Dynkin’s formula IV(2.13) to obtain

z%@mmﬁmm—wmm%ﬁw—[%M*mwme

lim —
n—o0 h,

1
< lim 7sup|Avw(tvx)|Etz(tn*Tn)

n— oo n

n—oo

1 Tn
+ lim h—Em/ |A% ap(s, 2, (5)) — A S w(t, z)|ds.
n ¢

Since w € CY2(Q), A’w(s,y) is a uniformly continuous function of Q@ x U. As
in (3.5), the dominated convergence theorem and (3.1) imply that the above
limit is zero. Combine this with (3.4) and (3.5) to obtain

I(hy) > L™ + G"™ — e(n),

where

1 t+h,
L" = h—E/ L(t,z,un(s))ds,

n t
1 t+hy,
G" = —E/ AU (t, z)ds,
hy  Js
and the error term e(n) converges to zero as n — co. Define a set

U= {(L,G) € R?: L =L(tx,v),G = A"w(t,x) forsome v € U}.

Then (L",G™) € @o(U), where o denotes the convex, closed hull of U. Also,

L"+G">inf{L+G:(L,G) eco(U)}

=inf{L+G:(L,G)eU}

0
= Srw(t.a) = (Guw(t, ) (@). -

As in Section 2, let V' be the value function.

Corollary 3.1. Suppose that V € C(Q) satisfies (2.1). Then V a viscosity
solution of the dynamic programming equation

(3.6) —%V(t,x) + (G V(t,)(x) =0 in Q.

Proof. We have shown that the two parameter family of nonlinear opera-
tors {7z, } satisfy 11(3.1), I1(3.2), II(3.11). Hence the viscosity property of V'
follows from Theorem I1.5.1 and Remark I1.6.1. O
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V.4 An equivalent formulation

Recall that in Section I1.8 we obtained an equivalent definition for the viscosity
solutions of a first-order equation. In this section, we follow the procedure
devised in Section II.8 to obtain an equivalent definition of viscosity solutions
of

(4.1) —%W(t x) + H(t,x, D, W (t,x), D2W (t,x), W(t,z)) =0, (t,z) € Q.

Here we do not assume that (4.1) is related to a control problem.
We start with the definition of second subdifferentials and superdifferen-
tials of continuous functions. Let 8™ be the set of all n xn symmetric matrices.

Definition 4.1. Let W € C(Q).
(i) The set of second (parabolic) superdifferentials of W at (t,x) € Q is

DtIAW (¢, x) = {(q,p, A)eRx R" x 8™

. W(t+hax+y) —W(tz)—qgh—p-y—3Ay-y }
lim sup 5 <0,.
(h,y)—0 Ihl + [yl
(t+h,z+y)€Q
(ii) The set of second (parabolic) subdifferentials of W at (t,x) € Q is

DWW (t,z) = =D (—W)(t, z)

= {(q,p,A) €ERxIR"xS":

. W(t+ha+y) —W(th) —gh—p-y—3A4y-y
lim inf 5 >0,.
(hyy)—0 1h| + Iyl
(t+h,x4+y)€EQ
In the literature, for instance in the User’s Guide of Crandall, Ishii and
Lions [CIL1, Section 8], the above sets are also parabolic sub or superjets and
the notation P>+ is used.
The closure of the set of sub and superdifferentials are also useful in the
theory. We define,

Definition 4.2. For W € C(Q), (t,x) €
if and only if there are sequences (t,,x,) €
DEEAW (b, x) = (g, p, A).

. (¢,p, A) € cDEIDW (L, 2)

Q ,
Q — (t,x) and (qn,pn, An) €
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It is clear that if (¢,p,A4) € c¢Dt2DW(t,z), then (¢,p,A + B) €
DTS2 (¢, x) for any positive semidefinite matrix B. Also for W € C12(Q),
and (t,2) € Q,

eDYEDW(t, x) = { (;W(t,x),DIW(t,x),DfCW(t,x) + B) :B> o},

ot

Now, also assume that W € C*2(Q) is a classical solution of (4.1). Since for
every B >0

DWW (t z) = { (aW(t,x),DwW(t,x),DiW(t,x) — B) :B> 0}.

tr[(oo’)(t, z,v)B] > 0,

the above characterization of the second sub- and superdifferentials yields

(4.2) —q+ H(t,z,p, A, W(t,z)) <0, V(g,p, A)E€ CDJF(2’1)I/V(1§7 x),

(4.3)  —q+Ht,x,p A W(ta) >0, Y(gp,A)€cD FVW(L, ).

As in the first order equations, the above inequalities form an equivalent
definition for the viscosity solutions. We first prove the following results to-
wards this equivalence.

Lemma 4.1. Let (t,z) € Q be given. Then (q,p,A) € DYOAW (t, x) if
and only if there exists w € C! 2(Q) satisfying

(4.4) (aw(t, 7), Dyw(t,T), D2w(t, x)) = (q,p, A).

such that W — w achieves its mazimum at (t,x) € Q. Similarly, (q,p, A) €
D=U2AW(t,x) if and only if there exists w € CY2(Q) satisfying (4.4) such
that W — w achieves its minimum at (t,z) € Q.

Proof. Suppose that w € C12(Q) and W — w achieves its maximum at

(t,z) with W(t,z) = w(t,z). Then it is easy to show that

(gtw(t,x),me(t,x),Dﬁw(t,m)> e DYAAW (L, x).

To prove the opposite direction: Let (¢,p,A) € D2 W () for some
(t,Z) € Q be given. We continue with constructing a test function w €
C12(Q,) satisfying (4.4) and (t,x) € argmax{(W — w)(t,z): (t,z) € Q} with
W (t,T) = w(t,T). For r > 0 define

(WE+hz+y) - WET) —qh—p-y—2Ay-y)"
(Jyl* + h2)3

h(r) = Sup{
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(4 h7+) €Qyl 412 <7 ).

Since )
. lyl* + |h|
limsup ———~
(y.)—0 (Jy[* +h2)=

and (g,p, A) € DTOAW (T, %), h is continuous and nondecreasing on [0, 00)
with h(0) = 0. Now let

_ _ 1
w(t,z) = F(r(t,x) + W(E,z)+qt—t)+p- (z —T) + iA(x - (z —7),

with
r(t,z) = ((t— 1% + |z —zM)2, (t,2) € Qo,

9 2 2%
Fo) =4 [ /E B(p)dpde, >0,

and F(0) = 0. We claim that w € C%2(Q,). We will verify this by a straight-
forward computation. So to simplify the notation we take (¢,Z) = (0,0). Since
by the monotonicity of h, h(p) < h(4r) for every p € [0, 4r], we obtain

0 < F(r) <rh(4r).

Also for r > 0,

4 4ar 2r

Fi(r) nE)d - -

1
= _— h(&)d¢ — -F
= [ ey - 2 F (),
2 2
F..(r)= §[8h(4r) —6h(2r) + h(r)] — ;Fr(r).
Again the monotonicity and positivity of A yield

8
IFo(r)] < Sh(4r),

28
) < — .
|FTT(T)| > 3Th(4T)

Hence F' and F, continuous at r = 0 with F'(0) = F.(0) = 0. We now calculate
that for (¢, x) # (0,0),

0 t

&F(T(th)) = ’f‘(t,l’) F7 (T(t?m))v
0 2lz]Pay
al’iF(T(t7I)) - T(t JJ) T(T(taz))

and since [t| < r(t,x) and |2|?|z;| < r(t, 2),



V. Viscosity Solutions: Second-Order Case

(r(t,z)) = 0,

li —F
(t,z)lgfo,o) ot

)
li F(r(t,z)) = 0.
(1) (0.0 D3 (r(t,2)) =0

Also for (t,z) # (0,0),

0? 4|z|*
&L"ﬁij(T(t’x))_ 2 zix; Frp(r(t, x))

2‘.73|2 4$il‘jt2
+ (20 + ) )

213

where 6; ; = 0 for i # j and §;; = 1. Since |z|?,|t| < r(t,z), the previous

estimates of F,. and F..,. yield

82
8%1'8.%]'

F(r(t,x))‘ < Ar|Fp(r)| + 6| F(r)| < %h(élr(t,x)).

Therefore F(r(t,z)) € CY%(Q,) with zero time derivative, gradient and

Hessian at (t,z) = (0,0). This also implies that w satisfies (4.4).

We claim that W —w achieves its maximum at (¢,Z). Indeed the monotonic-

ity of h yields

) 2r p2€
F) 2 o / [ e

(4.5) 2 [
= 3 g Eh(r)dg
= rh(r).

Set

Qlta) = W(EF) +qlt 1) +p- (2~ %) + S Al —7) - (7).
The definition of & implies that
Wit 2) — Q(t,2) < r(t, 2)h(r(t, z)).
In view of (4.5), this gives
w(t,x) = F(r(t,2)) + Q(t, 2)

> r(t,x)h(r(t,z)) + Q(t, x)

> Wi(t, ), Y(t,z) € Q.
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We complete the proof of this lemma, after observing that w(¢, ) = W (¢, T).
The second statement is proved in exactly the same way (I
An immediate corollary of the above result is this.

Proposition 4.1. Let H be continuous. Then, W € C(Q) is a viscosity
subsolution of (4.1) in Q if and only if (4.2) holds for all (t,z) € Q. Similarly

W e C(Q) is a viscosity supersolution of (4.1) in Q if and only if (4.3) holds
for all (t,x) € Q.

V.5 Semiconvex, concave approximations

In this section we introduce an approximation procedure of Lasry and Lions
[LL] and Jensen [J]. These approximations are used in an essential way in
the comparison proof. In particular, they are used in the proof of Crandall-
Ishii lemma stated in the next section. We record their definition and few
basic properties as they are powerful tools in the analysis of optimal control
problems in addition to their central role in the proof of comparison.

We recall that @ is assumed to be bounded. For ¢ > 0,W € C(Q), and
(t,z) € Q define

1) W) =sup {W(s.9) = gzt s o %) s (s.9) < Q)

(5.2) We(t,z) = inf {W(s,y) + %ﬂt — 8P+ |z —y|?): (s,) € Q} )

Now let (3,7) € Q be a maximizer of (5.1). Then

We(t,a) = WE) - =5 ((t—5) +]a —71%) > W(t,2).

1
2e2
Therefore,
|t =35 + |z —g[> < 4|W||e?
and

0< Wet,z) — W(t,z) < W(5,5) — W(t, ).

Hence W¢ converges uniformly to W on Q as € — 0. Similarly we show that
W, converges uniformly to W on Q.

Lemma 5.1. On Q, W¢ and W, are semiconvex, and semiconcave, Te-
spectively. Moreover, W< and W, converge to W uniformly on Q) as € — 0.
Proof. We claim that
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1
we(t,x) = We(t,z) + ﬁ(t2 + |z|?)
is convex on every convex subset of Q. Indeed let (t+h,x +2), (t—h, z — 2),
(t,z) € Q, and (5,7) be a maximizer of (5.1). Using the definition of W*¢, we
obtain

We(t+h,x+2)>W(E,7) — 2—1_2(|ti h—32+|z+2—7%).
Therefore,
w(t+h, x4+ 2) + w(t — h,x — z) — 2w° (¢, x)
> L ) (- ) 26
2e2
—[(t+h—3)?+(t—h—-3)?-2t—-3)?%}
+ s llo+ 2+ o — 5 — 20ef?)
2e2
—lz+2 =g + |z — 2~y - 2]z — g’}
= 0.
Thus we is convex. The properties of W, are proved similarly. O

For v > 0, set ko = (1+4|W|))2, and
O, ={z € O : distance(z,00) >}, Q,=[to+7,t1 —7) X O,.

Lemma 5.2. Fiz ¢ > 0. For each (1,T) € Q.k,, there exists (3,7) € Q
such that
DYEDWweT,z) ¢ DTIAW(5,7).

Proof. Let (3,7) be a maximizer of (5.1) at (¢,%). Then,

W(E,7) — o ([~ 52 + [z~ 5°) > W, ).

22
Therefore
It -5+ |7 — 7> < %kp.
Since (,%) € Qcky, (5,7) € (to,t1) x O. Therefore for every (¢,z) sufficiently
near (t,7), the point (5+t—t, 7+ z —T) € Q. In particular,

- 1 B
Wet,a) >WGE+t—Ly+a—T) — @[|§—t|2 + [y — =]
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Suppose that w € C12(Q) and W¢ — w attains its maximum at (£, 7).
Since (3,y) maximizes (5.1), this inequality implies that

WE+t—ty+o—7) —w(t, o)

also attains its maximum at (¢,7). In view of Lemma 4.1, this completes the
proof of the lemma. |

Proceeding exactly as in the above proof, we obtain the following dual
result.

Lemma 5.3. For each (t,T) € Qex,, there exists and (3,7) € Q such that
D=U2AW_(1,7) ¢ D-VAW(5,7).

V.6 Crandall-Ishii Lemma

In this section we state an analysis lemma formulated by Crandall and Ishii.
It is the cornerstone of the theory of viscosity solution, and is the key result in
the comparison proof that will be given in Section 8. This lemma summarizes
the analytic part of the original comparison proofs of Jensen and Ishii and is
very useful in streamlining the comparison proof. We state it without proof
and refer the reader to Theorem 8.3 in the User’s Guide Crandall, Ishii and
Lions [CIL1] and to the article by Crandall and Ishii [CI].

Theorem 6.1. (Crandall-Ishii maximum principle) Suppose W,V € C(Q)
are two semi-continuous functions such that for every M > 0 there exist a
constant C = C(M) so that for any (t,x) € Q,

(¢,p, A) € cDTEDW (t,2), |(t,z,p, A, W(t,x))| <M,

(6.2) (a.p,A) € D~V (t,2), ||(t,2,p, A V(E2))| < M,
' = ¢=<C(M),
where || - || is the standard Euclidean norm.

Then, for every ¢ € CY2([tg,t1] x O x O), € > 0 and any local mazimizer
(t*,z*,y*) € (to,t1) x O x O) of the difference W (t,x) — V (t,y) — o(t,z,y),
there exist q, ¢ € IR' and symmetric matrices A, B satisfying,

(i) (¢,p, A) € cDTEDW(t*,2%),  p= Doop(t*,2*,y"),
(i) (4,p, B) € cD~ MV (1", y*),  p=—Dyp(t*,z*,y"),

(i1i) ¢ — G = Dyp(t*, 2%, y"),

) 1 A0 9
(zv)—(€+||X||> 1< {O—B} <X +eX?,
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where I is the identity matriz with appropriate dimension, X = Dg’ygo(t*, x*,y*)
18 a 2n X 2n symmetric matriz,

[ Xl =sup{ Xn-n : [n[ =1},
and the above inequalities are in the sense of symmetric matrices.

Remark 6.1. Several remarks about the proof and the use of the above
important result are in order.

1. Conditions (6.1) and (6.2) are stated with reverse inequalities in the
User’s Guide. However, we immediately obtain the above result from Theorem
8.3 of the User’s Guide by considering the functions w(t, z) :== W(—t,z) and
v(t,x) := V(—t,z). These conditions are needed only in the parabolic case.
Notice that in the above theorem, while we are only doubling up the spatial
variables x and y but not the time variable ¢. This is the reason for the
additional conditions (6.1) and (6.2). They are used to obtain bounds in the
limiting arguments.

2. An elliptic version of the Crandall-Ishii lemma is available and is very
useful, see the User’s Guide [CIL1] Theorem 3.2. The elliptic version holds
true under minimal assumptions. In particular, conditions like (6.1) and (6.2)
are not needed for the elliptic problem.

3. The unusual form of (6.3)(iv) is extremely important and it follows
from the following classical observation. Suppose that W and V are smooth
functions. Set P(t, x,y) := W(t,x) =V (t,y), and apply the classical maximum
principle from calculus to the difference @ — ¢. The result is

D2W (t*, z*)

2 * * *\ 0
Dw,y@(t LY )_ 0 _D2V(t*,y*)

< D2 et 2", ).

4. We will use Crandall-Ishii lemma with ¢(z,y) = alr — y|?/2 + h(t),
with a smooth function h. Then,

. 2 * *\ I _I
XDr,ySD(xay)a|:_I [ )

and X? = 202X, | X|| = 2a. Further choosing € = 1/« in (6.3)(iv) yields a
symmetric inequality

(6.4) —3a [10 ﬂ < [6‘ OB} < 3a [II _II]

5. Finally, we note that since the matrix on the right hand side of the above
inequality annihilates all vectors of the form (7, ), this inequality implies that
A < B. Indeed,

=3 8] [ <[ ) )
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O

In all uses of the Crandall-Ishii lemma, W is a subsolution and V is a

supersolution of the same equation. In this case, the conditions (6.1) and

(6.2) follow from the properties of the equation. We close this section proving

this statement for the sub and supersolutions of the dynamic programming
equation (4.1).

Lemma 6.1. Assume H in (4.1) is continuous. Then, every continuous
viscosity subsolution W of (4.1)satisfies (6.1). Also, every continuous viscosity
supersolution V' of (4.1)satisfies (6.2).

Proof. This is an immediate consequence of the continuity of H and (4.2)
or (4.3). Indeed, we simply take

C(M) =sup{ [H(t,z,p, A,w)| : ||(t,z,p, A,w)|| <M }.

V.7 Properties of ‘H

In this section, we prove an elementary property of the nonlinear function H
defined in (2.12). Recall that we always assume that @ is bounded.

Lemma 7.1. Let H be as in (2.12). Assume IV(2.2) and that L(-,-,v) €
CY(Q). Then, there exists a continuous function w : [0,00) — [0,00) that
satisfies w(0) = 0 such that

(71) H(t7ya Oé(CC - y)? B) - H(ta 'T7O[('T - y)a A) < w(a|x - y|2 + “T - y‘)7
for every (t,xz),(t,y) € Q, a > 0, and symmetric matrices A, B satisfying

(6.4).
Proof. Recall that

H(taxapv A) = sup {—;tr(aal)(t,x,v)A - f(t,l‘,v) p— L(t7xav)} .
vel

Set po = alx —y), D =o(t,z,v), C = o(t,y,v) so that

H(t,y,a(x —y),B) — H(t,z,a(x —y), A) < sup {1tr(DD’A — CC”B)}
vel

+sug{|f(t,x,v) - f(t,y71))| |poé| + |L(t,w,v) - L(tvyav)|}'
veE
By assumption IV(2.2),

|f(t,z,0) = f(t,y,0)| [Pal + [L(t, z,v) — L(t,y,v)| < Clo — y[|pa| + Clz — y|
= Clalz —y> + |z — y|].
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We now use (6.4) to obtain,

/ 'y DD" DC'| [A 0
tr(DDA—CCB)—tr({CD, cc 0 _B

DD’ DC’ I —I
<sae(|0 2ol L 7])
= 3atr(DD' — DC' - CD' + CC")
= 3a tr([D — C][D' — C'])
= 3a ||D - C|? =3a |o(t,z,v) — a(t,y,v)|?
< Calz — vyl
These inequalities yield (7.1) with w(r) = Cr. |

V.8 Comparison

In this section we will prove a general comparison result for second order
partial differential equations under the structural assumption (7.1). In par-
ticular, this comparison result applies to the dynamic programming equation
(4.1) provided that the nonlinearity H for the dynamic programming equation
for controlled Markov diffusions defined in (2.12) satisfies (7.1). Therefore, by
Lemma 7.1, the equation (4.1) has comparison under the assumption IV(2.2).
However, since the assumption IV(2.2) yields (7.1) with a linear w, compari-
son for (4.1) can be proved under assumptions that are considerably weaker
than IV(2.2).
Recall that Q) = (to,t1) X O and O is open and bounded.

Theorem 8.1. Suppose that H is continuous and satisfies (7.1). Let W €

C(Q) be a viscosity subsolution of (4.1) in Q, and V € C(Q) be a viscosity
supersolution of (4.1) in Q. Then

(8.1) sup(W — V) = sup(W - V).
Q " Q

Proof. Suppose to the contrary, i.e.,

sup(W = V) —sup(W — V) > 0.
Q 9" Q

1. For p > 0 define

We(t,x) =W(t,z) — ——

d P P
| — — 0
ﬁ(t—m) u—mﬁ>’

Since
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WP is a viscosity subsolution of (4.1) in Q.
2. For p, 3,a > 0 consider the auxiliary function

Otz y) =WP(tx)—V(t,y) —alz—y?+B(t—t1), tE[to,t1], 2,y €O.

Note that W, V are continuous on Q. Now proceed as in Step 2 of Theorem
11.9.1 to construct By, po, ag > 0 such that for all positive 3 < By, p < po,
« > ap we have

sup D> sup P.
[to,tl]X6X6 6[(t0,t1)><5><5]

Let (£, 7,9) € (to,t1) x O X O be a local maximum of @. Then the hypotheses
of Theorem 6.1 are satisfied with W*, V' and

o(t,z,y) = alz —y|* — Bt — t1).

In view of Lemma 6.1, and Remark 6.1(3), we conclude that (6.3) and (6.4)
are satisfied with symmetric matrices A and B, i.e.,

(¢,Par A) € cDTEIWPET), (4, pa, B) € D~V (E,7),

where )
poz:a(j_y)? q—cjz(pt(f,f,ﬂ)Z—ﬁ

3. Viscosity properties of W* and V yield,

and
_4+H(anvpa»B) 2 0.

Recall that § — ¢ = 8, and A, B satisfy (6.4). Hence, by Lemma 7.1, (7.1) is
satisfied. Subtract the above inequalities and then use (7.1). The result is

(82) B=q-q<HET po, B) = H(ET,pa, A) < w(afz = 7* + |7 - 7).
4. Set,
h(r) = sup{|V(t,z) — V(t,y)| : 2,y € O,t € [to, t1], |x —y|> <7},
so that for any =,y € O, t € [to, 1],
V(t,z) = V(t,y)| < h(lz —yl*).

Since (,Z,y) maximizes ® over [tg,t;] x O x O,
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Hence,
ofF =g <V(£7) - V(E) < b7 - 7).
Since, V € C(Q) and O is bounded, h is bounded by some constant K. This
implies that
o7 —7)* < K.
The definition of h yields,
ofF =g +[7 =gl < h(|7 = 7*) + V(K/a) < h(K[a) + V/(K/a).
Substitute this into (8.2) to obtain
B <k(a) =w(h(K/a) + vV (K/a) ).
It is clear that

liTm k(o) = 0.
But this contradicts with the fact that g > 0. (]

The following uniqueness result is an immediate consequence of Theorem
8.1.
Corollary 8.1. (Uniqueness). Assume (7.1). Then there is at most one

viscosity solution V€ C(Q) of (4.1) in Q satisfying the boundary and terminal
conditions

(8.8a) V(t,z) =g(t,z), (t,x) € [to,t1) x 00,

(8.8b) V(ty,x) =(z), x¢€O.

In particular, in (4.1) we may take V to be the value function of the
stochastic control problem defined in Chapter IV. Then (4.1) becomes the
dynamic programming equation IV(3.3). If V € C(Q) satisfies (8.8) and the
dynamic programming principle (2.2), then it is the unique viscosity solution
of IV(3.3). See Section 2 and Corollary 3.1.

Remark 8.1. Discontinuous viscosity sub- and supersolutions of (4.1) will
be defined in Chapter VII (see Definition VII.4.2 and Remark VIL.4.1). An
attendant modification of this chapter also yields a comparison result for dis-
continuous sub- and supersolutions. More precisely: suppose W and V are a
viscosity subsolution and a viscosity supersolution of (4.1) in @, respectively.
Assume (7.1) and that W,V are upper semicontinuous and lower semicon-
tinuous on @, respectively. Then (8.1) holds. In particular W < V on @ if
this inequality holds on 9*@Q. The elliptic version of the comparison between
semicontinuous sub- and supersolutions was proved by Ishii [I1, Theorem 3.3].
Also the extension of the comparison for semicontinuous sub- and supersolu-
tions on @)y can be proved exactly as it will be done for continuous solutions
in the next section.

Remark 8.2. As in the first-order case if H depends on V (¢, ), a minor
modification of the above proof yields results similar to (8.1) and Corollary
8.1. Indeed, if H is nondecreasing in V (¢, z), then we have I1(9.26). Also, a
result entirely similar to Proposition I1.9.1 holds for second-order equations.
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V.9 Viscosity solutions in Qg

In Section IV.7 we have shown that the value function satisfies the dynamic
programming principle, IV(7.1). In addition to IV(2.2), let us now assume
that

(9.1a) U is compact,

(9.1b) fyo,L, L, and L; are bounded on Qg x U.

Then a straightforward modification of results of Section 3 yields that the
value function is a uniformly continuous viscosity solution of the dynamic
programming equation IV(3.3) in Q.

In this section, we will obtain an analogue of Theorem 8.1 for viscosity
subsolutions and supersolutions of the dynamic programming equation IV(3.3)
in Qg. See Theorem 9.1 below. This result, in particular, implies that the value
function is the unique bounded viscosity solution of IV(3.3) in Qg satisfying
the terminal data

V(t,a) = ¥(2), @ € R".

Indeed an attendant modification of the proof of Theorem 8.1 yields the com-
parison result on @y. In the case of the first-order equations, an analogous
modification is carried out in detail. See Theorem I1.9.1. However to acquaint
the reader with a different technique, we will prove Theorem 9.1 by using
Theorem 8.1 on large balls Bg = {z : |z| < R} and then letting R go to
infinity.

To motivate our analysis, let us first suppose that W € C*2(Q,) is a
classical solution of IV(3.3) in Qq. Let £ € C?(Bgr) be a function satisfying
¢R(x) > 0 whenever || < R. Set

W(t,z) = 8(@)W(t,x), (t,x) € [to, t1] X Bg.
We directly calculate that
We=¢fWe, Wa, = €8Wa, + E7W,
Waia; = W, + EEWo, + 68 W, + €8, W,

TiTj :

Multiplying IV(3.3) by ¢#(x) we obtain

(9.2) — &R ()W (t, ) + sup{—{R(m) B tr(oal)(t, x,v)D2W (t, x)
velU

+f(t,z,v) - DLW (t,z) + L(tw,v)} } =0.

Observe that
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MWy, = Wa, = WET

~ R R R . R ¢R
= Wzm - Wgﬁ,x; o ?ZW% - %WII +2W zéRIJ )

Substitute these into (9.2) to obtain
(93) _Wt(t7 {17) + H%(t, €, DwW(t7 LL'), DgW(t7 .’L')) =0, (t7 LC) € QR

where Qr = [to,t1) X Br and

1
H{}}/(t,l‘,p, A) = 51618 { - 5 tI‘(O’O’l)(t, x,v)A - fR(t7$,U) b= L‘I/%V(txav)}a
with

FR(t,2,0) = f(t,z,0) — (00 )(t, z,v) DER (),

L
£ (x)
Lip (t,x,v) = %) L(t, 2, v) = W(t,2) | f(t,2,v) - DE" ()

+ % tr(oo’)(t,z,v)D?*¢R (x) — 5%(@(00/)(75’ z,v)DER(x) - DER(2)].

Lemma 9.1. Let W € C(Q,) be a viscosity subsolution (or supersolu-
tion) of IV(3.3) in Qu. Then W is a viscosity subsolution (or supersolution,
respectively) of (9.3) in Qg.

Proof. Suppose that @ € C°(Qp) and W — has a maximum at (£, ) €
Qr, satisfying (W — @)(£,Z) = 0. Set w(t,z) = w(t,z)/E%(x). Then w €
C>*(Qgr) and W — w has a maximum at (¢,7) € Qg. Since W is a viscosity
subsolution of (4.1),

—wy(t,7) + H(t,Z, Dyw(t, T), D2w(t, 7)) < 0.
Also w = &£%w. So the calculations preceding the lemma yield
—iy(8,7) + HY (1, %, Dod(T, %), D3w(T, 7)) < 0.
Since W (%,Z) = w(Z, ), we have W (%, Z) = w(Z,T) and consequently
HXE7,p, A) = H(1,7,p, A).

Hence W is a viscosity subsolution of (9.3) in Qg. The supersolution property
is proved similarly. O

Theorem 9.1. Assume IV(2.2) and (9.1). Let W € C(Q,) be a bounded
viscosity subsolution of (4.1) in Qo and V € C(Q,) be a bounded viscosity
supersolution of (4.1) in Qo. Then,
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(9.4) sup(W = V) = sup(W(t1,y) — V(t1,9)).
Qo n

Proof. Set

Then ¢ € C%(Bpg) and for a suitable constant K

R Ko R Ko |DER(x)]* _ Ko
|Dg (x)|SEv ‘DQf () Sﬁ’ WSE-

Hence the definition of LE, and the boundedness of W, f and ¢ yield

L (t,0) — " @)Lt 2 0) <

with a constant K; depending on the sup norm of W, f and o. For (¢,z) €
Qr,p € IR" and a symmetric matrix A, set WE(t,2) = 8 (2)W (t,2) — Ky (t—
t1)/R and

HE(t,z,p, A) = sup { — fB(t,z,v) - p—tr[(c0’)(t, z,v)A] — §R(x)L(t,x,v)}.
velU
Then WE(t, x) is a viscosity subsolution of
~WEt,z) + HE(t, 2, D,WE(t,z), D>WE(t,x)) <0, (t,z) € Qr.
Similarly there exists Ko such that

LE(t,2,0) — £7(2)L(t,2,v)| < %

and VE(t,2) = ¢8(t,2)V (t,z) + Ka(t — t1)/R is a viscosity supersolution of
_‘/;R(tﬂf) + HR(t7Jj’ DwVR(t,Z‘)7 DaQJVR(ta QZ‘)) Z 07 (t,.]?) € QR'

Notice that ¢% > 1/R and therefore f? satisfies the hypotheses of Lemma
8.1. Therefore H satisfies (8.1) and by Theorem 8.1 we obtain

(9.5) sup(W™ — V) = sup (WH - V")
Qr 0*Qr

Also as R tends to infinity, W’ V¥ converge to W and V uniformly on
bounded subsets of @, and

1
sup  (WH-VH) < E((Kl + K3)(t1 — to) + [|[W] + [[V]]).
[to,tl]XaBR

Hence we obtain (9.4) by letting R go to infinity in (9.5). O
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V.10 Historical remarks

The first treatment of viscosity solutions of second-order dynamic program-
ming equations was given by Lions [L1-2]. Lions proved that any viscosity
solution is the value function of the related stochastic optimal control prob-
lem. For general second-order equations which are not necessarily dynamic
programming equations, this technique is clearly not appropriate. Jensen was
first to prove a uniqueness result for a general second-order equation [J]. In [J]
semiconvex and concave approximations of a function were given by using the
distance to the graph of the function. Afterward it was observed ([JLS]) that
the construction given by Jensen is the same as the sup and inf convolutions
as defined by Lasry and Lions [LL]. Another important step in the develop-
ment of the second-order problems is Ishii’s lemma [I1]. Since then the proofs
and the statements of the results have been greatly improved. In particular,
the analysis result of Crandall and Ishii [CI], which we quote as Theorem 6.1,
have been used in almost all comparison results. We refer the reader to the
survey article of Crandall, Ishii and Lions [CIL1] and Crandall [Cr] for more
information.

The proof of the dynamic programming principle given in Section 2 is
taken from [L2]. Krylov [Krl] and Bensoussan-J. Lions [BL1] prove the dy-
namic programming principle by a space discretization. Their method requires
the continuity of the value function. Borkar [Bo] proves the dynamic program-
ming by considering Markov policies. El Karoui et al. [ENJ] and Kurtz [Kz|
first prove that the set of all control processes is compact. Then for each ini-
tial data they choose an optimal control process. Moreover the compactness
of the control processes makes it possible to make this selection in a mea-
surable way. Their approach requires the convexification of the set of control
processes. In the discrete-time setup Bertsekas and Shreve [BsS| prove the dy-
namic programming by using a deep measurable selection theorem of Brown
and Purves. A similar approach in the continuous time case is also possi-
ble. Indeed this approach was recently used to prove a geometric dynamic
programming by Soner and Touzi [ST1].

Several interesting questions arise in defining viscosity solutions for sec-
ond order equations. We refer to [CCKS] and references therein. For uniformly
elliptic equations, an elegant regularity theory has been established by Caf-
farelli [Caf], also see the book by Cabre and Caffarelli [CC]. Several important
research areas related to second order equations are not covered in this book.
We refer to Evans & Spruck [ES] and Chen, Giga & Goto [CGG] for level set
equations and to Ambrosio & Soner [AS] for level set applications in higher
co-dimensions. For homogenization, see Evans [E3], Souganidis [Sou2]. For vis-
cosity solutions of stochastic partial differential equations, we refer to Lions
& Souganidis [LS02,3] and Buckdahn & Ma [BM]. For effective Hamiltionians
and weak KAM theory, see Evans & Gomes [EG1,2] Fathi & Siconolfi [FS] and
the references therein. Evans, Soner & Souganidis [ESS] and Barles, Soner &
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Souganidis [BSS] used viscosity solutions in analyzing an evolution problem
related to the Ginzburg-Landau functional.



VI

Logarithmic Transformations and Risk
Sensitivity

VI.1 Introduction

In this chapter we are concerned with the idea of risk sensitivity and its
connections with stochastic control. If J is some cost function associated with
a random variable, then not all values of J may be equally significant. For
example, large values of 7 might be given greater weight. The expectation of
a nonlinear function F(J) takes this into account. We take F(J) = exp(p.J)
of exponential form, where the parameter p is a measure of risk sensitivity.
Equivalently, one can consider the certainty-equivalent expectation defined
in Section 2. It is shown that the certainty-equivalent expectation can be
rewritten as an ordinary expectation, after a change of probability measure.

In Section 3 and 4 we consider Markov diffusion processes z(s) governed
by stochastic differential equations, and take J of the form (3.4) involving
a running cost and a terminal cost. To find the certainty-equivalent expec-
tation, we introduce a logarithmic transformation of the following kind. The
expectation of exp(pJ) is a function @(¢,z) of the initial data for z(s). With
& is associated the linear PDE (3.16) using the Feynman-Kac formula. The
certainty-equivalent expectation is V(t,z) = p~llog®(t,x). It satisfies the
nonlinear PDE (3.19), which turns out to be the H-J-B equation for a con-
trolled Markov diffusion process described in Sections 4 and 5.

Logarithmic transformations of this kind have proved useful in studying
asymptotic problems which arise when z(s) = 2°(s) depends on a small pa-
rameter € and z°(s) tends to a deterministic limit as ¢ — 0. Included are
problems of “large deviations” of so-called Freidlin-Wentzell type for dynam-
ical systems subject to small random perturbations [FW]. Associated with
large deviations analyses are deterministic control problems, which are seen
in Section 6 to arise in a natural way from the logarithmic transform method.
An example is to estimate asymptotically the probability that 2°(s) exits from
a given region O C IR™ during a given time interval.

The theory of H-infinity norms and H-infinity control provides an alter-
native to stochastic dynamical system and stochastic control models. In the
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H-infinity approach, stochastic differential equations are replaced by corre-
sponding ordinary differential equations, in which unknown (deterministic)
disturbances take the place of white noises (formal time derivatives of Brown-
ian motions). A concise introduction to the H-infinity approach to nonlinear
dynamical systems is given in Section 7, using viscosity solution methods and
results from Section 6.

In Section 8 we consider controlled Markov diffusions with expected expo-
nential-of-integral criteria to be minimized. These are called problems of risk
sensitive stochastic control, on a finite time horizon. The methods of Chap-
ter IV extend readily to this case. An extension of the “small noise limit”
analysis in Section 6 leads to a deterministic differential game, which will
be described later in Chapter XI. This analysis again depends on viscosity
solution methods.

Finally, in Section 9 we consider logarithmic transformations for other
classes of Markov processes, besides Markov diffusions. To illustrate the basic
ideas without technical complications, the details are presented only in case
of finite-state Markov chains.

V1.2 Risk sensitivity

Let J denote some random variable, for example a “cost” associated with
the sample paths z(-) of some Markov process z(s). The expectation E%(7)
with respect to a probability measure P is then an “average cost” associated
with J. However, it may happen that not all possible values of 7 are equally
significant. For example, large values of 7 might be given greater weight. For
this reason, we consider in this chapter a risk sensitive criterion E°[F(J7)]
where F' is some nonlinear function. It is assumed that

(2.1) F(J)£0,  F'(J)#0.

The following function rz(J) is a measure of risk sensitivity:
[E"(T)]

2.2 == Wl

22 =)

Large rr(J) indicates great sensitivity to risk. The certainty-equivalent ex-
pectation E°(J) is defined, as in [BJ3], by:

(2:3) ENT) = FTHE[F(I))).

Example 2.1. Let FI(J) = exp(pJ), p # 0, where exp denotes the expo-
nential function. Then rr(J) = |p| is constant. This exponential function F'
is the one which will be considered in this chapter. The certainty equivalent
expectation is then

(2.4) E%(T) = p~"log E°[exp(pT)]-
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As p — 0, the right side is E°(J) + Svar(J) + O(p?) where var(J) is the
variance under P°. Thus, for |p| small £°(J) is approximately a weighted
combination of the mean and variance.

Example 2.2. In mathematical finance applications, the following func-
tion F' is often used. (See Chapter X.) For J > 0, let

YIIT A v <1, 4 #0
(2.5) F(J) =
logg if y=0.

F is called a hyperbolic absolute risk aversion (HARA) utility function. The
parameter «y is interpreted as a measure of the risk which an investor will
accept. In this example

|

7
Thus, an investor who chooses 1 — v very large is quite risk averse, and an
investor with v = 1 is “risk neutral”.

In the sections which follow, z(s) will satisfy the stochastic differential
equation (3.1) and J will have the form (3.4). Under certain assumptions,
the certainty equivalent expectation £(7) is shown to equal the maximum
expected cost in a suitably defined “auxiliary” stochastic control problem. The
method depends on changes of probability measure. Let us begin by explaining
the basic idea at an abstract level.

We consider changes of probability measure, from P° to another P, with
Radon-Nikodym derivative of the form

re(JT)

(2.6) —i = exp(p(),

dP

where ( is some random variable and p # 0 is a constant. Let {2, F be the
sample space and o-algebra of subsets of {2 on which P° is defined. Then

/ ddP = / @ exp(p¢)dP°

2 02

for every nonnegative F-measurable P. In particular, by tking @ of the form
@ = exp(—p()¥, we see that the Radon-Nikodym derivative of PV with respect
to P is

ap®

(2.6)) ==

= exp(—p().

Let E° and E denote expectations under P° and under P, respectively. By
Jensen’s inequality and (2.6")

(2.7) E°lexp(pJ)] = E{exp[p(T — O]} = exp{E[p(J — O}
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provided that the expectation F(J — () exists. Since the exponential function
is strictly convex, equality holds in (2.7) if an only if the random variable
J — ( is constant P-almost surely.

Case 1. p > 0. By (2.4) and (2.7)
(25) €)= B(T - ©).

We may think of ¢ as a “decision variable” in a stochastic optimization prob-
lem, with the goal to maximize F(J — (). Suppose that there exists ¢* in the
class of admissible decision variables such that J — ( is constant P-almost
surely when ¢ = ¢*. Then E(J — () achieves its maximum for { = ¢* and
&%) = E(T - ).

Case 2. p < 0. In this case £°(J) < E(J — ¢) with equality when J — ¢
is constant P-almost surely. The “decision variable” ( is chosen to minimize
E(J - ¢), rather than to maximize E(J — () as in Case 1.

Minimizing a certainty-equivalent expectation. Let us take p > 0,
and suppose that 7 = J(«) depends also on some random decision variable a.
Consider the problem of choosing « in some admissible class to minimize the
certainty equivalent expectation £°(J). The change of probability measure
method outlined above introduces an “auxiliary” decision variable ¢ which is
chosen to maximize E(J — ¢). The problem of minimizing £°(7) turns into
a min-max problem with criterion J — (. This idea will be mentioned again
in Section 8 in the context of risk sensitive stochastic control.

If p < 0 and « is chosen to maximize £°(7), then the change of probability
measure method leads to a max-min problem with criterion 7 —(. In this case,
the auxiliary decision variable ¢ is minimizing. The case p > 0 if often called
“risk averting” and p < 0 “risk seeking”.

V1.3 Logarithmic transformations for Markov diffusions

In Section 2 a change of probability measure technique was outlined in an
abstract setting. Let us now use this technique in the context of Markov
diffusion processes, governed by stochastic differential equations (SDEs). The
changes in probability measure correspond to changes of drift in the SDE and
are obtained using Girsanov’s theorem.

Let us take risk sensitivity parameter p > 0 in Example 2.1. In the notation
of Section IV.2, let 10 = (£2, {F,}, P°,w) be a reference probability system.
Thus w’(-) is a d-dimensional brownian motion under probability P°, which
is Fs-adapted. Let z(s) be the (pathwise) solution to the SDE

(3.1) dx =b(s,z(s))ds + pféa(s,x(s))dwo(s),t < s <ty,

with initial data z(t) = x. Note that (3.1) corresponds to equation III(5.4)
with f replaced by b, o replaced by p*%J and w(s) by w®(s). As in previous
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chapters, let Qo = [to,t1) X IR™. We make the following assumptions:
(i) b€ CY(Qop) and b, is bounded on Qo;
(3.2) ~ _
(ii) o € C1(Qp) and o, 0, are bounded on Q.

The process z(-) is a Markov diffusion on IR™ and its backward evolution
operator has the form (see I11(5.1))

1
(3.3) Ad = &, + %tra(t, 2)D2® + b(t,z) - DD,

with a = o0’. Let
(3.4) J = /E(s,x(s))ds—&—w(x(tl)).

Let us assume throughout that the functions ¢, ¢ are continuous on )y with
additional assumptions on ¢, made later as needed.

We consider changes of probability measure, from PY to another prob-
ability measure P, via a Girsanov transformation. These changes of prob-
ability measure correspond to change of drift in (3.1), from b(s,z(s)) to
b(s,z(s)) + o(s,z(s))z(s) where z(s) is a F,-progressively measurable IR%-
valued process called an auxiliary control process. We write (3.1) as

(3.5) dx = [b(s,x(s)) + o(s,z(s))z(s)]ds + p_%a(s,x(s))dw(s)

(3.6) w(s) = w(s) — p% /z(r)dr7
on the time interval [¢,¢1]. Let

(3.7) ¢(s) = / [p-%zm Ldw’(r) — §|z<r>|2} dr.

It is assumed that this integral exists and moreover that

(3.8) Elexp(p¢(t1))] = 1.

By Girsanov’s theorem [LSh] the process w(s) is a brownian motion under
probability P, where

(3.9) P(dw) = exp(p¢(t1)) P (dw).
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We rewrite (3.7) as

(3.10) —((s) = / {—p_éz(r) ~dw(r) — %|z(r)|2dr .
By (2.6") assumption (3.8) implies that

(3.8) Blexp (—pC(t))] = 1,

(3.9 P (dw) = exp(—p((t1)) P(dw),

where FE is expectation under probability P. Let us also require that

t1

(3.11) E/|z(s)|2d5 < oo.
Then E[((t1)] = E(Z), where
(3.12) Z = %/|z(s)|2ds.

t

Lemma 3.1. Assume (3.8),(3.11) and that the expectation E(J) exists. Then
(3.13)
(a) &%J)=E(T-2)

(b) ENT)=E(T - 2)if T —((t1) is constant P — almost surely.
Proof. This is immediate from Jensen’s inequality. See (2.8) above.l

Lemma 3.2. Assume that |z(s)| < K(1+ |z(s)|) for some constant K. Then
(3.8), (3.11) hold.

Proof. An estimate for solutions to stochastic differential equations (Appen-
dix (D.13)) implies that there exist positive constants k, C such that

E°lexp(klz(s)[*)] < C

for t < s < t1. Therefore, E°[exp(k1]2(s)]?)] < Oy for some positive constants
k1, Cy. This implies (3.8). See [LSh, p. 220]. Property (3.11) follows from (3.2),
(3.5) and the estimate Appendix (D.7) with m = 2. O

To make use of Lemma 3.1, we consider the certainty equivalent expecta-
tion as a function of (t,z), where z = x(t) is the initial data for (3.1) and
(3.5). Let



VI. Logarithmic Transformations and Risk Sensitivity 233

(3.14) B(t,x) = E,[exp(pT)]

(3.15) V(t,x) =& (T) = p tlog®(t,z).
Associated with (3.14) is the linear PDE

(3.16) AD + pl(t,z)® =0, (t,x) € Qo,

with A as in (3.3). The boundary condition for (3.16) is
(3.17) D(t1,z) = exp[pY(z(t1))], =€ R™.

If & is a smooth solution to (3.16)-(3.17), we would like to verify that & = ¢
(under some additional assumptions). One method is to use the Feynman-Kac
formula, as in the following:

Proposition 3.1. Let & € C12(Qg) N C(Qy) be a positive, bounded solution
to (3.16)-(3.17) and assume that ¢ is bounded above. Then ®(t,x) = P(t, x).

Proof. For R > 0, let Qr = [to,t1 — R™1) x Og, where Or = {x : |z| < R}.
Let g be the exit time of (s,z(s)) from @Qg. By the Feynman-Kac formula
(Appendix (D.15)) and (3.16)

TR

(3.18) &(t,x) = B2 { &(1r, z(Tr)) exp | p / (s, x(s))ds

Since @ is bounded, p > 0 and £ is bounded above, the right side of (3.18)
tends to @(t,x) as R — oc. O

Theorem 3.1 at the end of this section gives sufficient conditions that a
solution @ exists with the properties required in Proposition 3.1.

Another method for showing that & = @ is based on making a logarithmic
transformation. Let & € C12(Qq) be a positive solution to (3.16)-(3.17), with
& not necessarily bounded. Let W = p~tlog &. An elementary calculation
gives the following nonlinear PDE for W:

1
(3.19) AW + ia(t7 x)DyW - D,W + {(t,x) =0
with the boundary condition
(3.20) W (t1,z) = ().

We now define a particular auxiliary control process z(s) as follows.

(3.21) 2(s) =o' (s,2(5)) D W (s, z(s))
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where z(s) is the solution to
(3.22)  dx = [b(s,x(s)) + a(s,x(s)) D W (s,x(s))]ds + p_%a(s7 x(s))dw(s)

with z(t) = «. Note that (3.22) is the same as (3.5) in this case. The solution
x(s) is well defined provided there exists a constant M such that

(3.23) D W (s,2)| < M(1+|z]), (s,2) € Qo.

Lemma 3.3. Assume (3.23) and let z(s) be as in (3.21). Then (3.8') and
(3.11) hold. Moreover, J — ((t1) = W (t,z) P-almost surely.

Proof. By (3.2)(ii) and (3.23), |2(s)| < K(1 + |z(s)|) for some K. By Lemma
3.2, (3.8) and (3.11) hold. Since W satisfies (3.19), the Ito differential rule

gives

dW (s, z(s)) = — Ba(s,x(s))DzW - D, W

+ (s, x(s))] ds+ p~2 D, W - o (s, 2(s))duw’(s)

where D, W is evaluated at (s,x(s)). From (3.7) and (3.21) we can rewrite
this as

(3.24) dW (s, z(s)) = —l(s,x(s))ds + d{(s).
The lemma follows by integrating from ¢ to ¢t; and using (3.20). (I

Lemmas 3.1 and 3.3 can be used to characterize the certainty-equivalent
expectation £2,(J) = V (¢, x) as the maximum of E,(J —Z) in an appropriate
class of auxiliary control processes z(+). This will be made precise in Theorem
4.1. In Section 4 we will fix a reference probability system v = (2, {F}, P,w),
and will consider solutions z(s) to (3.5). Girsanov’s Theorem gives z(s) as a
solution to (3.1) with P% w® determined from P,w by (3.6) and (3.9’). Note
that the expectation E°[exp(p.J)] depends only on the probability law of ()
and not on the particular reference probability system v° = (2, {F,}, P, w?).

We conclude this section with a theorem which gives conditions under
which @(t,x) defined by (3.14) is a solution to (3.16) in the classical sense.

Theorem 3.1. Assume that (3.2) and either of the following two assump-
tions (3.25) or (3.26) hold. Then & € C*%(Qyo) is a solution to (3.16)-(3.17)
with ® and D,® bounded.
(i) The matrices a(t,z) = o(t,x)o(t,z)" are positive definite with
bounded inverse a(t,z)~!;
(3.25) (ii) £ € CY(Qo), 1 € C3(IR™). Moreover £, v are bounded above and
have bounded first order partial derivatives.

(i) For ¢ =b,0,0, ¢ € C12(Qq). Moreover, ¢ together with its first
(3.26) order partial derivatives and second order partial derivatives ¢y, o, ,



VI. Logarithmic Transformations and Risk Sensitivity 235

1,7 =1,...,n are bounded.
(i) ¢ e CQ(R")

When (3.25) holds, an existence theorem for linear, uniformly parabolic
PDEs implies that (3. 16) (3.17) has a solution & € C'* 2(QO) with & and D, o
bounded. See [LSU, Chapt. 4, Thm. 9.1]. By Proposition 3.1, & = ¢. When
(3.26) holds, probabilistic arguments show that ¢ has the properties stated in
Theorem 3.1. The method is based on the fact that the solution z(s) to (3.1)
depends smoothly on the initial state x = x(t). See [GS2,Sec. 11].

Remark 3.1. Theorem 3.1 implies that V = p~!log® is a solution to
(3.19)-(3.20). Since £ and 1 are bounded, @(t, z)~! is bounded. Hence, D,V =
p~1®~1D,® is bounded on Q. In particular, (3.23) holds with W = V. When
D,V is bounded, it would suffice to consider changes of probability measure
with bounded auxiliary control process z(s).

Remark 3.2. It can be shown under less restrictive assumptions that @
is a viscosity solution to (3.16)-(3.17), by the method used to prove Theorem
8.1 below.

V1.4 Auxiliary stochastic control problem

Let us reformulate the maximization problem introduced in Section 3 as a
stochastic control problem of the kind considered in Chapter IV. As in Section
3, we take p > 0. Let v = (£2,{Fs}, P,w) be a reference probability system,
which is fixed throughout this section. The state is (s) € IR™ and the control
is 2(s) € IR%. The state dynamics are

(4.1) dx = [b(s,x(s)) + o(s,z(s))z(s)]ds + pfécr(s, z(s))dw(s)

for t < s < ty, with z(t) = z. Let

(4.2) L(t,x,z) = (t,x) — %|z|2,

t1

(4.3) J(t,2:2) = By / L(s, 2(s), 2(s))ds + (x(t1))

t

The goal is to find an “auxiliary” control process z(+) € Ay, which maximizes
J(t,x, z), where A, was defined in Section IV.2. In the notation of Chapter
IV, the “control space” is U = IR%, and z(s) has the role of u(s) there. Also
maximizing J is equivalent to minimizing —J.

We recall the notations of Section IV.3. In particular, let £ denote the
class of Markov control policies z(s,x) defined there. Then the solution x(s)
o (4.1) is well defined, with
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(4.4) z(s) = z(s,z(s)).

See IV(3.13)-(3.14).

The dynamic programming equation for this stochastic control problem
is (3.19). The following theorem gives a sufficient condition that the function
V(t,x) in (3.15) is the value function.

Theorem 4.1. Let W € CY2(Qq) be a solution to (3.19)-(3.20) such that
| D W (t,x)] < M(1+ |x|) for some constant M. Let

(45) g*(s,x) = a’(s,x)DxW(s, .73),
with corresponding z*(s) as in (4.4). Then V.= W where V = p~tlog®.
Moreover, z*(-) € Ay, and

(a) V(t,x) > J(t,z;2) for all z(-) € Asy;
(4.6)
(b) V(t,x) = J(t, x;2%).

Proof. The linear growth condition on D, W (t,z) implies that W € C,,(Qo)
with p = 2. By Corollary IV.3.1, W(t,z) > J(t,z;2) with equality when

z(s) = z*(s), Lemmas 3.1(b) and 3.3 imply that W (t,z) = V (¢, x). O
We note that the dynamic programming equation can be rewritten as
ov 1
(4.7) ~ 5 %tra(ux)DiV + H(t,z,D,V) =0,
1
(4.8) —H(t,x,p) =b(t,z) - p+ §a(t, x)p-p+ LUt x).

This corresponds to the form IV(3.3) of the dynamic programming PDE used
in Chapters IV and V.

Example 4.1. Using the notation in (3.1), let
dz = A(s)z(s)ds + p~ 2 o(s)dw’(s)
with z(¢) = x and
Ut,x) = —x - M(t)x
Y(x) = —x- Dx

where M (t) and D are nonnegative definite matrices. Then z(s) is a gaussian
process under probability P°, and

(4.9)  O(t,x) = B exp{ —p /[x(s) - M(s)x(s)ds + x(t1) - Dx(t1)]
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Let J = —J. The problem of choosing the control z(s) to minimize J is
a stochastic linear regulator problem (see Example 111.8.1). In II1(8.6) we
now have B(s) = o(s), u(s) replaced by z(s) and o(s)dw(s) replaced by
p~20(s)dw(s). In I11(8.7), J is now replaced by J and 2N(s) is the identity
matrix. The value function V (,z) for the problem of minimizing .J is

V(t,z) =z - P(t)x + p~g(t)

where the symmetric matrix P(t) and g(¢) are the same as in Example I11.8.1
with B(s) = o(s) and 2N (s) the identity matrix. By Theorem 4.1, V(t,z) =
p~tlog @(t, z) has the form

(4.10) V(t,z) = —x - P(t)x — p~Lg(t).

We recall that P(t) satisfies the Riccati differential equation 1(5.15) with ter-
minal data P(t;) = D. From III(8.11), or from (4.5), the optimal auxiliary
control policy is 2* (¢, z) = —20'(¢t) P(t)z.

Example 4.2. In Example 4.1, suppose that the assumption that M (t)
and D are nonnegative definite does not hold. Then the stochastic linear
regulator problem is of indefinite sign. The solution in Example 4.1 is valid
for timin <t < t1, where t,,;, > —o0 is the same as for the deterministic LQR
problem (Example 1.5.1).

The case p < 0. In this case we replace p by |p| in the SDE (4.1). The
logarithmic transformation V = p~!log® transforms the linear PDE (3.16)
into

v o1 N B
_ 1

Equation (4.11) is the HJB PDE for the problem of minimizing

t1

1
i) = B 3 [ |e(s.00) 4 1R s+ wtatn)
t
As in Theorem 4.1, if W € C12(Qo) is a solution to (4.11)-(3.20) such that
| D, W(t,x)] < M(1+ |x|), then W = V. Moreover, the control policy
(4.13) 2*(s,x) = —o'(s,2) D, W (s, z)

is optimal.
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V1.5 Bounded region Q

Let @ = [to,t1] x O where O is a bounded open set with 90 a manifold of
class C3. Let us indicate modifications in the previous results when

(5.1) J = /((s,x(s))ds—i—W(T,x(T)),

where 7 is the exit time of (s, z(s)) from Q. In addition to the previous as-
sumptions (3.2), let us assume that £ € C'(Qq). Moreover:

(a) The matrices a(t,x) = o(t, z)o(t, z)" are nonsingular with bounded
inverses a(t,x) 1.

(5.2) (b) Forz € O, ¥(t;,r) = (x), where 1) € C3(IR™).
(c) For (t,x) € [to,t1] x 00, ¥(t,x) = g(x) where g € C3(IR").

Theorem 5.1. Let ®(t,x) be as in (3.14), with J as in (5.1). Then & €
Ch2(Q)NC(Q) and @ satisfies (3.16) in Q. Moreover, D,® is bounded on Q
and continuous on Q\({t1} x 00).

An existence theorem for linear, uniformly parabolic PDEs implies that
(3.16) with boundary data @(t, z) = exp[p¥(t, z)], (t,x) € *Q has a solution
& with the properties stated in Theorem 5.1 [LSU, Chap. 4]. The same proof
as for Proposition 3.1 shows that @ = @. ([l

Example 5.1. Let £ =0, g = 0. The PDE (3.16) becomes A® = 0, and
(3.14) becomes

(5:3) D(t,x) = P (7 < t1) + B}, {explov(x(tr))]; 7 = t1} .

The first term on the right side is the exit probability. If we formally set
¥(x) = —oo, then the second term is 0. We will return to the exit probability
problem in Section 6 and again in Section VII.10.

For the auxiliary stochastic control problem in Section 4, we now have

T

(5.4) J(t,x;2) = By /L(s,m(s),z(s))ds +U(r,2(7)) ¢,

which is the same as IV(2.8) with the control u(s) replaced by z(s). An optimal
Markov control policy z*(s,z) is obtained in a way similar to Theorem 4.1.
For (s,z) € Q, define z*(s,x) by (4.5), with W = p~llog®. The technique
of Appendix C extends z*(s, ) to Qo, such that z* is Lipschitz on [to, to] for
each to < t; and z*(s, ) is bounded. Then z*(s) in (4.4) is well defined and
is an optimal control process.
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VI.6 Small noise limits

Let € > 0 be a parameter, and let 2°(s) denote the solution to
(6.1°) dz® = b(s,2%(s))ds + e2 o(s, 2°(s))dw’(s)

with initial data 2(t) = x. For ¢ = 0, 2°(s) satisfies the ordinary differential
equation

dx®

(6.1%) I

= b(s,2°(s))
with 20(t) = x. For ¢ > 0, °(s) can be regarded as a random perturbation
of 2%(s). If J¢ is some functional of the sample paths 2¢(-), then a result
which states that elog E%[exp(e~1J¢)] tends to a limit as ¢ — 0 is called a
large deviations theorem. If p = ¢!, then p is the risk sensitivity parameter
in previous sections (p > 0).

As in (3.4) let us take

ty

(6.2) JE = /é(s,xa(s))ds + (x(t1)),

~

and as in (3.15) let
(6.3) Ve(t,z) = elog EY [(expe 1 T°)].
By (4.7) the dynamic programming PDE for V¢ is

_ove
ot
with H as in (4.8). For € = 0, (6.4°) becomes the first order PDE

(6.4°)

— %tr a(t,2)D2VE + H(t,z, D, V) =0

0 aVO 0

(6.5) VO(ty,z) = ().

This is the dynamic programming equation for the following deterministic
control problem. Let x(s) denote the state and z(s) the control at time s.
They are deterministic functions of time, not random variables. The state
dynamics are

d

(6.6) £x(s) =b(s,z(s)) + o(s,z(s))z(s)

with initial data x(t) = x. There are no control constraints. The goal is to
maximize
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t1

1
(6.7) JOt, a5 2) = / {E(s,x(s)) - §|z:(s)|2 ds + ¥(x(t1)).
t
Let us assume that b, o satisfy (3.2) and that:

(a) ¢ € CY(Qo) with ¢ and ¢, bounded.
(6.8) (b) ¥ € CY(IR™) with 9 and 1, bounded.
(c) b is bounded.
Let Z(t) = L*°([t, t1]; IR?) denote the space of all bounded, Lebesgue mea-

surable control functions, and Zg(t) the space of such controls such that
|2(s)] < R almost everywhere in [t,t1]. Let

(a) VO(t,z) = sup JOt x;2)
z(-)€Z(t)
(6.9)
(b) VRt,z) = sup JO(t,x;2)
2(-)E€ZR()

Lemma 6.1. There exists z5(-) € Zr(t) such that J(t,z;2%) = V3(t, ).

Lemma 6.1 is a special case of Theorem 1.11.1.
Lemma 6.2. There exists Ry such that |z5(s)| < Ry for all R.

Proof. Let z*(s) be the solution to (6.6) with z(s) = z5(s) and z*(¢1) = =.
Let P(s) be the solution to

(6.10) 0 o P(5)Fals, 7 (5), 2il)) — Lal5,2° (5))

with P(t1) = ¢, (z*(t1)), where
F(s,x,2z) =b(s,x) + o(s,x)z.

By Pontragin’s principle (Theorem 1.6.3), P(s) - o(s, 2*(s))¢ — $[¢|? is maxi-
mum on the set || < R when & = z};(s). Let us show that |P(s)| is bounded
by a constant which does not depend on R. We have

1 P(r) - P(r)

©1) s+ PG =lestt +1P()) 2 [ T

We use (3.2), (6.8)(a) and (6.10) to get

|[P(r) - P(r)| < [P(r)]*(C1 + Calzj(r)]) + Cs|P(r)]
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for suitable C1, Cy, Cs. From (6.11) and Cauchy-Schwartz,
S

log(1 + |P(s)|?) < log(1+ |P(t))|*) + /(04 + Cs|25(r)[*)dr.

t1

Since £, are bounded,
~K(t) < J(t,z;0) < V3(t,z) < K(t)

where K (t) = [|4]|(t1 —t) + ||| and || || is the sup norm. Since J(¢,x;25,) =
V3(t,z), we have
2R ()ll2 < 4K (t)

where || ||2 is the Ly norm. Since 1, is bounded, |P(t1)| < ||1),]|. Therefore,
|P(s)| < M fort < s < ¢, where M does not depend on R. Since ¢ is bounded,
|25, (s)| < Ry for some R;. O

Theorem 6.1. Assume (3.2) and (6.8) and let Ry be as in Lemma 6.2. Then:

(a) V(t,x) = VO(t,x) if R> Ry;

(b) VO is bounded and Lipschitz continuous on Qo;

(c) VO is a viscosity solution to (6.4°)-(6.5);

(d) VO is unique in the class of bounded, Lipschitz continuous viscosity so-
lutions to (6.4°)-(6.5).

Proof. Part (a) is immediate from Lemma 6.2. From Remark I11.10.1 V3 is
Lipschitz. Moreover, V2 is bounded since ¢ and 1 are bounded. Hence, (b)
follows from (a). By Theorem II.7.1 and part (a), for R > Ry, V? is a viscosity
solution of

0
(6.12) _aalt + Hy(t,z, D, V°) =0,
1 2
(6.13) Hp(t,z,p) = —b(t,z) - p— max |p o(t,2)€ = SIE7|.

As a function of ¢, p- o€ — 1|¢|? has a maximum on R? at z* = ¢’p. Since o
is bounded, |o'p| < k|p| for some k. Since V0 = V}% is Lipschitz,

[VO(t,z) = VO(t,y)| < M|z —y|

for some M;. For R > max(Ry, kM), V? is a viscosity solution to (6.4%)-(6.5)
by Corollary I1.8.1(f). Finally, let V be any bounded, Lipschitz continuous
viscosity solution to (6.4°)-(6.5). Then V° and V are both viscosity solutions
to (6.12)-(6.5) for large R. By Corollary 11.9.1, VO = V. O

Remark 6.1. There is another proof of Theorem 6.1 which does not use
the existence theorem I.11.1. See Theorem XI.7.1 for differential games, which
includes Theorem 6.1 as a special case (with no minimizing control u(s)).
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Theorem 6.2. Assume (3.2) and that £, are bounded and uniformly con-
tinuous on Qo, IR" respectively. Then V< (t,z) tends to VO(t,x) uniformly on
compact subsets of Q.

Theorem 6.2 will be proved in Section VII.11 using viscosity solution meth-
ods. It can also be obtained by probabilistic methods, based on the Freidlin-
Wentzell theory of large deviations. If ¢ is constant, there is another rather
easy proof based on the characterization in Section 4 of V=(¢,x) as a value
function. Let us sketch this argument. We suppose that for each € > 0, the
verification Theorem 4.1 holds. Let 2°(s), y°(s) satisfy (6.1°) with initial data
x2°(t) = x, y°(t) = y. Since o is constant,

|2°(s) = y7(s)] < [& =yl exp(||b[[(s —1))-
If we write J = J¢ in (4.3), then for any z(-)
|J6(t7xvz) - ']E(t7y1 Z)| < M1|$ - y‘

where the constant M; depends on ||b,||, ||¢z|| and ||1).||. Hence the value-
function V¢ satisfies

(6.14) Vet z) =Vt y)| < Mylz —y.

An argument similar to that for Theorem 6.1(c¢) implies that there exists Ry
such that V5(t,z) = Ve(t,z) for R > Ry, where Vj is the value function
with auxiliary control constraint |z(s)| < R. Lemma IV.6.3 then implies that
|Ve(t,z) — VO(t,x)| < Ke? for some K.

Remark 6.2. We recall from Section 2 that Ve(t,z) = E2.(J¢) where £°
is the certainty equivalent expectation. The limit VO(¢,z) as ¢ — 0 is the value
function of the control problem described above. While this control problem
is deterministic, V9(t,2) does have a “probabilistic” interpretation in terms
of the Maslov idempotent probability calculus. For any bounded functional
J = J(z(+)), define the max-plus expectation as

1]
+ = su zZ\ - = 2528
BHJ) = s TG0 2!| (5)d

In particular, let J be as in (3.4) with z(s) the solution to (6.6), z(t) = =.
By (6.7), (6.9)(a), VO(t,z) = E}(J). The operator E¥ is linear with respect
to max-plus addition and scalar multiplication, in which

a ® b =max(a,b), a®b=a+b.

These ideas are developed in [BCOQ][F6][MS] and references cited there.
Negative logarithmic transformation. For some applications it is
more natural to let
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(6.3") VE(t,z) = —elog B, [exp(e 1 J9)]

The PDE for V¢ is again (6.4%). However, instead of (4.8) we now have
1
(615) H(tv xap) = _b(ta SU) ‘Pt ia(tv .’E)p ‘Pt e(ta CU)

For ¢ = 0, the auxiliary control z(s) is chosen to minimize —J%(¢,x;z) in
(6.7). In particular, let us now assume that the matrices o(¢,x) are n x n non-
singular with 0=1(¢, ) bounded. Then from (6.6), 2(s) = o~ 1(s, x(s))(i(s) —
b(s,xz(s))). Let

616)  Llta) = L0(t,a) —v) - (6,) (0t 7) — v) (1, 2)

ty

(6.17) JO = /f/(s,x(s)@(s))ds —P(z(t)).

t

Then JO(t,z;2) = —J°. Choosing z(s) to maximize J° is equivalent to the
calculus of variations problem of choosing x(s) to minimize J°, subject to the
initial condition z(t) = x.

Example 6.1. Let b = 0, o the identity matrix, ¢(¢,z) = ¢(z) and ¢ = 0.
Then L(z,v) = %|v|* — q(x) is the classical action integrand corresponding
to the potential energy function g(x), already mentioned in Example 111.8.2
Assume that ¢ € CL(IR") and let

ty1

#(t0) = Bf [ oo (=71 [t (o)) s

t

Then &° satisfies
(6.18) oF + %A@E + @@E —0

with @°(t1,2) = 1. As ¢ — 0, V& = —clog ®° tends to VO, where VO(t, ) is
the least action for initial data x(t) = .

If & were replaced by —i®5(i> = —1), then (6.18) would become the
Schrédinger equation of quantum mechanics. For a particle of mass 1 in a field
with the potential function ¢(z), the parameter € corresponds to Planck’s con-
stant. Equation (6.18) is sometimes called the “imaginary time” analogue of
Schrodinger’s equation. In this example, Theorem 6.2 becomes an “imaginary
time” analogue of so-called semiclassical limit results, which recover classical
mechanics from quantum mechanics.
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The exit problem. Let O C IR™ be open and bounded, with 00 a
manifold of class C3. Let 6° denote the exit time from O for the solution
x%(s) to (6.19), and let

(6.19) P (t,a) = PR(6° <t1), (t,x)€Q,

where as before @ = [tg, 1) X O. We again make the nondegeneracy assump-
tion that o(¢,z) is n x n and nonsingular with o=!(¢,2) bounded. The exit
probability, as a function of the initial data (¢, ), has the following properties:

(a) &° € CH2(Q\({t1} x DO)) and AD = 0;

(b) ®¢(t,z) >0 for (t,x) € @Q;
(6.20)
(c) °(t,x) =1 for (t,z) € [to,t1) x OO;

(d) ®¢(t1,2) =0 for z € O.

Properties (6.20) can be proved by making continuous approximations to the
discontinuous data for @° at points (t1,z),z € 9O, as in [F4], and using a
priori estimates for solutions to linear, uniformly parabolic PDE.

We make the logarithmic transformation V¢ = —e log @°. Then V¢ satisfies
the HJB equation

1
(6.21) —VfF — %tra(t, 2)D2VE = b(t,x) - DuV* + alt,2) DoV - DV =0

with the boundary data

VeE(t,x) =0 for (t,x) € [to,t1) x 00
(6.22)
Ve(ty,z) = oo for z € O.

The calculus of variations problem which arises when & = 0 is to minimize
(6.23) JO = / L(s,z(s), (s))ds,
t

L(t,z,0) = %(b(t, 2) = v) - a Lt 2)(b(t, z) — v)

among all z(-) € C1([t,t1]) such that z(t) = x and 7 < t;, where 7 is the exit
time of (s,z(s)) from Q. The requirement that x(s) must reach 9O before
time ¢; reflects the data VO(t;,z) = +oo for x € O.

The result that V¢ — V9 as e — 0, where VO(¢, z) is the value function for
this calculus of variations problem, is called a large deviations theorem for exit
probabilities. This large deviations result has been proved probabilistically;
see Freidlin-Wentzell [FW]. Later another proof by stochastic control methods
was given [F4]. In Section VIL.10 a different proof, based on PDE-viscosity
solution methods, will be given.
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V1.7 H-infinity norm of a nonlinear system

In this section we consider the following deterministic dynamical system
model. Let z(s) denote the state at time s > 0. It satisfies the ordinary
differential equation

(7.1) disx(s) =b(xz(s)) + o(x(s))z(s), s>0

with initial state 2(0) = zo. In (7.1), 2(s) represents an unknown “distur-
bance” at time s. Note that (7.1) is the same as (6.6), except that we now
consider “autonomous” state dynamics on the interval 0 < s < co. We assume
that z(-) € L2([0, T]; IR?) for every T' < oo. The class of all such functions z(-)
is denoted by Z. We assume that b, ¢ € C1(IR™). Moreover,

(a) by,o0,0, are bounded;
(7.2)  (b) b(0) =0 and there exists ¢ > 0 such that, for all z,y € IR"

(x—y)- (b(z) = b(y)) < —clz —y[*.
Condition (7.2)(b) is equivalent to:
(7.2) (b)) b(0) = 0 and b, (x)n-n < —c|n|? for all z,n € R".

It implies that the unperturbed system (with z(s) = 0) is globally asymp-
totically stable to 0. We also consider a “running cost” function ¢(z) such
that:

(a) ¢ 1is continuous on IR";

=0, £¢(z) >0 for all z # 0 and there exists K such that
{(z) < K|z|? for all z € IR".

Additional assumptions on ¢ will be imposed later as needed.

Definition. For v > 0, the system described by (7.1) is said to have
L?-gain < « if there exists W (z) > 0 with W(0) = 0, such that: for every
Ta IOaZ(')

T T
(7.4) /Z(x(s))ds <42 /|z(s)|2ds +2W (xo)

0 0
We will see that (7.4) holds if v is sufficiently large (Example 7.1). The infimum

of those v for which (7.4) holds is called the H-infinity norm [HJ,p. 47]. This
term came from linear H-infinity systems theory, which we mention later in
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this section. In the linear theory, ¥2 can be interpreted as a L2-space operator
norm, which becomes a H-infinity norm in the frequency domain.

It is convenient to rewrite (7.4) as follows. Let u = (2y?)~!. Then (7.4) is
equivalent to

N |

(7.4) ,u/é(a:(s))ds < /|z(s)|2ds+W(m0),
0 0

for all T, xq, 2(+).
Definition. A function W is called a storage function if W(x) > 0 for all
x € IR™, W(0) =0 and: for 0 < ¢ < s and any z(-)

(7.5) +u/z Vr < X /| 2dr + W ((t)).

Moreover, (7.5) is called a dissipation inequality.
Proposition 7.1. If W(z) is any storage function, then (7.4") holds.
Proof. Take t =0, s =T in (7.5) and use the fact that W (z(T')) > 0. O

Asin (4.8), let

(7.6) H(z,p) = —b(z) - p— %a(x)p -p — pl(z).

Proposition 7.2. Let W € CY(IR") satisfy W(z) > 0, W(0) = 0 and
H(z,D,W(x)) >0 for all x € IR™. Then W is a storage function.

Proof. We have

C%W(x(r)) + pl(a(r) — %IZ(T’)I2 < —H(x(r), DW(z(r))) < 0.

We integrate from ¢ to s to obtain (7.5) O
Example 7.1. Let W(x) = B|z|? , B > 0. Then
H(z, DW(x)) = —2Bb(z)-x —2B%a(x)x - — pl(x) > (2Bc—2kB? — uK)|z|?,

with ¢, K as in (7.2), (7.3) and k > 0 some constant. Choose B < k~'c. Then
W (z) is a storage function if u is small enough, by Proposition 7.2.
Let

T
(7.7) J(T, z; 2) /[ |z(s)|2 ds
0
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(7.8) V(T,z) = sup J(T,x;z)
z()eZ2

where as usual x = zg = x(0) is the initial state. Then for 0 < T} < T
(7.9) 0<V(Ty,2) < V(Th,2).

Since ¢ > 0, the left hand inequality in (7.9) is immediate (take z(s) =
The right hand inequality then follows by taking z(s) = 0 for T} < s < Ts.
Let

(7.10) W(z) = lim V(T,z).

T—o0

Proposition 7.3. Assume that W(z) < oo for all x € IR™. Then W is a
storage function. Moreover W < W for any storage function W.

Proof. Inequality (7.4) for all z(-) is equivalent to V(T,z) < W(zx). Hence,
W(x) < W (x) if a storage function W exists. It remains to show that W (z) is
a storage function, if W(z) < co. By dynamic programming, for 0 <t < s < T

S

% L 2 Y — S, TS
VT~ ta0) = s | [ [ut(atr) = G100 dr VAT = 5. 0(6)

Since V(T~— t,x(t)) and V(T — s, z(s)) increase to W (z(t)) and~V~V(z(s) as
T — oo, W satisfies the dissipation inequality (7.5). Moreover, W (x) > 0. It
remains to show that W (0) = 0. Given § > 0, choose x° such that

W(z?) < inf W(z) + 6.

The dissipation inequality with ¢ = 0, z(r) = 0 implies that for all s > 0

S

//M(xo(r))dr <9,

0

where 2%(s) is the solution to (7.1) with z(s) = 0 and z°(0) = x%. Since
{(x) >0 for all x # 0, 2° — 0 as § — 0. Thus W (z) has a strict minimum at
x = 0. If we take o = 0, then the dissipation inequality implies

T
/|z(s)|2ds.
0

Hence V(T',0) = 0 for all T, which implies W (0) = 0. O

DN =

T
0< [ t(a(s))ds <
0

The dynamic programming PDE for the value function V is



248 VI. Logarithmic Transformations and Risk Sensitivity

oV .

A1 — + H(z,D =
(r1) o+ H(=.D.7) =0
with initial data V(0,2) = 0. This is obtained as follows. In Section 6,
write VO = VO(t,z,#1) to indicate dependence on the final time ¢;. Then

VO(t,z,t1) = V(t; — t,z) and (6.4°) becomes (7.11). At least formally, W
should satisfy the steady state form of (7.11):

(7.12) H(z,D,W)=0.

Later in the section, we will show that (7.12) holds at least in the viscosity
sense, under some additional assumptions.

Linear-quadratic case. Let
(7.13) b(z) = Az, o(x)=o0, l(zr)=2z Mx

where Az -z < —c|z|? for all x € IR"(c > 0) and M is a positive definite
matrix. Let

T
- 1
(7.14) J = —ux(s) - Mx(s) + =|2(s)?| ds

Then J = —J with J as in (7.7). The problem of minimizing J is equivalent
to a LQRP problem with indefinite sign, considered in Example L.5.1. Let
P(T) be the n x n symmetric matrix solution to the Riccati equation

P - - Lo
(7.15) T 2P(T)aP(T)+ AP(T) + P(T)A" + uM
with P(0) = 0, where a = ¢o’. The solution P(T) exists for 0 < T' < T,
where either T; is finite or 77 = +o00. Let

(7.16) W(T,z)=xz-P(T)z, 0<T<T.

If we fix ¢; then in the notation of Section 1.5, W (T, z) = —W (t; — T, z). The
ODE (7.15) is equivalent to I(5.15) with B = o, N(t) = 31 and M (t) = —uM
(I is the identity matrix). The Verification Theorem I.5.1 implies that W is
the value function V in (7.8). Moreover, by (7.9) P(T) is nonnegative and
is a nondecreasing function of 7' in the ordering of symmetric matrices. If
T) = +oo and P(T) tends to a finite limit P., as T — oo, then

(7.17) 0 = 2P, aPs + APy + Poo A" + uM.

Moreover, Wy, (2) = x - Pxx is the minimal storage function.
Proposition 7.4. The linear system in (7.13) has H-infinity norm < 5
if and only if (7.17) has a symmetric, nonnegative definite solution P, with

p=(2y)""
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Proof. If P is such a solution to (7.17), let W (z) = -Pz. Then H(x, D;W (x)) =
0 and W(z) is a storage function by Proposition 7.2. Conversely, if the H-
infinity norm is < 7, then the value function V(T,z) is bounded above by
W (z) in (7.4'). This implies that T} = +oo and that V = W in (7.16). The
limit P., of P(T) is a solution to (7.17) with the required properties. O

In the remainder of this section, we assume in addition to (7.2), (7.3)
that ¢ € C}(IR™). By Theorem 6.1, for any Ti < oo, V (T, z) is bounded and
Lipschitz continuous on [0, 7] X IR™. Moreover, V is a viscosity solution to

v "
(7.18) oy HH@DV) =0, T>0

with f/(O7 x) = 0. The Lipschitz constant may depend on T7. However, if o
is constant, then the following result gives a uniform Lipschitz constant for

V(T,-) which does not depend on T'.

Theorem 7.1. If o is constant, then
(7.19) V(T,2) = V(T,y)| < pe™"|[ba] - |z —y]
where the constant c is as in (7.2) and || || is the sup norm.

Proof. For any z(-) € Z, z and y, let x(s) be the solution to (7.1) with
2(0) = = and y(s) the solution to (7.1) with y(0) = y. Let {(s) = z(s) — y(s).
Since o is constant, the mean value theorem gives ((s) = A(s)((s) where

/bz ) + AL(s))dA
0
with ¢(0) =« —y. By (7.2)(¥)

L) = 24(5)¢(5)C(5) < ~2elC(),

which implies |((s)| < |z — y|e”°®. Then

\J(T,232) — H(T,y: 2 |<u/w (y(s))lds

< ullal] [ 1) ds < e 6] -2 = ol
0

Since this is true for all z(-), we obtain (7.19). O
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Corollary 7.1. Assume that o is constant and that W(m) < oo for all x.
Then W is a Lipschitz continuous viscosity solution to (7.11).

Remark 7.1. The proof of Theorem 7.1 uses the bound for £, but not
a bound for £. If £, is bounded but not ¢, then a refinement of the arguments
above give V(T7 x) as a viscosity solution to (7.11) which may grow linearly
with |x| as || — co. Another interesting case is when £(s) grows quadratically
as |x| — oo, as for the linear-quadratic problem above. This more difficult case
has been studied in [Mc3][DLM]. In addition, a local Lipschitz estimate for
V(r,-) independent of T is obtained in [Mc3], with ¢(z) nonconstant and
weaker assumptions on £. See also [Mc5].

Remark 7.2. If o(z) is not constant, then it is more difficult to obtain a
Lipschitz estimate for V (T, ) independent of T If |z||o, (z)o’(x)] is bounded
on IR™, then such an estimate can be found by the method of [MI].

Remark 7.3. Let 4 denote the H-infinity norm. By (7.4) if 5 < « then
V(T, x) tends to the finite limit W (x) which is the smallest storage function
by Proposition 7.3. If 4 > ~, then the behavior of V(T,x) as T increases
depends on the behavior of £(x) for |z| large. We mention two cases.

Case 1. As in the discussion preceding Theorem 7.1, assume that ¢ €
CL(IR™) and that o is constant. For 7 > ~, T~1V(T,z) tends to a constant
A > 0as T — oo. See [FM2][FJ]. This result is proved using asymptotic
properties as € — 0, T — oo of solutions to the SDE (see (6.1%))

dx® = b(z°(s))ds + E%deo(s), s> 0.

Case 2. Assume (as in the linear-quadratic case above) that £(x) is un-
bounded, with at most quadratic growth as |z| — co. For 4 > ~, V(T, ) may
tend to infinity as T — T < c0. See [BN2][DLM][KN1,2].

V1.8 Risk sensitive control

In this section we again consider controlled Markov diffusion processes. The
criterion J to be minimized is now of the exponential form (8.3) below instead
of the form IV(2.8) considered in Chapter IV. This is called a finite time
horizon, risk-sensitive stochastic control problem. Risk sensitivity is indicated
by a parameter p > 0, which has the same role as in Sections 2-5 above. Later
in the section, we mention small noise limits, in a way similar to Section
6. Deterministic, two-controller, zero-sum differential games are obtained as
small noise limits of risk-sensitive stochastic control problems. Such games
will be considered in Section XI.7.
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The state x(s) € IR™ for the risk sensitive stochastic control problem
evolves according to the stochastic differential equation

(8.1) dx = f(s,x(s),u(s))ds + p*%U(s,x(s),u(s))dwo(s),t < s <y,

where u(s) € U is the control at time s and w°(s) is a d-dimensional brownian
motion. Let

(8.2) J = /ﬂ(s,x(s),u(s))ds

(8.3) J(t,w3u) = By lexp(p)].

In (8.3), either J < oo or J = +00. Note that when the control u(s) does not
appear in (8.1) or (8.2), then (8.1) is the same as (3.1) with f = b and (8.2) is
the same as (3.4) with ¥ = 0. A terminal cost function ¥ could be included,
but this slightly complicates the exposition.

We assume throughout this section that f,o € C*(Qq x U). Moreover

(a) The first order partial derivatives of f are bounded;

(8.4) (b) o and its first order partial derivatives are bounded,

i.e. UECZ}(Q()XU).

The “running cost” function ¢ is assumed continuous throughout. Further
assumptions about ¢ will be made as needed.

The risk sensitive stochastic control problem is as follows. Given initial
data z(t) = =, choose the control process u(-) to minimize J(t,z;u). More
precisely (see Section IV.2) a reference probability system v and a progres-
sively measurable control process u(-) are to be chosen to minimize J(t, z;u).
Let @(t,z) denote the value function for this risk sensitive control problem.
It is well defined provided J(¢,z;u) < oo for some control process u(-). In
particular, &(¢, x) is a bounded, positive function if ¢ is bounded above. The
associated Hamilton-Jacobi-Bellman PDE is (see IV(3.21)):

oP
(8.5) " +H(t,x, D, ®, D2®,P) = 0, (t,z) € Qo,

1
(8.6) H(t,z,p, A, P) = — 125 flt,x,v)-p+ %tra(t, x,0)A+ pl(t,z,v)P| .

Theorem 8.1. Assume that U is compact, that (8.4) holds and that { €
CHQo x U). Then the value function ® is a Lipschitz continuous viscosity
solution of (8.5) with terminal data D(t1,x) = 1.
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Proof. As noted above, @ is bounded and &(¢,z) > 0, since £ is bounded.
Consider an “augmented” state Z(s) = (z(s), Zn+1(s)), where

(8.7) d2os1 = pl(s,2(s),u(s))enri(s)ds, s € [tt1]

with 25,11 (t) > 0. Then |z,41(5)| < R|zp41(t)], where R = exp(p||¢||(t1 —to))-
Choose h € CZ(IR") such that h(z,41) = Tpi1 if [Tpi1| < 2R. Let

J(t, #3u) = By [h(2n41(t1))]

and &(t, %) the infimum of J over all v and u(-). Then &(t, 2) = x,41P(¢, )
for 0 < 2,41 < 2. By Lemmas IV.8.1, IV.8.2 and comments after IV(6.2), &
is Lipschitz continuous. Hence &(t, ) = &(t,z,1) is Lipschitz continuous.

To show that @ is a viscosity solution to (8.5), suppose that ¢ € C12(Qo)
and that ®(t,z) — ¢(t,z) has a local maximum at (¢, z) with &(¢,z) = ¢(t, T).
Let ¢(t,2) = @ni10(t,z). Then &(t,#) — ¢(t,#) has a local maximum at
(t,Z,1) with (%, Z,1) = ¢(#,Z,1). By Theorem V.3.1, & is a viscosity solution
of

09

(8.8) ~ +H(t,x, D, d, D2, &, ) =0,

7:[(2‘:’ x,p, A7pn+1) == H(ta x,p, A7 xn+1p7L+1)~

Since q?)% .1 = ¢ in a neighborhood of (Z,Z,1), the definition of viscosity
solution for PDEs implies

0
at (t,7). Hence @ is a viscosity subsolution. Similarly, @ is a viscosity super-
solution of (8.5). O

Remark 8.1. Under stronger assumptions, the value function & €
C;’Q(Qo) and satisfies (8.5) in the classical sense. As in Theorem IV 4.2, it suf-
fices to assume the uniform parabolicity condition IV(3.5) and that a = oo’
f and £ satisfy IV (4.5)(b)(c).

Remark 8.2. Theorem 8.1 remains true if a terminal cost 1 (x(t1)) is
included in (8.2), provided ¢ is bounded and Lipschitz continuous. In the
proof above, take

J(t 3 u) = By [W(@ns(t1)) exp(py(a(tr))]

Logarithmic transformation of . We now let
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(8.9) V(t,z) = p tlog d(t, ).

To obtain a PDE for V, we make the following observation. Suppose that
¢ € CH2(Qy) with ¢ > 0 and let w = p~1log¢. A direct calculation gives

(8.10) —%‘f +H(t, 2, Dy, D2b,d) = ¢ {—81;’ +H(, wa,Dgw)}
(8.11) Ht A) = —min | f +it A+1 +4
: @,pA) = —min \f-p+5trad+ zap-p

with f, a, £ evaluated at (¢, z,v). From (8.10), Theorem 8.1 and the definition
11.4.2 of viscosity solution for PDEs:

Corollary 8.1. V is a bounded, Lipschitz continuous viscosity solution to

(8.12) O A, DV, D2V) = 0

with terminal data V(t1,x) = 0.

Note that when f,a and ¢ depend only on (¢,z) then (8.12) is the same
as (4.7) with b = f. In Sections 3 and 4, the logarithmic transformation
introduced an auxiliary control process z(s). The same happens for the risk-
sensitive stochastic control problem. In (8.11)

1 1,
(8.13) 2a(t,ac,v)p p= gnel%z)g p-o(t,xz,v)€ 2|§| .
In this way, —H becomes a min-max, taken over v € U, £ € IR?. There is an
associated two-controller, zero-sum stochastic differential game, with controls
u(s) € U, 2(s) € R%. The PDE (8.12) is called the Isaacs equation for this
stochastic differential game [FS3|[Sw]. In this book, we will not discuss sto-
chastic differential games further. However, deterministic differential games
which arise as small noise limits of risk sensitive stochastic control problems
are considered in Section XI.7. If we write ¢ = p~! and let ¢ — 0, then in
the limit H becomes a first-order partial differential operator, which will be
denoted by Hy(t,z,p) in Chapter XI. An analogue of the small noise limit
Theorem 6.2 will be proved there (Theorem XI.7.2).

Verification Theorem. We conclude this section with a result for the
risk sensitive control problem which is similar to the verification Theorem
IV.3.1. For simplicity, let us assume that o = o(t,x). Then (8.12) takes the
form:

oV

1 1 _
(8.14) ~2 = ?tra(t,x)chV - §a(t, z)D,V - D,V + H(t,z, D, V) =0,
P
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(8.15) H(t,z,p) = _géigrl [f(t,z,v) - p+L(t x,v)].

Let £ denote the class of Markov control policies u defined by IV(3.12).
For uw € L, let

V(@) = f(t,z,u(t, o))

Lt x) = (L, z, u(t, z)).

The solution z(t) to (8.1) with u(s) = u(s,z(s)) and z(t) = = is the same as
for (3.1) with b = b%. Also J(t,z;u) = J(t,x;u) is the same as (3.14) with
=2

Theorem 8.2. Assume that (8.4) holds, that o = o(t,z) and that { €
CY(Qo x U). Also suppose that W € C12(Qo) is a solution to (8.14) such
that | D, W (t,z)| < M(1+ |z|) and W (t1,2) = 0. Then:

(a) W(t,x) < p~tlog J(t,x;u) for allu € L;
(b) If there exists u* € L such that

(8.16) H(t,z, D,W(t,z)) = — [bﬂ* (t,x) - D,W(t,x) + £ (¢, 2)

for all (t,x) € Qq, then W (t,x) = p~tlog J(t,x;u").

Proof. We write

(8.17) H(t,z,D,W(t,x)) = —b%(t,z) - D,W (t,x) — A%(t, )

where A%(t,x) < ¢%(t,x) by (8.15). By Theorem 4.1(b) with b = b%, £ = A%,

t1

W(t,z) =p *log B, expp//ll(s,xﬂ(s))ds

t
<p~tlog J(t, z;w).
Here 2%(s) is the solution to (3.1) with z(t) = « and b = b% , which is the

same as x(s) in (8.1) with u(t) = u(t, z(t)). This proves (a). Since A% = (&’
we get (b). O

The Markov control policy u* in Theorem 8.2(b) is optimal for the risk
sensitive stochastic control problem.

Example 8.1. Linear exponential-of-quadratic regulator (LEQR) prob-
lem. In a way similar to the stochastic linear regulator problem (Example
II1.8.1) let U = R™, f(t,x,v) = A(t)r + B(t)v, o = o(t), {(t,z,v) =
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x - M)z +v- N(t)v, where M(t), N(t) are symmetric matrices and N(t)
is positive definite. (We now take D = 0 in ITI(8.7)). The problem of minimiz-

ing J(t,x;u) is the called a LEQR problem. For the LEQR problem, H = H
where H is the Hamiltonian 1(5.12) for the linear regulator problem. Then
(8.14) becomes

(8.18) —aa—‘t/—%tra(t)DiV+i&(t)D$V~DxV—A(t)meV—:vM(t)z =0
p

(8.19) a(t) = B)N"'B'(t) — 2a(t).

By the same method as for the stochastic linear regulator problem, there is a
solution W (¢, z) to (8.18) with W (¢1,2) = 0 of the form

(8.20) W(t,z)=a-P(t)x+ (), tmn <t <t

with either t,,;, finite or ¢,;; = —oco. The symmetric matrices 15(25) satisfy the
matrix Riccati differential equation (see I(5.15))

(8.21) %ﬁ(t) — P)a(t)P(t) — A(R)P(t) — P)A/(E) — ML), tin < £ < 11

with P(t;) = 0 and

(8.22) gt)=p* /trd(s)ﬁ’(s)ds.

The optimal control policy for the LEQR problem is
(8.23) u*(t,x) = =N"Y&)B't)P(t)x, tmin <t < 1.

A sufficient condition that ¢, = —oo is that the matrices M (¢) and a(¢) are
positive definite for all t. See the discussion for the linear regulator problem
(Example 1.5.1). Similarly, ¢y, = —oo if M (¢) and a(t) are negative definite.

V1.9 Logarithmic transformations for Markov
processes

In this section we shall outline how to extend some of the results described
in Sections 3-5 for Markov diffusion processes to other classes of Markov
processes. These results are based mainly on Sheu [Sh1]. Following the no-
tation of Section III.2, let A be the backward evolution operator of a Markov
process x(s), with state space X. Let &(t, ) be a positive solution to

(9.1) AD + Ut 2)P = 0, (t,z) € [to,t1] x 2.
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We make the logarithmic transformation
(9.2) V =—log®.

Thus, in the notation of Section 4 we take p = —1. An equation for V is
derived formally, as follows. As in I11(2.9), write

0P

AdP = — — G9.
o O
Then V satisfies (at least formally)
(9.3) ,% +H(V) =0, where
(9.4) H(V) = —"Gi(e™V) + L.

If A is the backward evolution operator of a Markov diffusion in IR™ then (9.3)
becomes the HJB partial differential equation (4.11). We wish to interpret
(9.3) as the dynamic programming equation for a stochastic control problem,
when A is the backward evolution operator for some other kind of Markov
process. To avoid all technical difficulties, we will describe the procedure in
complete detail for finite state Markov chains, and merely indicate how it
extends to other classes of Markov processes.

Logarithmic transformations for Markov chains. We now let X be a
finite set. To further simplify matters, we consider time-homogeneous Markov
chains z(s) on the time interval [0,00) with state space X. According to
formula I11(4.1)

(9.5) Go(x) == p(x,9)[b(y) — ¢(x)], z € X,
y#£z

where p(x,y) is the infinitesimal rate at which x(s) jumps from z to y if
x(s) = . Let v(-) by any positive function on X' (v(x) > 0 for all x € X); and
let GV be the linear operator defined by

(9.6) G =+ [G(gv) — 4G
From (9.5)
(0.7) o) = — 3 LB ) i),

= )
Thus —G" is the generator of a Markov chain with infinitesimal jumping rates
v(z) " tp(z, y)v(y). It is not difficult to show that the corresponding semigroup
TP satisfies
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N O ¢<x<s>>v<x<s>>exp{ / S Wd}]

(We will not use (9.8).) Let
(9.9) U={v(:):v(x) >0 forall z € X}.

U will be the control space for the stochastic control problem which we are
going to formulate. The key step in the construction of this control problem
is the following lemma.

Lemma 9.1. For each v(-) € U, let
(9.10) k' = —G"(logv) + %
Then, for each ¢,
(9.11) mUin[—G”¢ + kY] = e?(Ge™?).
The minimum is attained when v = exp(—9).

Proof. Fix z € X and consider the function
1

Fly= o@) (v9)(y) — P(x)v(y) + (viogv)(y)

—(logv(z))v(y) —v(y)| +exp(d(z) — B(y))

_ vy VRN C) R ()
2 exp(0() — o(0)
An elementary calculation shows that
(9.12) min [e™* 4+ az] =a —aloga, a>0.

z€R!
By taking z = ¢(y) — ¢(z), a = v(x) tv(y), we obtain
F(y)>0, alye X , F(z)=0.
Since F' has a minimum at x, GF(z) < 0. This is equivalent to

(9.13) ~GYo(x) + k¥ (x) > e?)(Ge™?) (),
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for every v = v(-) € U. If we take v = exp(—¢), then F' = 0 and hence
GF = 0. In that case equality holds in (9.13). 0

As running cost, let
(9.14) L(z,v) =k"(x) — ().

As in (4.3), consider the stochastic control problem: minimize

015 Jm =Bl [ L6 v )

where exp(—t) = ®(t1, ). The dynamic programming equation for this prob-
lem is (see III(7.5))

(9.16) Vi(t,z) + %151 [ -GV (t,-)(x) + L(x, U):l =0.

By Lemma 9.1, with ¢ = V(¢,-), this is the same as equation (9.3). The
minimum in (9.16) is attained for v = u*(¢, x), where

(9.17) uw*(t,x) = exp(=V(t,x)) = P(t, ).
We summarize these results as follows.

Theorem 9.1. (X finite) Let @ be a positive solution to (9.1), with Gy = G,
where — G is the generator of a finite state time-homogeneous Markov chain.
Then V = exp(—®) is the value function for a stochastic control problem, with
(9.16) as dynamic programming equation. Moreover, u* = @ is an optimal
Markov control policy.

Extensions of Theorem 9.1. The definitions of G¥ and k? in (9.6) and
(9.10), and the proof of Lemma 9.1, do not use at all the particular form (9.5)
of the generator. Hence, it is only a technical matter to extend Theorem 9.1 to
a much wider class of time-homogeneous Markov processes. For simplicity, let
us consider the case when the generator G is a bounded operator on Cj(X).
Then GV and kY are exactly as in (9.6), (9.10), provided v = v(-) € U, where

U={v(-):v(x)>0 forall x € X,v(-),v " (-) € Cp(2)}.

In the extension of Theorem 9.1 one needs to assume that & € Cy([to,t1] x X),
with @(t,-) € U for each t € [tg, t1].

Example 9.1. Let — G be the generator of a jump Markov process, of the
form

Go(z) = — /E ol 9)6(y) — d()|A(dy)

where p € Cp(X x X) and A is a finite positive measure on B(X). Then GV
has the same form, with p(x,y) changed to v(z) ™ v(y)p(z,y).
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VI.10 Historical remarks

The use of logarithmic transformations goes back at least to Schrodinger [Sch]
in his fundamental work on wave mechanics in 1926. In 1950, E. Hopf [Hf]
connected the Burgers equation and the heat equation using a logarithmic
transformation. This paper was influential for subsequent developments in
the theory of weak solutions to conservation laws. In a stochastic control set-
ting, logarithmic transformations were introduced independently by Fleming
[F4] and by Holland [Ho] in the late 1970’s. Evans and Ishii [EI] were the first
to apply PDE /viscosity solutions methods to the Freidlin Wentzell small-noise
asymptotics for exit problems (Section 6). For further work in that direction
see [BP1] [FS1], and for more refined results in the form of asymptotic se-
ries [FS2] [FSo]. An application of the logarithmic transformation to the exit
problem in Section 5 was made in [Day].

The notions of H-infinity norm and H-infinity control theory were ini-
tially developed for linear systems, using frequency domain methods. See
Green-Limbeer [GL] and references cited there. Glover-Doyle [GD] considered
a state space formulation for the linear case, and its relation to risk sensitive
control. Since then a substantial nonlinear H-infinity theory has developed.
See Ball-Helton [BH], Basar-Bernhard [BB], Helton-James [HJ], Soravia [Sor]
and vander Schaft [VdS]. The treatment of H-infinity norms in Section 7
follows [F6].

In 1973 Jacobson [Jac] found the solution of the LEQR problem. A theory
of linear risk sensitive control, with complete or partial state information, was
developed by Whittle [Wh1] and Bensoussan-van Schuppen [BvS]. For further
results about nonlinear risk sensitive control, with complete state information,
see Bensoussan-Frehse-Nagai [BFN], Nagai [Nal] and Fleming-McEneaney
[FM2]. For the discrete time case, with partial state information, see James-
Baras-Elliott [JBE].






VII

Singular Perturbations

VII.1 Introduction

In Section II.6, we proved that any uniform limit of a sequence of viscosity
solutions is again a viscosity solution of the limiting equation. This stability
of viscosity solutions under any approximation or relaxation is an extremely
important property which has been applied to many different problems in
large deviations, homogenization, numerical analysis, singular perturbations
and large time behavior of reaction-diffusion equations. In this chapter we
outline a procedure of Barles and Perthame which is common in all these ap-
plications. We then apply this procedure to the problem of vanishing viscosity
and to a large deviations problem of probability theory. Analytical applica-
tions to homogenization and to reaction-diffusion equations require nontrivial
modifications of the procedure outlined there. Several papers of Barles, Evans
and Souganidis provide an excellent discussion of these problems [BES], [E3],
[ES2]. Applications to the numerical analysis of control problems will be the
subject of Chapter IX.

Now consider a situation in which we want to prove the convergence of a
sequence of viscosity solutions V¢ to the viscosity solution V' of the limiting
equation. Examples of this situation are given in Section 2 below. In view of
Lemma I1.6.2 or 11.6.3, it suffices to show the precompactness of the sequence
V€ in the uniform topology and the uniqueness of viscosity solutions to the
limiting equation with appropriate boundary and terminal data. Then using
the results of Section II.6 we conclude that any uniform limit of the sequence
V¢ is a viscosity solution of the limiting equation. We may then obtain the
desired convergence result by invoking the uniqueness result for the limiting
equation. This procedure has been successfully applied to several problems.
However the main difficulty in applying the outlined procedure is to obtain
the precompactness of the sequence V¢ in the uniform topology. In some cases
approximating equations can be used to prove a uniform Lipschitz (or Holder)
estimate for the sequence V¢. Then the precompactness and consequently the
convergence of V¢ follows from the Ascoli-Arzela Theorem.
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Barles and Perthame [BP1] modified the above procedure. In their mod-
ified procedure the precompactness condition is replaced by a much weaker
uniform boundedness condition. This assumption enabled them to define two
possible limit functions: V* the largest possible limit point, and V, the smallest
possible one, see (3.2) and (3.3) below. Then Barles and Perthame observed
that V* is a discontinuous viscosity subsolution of the limiting equation. Sim-
ilarly V is a discontinuous viscosity supersolution of the same equation. Since
for a large class of problems subsolutions are less than supersolutions, we for-
mally expect that V* < V.. Also the reverse inequality is evident from the
construction. Therefore the largest limit point V* is equal to the smallest limit
point V. and consequently the sequence V¢ is uniformly convergent. Moreover
the limit point V' = V* = V, is both a viscosity subsolution and a viscosity
supersolution of the limiting equation.

The Barles-Perthame procedure requires a discussion of discontinuous vis-
cosity sub and supersolutions. In Definition 4.1 below, we give the definition of
discontinuous viscosity sub and supersolution. The main difference between
Definition 4.1 and Definition I1.4.2 is the use of the upper semi-continuous
envelope in the case of a subsolution and the use of the lower semi-continuous
envelope in the case of a supersolution. Implicit in the Barles-Perthame pro-
cedure is a comparison result between a discontinuous viscosity subsolution
and a discontinuous viscosity supersolution of the limiting equation satisfying
the terminal and boundary conditions. We prove several comparison results
in Section 8. However to apply these comparison results to V* and V., we
need to show that V* and V, satisfy the same terminal and boundary condi-
tions. In Section 5 we show that V* and V, pointwise satisfy the terminal data
(2.4)(b). The discussion of the lateral boundary data is more delicate as V*
and V, satisfy (2.4)(a) only in the viscosity sense. The viscosity formulation
of boundary conditions for continuous solutions was given in Section I1.13. In
Section 6 below, we first give an extension of Definition I1.13.1 and then show
that V* and V, satisfy (2.4)(a) in the viscosity sense. The combination of all
these results yields several convergence results which are stated in Section 7.

We close the chapter with some applications. In the first one we consider
the classical problem of vanishing viscosity. In this application the convergence
of V¢ follows immediately from the results of Section 7, if V¢ is uniformly
bounded in e. This uniform bound is an easy consequence of the classical
maximum principle, Theorem 9.1 below. Our second application is a large de-
viations problem for exit probabilities. We prove the exponential convergence
of the exit probabilities in Section 10. In that section we also identify the
rate of their exponential convergence as the value function of a deterministic
control problem. A similar large deviations result on a fixed time interval is
proved in Section 11. The same method will be used in Section XI.7 for small
noise, risk sensitive control limits.
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VII.2 Examples

In Sections 2 through 10 of this chapter we assume that Q = [to,t1) X O,
where O C IR™ is open and bounded. V¢ is a viscosity solution of

2.1) D veta) + GV @) =0 () € Q
satisfying

gs(t7x)a te [tO,t1),Z‘ S 80,
(2.2) VE(t,2) = W (t,x) =

Ve(x), t=t1,z€0.

As remarked in Section I1.4, viscosity solutions of (2.1)¢ are defined if the
nonlinear operators G; have the maximum principle property. Since the per-
turbation theory we will develop extends to such operators with no difficulty,
we only assume that Gi has the maximum principle. Recall that when G
has the maximum principle property, any classical solution of (2.1)¢ is also a
viscosity solution of (2.1)¢ in Q.

When G; is a nonlocal infinitesimal generator, the space X introduced in
Chapter II may not be equal to O. However to simplify the exposition we
assume X = O and that the domain of Gf contains C*(Q).

Let us assume that ¢ and ¢ converge uniformly to g and 1, respec-
tively, and Gf converges to a first order partial differential operator H, in the
following sense:

im  (GSw(s,-) + K°))(y) = H(t,z, Dyw(t, z),w(t,z)),

(5,) = (t,2)

eJ0
for all (t,z) € Q,w € C*(Q) and real numbers K¢ — 0 as ¢ — 0. (The
theory that will be developed in this chapter also applies to the cases when
the limiting operator is not a first-order partial differential operator.) Then
under these assumptions we formally expect that V¢ converges to a solution
of the limiting equation

(23)  ~OV(tw)+ H(tr, DV( ), V(L 2) =0, (1.2) €Q

Indeed we will show that for a general class of problems V¢ converges, as € | 0,
to the unique viscosity solution V' of (2.3) satisfying the boundary data

(24)(&) V(tvx) = g(tax)v (t,m) € [t07t1) 2 807

(2.4)(b) V(ti,z) =9(z), €0,

in the viscosity sense. Recall that a viscosity formulation of the boundary data
is given in Section II.13 and a further discussion is included in Section 6.
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We give two illustrative examples of nonlinear operators Gy .
Example 2.1. (Vanishing viscosity) A classical approximation of the
equation (2.3) is
0
(257) =5 VE(ta) = Stra(t, o) DIVE(t ) + HE(t w, D, Ve () =0,
where a(t,x) is an (n X n) symmetric matrix satisfying
D it 2)6& > clé, Ve R, (tx) € Q,

,j=1

with an appropriate constant ¢ > 0. We also assume that H® approximates
the nonlinear function H. A special case of this is obtained when H€ is as in
1(5.4),

He(tﬁc,p) = sup{—fa(t,x,v) ‘D= La(t7$,v)}7 (t7 37) € @up € Bn’
vel
and f¢, L® are uniformly convergent to f,L. Then Theorem IV.4.1 implies
that there exists a classical solution V¢ of (2.5¢) and (2.2), provided that
a, f, L, g° and ¥ satisfy IV(4.1).

Now suppose that there exists a classical solution V¢ of (2.5%) and (2.2),
and that V¢ converges to V uniformly on Q as ¢ tends zero. Then due to the
stability result, Lemma I1.6.2, V is a viscosity solution of (2.3). Hence this
procedure yields an existence result for viscosity solutions of (2.3), when the
equation (2.3) is not necessarily a dynamic programming equation.

This formal discussion also explains the terminology “viscosity solution”.
In fluid mechanics, the coefficient of the second order term is related to the
viscosity of the fluid. Then in the context of fluid mechanics, the viscosity
solution is the zero viscosity limit of solutions with positive but small viscosity.

Example 2.2. (Deterministic limit of controlled jump Markov processes).
For ¢ € C1(Q), (t,x) € Q and v € U let

(Gi9)(x) = EEB{_b(t’ z,v)Dé(z) — L(t, z,v)

“At0) [ [0 - dlmt .0,
where A(¢, z,v) > 0 and m(t, x, v, ) is a probability measure. Then G is related
to a controlled jump Markov process {X,}. Indeed for fixed v € U, A(t,x,v)
is the jump intensity (or jump rate) and m(t, z,v,-) is the post-jump location
distribution of {X,}. We also assume that the support of m(t,z,v,-) is a
subset of O. Then the state space X of {X,} is O and the domain of G,
includes C1(0).

Let {Xs} be the corresponding Markov process started at X; = x with a
fixed control v. Suppose that O is convex and for ¢ € (0, 1], define a rescaled

process X: by



VII. Singular Perturbations 265

X =2+e(Xge —x), s >t

Then the infinitesimal generator of the rescaled semigroup is

(G70)(x) = sup{=b(t, x,v) - Dp(x) — L(t, z,v)

velU
_(’:’1’)/0[¢(x +ez) — ¢(a)m(t, z,v, dz)},
where

m(t,x,v,A) = m(t,z,v,{y : y=x + z for some z € A}).

The jump intensity of the rescaled process is A(t, x, v)/e. Hence the average
number of jumps in a given time interval is of order 1. However the average
size of a jump is of order €. Therefore one expects to have a limit result,
analogous to the law of large numbers. In particular, the limit of (2.1)¢ should
be related to a deterministic process.

Indeed for ¢ € C1(Q) the limit of (Gfp)(z), as € tends to zero, is

Gip(x) = H(t,x, Dy d(x)),

where

H(t,l’,p) = sup{—b(t,z,v) b= L(t,l‘,’l}) - A(t,l’,l})/ p-z m(t,l‘,’(},dZ)}.
velU o)

Notice that the limiting equation is a first order equation corresponding to a
deterministic optimal control problem with

ft,x,v) =b(t, z,v) + A(t, z, v)/ zm(t, x,v,dz).

o

VII.3 Barles and Perthame procedure

Let V¢ be a viscosity solution of (2.1°) and (2.2). Suppose that on a sub-
sequence ¢, — 0, Ve converges to V uniformly on Q. Then Lemma I1.6.2
implies that V is a viscosity solution of (2.3) and (2.4). If we also know that
there is a unique viscosity solution V' of (2.3) satisfying the boundary con-
ditions (2.4), we conclude that the uniform limit V is equal to the unique
viscosity solution V. We now claim that under the above uniqueness assump-
tion, the convergence of V¢ to V follows from equicontinuity and uniform
boundedness of the sequence {V¢}. Indeed, from the Ascoli-Arzela theorem
we conclude that any sequence converging to zero has a further subsequence
€n such that Ve~ is uniformly convergent on Q. Then we have argued that
this limit is equal to V. Therefore V¢ converges to V' uniformly.
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The above procedure requires the equicontinuity and the uniform bound-
edness of {V=}. For certain applications one may obtain a uniform Lipschitz
estimate

0
(3.1) sup  sup |=VE(t )|+ |DVE(L x)| < 0.
0<e<eo (t,z)eqQ t

In this case, the equicontinuity of {V¢} is immediate. However, in many appli-
cations it is difficult to establish the equicontinuity of {V¢} by (3.1) or other
means.

In 1988, Barles and Perthame [BP1] devised a procedure which assumes
only the uniform boundedness of the sequence {V=}, but a slightly stronger
uniqueness (in fact a comparison) result for (2.3) and (2.4). We now outline
this procedure.

For (t,z) € Q, define

(3.2) V*(t,z) = limsup V°(s,y),

(s,y)—(t,2)
el0

(s,9)€Q

(3.3) Vi(t,z) = liminf V©(s,y).
(S,y)jo(t@’)
€.

(s,9)€Q
We assume that both V* and V, are finite. These functions however, are not
necessarily continuous. In fact from definitions (3.2) and (3.3) we may only
infer that they are semi-continuous. Still V* and V, are viscosity sub and
supersolutions of (2.3) - (2.4), respectively (see Sections 4, 5 and 6). However
the notion of viscosity solutions has to be modified so as to include semi-
continuous functions. This modified definition is given in the next section. We
then use the equation (2.3) and the boundary conditions (2.4), to show that
any viscosity subsolution of (2.3)-(2.4) is dominated by any viscosity superso-
lution of (2.3)-(2.4) (see Section 8). In particular V* < V. But by construction
V. < V* and therefore V* = V.. Hence V¢ is uniformly convergent on Q.
The main steps of the above procedure are;

(a) V* and V, are viscosity sub and supersolutions of (2.3), (2.4), respectively.
(b) A general comparison result for semi-continuous viscosity sub and super-
solutions of (2.3)- (2.4).

These will be the subjects of following sections.

VI1I.4 Discontinuous viscosity solutions

Let W be a bounded real-valued function on Q. We first define the upper and
lower semi-continuous envelope of W.
Definition 4.1.
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(a) The upper semi-continuous envelope of W' is

(4.1) (W)*(t,z) = limsup W(s,y), Y(t,z) € Q.
(5,9)— (t,2)
(s,y)eQ

(b) The lower semi-continuous envelope of W is

(4.2) (W)i(t,z) = liminf W(s,y), V(t,x) € Q.
(s.y)=(t,2)
(s,y)€Q

Observe that (W)* is the smallest upper semi-continuous function which is
greater than or equal to W and a dual statement holds for (W),.

We now are ready to give the definition of viscosity sub and supersolutions
for discontinuous functions next. This definition is very similar to the one for
continuous functions, Definition 11.4.2.

Definition 4.2. We say that W is a:

(a) Viscosity subsolution of (2.3) in Q if for each w € C*(Q),

o - _ _
(4.3) —aw(t,f) + H(t, %, D,w(t,T),w(t,z)) <0
at every (£,7) € Q which is a strict maximizer of (W)* —w on Q with
(W) (t, z) = w(t, z).
(b) Viscosity supersolution of (2.3) if for each w € C*°(Q)

o - _ - _
(4.4) —Ew(t,f) + H(t, 7, Dyw(t,T),w(t, z)) > 0,
at every (£,7) € Q which is a strict minimizer of (W), — w on Q with
(W)(t,2) = w(t, 2).
(c) Viscosity solution of (2.3) in @ if it is both a viscosity subsolution and a
viscosity supersolution of (2.3) in Q.

Notice that for any @w € C(Q), the difference (W)* — w is an upper semi-
continuous function on Q. Hence (W)* — w attains its maximum on Q. This
is an indication why the upper semi-continuous envelope (W)* is used in the
definition of a viscosity subsolution. Similarly (W), — @ attains its minimum
on @, and this explains the use of (W), in the definition of a viscosity super-
solution.

Several remarks are now in order.

Remark 4.1. The (discontinuous) viscosity subsolutions and supersolu-
tions of a second order equation,

LW 00) + F( 0, DLW (1, 2), DIW (1, 2), W (1,)) =0, (1) € Q.

are defined exactly the same way.
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Remark 4.2. Following the arguments of Section II.6, we can prove that
it is enough to consider w € C1(Q) or w € C'(Q) and the local extrema
(t,T) € Q, which need not be strict (see Remark 11.6.1).

Our goal in this section is to show that V* and V, are viscosity subsolution
and supersolutions of (2.3) in @, respectively. First, observe that V* V, are
upper and lower semi-continuous on @, respectively. Therefore (V*)* = V*
and (Vi)s = Vi

We are now ready to state a stability result which is a generalization of
Lemma II1.6.2. We assume that

(4.5) sup [VE(t, x)| = K1 < oo,
(t,2)€Q,e€(0,1]

(4.6) lim
(s,y)—(t,@)
0

(Qi[w(s, ) + KE]) = H(t7$7 Diw(tv :U)7w(t,x)),

for all (t,z) € Q,w € C*°(Q) and real numbers K¢ — 0, as £ — 0.
Proposition 4.1 (Stability). Let H in (4.6) be a continuous function.
Then V* is a viscosity subsolution of (2.3) in Q and Vi is a viscosity super-
solution of (2.3) in Q.
Proof. Let w € C*®(Q) and (£,%) € Q be a strict maximizer of V* —w
on @ with V*(t,7) = w(t, ). Choose a sequence

(te,ze) € argmax{Ve(t,x) —w(t,x) : (t,z) € Q}.

We claim that there is a sequence &, — 0, such that (¢,,z,) = (tc,,xe,) —
(t,7). Indeed pick €, — 0 and (s,,y,) — (£, T) satisfying

V*(t,Z) = Uim Ve (s, yn)-

Since @ is bounded, the sequence (t,,x,) has limit points. Let (¢,Z) be one
of them. Set k" = Ve (t,,zy,) — w(t,, zy). Then

0=V*&7T) — w(t,T)=Um[Ve (s,, yn) — w(Sn, Yn)]
(4.7) < liminf £™ < lim sup k™
<V*(t, %) —w(t, ).

Since (Z,Z) is a strict maximum of V* — w, we conclude that (£,7) = (£, ).
Hence (tn,zn) — (¢, T) and k™ — 0. In particular (¢,,z,) € @ for sufficiently
large n. Therefore the equation (2.1)° gives

_%w(tmwn) + (G [w(tn, ) + K" (2a) <0.

Using the smoothness of w and (4.6), we conclude that the limit of the above
inequality is
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—%w(i, %) + H(L,7, Dyw(t,7), w(f, 1)) < 0.

Hence V* is a viscosity subsolution of (2.3). The supersolution property of V,
is proved similarly. O

VII.5 Terminal condition

In this section, we show that V* and V, satisfy (2.4)(b). The case (2.4)(a) will
be discussed in the next section.

Proposition 5.1. Suppose that VE € C(Q) and ¥¢ € C(Q) converges
uniformly to W on Q, as € — 0. Then

(5.1) V*(t1,x) = Vi(t1,7) = ¥(t1,z) = ¥(x), Vo € O.

Proof. Since V¢ satisfies (2.2), the construction of V* and Vi yields
V*(t1,x) > (x) > Vi(t1,z) for all z € O. Now suppose that

(5.2) Vi(t1,7) = (@) + 0

for some § > 0 and = € O. Since ¥*¢ is uniformly convergent, there are p > 0
and g9 > 0 satisfying

)
U (t,z) < Y (T) + 2 whenever |z —Z|? +t; —t < p,e < .

Let -
w(t,x) = 7(t1 - t) + K|£E - E‘Qa (t,(E) € Qa

where v > K is an arbitrary constant, and
K= (Ki1+1-v(@)/p
with K; as in (4.5). When ¥¢(¢,z) > ¢°(Z) + £, and € < g9 we have
lo —F|> +t1 —t > p.
Consequently
w(t,z) > Kty —t+ |z —7)?)
> Kp=Ki+1-9(2)
> VE(t, o) = ¢5(7) + [1 +9°(7) — ¢ (@)].

Therefore for sufficiently small € > 0,

(5.3) w(t,z) > VE(t,z) — °(T), whenever ¥°(¢t,x) > ¢°(T) + g
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For € > 0, choose
(te,ze) € argmax{Ve(t,x) —w(t,x) : (t,z) € Q}.

Also the definition of V* implies that there exists e, — 0 and (s, yn) — (1, T)
such that
(@) +0=V"(t1,7) = Im V" (sn, yn).-

Set (tn,n) = (te,, e, ). Then,

Hminf Ve (t,, xn) — w(tn, zn) > lim VE (s, yn) — w(sSn, yn) = Y(T) + 6.

n—oo n—oo

We claim that (¢, z,) € 0*Q for sufficiently large n. Indeed if (¢, z,) € 0*Q,
(2.2) yields Ven(t,, zn) = ¥ (tn, ). Therefore the above inequality yields
that there is ng such that, for all n > ng

) )
U (tn, y) = VE(ty, z,) > ¥ (T) + 3 + w(ty, Tn) > Y (T) + 3

Then using (5.3) we conclude that w(t,,x,) > Ve (t,, x,) — ¥ (T), which
in turn gives
limsup Ve (tn, Xpn) — w(tn, T,) < Y(T).

Hence for all n > ng (tn,z,) € 0*Q and the viscosity property of V¢ gives

(5.4) 0> —%wan,xn) + (G5 [w(tn, ) + K"])(zn)

=7+ (G [w(tn, ) + K"]) (@),
where K" = Ve (t,,z,) — w(ty,x,). Set C" = Ver(t,, x,) — K|z, — T|°.
Then C™ is independent of v and w(t,,z) + K" = K|z — Z|*> + C"™. We now
rewrite (5.4) as

¥+ (G K| =2 + C"])(2n) <0,
for all v and n > ng. Observe that K,C™ and ng are independent of . Also
C™, (tn,x,) are bounded. Let C, (¢,Z) be a limit point of C™, (t,,z,) as
n — oo through a subsequence. Now let n — oo on this subsequence in the
above inequality. Then (4.6) yields

v+ H(t,z, Dyw(t, z,w(t,z) + C) <0.
Therefore
v < sup{|H(t,z,p,N)|: (t,x) € Q,|p| <[ Dw]|, |\ <[|w] +C}.

Then by taking ~ large enough we obtain a contradiction in the above in-
equality. Therefore V*(t1,z) = ¢(z) for every & € O. The other equality in
(5.1) is proved similarly. O
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VII.6 Boundary condition

Recall that the viscosity formulation of the boundary value problem (2.3) and
(2.4)(a) is given in Section II.13. In that formulation the lateral boundary
condition is imposed only in the viscosity sense. In the context of singular
perturbations, we also expect that V* and Vi satisfy (2.4)(a) not pointwise
but in the viscosity sense, which we will define next.

Definition 6.1. We say that
(a) W is a wiscosity subsolution of (2.3) and (2.4)(a) if it is a viscosity subso-
lution of (2.3) in @ and for each w € C*°(Q)
(6.1)

min {w(t7 )+ H(t,z, D,w(t, z),w(t,z)), (W) (t,z)— g(t, f)} <0,

at every (£,Z) € [to,t1) x OO which maximizes (W)* — w on @ with
(W)*(t,z) = w(t, ).
(b) W is a wiscosity supersolution of (2.3) and (2.4)(a) if it is a viscosity
supersolution of (2.3) in Q and for each w € C°°(Q)
(6.2)

max {—gtw(t,m) + H(t,z, Dyw(t,z),w(t, z)), (W).(t,z) — g(t, x)} >0
at every (£,Z) € [to,t1) x OO which maximizes (W), — w on @Q with
(W) (t,z) = w(t, z).
(c) W is a wiscosity solution of (2.3) and (2.4)(a) if it is both a viscosity
subsolution and a viscosity supersolution of (2.3) and (2.4)(a).

The above definition is very similar to definition given in Section II.13. In
the case of a subsolution, (6.1) states that if (W)* is not less than or equal
to g at a boundary point, then (W)* is a subsolution of (2.3) at that point.
In particular if (2.4)(a) holds pointwise, then (6.1) is automatically satisfied
at the boundary points. However when (2.4)(a) fails, we have to interpret
(2.4)(a) in the viscosity sense. It should be emphasized that this formulation
of (2.4)(a) is connected to the equation (2.3).

Proposition 6.1. Suppose that V¢ € C(Q) and ¥¢ € C(Q) converges
to U uniformly on Q, as € tends to zero. Then V* and V. are a viscosity
subsolution and a viscosity supersolution of (2.3)-(2.4)(a), respectively.

Proof. We already know that V* is a viscosity subsolution of (2.3) in Q.
We continue by verifying (2.4)(a) in the viscosity sense, i.e. in the sense of the
above definition. So let w € C*°(Q) and let (£,T) € [to,t1) X DO be a strict
maximizer of V* —w with V*(¢,z) = w(¢, w). In view of Remark 4.2 and the
results of Section I1.6, we may assume that (%, Z) is a strict maximizer. Notice
that (6.1) holds trivially if V*(¢,%) < g(¢,T). Therefore we may assume that

(6.3) V*(#,7) > ¢(f, 7).

Pick (t.,z.) € argmax{V¢(t,z) —w(t,x) : (t,z) € Q}. Then arguing as in the
proof of Proposition 4.1 (see (4.7)), we construct a sequence &,, — 0 satisfying
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(tn,xn) = (te, ,xc,) — (,7) and
(6.4) Vo (t, ) = VE(E7) > 90, 7) = ¥ (3, 7).

Since Ve» = ¥ on 9*Q and ¥ is uniformly convergent to ¥, we con-
clude that (t,,z,) ¢ 0*Q. Consequently the viscosity property of Ve at
(tn,xn) gives

9 en n
~ W, @n) + (G [w(tn, o) + K*])(2n) <0,

where K™ = Ve (t,,x,) — w(ty, T,). Since V*(t,2) = w(t, z), (6.4) yields
that K™ — 0 as n — oo. Now let n go to infinity to obtain

—gw(f,f) + H(t,z,D,w(t,T), wt,z)) <O0.

ot
Hence V* is a viscosity subsolution of (2.3) and (2.4)(a). Similarly V, is a
viscosity supersolution of (2.3) and (2.4)(a). O

VII.7 Convergence

To complete the procedure of Barles and Perthame, we need a comparison
between viscosity sub and supersolutions of (2.3) and (2.4). In this section,
we assume that there is such a comparison. Then we prove the convergence
of V¢ as ¢ — 0. A proof of the comparison principle under some structural
conditions on H is given in the next section.

Let W be a viscosity subsolution of (2.3), (2.4)(a), in the sense of Definition
6.1, and a pointwise subsolution of (2.4)(b), i.e. (W)*(t,z) < 1(x) for x € O.
In the sequel we call any such function a wviscosity subsolution of (2.3), (2.4).
Similarly we define viscosity supersolutions of (2.3), (2.4). Let W be one of
them.

Definition 7.1. We say that the equation (2.3) with boundary condition
(2.4) has a weak comparison principle if;

(7.1) (W)*(t,z) < (W).(t,x), V(t,z) € Q\[to,t1) x DO,

for any viscosity subsolution W and supersolution W of (2.3), (2.4).

We should emphasize that (7.1) is not assumed to hold on the lateral
boundary [to,t1) x 00. In fact if (2.3), (2.4) does not admit a continuous
viscosity solution satisfying (2.4)(a) pointwise, then we do not expect (7.1)
to hold on [tg,t1) x JO. Recall that such an equation is given in Example
11.2.3. However, in the next section conditions implying (7.1) on @ are also
discussed.

We continue by applying the comparison principle to V* and V. Notice
that Propositions 5.1 and 6.1 imply that V* and V, are viscosity sub and su-
persolutions of (2.3), (2.4), respectively. Hence the weak comparison principle
gives
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(7.2) V*(t,x) < Vi(t,z), Y(t,x) € Q\[to,t1) x 0O.
Since by construction V, < V., we have
(7.3) V*(t,z) = Vi(t,z), VY(t,x) € Q\[to,t1) x JO.

However if (7.1) holds on @, we conclude that V* = V. on Q. Therefore
V = V* = V, is a continuous viscosity solution of (2.3)-(2.4). Moreover by
definition V =V, < ¥ < V* =V on 9*Q. Hence V satisfies (2.4) at every
boundary point. We have proved the following theorem.

Theorem 7.1. Suppose that V< € C(Q) and ¥¢ € C(Q) converges uni-
formly to W on Q as € — 0. If in addition (2.3), (2.4) has a weak comparison
principle, then (7.3) holds. In particular VE converges to V* = V, uniformly
on compact subsets of Q\[to,t1) X OO. This convergence is uniform on Q if

(7.1) holds on Q.

VII.8 Comparison

The weak comparison principle as formulated in Definition 7.1, is the main
focus of this section. In the previous section, we argued that (7.1) fails at a
boundary point if the unique viscosity solution of (2.3)-(2.4) does not sat-
isfy (2.4)(a) pointwise. Hence (7.1) is not expected to hold on @Q for every
boundary data ¥. However, under certain circumstances the value function of
the optimal control problem associated with (2.3), satisfies (2.4)(a) pointwise.
See Sections I1.10 and 1.8. We will first prove the weak comparison principle
when there exists such a viscosity solution. Recall that by Proposition 5.1 the
terminal condition (2.4)(b) is satisfied pointwise. A more general condition
under which the weak comparison holds is stated at the end of the section. To
simplify our discussion we assume that the Hamiltonian H does not depend
on w(t,x), i.e.,
H = H(t,z, Dyw(t,x)).

For our first result, Theorem 8.1, we also assume that H satisfies 11(9.4),
i.e. there are a constant K and h € C([0,00)) with h(0) = 0 such that for all
(t,z),(s,y) € Q and p,p € IR™ we have,

(81) |H(t,l‘,p)*H(57y,ﬁ)| <

< h(Jt = s[ + [z = yl) + h(|t = s)|pl + K|z — yllp| + K|p — Dl

Although we are not assuming that H is related to a control problem, the
condition (8.1) is motivated by Hamiltonian given by I1(5.4). In particular,
(8.1) holds if U is compact and f, L € C*(Q x U). However if U is not compact
(8.1) holds only locally in the p-variable. The weak comparison principle for
that type of Hamiltonian is obtained in Theorem 8.2.



274 VII. Singular Perturbations

We also impose a regularity condition I1I(14.1) on the boundary of O. The
statement and a discussion of this condition is given in Section I1.14. We just
recall its statement here: there are r,e9 > 0 and an IR™-valued, uniformly
continuous function 7 on O satisfying

(8.2) B(z + en(z),er) C O, Yx € O,¢ € (0,e9],

where B(z, p) is the ball with radius p and center z.

Theorem 8.1. Assume (8.1), (8.2), ¥ € C(Q) and that there exists a
viscosity solution V € C(Q) of (2.3) in Q, satisfying (2.4)(a) pointwise. Then
(2.3)-(2.4) has a weak comparison principle.

Proof. Let W and W be a viscosity subsolution and a supersolution of
(2.3)-(2.4), respectively. Set W* = (W)* and W, = (W).. We will show that

for (t,z) € Q,

(8.3)(1) W*(t,xz) < V(t,x)
and
(8.3)(ii) V(t,z) < W.(t, ).

Clearly (7.1) follows from the above inequalities. For § € (0, 1], choose
(t,7) € argmax{W*(t,x) — V(t,z) + B(t —t1) : (t,x) € Q}.
Then to prove (8.3)(i), it suffices to show that

(8.4) 11? igf[W*(%, zZ)—-V(t,T)]+p(t—t1) <0.
—
We analyze several cases separately.
Case 1: { = t;. The inequality (8.4) follows from the fact that (2.4)(b) is
satisfied by V and W*(t1,7) < (7).
Case 2: t < t1,7 € O. For €,0 > 0 consider an auxiliary function

¢(t,$,$,y) = W*(t,l') - V(S7y) - (t - E)Q - |],‘ - ‘i‘Q

— ool = = (= 97 4+ Bt~ 1), (12), (5,0) €T,

Let (t*,z*),(s*,y*) be a maximizer of ¢. Then t*, s* — #,z*,y* — z. In
particular for sufficiently small ¢,§ > 0, (t*,2*), (s*,y*) € Q. We now fol-
low the proof of Theorem I1.9.1 to obtain (8.4). Here we should recall that,
in the proof of Theorem I1.9.1 the analysis of the interior maximum case
((t*,2*), (s*,y*) € Q) requires the continuity of only the subsolution or the
supersolution (see Remark 11.9.2).

Case 3: t < t1,7 € 00. Since V satisfies (2.3a) pointwise, V (¢,7) =
g(t,7) and therefore we may assume that W*(¢,T) > g(¢,T). For two positive
parameters ¢, 7, consider an auxiliary function
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ot x;8,y) = WH(t,z) = V(s,y) — (t —1)* — |z — T|?

y—x ., t—s —

_| _n(x>‘2_(T)2+ﬁ(t_{)7 (t,{IJ),(S,y) eQa

where 7 is as in (8.2). Let (t*,z*), (s*,4*) € @ be a maximizer of ¢ on Q x Q.

Notice that (¢t*,2*), (s*,y*) depend on € and +, but for simplicity we suppress
this dependence in the notation.

Before we continue the proof in several steps, one remark is now in order.
The main difference between the above auxiliary function and the ones used
in Section II.9 is the introduction of #. This modification enables us to show
that

y €0,
(see Step 2, below.) Since V' does not satisfy the equation on 0O, this modi-

fication is the essential ingredient of this proof.
1. For p > 0, set

m(p) =sup{|[V(t,2) = V(s,y)| : (t,2),(s,9) € Q and [t — s + |z —y| < p.}

Since V' € C(Q), m is continuous on [0,00) with m(0) = 0. We claim that
there is a constant C, independent of € and -y, such that

(8.5) [t* — s < Cr,

(8.6) ly* — a*| < Ce,

*

CORE ;”” — @)+ - t)? + [T — 2% < 2m(Cle + 7)) + C2.

Indeed the inequality ¢(t*, x*;s*, y*) > ¢(t*, x*; t*, y*) yields

t*— s * % * %
Since @ is bounded and V is continuous, V' is bounded. Consequently (8.5)
follows from the above inequality. Also for ¢ < gy (where ¢ is as in (8.2)),
T + e7j(T) € O. Therefore
(8.8)

Il
3
—
=

T) - V(ET +en(@) — |7

> W*(t,7) = V(ET) - m(lille) - (7]

> Wt 2%) = V(I 2) —m(llille) + B —1) — 2[4
= Wt 2") = V(s",y") + B(t" — 1)

—m([lille) = m(|t* — 5"+ [2* —y*]) — 2|7,
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where ||7]| is the sup-norm of 7. This inequality gives

* *

y —x N 7 * — * ~ * * * *
(8.9) | (@) P+ (E ")+ E—a2* < m(|lille)+m(|t —s"|+]a"~y"])

+e2 [ ql?
Since V is bounded, so is m. Consequently (8.9) implies (8.6). We then obtain
(8.7), by using (8.5) and (8.6) in (8.9) and redefining C, if necessary.
2. Since at the boundary V does not necessarily satisfy the equation in
the viscosity sense, we need to show that

(8.10) y* e 0.
Indeed, y* = z* + e7j(z*) + ev, where

y*_x*

—7(@)) + (1) = 0(z")).

v=( E

Since 7 is uniformly continuous and m(0) = 0, (8.7) implies that |v| converges
to zero as €, tends to zero. Hence for sufficiently small £ and ~y, we have
|v| < r, where r is as in (8.2). Therefore

y* € B(a" +eq(x”),er),

and (8.10) follows from (8.2) for all sufficiently small €, ~.

3. In general, * may be a boundary point. But the viscosity formulation of
the boundary condition (2.4) implies that equation (4.3) still holds at (t*, z*),
provided that

(8.11) W*(t",x*) > g(t*, z¥).

Recall that W*(¢,7) > g(f,7) and that g is continuous. Since for every
(t,.%'), (87y) S Q

W(t,z) = V(s,y) + B(t — E) > o(t, x5 8,y),
(8.8) yields

liminf [W*(t*, z*) — V(s*,y*) + B(t* — )]

e,v—0

> g;ygno@é( ;x5 s", ")

> W (L7 - VI, 7)

> Timsup[IW* (t",2%) — V(s*,y") + B(t" ~ D).

g,7y—0

Since V' is continuous, and (s*,y*), (t*,2*) — (¢, ), we have
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(8.12) lim W*(t*,z*) = W*(,T) > g(¢,T).
g,7y—0
Now for small € and , (8.11) follows from the continuity of g.
4. Consider the map (s,y) — ¢(t*, z*; s,y). It has a maximum at (s*,y*) €
Q. Since V is a viscosity subsolution of (2.3) in Q,

(8.13) —¢y+ H(s",y",pc) >0,

where )
gy = 2(t" = s") /7%,

pe =2(z* —y* +en(T)) /.
Notice that (8.10) is used in the derivation of (8.13).
5. Similarly W* (¢, z) is a viscosity subsolution of (2.3) in Q. Also the map
(t,z) = ¢(t, z; s*,y*) has a maximum at (t*,z*) € [to,t1) x O. Suppose that
z* € O, then as in Step 4 of the proof of Theorem I1.9.1 we have

(8.14) B—q, —2(t" — D)+ H(t",a" p. +2(a" — 7)) < 0.

If 2* € 90, the strict inequality (8.11) and the boundary viscosity formulation
(6.1) implies that (8.14) is still valid in this case.

We should remark that in contrast with the previous step, * is not in
general an interior point of O. But when x* € 0O, the viscosity formulation
of the boundary condition is used to get around this problem.

6. We subtract (8.13) from (8.14), and then use (8.1) with the estimates
(8.9), (8.6), (8.7). This gives

*

B2t — 1)+ H(s",y",p) — H(t", 2", pe + 2(z" — 7))
<2(t* —t) + h(Cly + €]) + h(Cy)|pe| + KCelpe| + 2K |z* — T|.
In view of (8.7)
17 =T, elpel, |7 — 27| < (2m(Cle +4]) + Ce*)*.
Combining these inequalities, we obtain § < k(e,~) where

limk(e,7) = h(Ce) + (2 + CK +2K)(2m(Ce) + Ce%)3.
Y

Therefore
lim [lim & .
lim [Wlm (e, =0
Since 8 > 0, this proves (8.3)(i).
We continue with the proof of (8.3)(ii). Again pick (¢,Z) € arg max{(V( x)—
We.(t,z))+B(t—t1) : (t,z) € Q}. We will show that V(£,7) — W, (£,7) < 0. If
t=t;ort<t and T € O, we proceed exactly as in the proof of (8.3)(i). So
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we may assume that ¢ < ¢; and T € 0. Then V(¢,T) = ¢(¢,Z) and we need
to consider only the case W, (t,Z) < ¢(¢,Z). Then define an auxiliary function
by

d)(t,l‘, S7y) = V($7y) - W*(t"r) - (t - %)2 - |Z’ - E‘Q

) +B(t=1), (o), (s,y) € Q.

Now follow the Steps 1 through 6 with minor and obvious modifications, to
obtain

t—s

== i@~ (

|
Remark 8.1. An attendant modification of the above proof can be used
to prove Theorem I1.14.1. See [CGS, Theorem 3.1]. Recall that in Theorem
I1.14.1 we assume that sub and supersolutions are continuous on ). However
the existence of a continuous solution satisfying the boundary condition is not
assumed. Still the above proof with attendant modifications yields a proof for
Theorem I1.14.1. So in particular under the hypotheses of Theorems I1.13.1
and I1.14.1, the value function is the unique continuous viscosity solution of
I(5.3") in @ and the boundary condition II(9.3). But the value function may
not satisfy 11(9.3a) pointwise.
As mentioned earlier the condition (8.1) is restrictive if (2.3) is related to
a control problem with an unbounded control set. In fact in the applications
to the theory of large deviations,

1 _
(815) H(tvxap) = _b(ta .’E) “p+ ia(t,x)p 2 (tal') € Q,p € -anv

where b(t,x) € R™ and a(t, z) is a symmetric, n X n, positive-definite matrix
(Section 10 below). Then using the Legendre transform introduced in Section
1.8, we rewrite H as

H(t,l‘,p) = m;}%x{fv P L(t,x,v)}
veER™

with 1
L(t,z,v) = gtfl(t, z)[v = b(t, )] - [v = b(t, x)].

Suppose that a=1,a,b are of class C3(Q x IR™) and ¥ is nonnegative and
Lipschitz continuous on @ with ¥(t,z) = 0 for all (¢,z) € [tg,t1] x 0O. Then
Theorem I1.10.4 implies that the value function is Lipschitz continuous on Q.

Our next result is modelled after the above example. We assume the Lip-
schitz continuity of V', and relax (8.1) to hold only locally. However we do not
assume that H is related to a calculus of variations problem. We assume that
for every R > 0 there are a constant Kr and a nondecreasing, continuous
function h(R,-) with h(R,0) = 0, such that

(8.16) |H(t,z,p) — H(s,y,p)]
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< h(R, [t = s[+ |z —y]) + h(R, [t = s[)[p| + Krl|z — yl|p| + Kr|p — Dl

for all (¢,7),(s,y) € Q and |p|,|p| < R. Inequality (8.16) is satisfied by the
“large deviations” example if a,a™" and b are Lipschitz continuous on Q.

Theorem 8.2. Assume (8.2), (8.16) and that there exists a Lipschitz con-
tinuous viscosity solution of (2.3) in Q, satisfying (2.4)(a) pointwise. Then
(2.3)-(2.4) has a weak comparison principle.

Proof. A minor modification of the proof of the previous theorem yields
this result. Indeed follow that proof without a change until the sixth step of
the last case. Replace that step by the following:

6. Then (gy,p:) € DTV (s*,y*). Since V is Lipschitz continuous, by Corol-
lary I1.8.1(f),

(3.17) gy + pe] < L(V),
where L(V) is the Lipschitz constant of V. Then, (8.16) yields

|H(t*, 2", pe +2(z* — 7)) — H(s™, y", pe)|
< h(R, [t ="+ 2" —y" ) +h(R, [t7 = 57)|pe + Kr|e™ —y"[|pe|+2KR[z" —7],

where R = sup{|p:|+2|z* —x| : € € (0,1]}. Due to (8.17) and the boundedness
of @, R is uniformly bounded in ¢ and 7.

Now continue as in the proof of Theorem 8.1, but use the above estimate
instead of (8.1). O

Combining Theorem 7.1, and Theorems 8.1 or 8.2 we obtain a convergence
result for V. However the existence of a continuous or a Lipschitz continuous
viscosity solution satisfying (2.4)(a) is assumed in these theorems. The exis-
tence of such functions discussed in Section I1.10 when the equation (2.3) is
related to a control problem. So we now assume that H is as in 1(5.4), i.e.,

(8.18) H(t,z,p) = sup{—f(t,z,v) - p — L(t,x,v)}.

velU
Then Theorem I1.10.2 or Theorem I1.10.4 together with Theorems 7.1 and 8.2
yield the following convergence result.

Theorem 8.3. Let Ve € C(Q) be a viscosity solution of (2.1)¢ in Q satis-
fying (2.2)%. Suppose W€ converges to W uniformly on Q, as e — 0,90 satisfies
(8.2), and H is as in (8.18) with L, f, ¥ satisfying the hypotheses of Theorem
11.10.2 or Theorem 11.10.4. Then as € — 0,V converges to the unique Lip-
schitz continuous viscosity solution of (2.3), (2.4) uniformly on Q.

Next we state a more general sufficient condition for the weak comparison
principle. Let us assume that 00 € C?.

Theorem 8.4. Assume ¥ € C(Q) and let H be as in (8.18) with L, f
satisfying the hypotheses of Theorem 11.13.1(b). Then, (2.3)-(2.4) has a weak
comparison principle.

Sketch of proof. Using Theorem II.13.1 we obtain a viscosity solution

V e C(Q) of (2.3), (2.4). Also the assumptions on L and f imply (8.1), and
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the differentiability of 0O implies (8.2). Then as in the proof of Theorem
8.1, we compare the viscosity subsolution W and the supersolution W to V'
separately. But V' does not necessarily satisfy (2.4)(a) pointwise. So the proof
of Theorem 8.1 has to be modified to account for this. This modification is
technical and we refer the reader to Barles and Perthame [BP2], or Ishii [I2].
However their results do not directly apply to this case. The conditions I(3.11)
and 11(13.6) have to be used once again to verify the hypotheses of theorem
of Barles and Perthame or Ishii. a

Remark 8.2. Under the hypotheses of Theorem I1.13.1(b) the two exit
time control problems (classes B and B’ of the Section 1.3) are equivalent.
When they are no longer equivalent one may create easy examples with no
weak comparison principle. So the hypotheses of the above theorem are almost
optimal.

VII.9 Vanishing viscosity

Consider a classical solution V¢ € C(Q) N C"?*(Q) of (2.57) and (2.2). Then
for (t,2) € Q,¢ € C*(0),

(G:6)(x) = —5tra(t,x) D?6(x) + HE (t,2, Do(x)),

and by the classical maximum principle V¢ is a viscosity solution of (2.5%) in
Q. Also the condition (4.6) is equivalent to the uniform convergence of H® to
H on compact subsets of Q x IR". We assume this and that H satisfies (8.1)
or (8.16). To be able to apply the results of the previous sections, we have
to show only the uniform boundedness of V. This bound is an elementary
consequence of the maximum principle.

We continue with the simple proof of the uniform bound. Set W (t,z) =
Ke™t where K is an arbitrary constant. We claim that for sufficiently large
K,W and —W are sub and supersolutions of (2.5%), respectively. Indeed, for
all € € (0,1],

_%W(tx) + (GiW (t,))(z) = Ke™" + H*(t,z,0) > 0,

provided that K > K* = sup{e'H¢(t,x,0) : (t,x) € Q,& € (0,1]}. Notice that
lim H® (¢, z,0) = H(t,x,0)
el0
and by the continuity of H, H(t,z,0) is uniformly bounded in (¢,z). Since
H#(t,z,0) converges to H(t,z,0) uniformly on @, K* is finite. Similarly one

shows that —W is a supersolution of (2.5¢). Then the classical maximum
principle yields that

[VE(t,2)] < Ke™", V(t,z) € Q,e € (0,1],
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provided that K > max{K* e!'|U(t,z)| : (t,z) € Q}. Therefore V¢ satisfies
(4.5) and using the results of the previous section, we obtain the following
convergence result.

Theorem 9.1. Assume that the hypotheses of Theorem 8.1 or Theorem
8.2 or Theorem 8.3 or Theorem 8.4 are satisfied. Then V¢ converges uni-
formly to the unique solution of (2.3)-(2.4) on Q or on every compact subset
of Q\[to,t1) x DO, in the case of Theorem 8.4.

We give an example to show that uniform convergence on @ is not true in
general.

Example 9.1. Set

V1+2e
€

G¢(z) = e~/ sinh ( z), x € [0,1],

and
Ve(t,x) = e 'G*(x)/G*(1).
Then V¢ is the unique solution of

o . - o ..

with the boundary condition

(9.1)(4) VE(t,0) =0, VE(t,1) =e™t, Vt€0,1],

and the terminal condition

(9.1)(44) Ve(l,x) = G*(x)[eGE(1)] !, Va €]0,1].
A direct calculation gives,

e~ tTe=Lif (t,2) € [0,1] x (0,1]
lm Ve (¢t,z) =
=10 0 if (t,2) €[0,1] x {0}.

In fact the function V(z) = e~'**~1 is the unique viscosity solution of

0 0

SV (ta) = V() =0, ¥(t,2) € (0,1) x (0,1)

with the boundary and the terminal conditions (9.1). Clearly V' does not
satisfy the boundary condition pointwise (9.1)(i) at x = 0, but (9.1)(i) is
satisfied in the viscosity sense.

Also,
0 e V1 +2e
9z OO =" Ty

This tends to infinity as e — 0. Hence V¢ forms a boundary layer near = = 0.
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VII.10 Large deviations for exit probabilities

Let us consider the exit probability problem described in Section VI.6. In that
problem,
P (t,x) = P (0° < tq)

satisfies a linear equation

(10.1)

7%455(@ x) — %tr a(t,z) D20 (t,z) — b(t,x) - D& (t,2) =0, (t,z) € Q,

with boundary data

(10.2a) P(t,2) =1, (t,2) € [to,t1) x DO,

(10.20) @°(t1,7) =0, x € O.
The logarithmic transformation
Ve = —clog®°,

transforms (10.1) into (2.5%) with
1 —
(103) H(t,m,p) = 7b(ta :E) P+ ia(tvx)p "D, (t,lL’) € Q7p € R".

Also the boundary data (10.2) yields,

(10.4a) VE(t,z) =0, (t,2) € [to,t1) x DO,

(10.4b) 11T1tn Ve (t,z) = +oo uniformly on compact subsets of O.
1

Hence with the notation of previous sections, g = 0 and ¥ = 4o00. Because
of the nonstandard form of the terminal data 1, the results of the previous
sections are mot directly applicable to V°. However, a careful use of those
results yields a convergence result for V¢ (Theorem 10.1, below).

As in Chapter VI, let us assume that a is invertible and that

(10.5) h e C3Q) for h=a,a™',b.

Then using the Legendre transform, introduced in Section 1.8, we may rewrite
H® =H as

H(t,z,p) = sup {—v-p— L(t,x,v)}, (t,2) € Q,p € R",
vER™

where
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1
(10.6) L(t,z,v) = iafl(t, z)(v = b(t,x)) - (v —>b(t,x)).

Notice that, here U = IR™ and f(t,2,v) = v. Also the boundedness of a(t, )
yields

(10.7) L(t,z,v) > colv — b(t, )%, (t,x) €Q ,ve R,

with an appropriate constant ¢g > 0. This estimate together with (10.5) imply
that the conditions I(11.6) with p = 2 are satisfied by L. Moreover, there exists
Cr such that |H(¢,z,p) — H(s,y,p)| < Cr(|t—s|+ |z —y| + |p— p|) whenever
(t,z), (s,9) € Q and |p|, |p| < R. Hence (8.16) is satisfied by H. We continue
with two elementary estimates of V. These estimates can also be derived by
probabilistic methods.

Lemma 10.1. Suppose that the boundary of O is the class C3. Then, there
exists a constant K satisfying

(10.8) Ve(t,z) < K dist (2, 00)

< Tt (t,z) € Q,e € (0,1].

Proof. Since O is bounded, there is a constant u satisfying 1 +p > 0 for
all x € O where z is the first component of the vector x. For A, > 0, define
an auxiliary function

(10.9) ¢ (t,2) = exp <_ w> (t,e) €Q.,

tn{ =t -, Q’Y = [to,t,y) x O.

Then a simple calculation shows that

—gga(t,x) — Etr a(t,x)Diga(t,gc) —b(t,x) - Dyg°(t, )

ot 2
N m[;an(t,x)v — A1+ p) = (ty — 1) Ab1(E, )]

Since a~!(t,z) is bounded, a1 (¢, ) is uniformly bounded away from zero on
Q. Hence the above expression is non-positive for a sufficiently large A = \*.
Therefore g is a subsolution of (10.1) in @ and the boundary data (10.2a).
Also ¢°(t,,x) = 0 < (¢4, z). Consequently the maximum principle for par-
abolic equations (or an application of Ito’s formula) yields

d°(t,z) > g°(t,x), (t,x) € Q.

Since A0 is C3, there is § > 0 such that d(x) = dist(z, d0O) is twice continu-
ously differentiable on

Os ={z €0 : d(x) <}
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Set K

with K > 0 satisfying

), (t,z) € Q~,

1 _
K> 5 sup{\*(z1 +p) : z €O}

Then g°(¢,x) < ¢°(t,z) < &°(t, ) whenever d(z) > ¢. In particular
(10.10) G5 (t,z) < °(t, ), Y(t,x) € [to,t,) x (O\Oy).

Also for (t,x) € [to,ty) x 00, §°(t,x) = $°(t,x) = 1. A direct computation
gives

If(t,z) = 8t g (t,x) — %tra(tv 'T)D?cgs(tv z) = b(t, x) - Dpg° (¢, x)
_m ga(t,x)Dd(m) - Dd(z) — E(tvg_ t)tfa(ﬂ:v)DQd(w)

—(ty —t)b(t,z) - Dd(z) — d(x)|.
Since a~1(t,z) is bounded, there is oy > 0 such that
a(t,x) - & = aol’, V(t,x) € Q,€ € R
Using this and the fact that |[Dd(z)| =1 on Os we obtain
a(t,z)Dd(x) - Dd(z) > ao|Dd(z)|* = ap, Y(t,z) € Q.

Therefore for (t,z) € [to,t1) X Os,

If(t,2) < Iw Kao= (ty=O)la(t, 2) | D?d(2) |+ (¢, ~0)b(t, 2)|—d(2) .

Since d is C? (65) the above expression is negative for sufficiently large K.
In other words, §° is a subsolution of (10.1) on [ty,ty) X Os. We have already
shown that g° < &° on [to, t,] x 905U{t,} x Os. Hence the maximum principle
yields, g° < &€ on [to, t1] ><55. This combined with (10.10) implies (10.8) after
letting v — 0. ]

Lemma 10.2. For any positive constant M and ¢ € C?(O) with ¢(z) = 0
for all x € 00 , there exists Ky > 0 satisfying

(10.11) Ve(t,z) > Mip(z) — Kpr(ty — t), (t,z) € Q,e € (0,1].

Proof. Set
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Ky = sup { - %tr a(t,z)D*)(x) + H(t,z, MD@(x))}
waeg L 2

and

3

() = exp (  My(z) = Ku(ty —t))

Then g° is a supersolution of (10.1) and (10.2). Moreover, although $¢ is not
continuous at {t;} x 90, g° is continuous and g° = 1 on {t1} x 0. We now
obtain (10.11) by using the maximum principle. O

Since #°¢ < 1,V¢ > 0. Hence by (10.8), V¢(¢,x) is uniformly bounded for
e € (0,1, (t,x) € [to, T] x O with any T < t;. In particular, we may use (3.2)
and (3.3) to define V*(t,z) and Vi (¢, ) at any (¢,z) € [to,t1) X O. Although
the terminal data (10.4)(b) is infinite, the stability result, Proposition 4.1, still
applies to this situation. Thus we conclude that V* and V, are respectively,
viscosity subsolution and supersolution of (2.3) in [tg, T') x O for every T' < t;.
Moreover (10.11) implies that V*(¢, z) and Vi (¢, z) converges to +o00, as ¢ 1 t1,
uniformly on compact subsets of O. But this convergence is controlled by the
estimate (10.8).

The above properties of V, and V* will be used to show the convergence
of V€ to V =V, = V* which is the unique viscosity solution of (2.3), (2.4)
(with ¥ (x) = 400 in (2.4b)); see Theorem 10.1 below. This unique solution
is the value function of an optimal control problem which we will define now.
Let U = R"™, f(t,z,v) = v,g = 0,L be as in (10.6), and 7 the exit time of
(s,z(s)) from Q. Let

Ut,z) = {u(-) eU’(t): T < 1 }.
Then @(s) = u(s) and

10.12 Vit,x) = inf  J(t,z;u
(1012) (ta) = inf  J(tai)

where

A(t,z) = {z(-) : [t,t1] — IR™ : Lipschitz,z(t) =z and 7 < t1},

J(t, x;u) = /tT L(s,z(s),%(s))ds.

Lemma 10.3. For every T < t1,V is a viscosity solution of (2.3) in
[to, T) x O with H as in (10.3) and it is Lipschitz continuous on [tg, T] x O.
Moreover it satisfies the boundary condition (10.4).

Proof. We give the proof in several steps.

1. There exists M such that
(10.13) 0 < V(t,z) < Mdist(z,00), (t,z) € [to,T] x O.

To show this, let T be a point of O nearest x,
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zo(s) =z +vo(s —t), vo = c|Z — 2|1 (Z — x),
where ¢ = (t; — T)~*diam O. Let 1 be the exit time from O of x¢(s). Then
0—t=c 'z —z| <c 'diam O =t, - T

and hence 7y < #; when ¢ < T. For every z(-) € A(t, x),
70
0 < J(t,z;u) < / L(s,z0(s),v9)ds < C(m9 — t) < Mdist(z,00)
t

where L(s,y,v) < C for all (s,y) € Q,|v| < cand M = ¢~ 1C.

2. From (10.6), there exist k > 0, Ry > 0 such that L(s,y,v) > kfv|?
whenever |v| > Ry. By (10.13), V (¢, ) is bounded on [ty,T] x O. Therefore,
there exists C; such that

(10.14) /T |2(s)|?ds < Cy, (t,x) € [to, T] x O

for all (-) such that J(t,z;u) < V(t,z) + 1.

3. We next show that V (¢, -) is Lipschitz continuous on O. For any x,y € O
and 0 < 6 < 1, choose z(-) € A(t,x) such that J(¢,z;u) < V(t,x) + 6. For
0 <X <1, let yxa(s) = z(s) + AM(y — z). Let 71 be the exit time of (s,y1(s))
from @ and 7 = min(7, 71). By the dynamic programming principle,

Vit,y) < /T2 L(s,y1(s), &(s))ds + V (72, y1(72))

_ /( ))ds+ / / +(5,07(5), () Aly—2)dAds +V (2,41 (72)).

From (10.6) there exists K such that |L,(s,y,v)| < K(1+|v|?) for all (s,y) €
Q,v € IR™. Hence,

V(t,y) < J(t zu) + K|z — y| /f(l + i (s)[*)ds + V (2, 91(72)).

If o =71 < 7, then y1(72) € 00 and V(12,y1(12)) = 0. If 7 = 7 < 79, then
z(12) € 00. By (10.13)

V(r2,y1(72)) < My1(72) — 2(m2)| = M|z — yl.

Therefore,
Vi(t,y) <V(t,x) + 60+ Mz —y|

where My = K (t1—to+C1)+M. Since 6 is arbitrary and x, y can be exchanged,
(10.15) V(t,z) = V(t,y)| < Mi|z -yl

for tg <t < T,z,y € O.
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4. Let Qr = [to,T) x O. For (t,z) € Qr, the dynamic programming
principle implies that

10.16 Vit = inf
(10.16) (to) = inf

lﬁL@w@Lu@D%+44ixﬁD

where 7 = min(7,T'). The integrand L in (10.6) satisfies I(11.6) with p = 2.
Let

0 if (t,z) € [to,T] x 0O
(10.17) U(t,x) =
V(T,z) if t=T,z€O.

By Step 3, ¥ satisfies I(11.7). By Theorem I1.10.4, V is Lipschitz continuous
in Q7 and is a viscosity solution to the Hamilton-Jacobi equation (2.3) in Q7.

5. We continue by verifying (10.4). First note that the positivity of L yields
V' > 0. Then for (t,x) € [to,t1) X 00, choose z(-) € A(t, z) satisfying 7 = ¢.
Hence (10.4a) is satisfied by V. To prove (10.4b), let © € O and z(-) € A(¢, x).
Since z(7) € 90, we have

/ z(s)ds| .
t

lwuax@%ﬂ@MsZwle@)—M&x@DP%

dist(z,00) < |z(1) — x| =

Also (10.7) yields

> Co/ |2(s)|%ds — K
¢

>

%|/¢@mP_K

where K is a suitable constant. Since the above inequality holds for every
z(-) € A(t,z), and T — t < t; — t, we obtain

T

; 2
(10.18) V(t,z) > M - K.
ty—t O

We are now ready to prove the convergence of V¢ to V.

Theorem 10.1. Suppose OO is of class C3. Assume (10.5). Then V¢
converges to V uniformly on compact subsets of [to,t1) x O, as e | 0.

Proof. It suffices to show that for all § > 0,

(10.19) V*(t,2) S V(E+6,2), (ta)€ [to,tr —0) x O,

and
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(10.20) V(t—46,x) <Vi(t,x), (t,z)€ [to+4,t1) xO.
First we claim that for all § > 0,

. imi >
(10.21) hzrglﬁ?fa(ﬂ d) >0,

where
Jr

a(T,6) = |sup{V(T,z) — V*(T —4,z)}
z€0
Indeed, pick any sequence (T}, z,,) — (t1,T). Suppose that T € 9O, then the
estimate (10.8) and the positivity of V' gives (10.21). But if 7 € O, (10.4)(b)
or equivalently (10.18) together with (10.8) yield (10.21).

Fix 6 > 0 and T < t;. Then V(¢ + d,2z) + a(T,d) and V*(¢t,z) are a
viscosity subsubsolution and a viscosity supersolution of (2.3) in [tg, T —0) x O
(with H as in (10.3)) and boundary condition (2.4) with g(¢t,z) = a(T,9)
and Y(z) = V(T,x) + a(T, ) respectively. Since V is Lipschitz continuous,
Theorem 8.2 applies to this case giving V (t+6, 2)+a(T, §) > V*(t,z),V(t,z) €
[to, T — 0] x O. We then obtain (10.19) by letting 7' go to t;. The inequality
(10.20) again follows from Theorem 8.2 and

liminf inf {V.(t,z) — V(t — §,2)} > 0.

Tt zeO
The above inequality is a consequence of (10.4)(a) and (10.11). O
The above convergence result can be restated as

(10.22) Pe(t,x) = exp(—é[V(t7 x) + he(t,z)]),

where |h| converges to zero uniformly on compact subsets of [to,t1) x O, as
¢ — 0. The leading term in this expansion, V (¢, x) is non-negative. When
V(t,x) > 0, we conclude that @¢(¢,x) — 0 exponentially fast as ¢ — 0. How-
ever if V (¢, 2) = 0 the expansion (10.22) does not provide any information. So
it is of some interest to discuss the cases when V' > 0 on ). By a probabilistic
argument we see that the event {6° < t1} is rare if the deterministic flow

) = bls, ()

is pointing into the region O. So we claim that V > 0 on Q if
(10.23) b(t,x) -n(x) <0, z € dO,t € [to,t1],

where n(z) is the unit outward normal vector at z € 0. Indeed, let (¢, z) € Q
and z(-) € A(t, z). Then by the definition of A(t,z),T < t1. Set

u(s) = z(s) — b(s,z(s)), s € [t,t1],
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and let {(s) be the solution of

C(s) = b(s,¢(s)), s € (t,t1)

with initial data ((¢t) = x. Using these equations we obtain the following

estimate for the time derivative of £(s) = $|z(s) — ((s)]?,

= (b(s,2(s)) = b(s,¢(s))) - (x(s) = C(s)) + uls) - (x(s) = C(s))
< K&(s) + |u(s)P?,

with a suitable constant K, depending on the Lipschitz constant of b. Using
the Gronwall inequality and the fact that £(¢) = 0, we have

£(s) < ef (=) /S lu(2)|?dz , s€t,T].

The condition (10.23), implies that for € O there is a constant §(z) sat-
isfying dist (¢(s),00) > B(x) > 0 for all s € [t,t1]. Since z(7) € 90, we
have

[B(z)] < dist (¢(1),00)?
< 2¢(7)

SQeK(T*t)/ lu(z)|?dz
¢

— 9K /t "6 (s) — b(s, 2(s)) [2ds

Co

< zeK“H)/ L(s,x(s),@(s))ds.
t

In the last inequality we used (10.7). Since the above holds for every z(-) €
A(t, x), we have

Vtx) = e KO0 Ba)],

We summarize the above result in the following.

Lemma 10.4. Suppose that the hypotheses of Theorem 10.1 hold and
(10.23) s satisfied. Then V(t,z) > 0 for (t,z) € [to,t1] X O. In particular
@ converges to zero exponentially fast on [to,t1] X O.
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VII.11 Weak comparison principle in Qg

In this section we prove a weak comparison principle (Theorem 11.1) similar
to Theorem 8.2, which holds when O = IR™ and thus Q = Qg = [to, 1] X R™.
Since 0O is empty, the proof is simpler than the arguments used in Section
8 to prove Theorems 8.1 and 8.2. Theorem 11.1 is then used to prove a large
deviations result (Theorem VI.6.2) for the small noise limit problem. A similar
risk-sensitive control limit result will be proved later (Theorem XI1.7.2).

We consider the first order PDE

(11.1) ,% + H(t,z,D,V) =0, (t,z) € Qo
with the terminal data (see (2.4b))
(11.2) V(t1,x) = ¢(x).

We assume that:
(a) ¢ is bounded and Lipschitz continuous on IR™;
(11.3) (b) H(t,z,p) is bounded on Qg x {|p| < R} and
and (8.16) holds, for each R > 0.

Lemma 11.1. Assume (11.3) and that (11.1)-(11.2) has a bounded, Lip-
schitz continuous viscosity solution V. Let W*(t,x) be any bounded, upper
semicontinuous viscosity subsolution of (11.1) such that W*(t1,x) < (x) for
all x € IR™. Then W* < V.

The proof is a modification of arguments used to prove Theorem I1.9.1 in
the unbounded case and uses arguments similar to those for Theorem 8.2. We
merely give a sketch. Introduce the function @ (t,z;s,y) as in the proof of
Theorem I1.9.1, with W (¢, z) replaced by W*(t, x). Assume that

sup [W*(t,z) —V(t,x)] =a>0.
(t,)€Qq

If the parameters f3,~ in the proof of Theorem I1.9.1 are small enough, then
the sup of ., on @, x @ is at least «/2, and is achieved at some (¢, Z), (5, 7).
The previous proof shows that |f — 5| < C162, |z — j| < Che? for some
constants C7, Cy. Morover, for fixed 7 there is a compact set K such that
(t,z), (5,9) € K for ¢, ¢ sufficiently small. Let us show that § < ¢; and < #;
for small enough €, 4. Let

@(0) = sup{W*(t,x) —(x): |t —t1| < 0, (t,z) € K}.

Since W* is upper semicontinuous, ¢ is Lipschitz and W* (¢, z) < ¢(x) for
all (¢,z),

lim sup ¢(0) < 0.
0—0
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If 5 =t1, then from the definition of @,
@ - _ w/T _
< (@) = (7) + 6(Cr6"7?).
This is impossible for small enough e, d. If £ = ¢1, then

3 <8, (0,55,9) < U(@) - V(5.9)
< () — () + (@) - V(5.9) < Cs(e* +67).

since 1 and V are Lipschitz. Hence t < ¢1, and (¢,Z), (5,7) € Qo if € and ¢
are small enough.

Define the comparison functions w(t, ), w*(s,y) as in Step 4’ of the proof
of Theorem II1.9.1. Then inequalities I1(9.22), I1(9.23) hold. Since V is Lip-
schitz, there exist M7, My such that

‘DyU)*(ga §)| = |pé Jrﬁ'y‘ <M,

ow* , _
’ P (s7y)’=|ﬁ+q5+q7|§M27

by Corollary IL.8.1(f). If we fix 8 > 0 and take €,d,~ small enough, then a
contradiction is obtained. |

In the same way, if W, (t, z) is a bounded lower semicontinuous supersolu-
tion of (11.1) with ¢(x) < W, (t1,x), then V < W,. We have therefore:

Theorem 11.1. Assume (11.3) and that (11.1)-(11.2) has a bounded,
Lipschitz continuous viscosity solution V. Then a weak comparison principle
holds.

An easy consequence of Theorem 11.1 is the following result stated in
Section VI.6.

Proof of Theorem V1I1.6.2. Since VI(6.8) holds, the Hamiltonian H (¢, z, p)
in VI(4.8) satisfies (11.3)(b). Moreover, VI(6.8)(a)(b) imply (11.3)(a) and that
|[Ve(t,z)| < K; for some K;. By Theorem VI.8.1 and Remark VI.8.2, V¢ is a
viscosity solution to VI(6.4¢) with V¢(¢1,x) = ¢(z). Define V*(¢, x), Vi(t, )
by (3.2), (3.3). By Proposition 4.1, V* is a viscosity subsolution of (11.1) and
Vi is a viscosity supersolution. By Lemma 5.1, V*(t1,2) = Vi(t1,2) = ¥(x).
By Theorem VI1.6.1, V° is a bounded Lipschitz continuous viscosity solution
of (6.4%) with VO(¢;,2) = ¢(x). By Theorem 11.1, V* =V, = V'. Hence, V¢
tends to VO uniformly on compact subsets of Q,,. O

Remark 11.1. The assumptions VI(3.2) VI(6.8) are not enough to guar-
antee that V¢ € C12(Q,), although this is true under the stronger assump-
tions VI(3.25) or VI(3.26).
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VII1.12 Historical remarks

Fleming was first to study the vanishing viscosity problem by using control
theoretic techniques [F1]. The probabilistic treatment of exit time problems
and the large deviations theory for Markov diffusion processes is pursued by
Freidlin and Wentzell [FrW]. For other probabilistic results we refer the reader
to Varadhan [V] and Stroock [St].

The first application of the viscosity solutions to large deviations problem
is given by Evans and Ishii [EI]. Since then there have been several such appli-
cations. In [FS2] Fleming and Souganidis obtained asymptotic expansions for
Markov diffusions, Dupuis, Ishii and Soner [DIS] studied the large deviations
problem of a queueing system, and asymptotic expansions for jump Markov
processes were derived by Fleming and Soner [FSo].

The application to homogenization is due to Evans [E3]. Evans and
Souganidis [ES2] used the viscosity theory to analyze the large time asymp-
totic of a reaction-diffusion equation of KPP type. The extension of this
result to a system of reaction-diffusion equations is given by Barles, Evans
and Souganidis [BES]. Along the same direction Evans, Soner and Souganidis
[ESS] studied the asymptotics of the zero level set of a solution of a reaction-
diffusion equation with a cubic nonlinearity. They proved that in the limit the
zero level set moves by motion by mean curvature. Another application is ob-
tained by Soner [S1], who studied a sequence of singularly perturbed optimal
control problems arising in manufacturing.

The discontinuous viscosity solutions were defined independently by Barles-
Perthame [BP1] and by Ishii [12]. See Barles [Ba] for another account of this
theory. The proof of Theorem 8.1 is an extension of [S2, Thm.2.1 ]. The ap-
plications of this definition to singular perturbation problems are included in
[BP2] and [IK2]. Perthame [P] combined these techniques with some other
analytical tools to study the asymptotics of the exit location distribution. Al-
ternate approaches to discontinuous value functions have been formulated by
Frankowska [Fra] and Subbotin [Su2].



VIII

Singular Stochastic Control

VIII.1 Introduction

In contrast to classical control problems, in which the displacement of the
state due to control effort is differentiable in time, the singular control models
we consider allow this displacement to be discontinuous. Bather-Chernoff were
the first to formulate such a problem in their study of a simplified model of
spacecraft control. Since then singular control has found many other applica-
tions in diverse areas of communications, queueing systems and mathematical
finance.

We start our analysis in Section 2 with a formal derivation of the dynamic
programming equation. This discussion leads us to a formulation of singular
control problems with controls which are processes of bounded variation. The
related verification theorem is then proved in Section 4. We discuss the vis-
cosity property of the value function in Section 5. Since we want to emphasize
only the new issues arising in singular control, in Sections 2-5 we restrict our
attention to a simple infinite horizon problem with no absolutely continuous
control component. However the theory is not limited only to these problems.
In Section X.5, we demonstrate the potential of this theory in a portfolio se-
lection problem with transaction costs. The portfolio selection problem has
“mixed” type controls; consumption rate and transactions between the bond
and the stock. Here the consumption rate is an absolutely continuous con-
trol and the transactions between the bond and the stock is a singular type
control.

The dynamic programming equation (2.7) below is a pair of differential
inequalities. Also at every point of the state space either one of the inequal-
ities is satisfied by an equality. So the state space splits into two regions,
the “no-action” region and the “push region,” corresponding to the active
inequality in (2.7). Starting from the push region, the optimal state process
moves immediately into the no-action region, where its exit is prevented by
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reflection at the boundary in an appropriate direction. In Section 4 we exhibit
this qualitative character of the optimal control process in several examples.

The portfolio selection problem with transaction costs is an important
example of a singular control problem. It will be studied in Chapter X. This
problem is a generalization of the Merton’s portfolio problem, Example IV.5.2.
In the portfolio selection problem the Markov diffusion process is degenerate
and there are only two possible push directions. These facts render this prob-
lem difficult. However if the utility function is of HARA type (see Example
1V.5.2), the value function has an homothety property which reduces the prob-
lem to a one-dimensional one. Using this property we prove that the no-action
region is a wedge in the plane, Theorem X.5.2 below.

In the spacecraft control example the cumulative control action is con-
strained by the total amount of the initial fuel. In the literature generalizations
of problems with this type of constraint are known as finite fuel problems.
In Section 6, we formulate the finite fuel problem and derive the dynamic
programming equation. In the case of a single push direction, Chow-Menaldi-
Robin [CMR] discovered a striking connection between the optimal solutions
of finite fuel and the unconstrained problem. We prove this connection in
Proposition 6.1.

VIII.2 Formal discussion

In this section, we consider a special case of the infinite horizon problem
described in Section IV.5. We let O C IR™ and U C IR™ be a closed cone in
R", i.e.,

(2.1) vel, A>0=X el

We also assume that there are f.eecC L(IR™) with bounded first order partial
derivatives and ¢, L € C'(IR™) satisfying

(2.2i) flz,v) = v+ f(z),
(2.2ii) o(x,v) = 6(x),
(2.2iii) L(z,v) = L(z) + ¢(v),
(2.2iv) é() = Aé(v), VA >0,

for all z € IR",v € U. For simplicity we take the boundary condition g = 0
and L,¢ > 0.
The control set U is not bounded as was often assumed in Chapter IV.
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Let us continue by calculating the Hamiltonian #(x,p, A) defined in
IV(3.2). For z,p € IR™ and a symmetric matrix A

Hla,p,A) =~ tra(@)A — f(@) - p— L(z) + Hp),

where a(x) = 6(2z)6’(x) and

(2:3) H(p) = sup{=p-v = (o)}

Observe that if —p-v —¢(v) > 0 for some v € U, then by (2.1) and (2.2iv) we
conclude that H(p) = +oo. Therefore

+oo if H(p) >0

H(p) =
0 if H(p) <0,

(2.4) H(p) = Su]r;{—p v —¢(v)},

K={velU:|v=1}.

One can think of K as the set of allowable directions in which control may
act.

The above calculation indicates that the dynamic programming equation
IV(3.3) has to be interpreted carefully. However, we formally expect that the
value function V satisfies

(2.51) H(DV(x)) <0, z €O,

(2.5i) LV(z)=pV(z)— %tr&(x)D2V(ac) — f(z)- DV (z) < L(z), z € O.

Now suppose H(DV (z)) < 0 for some x € O. Then in a neighborhood of z,
the unique maximizer in (2.3) is zero. Hence at least formally, the optimal
feedback control should be equal to zero in a neighborhood of z. Since the
uncontrolled diffusion processes are related to linear equations, we expect

(2.6) LV (z) = L(z), whenever H(DV (x)) < 0.

We now rewrite (2.5) and (2.6) in the following more compact form:
(2.7) max{LV (z) — L(z), H(DV (z))} =0, =€ O.

Since g = 0, the boundary condition is

(2.8) V(z)=0, z€dO.
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In Section 4 we will prove a Verification Theorem, Theorem 4.1, for the
dynamic programming equation (2.7) and the boundary condition (2.8). This
provides a rigorous basis to our formal derivation. However due to the linear
dependence of L on v, in general there are no optimal controls and nearly
optimal controls take arbitrarily large values. For this reason it is convenient
to reformulate the above problem by using the integral of u(s) as our control
process. This reformulation will be the subject of the next section.

VIII.3 Singular stochastic control

As in Chapters IV and V, let v = (2, {Fs}, P,w) be a probability reference
system with a right continuous filtration F;. Let us rewrite the state dynamics
IV(5.1) as follows, taking into account the special form (2.2i) of f: Let

fu(s)|~u(s) if u(s) £ 0

0 if u(s) =0,

au(s) =

= [ s
Then IV(5.1) becomes
(3.1) dz(s) = 6(x(s))dw(s) + f(z(s))ds + i(s)dé(s), s> 0.

We now regard
3.2 z(t) = u(s)dé(s
(3.2 W= e

as control variable at time t. However in order to obtain optimal controls,
we must enlarge the class of controls to admit z(¢) which may not be an
absolutely continuous function of ¢. But we assume that each component of
z(t) is a function of bounded variation on every finite interval [0, ¢]; namely,
each component of z(¢) is the difference of two monotone functions of t. Let
() be the total variation measure of z(-) and

t) = du(s).
f( ) /[O,t) l‘( )
Then

(3.3a) &(-) nondecreasing, real-valued, left continuous with £(0) = 0.

Moreover by Radon-Nikodynm theorem, there exists a(s) € IR™ satisfying
(3.2) and |a(s)| < 1. In this chapter we will identify the process z(-) by the
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pair (£(+),4(+)). Note that for a given z(-), £(t) is uniquely determined for all
t > 0, and 4(s) is uniquely determined for p-almost every s > 0. Also if z(s)
is Fs-progressively measurable, then £(s) is Fs-progressively measurable and
there is a version of 4(s) which is Fs-progressively measurable (See Appendix
D). In the sequel we always assume that z(s) is Fs-progressively measurable
and that u(s) is a Fs - progressively measurable function satisfying (3.2).
Further we assume that

(3.3b) 4(s) € U, for p-almost every s > 0,

(3.3¢) Elz(t)|™ < o0, m=1,2,---.

Let A, denote the set of all progressively measurable z(-) = (£(-), a(-))
satisfying (3.3). Then for a given z € O, the usual Picard iteration gives
T (t),m = 1,2, such that x,,(t) — z(¢t) converges to x(t) — z(¢t) with prob-
ability 1, uniformly for bounded ¢. The process z(-) is the unique, left contin-
uous solution to

(3.4) z(t) = —1—/0 o (z(s))dw(s) —1—/0 fz(s))ds + z(t), t >0,
with
o(tT) —2(t) = 2(tT) — 2(t).

Observe that z(t) is not in general continuous. Indeed at every ¢ > 0,

() =limz(s) = 2(t) + 2(t1) — 2(t) = x(t) + a(t)(EEXT) — £(1)).

slt

Let 7 be the exit time of z(s) from O. Since z(-) is left continuous and F; is
right continuous, 7 is a F;-stopping time. We now wish to minimize

(3-5) J(w;€,0) = Eq o e P [L(a(s))ds + é(a(s))d(s)]

over all (£(-),4(-)) € A, and reference probability systems v. Observe that
since L, ¢ > 0, J(x;€, 1) is defined for all (£(-),a(-)) € A, but it may take the
value +00. This is why we do not need to impose an additional condition like
IV(5.5) on the control (£(+),4(+)). Finally, let

Vi () = inf J (z; €, a),

Viz) =Vpy(z) = ilulf V., (x).

We close this section by proving some elementary properties of V.
Lemma 3.1. Let r € O, 9 € U and h > 0. If x + hv € O, then

(3.6) V(z) = V(z + hd) < hé(d).
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In particular if V' is differentiable at x, then (2.5¢) holds at x.

_ Proof. In view of (2.2iv), we may assume that [0] < 1. For (§(-),a(-)) €
A, let

0, s=0 N ], s=0
En(s) = {§(S)+h, 5> 0, in(s) = {ﬁ(s), s> 0.
Then (¢,(-),@n(-)) € A,. Let x,(s) be the solution of (3.1) with control

(&n(+),apn(+)) and initial condition z;(0) = z. Then, zx(s) = z(s) + ho for
all s > 0. Moreover,

Vi(z) < J(@; &, tin) = J(x + ho; €,4) + hé(d).
Since £(-) and 4(-) are arbitrary, (3.6) follows from the above inequality.
O
Lemma 3.2. Suppose that O = IR™, U is conver, f and & are affine

functions and L,é are convex. Then V, is also convex for every v.
Proof. For i = 1,2, let z; € IR™ and (&;(-), @(-)) € A,. Set

Y= %(3714-32‘2),
€)= 5 (60 +&(0), +20,

A= [ )+ i), (20

For a Borel subset B C [0, 00) define
iB) = [ des(o), n(s) = [ de(o).
B B
Then both w1 and ps are absolutely continuous with respect to . For i = 1,2

let 7;(s) be the Radon-Nikodyn derivative of u; with respect to u. We may
choose r1(s) and r2(s), so that for every s > 0,

1
5(7"1(3) +ra(s)) = 1.
Let |G(s)] <1 be a progressively measurable function satisfying
A(t) = / a(s)de(s), £ < 0.
[07t)
Then for p-almost every s > 0,

(3.7) i(s) = %[{Ll(s)rl(s) +an(s)ra(s)], s > 0.
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Also by the convexity of U, i(s) € U for p-almost every s > 0. Thus 2(-) =
(€C),a()) € A
Now the convexity of ¢, together with (2.2iv) and (3.7), yields

e(a(s)) < Slé(an(s))ri(s) + é(aa(s))ra(s)l,

N |

for p-almost every s > 0. Multiply both sides of the above inequality by e=?*
and then integrate with respect to d¢(s) to obtain

(39) et des (o) + élaa(o)das)]

> /0 " e Bsa(a(s))de(s).

Finally the convexity of L and (3.8) imply that

Vi(y) < J(y; & a) < [ (w1580, 1) + J(22; §2, U2)].

After taking the inf over (&(-),4;(-)) € A, we obtain
1

Voly) < Vo (@) + Vi (z2)].
Now the convexity of V,, follows from elementary considerations. |
The convexity assumption on U and ¢ are satisfied by the following exam-

ples: .
() K=5"'={veR": =1}, &)=,

(i) K ={w},

(iii) K = {vo, —10},

where vy € 57! and K is as in (2.4).

VIII.4 Verification theorem

We start with the definition of classical solutions of (2.7). Let WKIO’COO(O; R™)
be the set of all IR™-valued functions of O which are Lipschitz continuous on
every bounded subset of O.

Definition 4.1. Let W € C,(0) N C'(0) with DW € W,L>°(0; IR™) be
given. Define

P={xeR": HDW(x)) <0}.
We say that W is a (classical) solution of (2.7) if W € C?(P),
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LW (z) = L(z), Yz € P,

H(DW (x)) <0, Vz € O,

and

LW (z) < L(x),

for almost every z € IR".
At the end of this section we will construct explicit solutions of (2.7) for
specific problems.
The following verification theorem is very similar to Theorem IV.5.1.
Theorem 4.1. (Verification) Assume O is convex. Let W be a classical
solution of (2.7) with the boundary condition (2.8). Then for every x € O
(a) W(z) < J(2:€,4) for any (€(-),a(-)) € A, such that

(4.1) lim inf e PLE W (2(t))Xr=oo] = 0.

(b) Assume that W > 0 and that there exists (€*(-),u*(-)) € A, such that with
probability 1:

(4.21) x*(t) € P, Lebesgue almost every t < T,

(4.2i1) /[0 ) [u*(s) - DW (x*(s)) + é(u*(s))]dE*(s) =0, Vit < T,
(2i) WD) - W) = ()€ @) — €@, Ve <7,
(4.2iv) flggo E [e PDW (2% (£ A 7)) Xrmoo) = 0.

Then

J(z; & u*) = W(x).

Proof. (a) Extend W to IR™ by setting W (z) = 0 for ¢ O. Since W (z) = 0
for x € 00 and since W is continuous on O, the extension of W is also
continuous on IR™. Let ¢ € C°°(IR™) be a nonnegative function satisfying

(@) =1,
Rﬂ,
supp ¢ C B1(0) = {z € R" = |z| < 1}.
For a positive integer m, set () = m~"((mx) and

Wm:W*Cma -i/m:i/*Cma

where * denotes the convolution operator. Since W and L are continuous on
IR™, Wy, and L,, converge to W and L uniformly on compact subsets of IR".
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Similarly since DW € C(O), DW,, converges to DW uniformly on compact
subset of O. See Appendix C.
Let

1
0,, = {x €0 : dist (z,00) > m}, Om,N = Om N By (0).

Since G, is supported in By /., (0), for any function h, h * (o) depends
only on the values of h in By, (z0) = {x € R" : |z — z0| < 1/m}. Hence if
20 € Opm, h * (n(xo) depends on the values h(z) with € O. Therefore the
local boundedness of D?W in O and the continuity of the coefficients of the
operator L yield

lim  sup [(LWp)(z) — (LW * () (x)] = 0.

e 2€O0m, N
Set R
Ky n= sup [LW,(x)— Ly(x)].
fI:GOm,,N
Since LW () < L(z) for almost every x € O,
(LW % &) () < Lin(2), V& € Oy,
Hence

lim sup K,, v < 0.

m—roo
Also for every © € U and z € O,,
- DWyn(2) = (6) = ~[(6 - DW +&(8)) * Gu](2) <0
Combining the above inequalities, we obtain

(4.3)  max{LW,,(z) — Ly (z), HDW,(z))} < Kpny VO, Y € Oy v

Let € O, n and (£(-),4a(-)) € A, be given. Since W,,, € C®(RR"),
we may apply the Ito’s rule for semimartingales (Meyer [M, pp. 278-301]) to
e AW, (x(t)). Fix N and let 7, be the exit time of (s) from O, y. Then
for t > 0,

(4.4) Win(2) = Epe PNTW, (2(t A Ty))

+E‘/MW7_“EW’(()MS

B, [P (s) - DWina(s))g (o)
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B,y e P Wala(s) = Win(a(s))],

0<s<tATp,
where for t > 0

0<s<t
)y =¢t)—¢t)y= > [E(sh) —&(s)).
0<s<t

Note that both £¢(-) and £”(-) are nondecreasing. (When &(-) has finitely many
discontinuities with a bounded derivative except at these points, (4.4) can
easily be derived by using the classical Ito’s rule between the discontinuities

of £.)

Next we will let m go to infinity in (4.4). Since z(-) is left continuous
as m tends to infinity, 7, — 6y, where 6y is the exit time of z(s) from
On = 0N By(0). Also

lim sup LW, (2(s)) < limsup[L, (z(s)) + K n] < L(z(s)),

m—r oo m— o0
—U(s) - DWp,(x) < é(i(s)), Vs> 0,2 € Op.

Now by the Mean Value Theorem and z(s) = z(s) + a(s)[€(sT) — £(s)], we
obtain

< é(a(s))(E(sT) —&(s))-
In the above inequality we used the fact that

z(s) + A[z(sT) —z(s)] € O

for every s < 7, € [0,1], since O is convex and z(s),z(s*) € O. Therefore
by taking the limit m — oo in (4.4), we obtain

W(z) < Epe PPN W (2t Aby))
tAON
LB, / =35 (a(s))ds

tAO N
+E/ é(a(s))dee ()

+E, Y eTPea(s))(E(sT) —€(s).

0<s<tNON
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Now let N — oco. By (3.3c) we obtain
lim E,e PUONW (2(t A Ox)) = Epe PDW (2t A T)).

N —o00
Also
E, Y e Pe(a(s)(E(sT) —&(s)

0<s<tAT
= E,;/ e Pse(a(s))de? (s).
[0,tAT)
So we have

W(z) < Epe PODW (z(t A7)

+E, e P*[L(x(s))ds + é(ii(s))dE(s))-

[0,tAT)
Send ¢ to infinity and use (4.1) to obtain

W(iL’) S ExeiﬁTW(x(T))XT<oc

+E, . )e—ﬂs[i(:c(s))ds+é(a(s))dg(s)].

We now claim that when 7 < co we have

W (x(7)) < e(a(r)[g(r™) = &(r)].

303

Indeed if z(7) € 0O, then the above inequality follows from (2.8). Now suppose
that 2(7) € O. Since z(71) € O and O is convex, the line segment connecting
z(7) to z(77) intersects 0. Let z* € OO be an intersection point. Then
the line segment connecting z(7) to z* stays entirely in O. Hence for every

A€ [0,1],
—a(t) - DW () — é(i(r)) < H(DW (z5)) <0,

xx = (1) + Az — z(7)].
Also there is v € (0, 1] such that
v* —a(r) =[z(r") — (7)) = ya(r)[E(rT) — &(7)].
Now by the Mean Value Theorem and (2.8),

W (a(r)) = W(z*) —/0 DW (z2)dA - (z* — 2(7))

Il
|
2

/O a(r) - DW (zy)dA[E(rH) — £(7)]

< ve(a(r))[E(rT) — &(7)].
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Then the desired inequality follows from the inequalities ¢ > 0, < 1. Hence

W(x) < Ege™PTé(a(r))[E(r") - &(7)]

+E; o )e’ﬁs[i(z(S))dS+é(ﬂ(8))d§(8)]

= J(x;€, 1),

for all (£(-),a(-)) € A,, satisfying (4.1).
(b) Suppose that at s > 0, 2*(s) € P. Since P is an open set and LW = L
on P, we have
LW, (x*(s)) = L(z*(s)) as m — co.
Moreover for fixed N,|LW,, ()| is uniformly bounded in m and z € O, n.
Hence by (4.2i) and the dominated convergence theorem,
tAOrm

tAON R
lim E, =35 LW, (2% (5))ds = E, / B3 (2*(5))ds.
0

m—0o0 0

Now use (4.4) with (£*(-),u*(-)) and let m — oo, N — oo to obtain

tAT
W (z) = Eye PDW (2" (t A7) + B, /0 e P L(x*(s))ds

LB, / "o Bt (s) - DI (a* ()] (5)

tE. Y e P (aT(s) - Wia(sh))].

0<s<tAT
We then let ¢ — co and use (4.2ii), (iii), (iv) to obtain
W(z) = J(z; £, u™). O

Remark 4.1. The convexity hypotheses on O is made to simplify the
presentation. The Verification Theorem holds for any domain O which is not
necessarily convex. Indeed let A, be the set of all (£(-),u(-)) € A, satisfying

z(t) + Mz(tT) —z(t) € O

for all ¢ < 7, € [0,1]. Then it is easy to show that for each (£(-),4(-)) € A,
there exists (£(+), @()) € A, satisfying J(z; &, a) < J(x;€,%). (We will not use
this fact in our subsequent analysis.) We then follow the proof of Theorem
4.1 for a control pair (£(+),4(-)) € A, to prove the Verification Theorem for
nonconvex domains.

Example 4.1. Consider a one dimensional problem with O = (—o0, 00),
f=06=+2 év)=|v], K={-1} and L is convex. Then U = (—o0, 0]
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and the hypotheses of Lemma 3.2 are satisfied. Hence the value function V is
convex and equation (2.7) takes the form

(4.5) max {ﬁV(x) — Vyu(z) — L(2), Vi (z) — 1} =0, x € (—00,00).

We will first construct a convex, polynomially growing solution W of (4.5)
and then using the Verification Theorem we will show that W = V. Now
suppose that W is indeed a convex solution of (4.5). Set

a =sup{z: Wy(x) <1}
Here a may be equal to +00. The convexity of W yields
Wi(x) <1, Yz < a.

Then using (4.5) we conclude that

(4.6) BW () — Wae(z) = L(x), Yz < a,
and
(4.7) Wy(x) =1, Yz > a.

The value of a is not a priori given to us. So we will solve (4.6) and (4.7) for
every real number a, and then determine the value of a by using (4.5) again.
Let W,(z) be the polynomially growing solution of (4.6) and (4.7). Now we
assume that § =1, L(x) = az? for some a > 0. Then, W,(z) is given by

(1 —2aa)e® %+ ax®+2a, z<a
Wa(z) =
Wy(a) + = — a, x> a.

In addition to (4.6) and (4.7), W, o(z) < 1 for every x. Hence W, solves (4.5)
provided that
Wa(z) — W pe(z) — az? <0, Vo > a.

Since W, is linear on (a,c0), the above inequality is equivalent to
0> W,(x) — ax? = Wy(a) + 2 — a — az?, Vo > a.
The above inequality implies
0> W,(a) — ad®.
Also from (4.6) we obtain

Weo(a) = lim Wy 50 () + aa®.

ztTa
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Since W, is convex, the above argument shows that if W, is a solution of
(4.5), then

(4.8) li%n W za(z) = 0.
Note that (4.8) implies W, € C?((—o00,00)) and for that reason Benes-Shepp-

Witsenhausen call (4.8) “the principle of smooth fit” [BSW].
We solve (4.8) to obtain

1
1-2 2%9=0= a=— +1.
( aa) + 2a a 2a+

Now it is easy to check that

—20e® " 4 qx? + 20, z<a
(4.9) W(x) =

aa® +zx —a, x> a,

is a convex, quadratically growing solution of (4.5). Let (£(-),4(-)) € A, be
such that J(z; &, 4) < co. Then

liminf e ! B, (2(t))? = 0.

t—o00

Since W is growing quadratically, (4.1) is satisfied by (£(), @(-)). Therefore
W(w) < J(w:€,d)
for all (£(-),a(-)) € A, with J(z;&;4) < co. Hence
W(z) <V, (z),

for every reference probability system v.

To prove that W (z) = V,(z), we need to construct (£*(-),u*(-)) € A,
satisfying (4.2). Since K = {—1}, we take u*(s) = —1. Then for a given x, we
look for a process £*(+) satisfying (3.3) and

(4.10) ¥ (t) =z +V2w(t) — € (t) < a for a.e. t >0,

(4.11) / [-DW (z*(s)) + 1]d¢*(s) = 0, Vt > 0.
[0.)
Since DW(x) —1 < 0 unless z > a, (4.11) is equivalent to

(4'11/) ‘/[0 )X{x*(s)Za}dg*(s) = 5*(t)7 vt > 0.

)

The problem of finding £*(-) satisfying (3.3a), (4.10) and (4.11") is known as
the Skorokhod problem and its solution is given by



VIII. Singular Stochastic Control 307

(4.12) € (th) =sup{(z + V2w(s) —a) VO0:s <t}, t>0.

If < a, the process z*(-) is a Brownian motion reflected at a and £*(-)
is the local time at a. (See (3.8) in Chapter 6 of [KS4].) If z > a, £*(07) =
z —a and z*(0T) = a. Since W is linearly growing, (4.2iv) is easily verified.
Therefore W =V =V, for every v and £*(-) is the optimal control process.

It is well known that the local time is not absolutely continuous. This
is why we need to admit controls £(s) which are not necessarily absolutely
continuous functions of s. (]

Example 4.2. Consider the same problem as in the previous example but
with K = {1, —1}. Then U = (—00, 00) and (2.7) takes the form

(4.13) max{V (z) — Voo (x) — ax?, |V, (z)| — 1} = 0, Yz € (—o0, 0).

Following the procedure devised in Example 4.1, we look for a convex, poly-
nomially growing function W and constants —oo < a < b < +00 satisfying

W(x) — Wex(z) = az?, Ya <z <D,
We(z) = —1, Va < a,
Wx(x) - 1; Y Z b,

li =1l =0.
lim Wee () lim Wew(x) =0

The last condition is analogous to (4.8) and it implies that W € C?((—o0,
00)). Also as in Example 4.1, this last condition follows from (4.13) and the
convexity of W. Now an elementary computation yields

1—2ab
az? + 20 + (sinh((l);))COSh(x)’ |z| < b
Wiz) = ab? +x —b, x>b
ab? —z +b, z < —b,
and b = —a is the unique positive solution of
1
tanh(b) =b— —.
anh(b) o

Using the explicit form of W, we reduce (4.2) to the following equivalent

form:
x*(t) € (=b,b) a.e.,t >0,

@) = 1if 2*(t) <0, a*(t) = —1 if 2*(t) > 0,

/ )X{\z*<s>|zb}df*(8)=§*(t), vt > 0.

)
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Then the solution x*(t) of the above equations is the Brownian motion re-
flected at the boundary of (—b,b). Also &* is the sum of the local times of
x*(-) at b and —b (see [KS4] or Definition 7.3 in Chapter 4 of [IW]). O

In the above examples we used a procedure based on the convexity of
the value function. Indeed for any one dimensional problem satisfying the
hypotheses of Lemma 3.2, the value function can be constructed by this pro-
cedure. In particular the value function can be shown to be twice continuously
differentiable and the optimal state process to be a diffusion process reflected
in an interval. However when the value function is not convex, neither one of
these hold. We give an example to illustrate this point.

Example 4.3. Let O = (—00,00), f =0, 6 = v2,é(v) =|v| =1, U =
(—o00,00). Set

4.14 a=(+1)/4, 1p=9—-a
(4.14) ( , To ;
and
az? +2a — ecosh , |z] <1
W(z) = { 10 — 2¢~(el=20)/2 |z| > o
|z] — 1+ a, |z| € [1, z0].

We claim that there exists a smooth function L satisfying

(4.151) L(z) = ax?, |z <1,

i i 3 o~ (lzl-0)/2
(4.15ii) L(z)=10-— ¢ o)/ x| > wo,
(4.15iii) Liz) > |z| - 1+a, |z]e[l,z)

Indeed for |z| & (1,z¢), define L(x) by (4.151) and (ii). Set
h(z) = L(x) - ||z = 1] = a, |a| & (1, 20)
Then (4.14) yields
1
h(zo) = 3 h(1) = 0.

Moreover
e2 -1

B > 0.

. d
E%I%h(x) =2a—-1=

Hence L(-) has an extension to (—oco,00) which satisfies (4.15iii). We then
compute that W, () > 0 for |z| < x¢ and
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W (x) — Wee(x) = ix(&?)7 Vx| & [1, 2],
W (z)| =1, Y|z| € [1, zo],
[Wa(z)] <1, Vl|z| & (1,20),

W (x) — Wee(z) = |2| — 14 a < L(z), V|z| € [1,z0].
Hence, W is a classical solution of
max{W(z) — Wy (z) — L(x), [Wy(z)| — 1} = 0, Yz € (=00, 00).

We construct the optimal processes in three separate cases:

(a) || < 1. Let z*(-) be the Brownian motion reflected in (—1,1) and
&*(+) be the sum of its local times at 1 and —1. Let 4*(t) = —a*(t).

(b) |z| € (1,m0]. Let £€*(07) = |z| — 1 and 4*(0) = — sign x. Then
|z*(07)| = 1. For t > 0 we construct z*(t), u*(t), £*(t) as in case (a), but
starting from z(0*).

(c) |z| > zo. Let 7 be the first time when

|z 4+ V2w(7)| = 0.

We then let £*(t) = 0 for t < 7 and £*(7F) = xy — 1. Also let 4*(¢t) =
— sign x for ¢t < 7. Then

() =z +V2w(t), t<T,

2*(r1) = sign z.

For ¢ > 7 we construct z*(t), £*(¢), 4*(t) as in case (a) but starting from
z*(r1).
It is easy to check that (§*(-), 4*(-)) € A, satisty (4.2). Hence W =V =1V,,.
In this example
P = (—o0,—x0) U (—1,1) U (20, 00)

is not connected. Also W is not convex and not twice differentiable at x = xg
and —xg.

The following is a simple two-dimensional example.

Example 4.4. In this example O = ZRQ,f =0, 8 =1, ¢ is equal to V2
times a 2x2 identity matrix,

U = (—00,0] x (—0,0]
and for v € (vy,v9) € U,z = (x1,22) € O,

é(v) = —vp — vy,
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L(z) = a(z? + z3).
Then (2.7) reduces to
(4.16) max{V(z) — AV (x) — a|z|*,V,, (z) — 1,V (z) — 1} = 0, Va € IR?.
Let W be the function defined by (4.9). Then
V(zy,22) = W(x1) + W(x2)
is a classical solution of (4.16). Moreover
P = (—00,a) X (—00,a)

and OP is not differentiable. R
When U = IR",é(v) = |v],6 = v/2 times the identity, and f = 0 (2.7)
reduces to

(4.17) max{(V (z) — AV (z) — L(z),|DV ()] — 1} = 0, Yz € O.

Then by analytical arguments Evans [E2] proved the following.

Theorem 4.2. Suppose that L € C? (O) and O is bounded. Then the value
function V is the unique classical solution of (4.17) and (2.8).

The W2 regularity proved by Evans is the best possible general result.
However for convex problems (i.e., those satisfying the hypotheses of Lemma
3.2) we expect the value function V to be twice continuously differentiable.
Indeed C? regularity of the value function is proved by Soner and Shreve
[SSh1-2] under either one of the following assumptions:

(4.181) O=U=IR? f =0,6 = identity, &(v) = |v|, L strictly convex,

(4.18ii) U = {lvy: A >0}, and hypotheses of Lemma 3.2,

where vg € IR™ is any nonzero vector. Also the finite horizon problem for the
second case is considered in [SSh2].

Now consider the case (4.18i). Then in [SShl] the following change of
variables was useful. Let z* be the minimum of V and § > 0 be sufficiently
small. The existence of 2* was shown in [SSh1]. For ¢ > 0 and 6 € ™! let
z(t;0) € IR™ be the unique solution of

%z(t;@) =DV (z(t;0)), t>0,0 € 5",
z(0;0) = z* + 60.
In [SSh1] it is shown that the map

(t,0) = 2(t,0)
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is a diffeomorphism between [0, 00) x S"~! onto IR"™ — Bs(x*). Also for ¢t > 0.
LDV (=(50))P) = 2DV (=(50) DV (=(5:0)) - DV (+(1,6)).

Since V is convex, |DV (z(t;0))|? is nondecreasing in ¢t. Hence we may char-
acterize the region P by

P = Bs(z") U{z(t;0) : 0 € St < T()},

where
T(0) = inf{t > 0: |DV(2(t;0))]* > 1}.

This calculation proves that P is a connected subset of IR™. Also the above
characterization of P is the first step in studying the regularity of 0P and V.

For a general problem with a convex value function the appropriate change
of variables is

d
S 2(t:0) € 9H(DV (=(t:0)),

where 0H (p) is the subdifferential of H in the sense of convex analysis. How-
ever the properties of this change of variables have not yet been studied.

We finally remark that the region P does not have a special geometric
property. In particular, P in general is not a convex set even if the hypotheses
of Lemma 3.2 hold. In fact under (4.18ii), an analytical argument based on
the connection between singular control and optimal stopping shows that for
a large class of problems the complement of P is convex.

VIIIL.5 Viscosity solutions

In this section we will prove that the value function V' is a viscosity solu-

tion of (2.7) in O. We assume that V € C,(0O) and it satisfies the dynamic
programming principle, i.e., for every z € O and stopping time 6 > 0,

(5.1) V(x) = inf ijlf{Eme_B(T/\a)V(m(T AB))

+ Ex e [L(x(s))ds + &(is))dé(s)]}
[0,716]

where 7 is the exit time of x(-) from O. Equation (5.1) is a straightforward
modification of V(2.2) and I(7.12). Indeed the continuity of V and (5.1) can
be proved as in Section IV.7 when O = IR™ and as in Section V.2 when O is
bounded. In the latter case we need to assume I(3.11) and V(2.3).

Theorem 5.1. Assume V € C,(O) and (5.1). Then V is a viscosity solu-
tion of (2.7) in O.

Recall that in Sections I1.7 and V.2, we proved the viscosity property of
the value function of other control problems by using Theorem I1.5.1. The



312 VIII. Singular Stochastic Control

following proof however does not use Theorem II.5.1. Instead we will give
a more direct proof. As we will see, the subsolution property follows from
elementary considerations and a counterposition argument is used for the
supersolution part.

Proof. (Subsolution). Let w € C%(0) N C,(0) and Z € O be a maximizer
of V —w on O with V(Z) = w(Z). Then for any reference probability system
v, (€(-),a(-)) € A, and h > 0, (5.1) with @ = h implies

(6:2)  w(@)=V(z) <E; o P [L(x(s))ds + é(als))dE(s)]

+Eze PUM(2(7 A R)).
1. For § > 0 and ¥ € U, set 4(s) = v and

0, s=0
§(s) = {5, s> 0.
Then by (3.5), 2(07) = Z + §0. Let h go to zero in (5.2) to obtain
w(z) < 0¢(0) + w(z + §9),

for every § > 0, © € U. Now divide both sides by § and let é go to zero. Then
in the notation of Section 2,

(5.3) H(Dw(z)) <O0.
2. In this step we use (5.2) with £ = 0. Then the standard Ito’s rule applied
to e Pw(x(s)) yields

tAh
(54)  Ese P W(a(t A B)) = —Es /0 =5 Lus((s))ds + (7).

Use (5.4) in (5.2) and recall that ¢ = 0. Then a straightforward limiting
argument yields

(5.5) Lw(z) — L(z) <0.

3. Combining (5.3) and (5.5) we conclude that V' is a viscosity subsolution
of (2.7) in O.

(Supersolution). Let w € C%(0) N C,(0) and Z € O be a minimizer of
V —w on O with V(Z) = w(Z). We need to show that

(5.6) max{Lw(z) — L(z), H(Dw(z))} > 0.

4. Suppose the contrary. Hence the left-hand side of (5.6) is negative and
by the smoothness of w, there are d,v > 0 satisfying

(5.7) max{Lw(z) — L(z), H(Dw(x))} < —v, Yz € Bs(z),



VIII. Singular Stochastic Control 313

where Bs(Z) = {z : |z — Z| < §}. Since O is open by changing 4, if necessary,
we may assume that Bs(Z) C O.

In the next four steps we will obtain a contradiction to (5.7). A brief
summary of these steps is the following. In Step 5, we will use Ito’s rule and
(5.7) to derive (5.14). In Step 6, we will show that the sum of the last two
terms in (5.14) is uniformly negative. See (5.15) and (5.16). We then use the
dynamic programming (5.1) to obtain a contradiction in Step 8.

5. Let (£(-),a(-) € A, be given and 0 be the exit time of z(-) from Bs(z).
Since Bs(Z) C O, 0 < 7. Moreover, since z(-) is left continuous with right
limits, the filtration JF; is right continuous and Bs(Z) is closed, 6 is an F;-
stopping time.

As in (4.4) we apply the Ito’s rule for semimartingales to e~ %*w(z(t)) for

€ (0,0) to obtain

w(Z) = Eze PPw(x(0))
)
z e P Lw(z(s))ds
1 E, / Lu(e(s))d

B, / ~95(a(s) - Du(a(s))]de*(s)

+ B Y e Plwe(s) - wlash)))

0<s<0

where, as in (4.4),

For 0 < s < 0, (5.7) implies that

(5.9) Lw(x(s)) < L(x(s)) =
H(Dw(z(s))) < —.

Taking v = a(s)/|a(s)] in (2.4) and then using (2.2iv) we obtain

(5.10) —u(s) - Dw(x(s)) < e(a(s)) — vla(s)|-

Also

1
w(z(s)) —w(z(s")) = /0 —(z(s7) —a(s)) - Dw(pz(s™) + (1 = p)a(s))dp,
(") —a(s) = a(s)[§(sT) — £(s)].
(s

If s < 0, then z, = pz(st) + (1 — p)x(s) € Bs(z) for all p € [0,1]. Using (5.7)
at x, we obtain



314 VIII. Singular Stochastic Control

H(Du(z,)) < —.

Combining the three previous statements, we obtain that for s < 6

w(z(s)) —w(z(sh)) =/ —(s)[€(sT) = &(s)] - Dw(xp)dp
(5.11) 0

< [e(a(s)) —~la(s)[] [§(sT) — &(s)]-
Substituting (5.9), (5.10), (5.11) into (5.8),

w(Z) < Eze ™ Pw(x(0))

7 e PS[L(0(s))ds + é(a(s s
5.19) # By [ eI+ el ()

— = e Pslds + |a(s s)|.
M /H [ds + [1(s)|dE(s)]

Since z(-) is left continuous and 6 is the exit time from Bs(z), xz(0T) ¢
int Bs(Z) and z(0) € Bs(Z). Also

2(07) = z(0) + a(9)[€(07) — £(0)).
Then there is a random variable A € [0, 1] such that
o = z(0) + Aa(0)[€(0F) — £(0)] € 0B5(7) = {= : |v — 2| = 5}
Moreover the argument that led us to (5.11) yields
w(z(0)) < w(wx) + Ale(a(®)) —|a@)]] [£(07) - £(0)].

Since V' — w is minimized at z with V(Z) = w(z), w < V. Suppose that
x(#") € O. Then (3.6) yields

w(zy) < V(xy)

<V (x(67)) + (1= Ne(a(9))[€(0F) —€(0)]
Hence
(5.13) w(a(0)) < V(x(07)) + [e(a(0) — Mla@)]] [£60F) — &),

if 2(6%) € O. If 2(67) € O, we set V(z(0%)) = 0. Then arguing as in the
proof of Theorem 4.1(a) we obtain (5.13). Now substitute (5.13) into (5.12),
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w(T) < Eze PV (2(67))

+ [ el als)ds + i) de(s)
(0,0]
(5.14)

—yEz [ e Plds + [a(s)|dE(s)]
[0,6)

—vEze”PNa(0)[[£(07) — £()].
6. Let

alé, 1) = F e Pds u(s s
(€.0) = E; /W) [ds + |ii(s)|d&(s)]

+Eze” P A[a(0)|[€(0F) — £(0)).
We claim that there is oy > 0 satisfying
(5.15) al&, 1) > ap >0,

for every (£(-),4(+)) € A, and reference probability system v. Indeed consider
the singular stochastic control problem with O = B;(7), state dynamics (3.1)
and L(z) =1, é(0) = |0], i.e., the payoff functional is given by

J(wi€.0) = B, /[ , €l Ha)Ide )

For (£(-),a(")) € A, set

. £@t), t<0
-
£(0) + A[E(0T) —£(0)], t >0,

where A is as in the previous step. Since the random variable A is an ex-
plicit function of £(6F) and £(6), £(-) is progressively measurable. Therefore,
(), a(-)) € Ay and N
a(§; ) = J(T;€,1).
So we need to show that :
V(ZZ') Z ap,
where ~ ~
V(z) = inf ij‘lfJ(x;ﬁ,ﬁ), |z — Z| < 6.

For C > 0, set
W(z) = C(6* — |z — z|?), = € Bs(Z).

Then
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LW (x) = C[88% — Blz — 2> + tra(z) + 2f (z) - (¢ — &) < 1, = € Bs(z),
if 3
C<Cy= { §u$<5[ﬁ52+trd(w)+2lf<w)-(w—x)l}} :

Hence
max{LW(z) — 1,|DW (z)| — 1} <0, = € Bs(z),

W(z) =0, x € 0Bs(x),
provided that

c=C —mm{C’o,25}

Now a standard application of Ito’s rule for semimartingales imply that
V(z) > W(x), = € Bs().
Hence .
a(g,a) > V() > W(x) = C*6* > 0.
7. Since a(&, 1) > o > 0, (5.14) yields that
V(Z) = w(Z) < Eze PV (z(67))

(5.16)
+E; - e [L(x(s))ds + &(is))dé(s)] — vao,
for every (£(-),4(-)) € A,.
8. For h > 0, 6 + h is a stopping time. Hence (5.1) yields

Z)= in = e PIL(2(s))ds + é(a(s s
V() = inf {E /[ sy L)) s+ (i)

&t

+ Epe AN (1((6 + h) A 7))}.

We let h go to zero. Then the positivity of L and ¢ and the continuity of
V imply that

Z) = in = e P8I, s+ (1 S
V() Af{Egg/[M] (L ((s))ds + é(a(s))de (5)]

§,a,v
+ FE, e‘ﬂeV }

Clearly the above equation contradicts (5.16). Hence V' is a supersolution of
(2.7) in O. O

Comparison principles for classical solutions were obtained by Evans [E2]
and Soner and Shreve [SSh1-2]. A combination of Evans’ arguments and the
theory developed in Chapter V yields comparison principles for viscosity sub-
and supersolutions. See [Zhu].
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VIII.6 Finite fuel problem

A simplified model of spacecraft control led Bather and Chernoff [BC1-2] to
singular problems similar to the kind formulated in Section 3. In the context
of spacecraft control, the control variable £(t) is the total amount of fuel used
by the spacecraft up to time ¢ > 0 and 4(¢) is the push direction at time ¢ > 0.
With this interpretation it is appropriate to impose a constraint

(6.1) €(t) <z, V>0,

with a given constant z > 0. In the literature the singular stochastic control
problem with the above constraint is called the finite fuel problem.

For z € O and z > 0, let A, (2) be the set of all controls (£(-),(-)) € A,
satisfying (6.1). Then the value function is defined by

Vi(z,2) = inf J(x;&, a),
Ay (2)

V(z,z)=infV,(z,2), x€0, z>0.
v
The dynamic programming principle takes the form

r,z) = in e P [L(x(s))ds + é(a(s s
V)= it {EA;m (£ (o(s))ds + &(a()de ()]

v, A, (2)

IV a0) 2 - €0) |
for any stopping time 6 < 7. Hence the dynamic programming equation is
(62)  max{(LV(,2))(x) = L(z), H(D,V (z,2), DV (x,2))} =0,

Vere O, z>0,
where £ is as in (2.5ii) and for p € R", p, € IR,

H(p,p.) = sup{—p-v —¢&(v)} + p..
veK

Note that for the finite fuel problem, in addition to x(s), z(s) = z — &(s) is
also a state variable. This new state variable gives rise to the extra term p,
in the definition of H.

Appropriate boundary conditions are (2.8) for = € 90O, z > 0, whereas for
r€0,2=0

(6.3) V(2,0) = h(z) = E, /O "B (a(s))ds,

where z(s) is the uncontrolled process, i.e.,
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dz(s) = f(x(s))ds + & (x(s))dw(s), s> 0.

When L is convex, polynomially growing, &, f are affine and K = {v} an
elegant simple solution of the finite fuel problem was found by Chow-Menaldi-
Robin [CMR]. A probabilistic explanation was then given by
Karatzas [K2|. For simplicity let us assume O = IR, vy = —1, év) = v,
&E\/i,fEO. Then

,C¢(5f) = ﬂ(ﬂ(l’) - ¢xr($)v z € IR,

H(pey,p.) =ps +p. — 1.

Proposition 6.1. Let V(sc) be the wvalue function of the unconstrained
problem (i.e., with no upper bound z for £(t)), and h(x) be as in (6.3). Then

(6.4) Viz,z) =V(z)—V(z—2)+h(z—2), Ve e R, z>0.

Moreover for z > 0 the optimal Markov policy for the finite fuel problem is
equal to that of unconstrained problem.

Proof. Let W(z, z) be the right-hand side of (6.4). We will show that W
is a solution of (6.2). First recall that (see Example 4.1) V € C?(—00, 00) and
there exists a such that

BV (x) — Vyu(x) = L(z), Yz <a,
Vx(a:) =1, Vr>a.
Then V(z) = V(a) + 2 — a for > a. Since V also satisfies

BV () — Ve (2) < L(z), Va,

we conclude that R .
BlV(a) + x —a] < L(x), Yz > a,

and 8V (a) = L(a). Hence Ly(a) > § and by convexity of L,
(6.5) Lz —2)+ B2 < L(z), YVe—z>a, z>0.
Also h satisfies the linear equation

(6.6) Bh(x) — hye(z) = L(z), V.
Combining above equations we obtain

H(DW (,2)) = Wy(x,2) + Wa(z,2) =1 = Vy(z) =1 <0, Va,
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Also we need to show that
BW (2, 2) — Wae(z, 2) < L(z), V&> a.

The above inequality follows immediately if t > a > x—z. Whenx > z—2z > a,
by (6.5) we obtain

BW (2, 2) — Wag(2,2) = B[V(a) + 2 —a] — B[V (a) + 2 — z — a] + L(z — 2)

=pz+ L(x —2)

Hence W is a polynomially growing classical solution of (6.2) and (6.3). Since
&(t) is bounded from above by z, an application of Ito’s formula yields (6.4).
Now observe that

BV (z,2) = Vau(x,2) = L(x), Ve <a, z>0,

Ve(z,2) + Vo (x,2) =1, Ve >a, z>0.
Therefore if z > 0, then the optimal policy can be summarized as follows,

(i) jump immediately to a, if z > a and z > = — q,
(ii) jump immediately to z — z, if z > a + z,
(iii) remain in the interval (—oo, a] by reflection, if z < a, z > 0. O.

If n > 1, (6.4) is replaced by

Viz,z)=V(z) = V(z+ zv0) + h(z + 210).

VIII.7 Historical remarks

The first examples of stochastic singular control problems were formulated by
Bather and Chernoff [BC1-2]. In 1980 Benes, Shepp and Witsenhaussen ex-
plicitly solved a one dimensional example by observing that the value function
in their example is twice continuously differentiable [BSW]. Since this regu-
larity of the value function reduces to a condition at the interface, Benes et
al. called this regularity property the principle of smooth fit. In the regularity
direction, Evans proved that the gradient of the value function is Lipschitz
continuous [E2]. See also Ishii and Koike [IK1]. In the absence of convexity this
is the best possible regularity result since there are value functions which are
not twice differentiable; see Example 4.3. Recently, Soner and Shreve proved

the twice differentiability of the value function under two sets of assumptions,
(4.181) and (4.18ii) [SSh1-2].
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One dimensional convex problem received much attention in the early
1980’s. Karatzas [K1], Harrison and Taksar [HT], Menaldi and Robin [MR]
and Chow, Menaldi and Robin [CMR] provided an almost complete analysis
of one dimensional problems. The connection between singular control and
stopping time problems was pursued by Karatzas and Shreve [KS1-2|. Finite
fuel problems were studied by Karatzas [K2|, Karatzas and Shreve [KS3] and
Chow, Menaldi and Robin [CMR).

If the value function is smooth, the optimal control can be constructed
by using the reflected Brownian motion. In one space dimension, this is al-
ways possible. However in higher space dimensions the construction of the
reflected Brownian motion requires the smoothness of the interface separat-
ing the two phases of the equation. See Lions and Sznitman [LS] and Varad-
han and Williams [VW] for the construction of reflected Brownian motions.
Soner and Shreve proved the regularity of the interface and then constructed
the optimal process as the reflected Brownian motion in [SSh1-2]. Williams-
Chow-Menaldi [WCM] also proved partial regularity results for the interface
when there are finitely many push directions.

The existence of an optimal control can also be obtained by abstract com-
pactness arguments. In general Krylov introduced a framework in which the
singular control problems are also included; see Section 1.2, Exercise 4 in [Kr1].
For a convex singular control problem Menaldi and Taksar proved existence
by more direct arguments [MT].



IX

Finite Difference Numerical Approximations

IX.1 Introduction

In many of the examples given in earlier chapters to illustrate the theory,
the dynamic programming equation could be solved rather explicitly to ob-
tain the value function and optimal Markov control policies. However, these
examples are exceptional. For most optimal stochastic control models aris-
ing from applications, the dynamic programming equation can only be solved
approximately by numerical computations.

This chapter is intended as a brief introduction to the topic of numerical
solution of HJB partial differential equations. We consider a finite difference
scheme due to Kushner [Kul] for computing approximately the value func-
tion V(¢,z) for a controlled Markov diffusion on a finite time horizon. In this
approximation scheme, first order partial derivatives are replaced by corre-
sponding forward or backward finite difference quotients. Similarly, second
order partial derivatives are replaced by appropriate second order finite dif-
ference quotients (Section 3.) An important feature of Kushner’s scheme is
that the discretized HJB equation is itself the dynamic programming equa-
tion for a suitably defined stochastic control problem for Markov chains. This
fact was exploited by Kushner [Kul], [Ku3] to give a probabilistic proof of
convergence of the discrete value function to V (¢, x) as step sizes tend to zero.
Viscosity solution methods provide another way to prove convergence; and it
is that method which we will follow in Sections 4 and 5. The method was
introduced, in a more abstract setting, by Barles and Souganidis [BS].

Once the HJB equation has been discretized, there remains the important
question of efficient computational methods for solving the discrete dynamic
programming equation. We shall merely allude briefly to the considerable
body of literature in that direction. The reader should consult the book by
Kushner and Dupuis [KuD] which provides a thorough treatment and many
references.
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IX.2 Controlled discrete time Markov chains

In this section we will describe briefly the method of dynamic programming in
discrete time, for finite time horizon and infinite time horizon with discounted
cost criterion. The book by Bertsekas [Bs| provides a good detailed account
of this topic. We first formulate a finite horizon stochastic control problem.
Let X be a set, which is either finite or countably infinite. We consider times
{=kk+1,---,M, where k denotes an initial time and M a terminal time.
The state at time ¢ is denoted by z and the control chosen at time ¢ by
u?. These are discrete-time stochastic processes, with 2 € X, uf € U. The
state dynamics are prescribed by a family of one step transition probabilities
py(x,y). In analogy with Section III.8 for the continuous time case, we define
discrete time admissible control systems 7 as follows. We call

7w = (2,{Fe}, P,x",u’)

admissible if (£2, F, P) is a probability space, {F;} is an increasing family of
o - algebras ({ =k, k+1,---, M), F; C F and

(i) oF =z, 2% is F, — measurable.

(43) u’is F; — measurable.

(iii) P(zT' = y|Fy) = p¥' (2',y) P — almost surely for
=k M—1.

(2.1)

The problem is to minimize a criterion (or payoff functional) of the form:

M—-1
(2.2) Ji(2;7) = Ejg { > Lot u) + w(xM)} .

=k

To avoid undue technical complications we make the following rather
strong assumptions:

(a) There exists K such that|Ly(z,v)| < K, |¢(z)| < K
forallz e ¥, velU £=Fk,--- M —1.

(b) U is compact.
(2.3)
(¢) py(x,y) is continuous on U, for all z,y € X.

(d) For each x € X there exists a finite set
I, such that pj(z,y) =0 fory & I',.

In analogy with the continuous time case (Section I11.7) let us introduce the
value function

(2.4) Vie(x) = inf Jy(a;7), x € X.
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A straightforward argument (which we shall omit) shows that the value func-
tion is the unique bounded solution to the dynamic programming equation

(25) Vk(m) = ggg} yzg:xpk(xay)karl(y) + Lk($7’()) ) k< M7

with the terminal data

(2.6) Vi () = ().

Moreover, an optimal discrete time Markov control policy uj(x) is found
by taking arg min over U on the right side of (2.5).

Infinite horizon discounted control problem. Let us now consider
times £ = 0,1,2--- and autonomous state dynamics for a controlled Markov
chain, prescribed by one step transition probabilities p¥(x,y). The concept of
admissible control system 7 is defined as above. Let

(27) Jim) = B, SN LG ),
£=0

where A is a discount factor (0 < A < 1.) Let us make the same assumptions
about L,U and p®(z,y) as in (2.3). Let

(2.8) V(z) = inf J(z; 7).
The dynamic programming equation is now [Bs, Chap V]

(2.9) V() = min[L(z,v) + A p"(2,9)V ().
yeXx

An optimal stationary Markov control policy v*(x) is found by taking arg min
over U. Let us denote the right side of (2.9) by F(V)(z). Then (2.9) states
that V = F(V); i.e. V is a fixed point of F. It is easy to verify that

(2.10) 1F(V) = F(W)[[ < AV = W],

where || || is the sup norm. Since 0 < A < 1, the contraction property (2.10)
implies that there is a unique fixed point V', which is in fact the value function
in (2.8). For proofs of these facts, see Bertsekas [Bs, Sec. 5.3].

For infinite horizon discounted problems, two standard methods for com-
puting the value function V are successive approximation (or value iteration)
and approzimation in policy space. The method of value iteration gives V as
the uniform limit of a sequence W™, m = 0,1,2---, where W™t = F(W™).
From the definition (2.9), the operator F' is monotone:

(2.11) F(¢1) < F(¢2) if ¢1 < ¢o.
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Therefore, if W is chosen such that W9 < F(W?Y), then the approximating
sequence is monotone nondecreasing: W™ < Wm+1,

The method of approximation in policy space proceeds as follows. Let u’
be an initial choice of stationary Markov control policy. Define W™, u™+1
successively for m =0,1,2,--- by

(212) W™ () = L(z,u™ (@) + A Y 0" O (@, )W (y), z € 2,
yex
(2.13) u™ ! (x) € argmin[L(z,v) + Z P’ (z, y) W™ (y)].
yex

Note that (2.12) is a linear system of equations for W™ (z). The sequence
W™ (z) is monotone nonincreasing (W™ > W™+1) and it converges to V (z)
as m — o0o. The method is closely related to Newton’s method for solving
nonlinear equations [Bs, p. 236].

For refinements of these methods for computing the value function and
illustrative examples, we refer to [Bs, Chapter 5].

IX.3 Finite difference approximations to HJB equations

In this section we describe a finite difference scheme for approximate solution
of the Hamilton-Jacobi-Bellman PDE IV(3.3) for a controlled Markov diffu-
sion. This approximation scheme is a slight simplification of one introduced
by Kushner [Kul], who used probabilistic methods to prove convergence as
step sizes tend to 0. In Sections 4 and 5 we will obtain convergence by another
method based on viscosity solution techniques. This method uses a technique
introduced by Barles and Souganidis [BS].

In Kushner’s scheme, a controlled Markov diffusion in IR™ is approximated
by a controlled Markov chain on a lattice in IR™ with nearest neighbor tran-
sitions. The dynamic programming equation for this controlled Markov chain
turns out to be related to the HIB equation IV(3.3) by replacing first and
second order partial derivatives by appropriate finite difference quotients.

To simplify notations, let us assume autonomous state dynamics and run-
ning cost functions f(x,v),o(z,v), L(x,v) in Section IV.2. Let us also assume
in addition to IV(2.2) that:

(a) U is compact
(3.1)

(b) f,o0,L, L, and L; are bounded on Qg x U.
We consider the HJB partial differential equation

(3.2) ~Vi + H(z,D,V,D2V) =0,
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with H(z,p, A) as in IV(3.2). As in Chapters IV and V, we consider (3.2)
either in Qg with bounded terminal (Cauchy) data

(3.3) V(ty,z) =¢(x), z € R",

or in a cylindrical region @ with the boundary data IV(3.4) on 9*Q.

To begin with, let us consider dimension n = 1 and the case of Cauchy
data (3.3). Afterward we include lateral boundary conditions, and outline
extensions to dimension n > 1. According to IV(3.2) we have for n = 1.

1
H(m,p, A) = ma‘l}]([_f(xv U)p - 5&(.1‘, U)A - L(JZ, U)]
ve
with a = 2.

Consider a time step h > 0 and a spatial step § > 0, which will be related
in such a way that inequality (3.7) below holds. The approximating controlled
discrete time Markov chain has as state space the 1 dimensional lattice

(3.4) Sh=A{x=346:j=0+1,42,---}.
Let
f*(@,v) = max(f(z,v),0)
f(z,v) = max(—f(z,v),0).

We call f+ and f~ the positive and negative parts of f. The dynamics of the
controlled Markov chain are specified by the one step transition probabilities

(3.5)

paetd) = 220 4 s )

p(x,2) =1 —p"(z, 2 +0) —p"(z,z —9).

If y = x + jo with j # 0, £1, then p¥(z,y) = 0. Thus, one-step transitions are
to nearest neighbor states. By definition, p¥(z,x£4d) > 0. We also require that
p¥(z,x) > 0, which imposes a restriction on h and ¢. A sufficient condition
that p¥(z,z) > 0 is that

(3.7) hla(z,v) + 6| f(x,v)]] < 62

for all (x,v) € IR' x U. From now on we choose § = §(h) such that (3.7) holds.
Let us consider the Markov chain control problem of minimizing

(38) J,?(aj,ﬂ') = Fi: { Z_ hL(xé’ue) + ’(/J(ng)}

l=k
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Thus, in (2.2) we take Ly = hL. Let tg = t1 — Mh, where tg —tgas h | 0.
We write

Qy={(t,z):t=t) +kh,k=0,1,---,M,x € X} .
We denote the value function in (2.4) by
Vi(z) = V(t,2), (t,z) € Q.

Thus, one discrete time step corresponds to a step of length h on the time
scale for the controlled Markov diffusion process. The dynamic programming
equation (2.5) becomes

(3.9) Vit z) = min[p® (z,x + )V (t + h,x + )

velU

+p¥(z,x — OV (t 4+ h,x — 8) + p¥(x, z)V"(t + h,x) + hL(z,v)],

with the terminal data (3.3) for ¢ = ¢;. In order to rewrite (3.9) in a form
which resembles the HJB equation (3.2) we introduce the following notations.
For any function W (¢, z), let

W(t,x+06) —W(t,x)

ATW =
ASW = W(t,x) — I;V(t,x —9)
A2V = W(t,x+6)+ W((ts,Qx —0) —2W(t,x)

These are respectively the forward and backward first order difference quo-
tients, and second order difference quotient in x. Similarly, we consider the
first order difference quotient backward in time

W(t,x) — W(t— h,z)

A_ =
tW h

Let us replace t by t — h and ¢t + h by ¢ in (3.9). By using (3.6), rearranging
terms and dividing by h we get

(3.9) —A; VP H(w, ATV AV AZV) =0

where

(3.10) H(w,p*,p~, A) = max[— f* (2, u)p* + f~ (2, v)p"
—a(ZQ’U)A — L(z,0)].

Observe that
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(3.11) H(z,p,p, A) = H(z,p, A).

Equation (3.9') is called an explicit finite difference scheme, backward in time.
Since

3.12 Vit = h,z) =Vt z) — WH(z, ATV, AZVE A2Vh
( xT T T

and the difference quotients ATV A2V" are evaluated at (t,z), the values
of V" at time t — h are explicitly expressed in terms of the values of V" at
time ¢. We expect that V* — V as h — 0, where V is the value function for
the controlled diffusion process. This will be proved in Section 4.

Remark 3.1. If ¢)(2) < ¢(x) for all x € I} and (7) = ¢(z), then

ATY(T) < ATH(), AP(T) > A7(T), A%P(T) < A%(2).
By (3.10) we have for z = &
H(z, AL 6, A6, A%0) < H(z, ATw, AT, AQ).

This form of monotonicity is a direct analogue of the maximum principle
formulated in Section I1.4. Since viscosity solution methods depend in an
essential way on maximum principles, this observation will be important when
proving the convergence of V" to V by a viscosity solution method.

Implicit finite difference scheme. If the backward time difference A~
in (3.9') is replaced by a forward time difference A, then we obtain instead
of (3.12) the following equation:

(3.13) Wh(t,z) = Wh(t 4+ h, ) — hH(z, ATW" AZWh AZWh),

where ATW" A2W" are again evaluated at (t,x). This is called a backward
implicit finite difference scheme, since (nonlinear) equations must be solved
to determine W"(t,-) from W"(t + h,-). The implicit scheme (3.13) also has
a stochastic control interpretation, under restrictions on the step sizes h and
0 similar to (3.7). See Kushner [Kul, Sec. 7.3].

Boundary conditions. In the discussion above we considered z € X7,
where X# is the infinite lattice defined by (3.4) with 6 = &(h). For actual
numerical calculations X must be replaced by some finite subset X", and
then the one step transition probabilities must be changed at boundary points
of X", Let us suppose that

(3.14) Sh={ze X} |z| < B},

where Bj, represents some finite “cutoff” parameter (Bj, € X.) We need to
redefine the controlled Markov chain so that 2, € X" If v € X" and |z| < By,
then the one step transition probabilities are again as in (3.6). Thus (3.9) is
again the dynamic programming equation at interior points of X". We must
have
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(3.15) p°(Bp, By + ) = p*(—By, — By — 8) = 0.

If only nearest neighbor transitions are allowed from +Bj),, then the values as-
signed to p¥(Bp, By, —9) and p¥(—By,, — By, +0) effectively prescribe boundary
conditions for V" at +B;,. We may, for instance, take these to be the same
as in (3.6). This corresponds, roughly speaking, to assigning in continuous
variables the Neumann boundary condition dV/9dz = 0 at the endpoints. If
Bj, — o0 as h — 0, it follows from Theorem 5.3 below that the same limit for
V" is obtained no matter which boundary conditions at +B;, are chosen. The
limit V is the value function for the controlled Markov diffusion on IR!.

The boundary conditions described above were introduced artificially at
the “cutoff” endpoints +Bj. Let us next consider the problem of optimally
controlling a diffusion until the time 7 when (s,z(s)) exits from a finite

rectangle @ = [to,t1) X (g, 21). This problem was formulated in Section
Iv. 2 where now O = (xg, 1) is a finite 1-dimensional interval. We now take
§ = N~ Y (zh—ah), where 2, 2 are approximations to zg, z; with N a “large”

p051tlve integer and
={aG+j6:j=01,-- N}.

For the controlled discrete time Markov chain, the one step transition proba-
bilities are defined by (3.6) at interior points z € X", i. e. those points with
1 < j < N — 1. The endpoints of X" are absorbing:

(3.16) U (g, xg) = p’ (o, 2f) = 1.

The objective is to chose an admissible control system 7 which minimizes

(3.17) JM(z;7) = Epg {#i hL(z* u®) + W(t”,x“))}

l=k

where t# = t}! + ph and either p is the first step at which z# is an endpoint
of X" or w= M if z! is interior to X" for k < ¢ < M — 1. The dynamic
programming equation (3.9/) is satisfied by the value function V" (¢, z) if x is
an interior point of X”. In addition, we have the same boundary condition as
in IV(3.4):

(3.18) Vit x) =w(t ),
for all (¢,7) € ([to, t1) x {zh, 28}y U ({t1} x [28, 2}]).

Infinite horizon discounted problem. Let us consider the controlled
diffusion problem formulated in Section IV.5. For simplicity, we again take

O = IR'. The dynamics of the approximating discrete time Markov chain are
again (3.6), and the criterion to be minimized is

(3.19) JM ;7)) = E, Z ANL(2*,ub), x € X,
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where A = exp(—fh) and 8 > 0. The value function

(3.20) Vh(z) = igf J" (x5 )

satisfies (2.9), which becomes after using (3.6) and rearranging terms

1—ePh

(3.21) 0=(—

Wh A H(z, AFVE, AZVE A2V,
In view of (3.11) this can be regarded as a discretization of the HIB equation
IV (5.8) for the infinite horizon controlled diffusion problem.

Controlled diffusion in IR",n > 1. We merely indicate the changes
needed in explicit finite difference scheme (3.9') and refer to [Kul, Sec. 6.2]
for details. We again take autonomous f(z,v),o(x,v) and L(z,v), where now
xe€R™ f=(f1, -, fn)is R™ - valued and a = o0’ is n x n - matrix valued.
As in the one dimensional case, let ff and f; denote the positive and negative
parts of f;,4 =1,---,n. The matrices a(z,v) = (a;;(x,v)),i,j =1,---,n, are
nonnegative definite. Hence a;; > 0. For j # 4, let aj'j, a;; denote the positive
and negative parts of a;;. Let us assume that

(3.22) aii(z,v) = Y laij(z,0)| > 0,

J#i

(3.23) h; au‘(x’v)Q;IGiJ‘(I’v)+5|f¢(%v) <o

Condition (3.22) is less restrictive than might at first seem. For instance, if
the noise coefficient matrix o is constant, then (3.22) can always be achieved
by a suitable rotation of coordinates in IR™ such that a becomes a diagonal
matrix. For n = 1, condition (3.23) is the same as (3.7).

Let eq,-- -, e, denote the standard basis for IR™. Thus

n
x=(T1, ", Tpn) = Zmiei.
i=1

The approximating controlled Markov chain has a state space the n-dimensional
lattice

(3.24) == {30 = 6Zjiei}
i=1

where ji,- -, jm are any integers. The one step transition probabilities are as
follows:
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p¥(z, x + de;) = [a“ z,v) Z|a” z,v)| + 26 fE (0, v)]

952
20 oy
) h 4 L
p’(z,x + de; £ dej) = @aij(%v)a i F ]
(3.25)
pU(z,x — de; £ dej) = 252 :;(%U), iFJ

P (e,) = 522%“ )= 5 3 lasg(a,0)] + 1 faCa, o))

J#i

Moreover, p¥(x,y) = 0 for all other y. The dynamic programming equation is

h _ : v h
(3.26) Vi, x) = gg{rjl[ EZE,LP (z,y)V"(t+ h,y) + hL(z,v)],
Y 0

which is just (3.9) in dimension n = 1. By rearranging terms in (3.26) and
dividing by A, we obtain a n-dimensional analogue of (3.9/). Instead of writing
this out explicitly, let us recall the definition IV(3.2) of H(x, p, A) in the HIB
equation and explain which finite difference quotients are used to approxi-
mate the corresponding partial derivatives. For i = 1,- -, n, and any function
W(t,x) let

ATW =67 W (t,x £ de;) — W (t,2)]

A2 W =62 [W(t,x+be;) + W(t,x — be;) — 2W (¢, 2)].
The time derivative V; is replaced by A; V", just as in (3.9'). If fi(z,v) >
0, then V,, is replaced by A;‘ivh, and if f;(z,v) < 0 by A;Vh. Similarly,
Va,a; 1s replaced by Aith. For the mixed second order partial derivatives
when i # j Vi, is replaced by A;”MJ_ Vhif a;;(z,v) > 0 and by A Vh if
a;j(z,v) <0, where

1
AY LW = 55_2[2W(t,x) + W (t,x + de; + de;) + W (t,x — de; — dej)]

1
—76_2[W(t, x+de;) + W(t,x —de;) + W(t,x + dej) + W(t,z — dej)]
AL W= 77(5 22W (L, x) + W (t, o + de; — be;)| + W (t,x — Se; + de;)]

+§6_2[W(t, x4 0e;) + W(t,x —de;) + W(t,x + dej) + W(t,x — dej)).

In order to rewrite (3.26) as a backward dlfference equation like (3.12)7 we

introduce the following notation. For each x, p; £ Ay, AZJ, ,j=1,---,n,let

n

¥ T A ALY = _ft + - -
(3.27)  Hlw.pf A, AT) gleag{;[ £ @ 0w + 7 (@, 0)p;
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_LW(QWA%+Z(_‘1;S'(2MA#+WAi>} —L(x,v)}.

1] 2 1]
JFi
Then, as in (3.12),
(3.28) Vit —h,x) = V' (t,2) — WH(x, ALV, A2 VP AT V).

For the infinite horizon discounted problem in IR™, the generalization of
(3.21) is obtained in the same way. The discussion of boundary conditions is
essentially the same as for dimension n = 1 above. For the problem of control
until the time of exit from a cylindrical region @ = [to,t1) x O, we take
X" ¢ XP which “approximates” O and assign absorbing boundary conditions
like (3.16) at “boundary points” of X". We postpone this discussion to Section
5.

Computational methods. After the value function has been replaced
by a finite difference approximation V", it remains to compute V" (¢, x). For
the finite time horizon problem, the dynamic programming equation (3.26) or
(3.9) in dimension n = 1 can be solved backward in time, at least in principle.
However, up to now these calculations can only be done in practice for quite
low dimension n. In (3.26) a minimum over U must in general be computed re-
peatedly. Fortunately, in many problems of interest there is an explicit formula
for H(x,p,q), and this tedious step can be avoided. For numerical solutions
of linear parabolic PDEs, implicit finite difference schemes are often found to
be advantageous. See [KuD, Sec. 12.4]. However, there does not seem to be
a great deal of experience with implicit schemes in the context of nonlinear
PDE’s of HJB type.

At the end of Section 2, we mentioned two standard methods for com-
puting V" (z), namely value iteration and approximation in policy space. The
discount factor A = exp(—/ph) in (3.19) is nearly 1 for small h, and the con-
traction in (2.10) is weak. For small A, the successive approximations to V"
through value iteration tend to converge quite slowly. For approximations in
policy space, two computations (2.12) and (2.13) are needed at each iteration.
Multigrid methods have been used by Akian [Ak] to speed up the solution of
the linear system of equations (2.12).

IX.4 Convergence of finite difference approximations I

We wish to show that the value function V" obtained from the finite differ-
ence scheme in Section 3 converges to the value function V' for the controlled
Markov diffusion as h — 0. This has been proved by Kushner [Kul] us-
ing stochastic control and weak convergence of probability measure methods.
Later, another method to show convergence of V" to V by viscosity solu-
tion techniques was introduced by Barles and Souganidis[BS]. This method
is the one which we will follow. Both Kushner’s stochastic control method
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and the Barles-Souganidis viscosity solution method apply not only to the ex-
plicit scheme described in Section 3, but to other finite difference schemes as
well. The stochastic control method specifically requires that the finite differ-
ence scheme has a Markov chain interpretation. When such an interpretation
is available, one can easily verify the monotonicity and stability properties
(4.3), (4.5) below needed for the viscosity solution method.

Let us first describe the Barles - Souganidis method for the HJB equation
(3.2) in Qq, with the terminal (Cauchy) data (3.3). In Section 5, we will
consider the HJB equation in a cylindrical region @, with both terminal and
lateral boundary conditions. Let X" be a discrete subset of IR™, for 0 < h < 1;
and let B(X") denote the space of bounded functions on X", We assume that

lim dist (z, X") =0, for all z € IR™.
hl0

Let Fy, be an operator on B(X"). We consider the “abstract” finite difference
equation, backward in time

(4.1) Vi(t,x) = Fp[V(t + h, )] (z), 2 € X",
t=1th +kh,k=0,1,---,M — 1 with
(4.2) Vit x) =¢(x), € X"

We make the following assumptions:

(4.3) Fn(¢1) < Fp(¢2) if ¢1 < ¢2.  (monotonicity)
(4.4) Fr(¢p+c)=Fn(¢)+c, foralce R.
(4.5) For 0 < h < 1, there exists a solution V" to (4.1), (4.2) and a
' constant K such that ||[V"|| < K. (stability)
lim — h=HFuw(s + h,)](y) — w(s,y)]
(s,9)—(t,x)
(4.6) hi0

= wy(t,x) — H(z, Dyw(t,z), D2w(t, z))
for every “test function” w € CL2(IR™*1). (consistency)

Example 4.1. Consider the explicit finite difference scheme (3.26) in Sec-
tion 3. Then

(4.7) Fi(¢)(w) = min[ »  p"(z,9)¢(y) + hL(z,y)).
yeXy
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Then X" = P and p?(x,y) is as in (3.25), or (3.9) when n = 1. ( If a finite
cutoff |z;| < Bp,i=1,---,n, is introduced, then p”(z,y) is suitably redefined
at boundary points. See Section 5.) We define V" (¢, x) to be the value function
for the discrete time Markov chain control problem. Properties (4.3) and (4.4)
are immediate since p¥(x,y) are one step transition probabilities. From (3.8)
and (M —k)h =1t; — t,

| Ti (s )| S LN (8 = 8) + [0
The value function V" (¢, z) therefore satisfies the same inequality, and in (4.5)
we may take K = (t1 — to)||L|| + ||¢||. We can rewrite (4.7) as
(4.7) Frp(z) = o(x) = hH(x, A6, A7, 6, A% ., 0).

J

The explicit scheme (3.26) in this notation becomes (4.1), if in (3.28) we
replace t — h by t and ¢ by t + h.

In addition to the explicit scheme (3.26), one may expect other first-order
accurate finite difference schemes (including implicit schemes) to satisfy the
monotonicity and stability conditions provided time and spatial step sizes are
related by a condition like (3.23). However, monotonicity can not be expected
for higher-order accurate finite difference schemes.

Remark 4.1. The condition (4.6) is similar to VII(4.6). When the Hamil-
tonian H in (3.2) depends on V (¢, x), we need to modify the above conditions.
One possibility is to drop (4.4) and replace (4.6) by following conditions,

Jim T (s 4 b = K(W)() ~ [w(s.) - K0)
hi0

= wi(t,z) — H(zx, Dyw(t, ), D2w(t, z),w(t, x)),

for every test function w € CH2(IR"*1) and every bounded sequence K (h)
converging to 0 as h | 0.
As in Section VIL.4, for (¢, z) € Qo let

V*(t,x) = limsup V"(s,y)
(s:)—(t,7)
R0
(4.8)
Vi(t,z) = liminf V"(s,y),

(s,y)—(t,z)
h10

where V" satisfies the abstract finite difference equation (4.1) with terminal
data (4.2).

Note that V* is upper semicontinuous on g and V, is lower semicontinu-
ous on (Jg. We recall from Remark VII.4.1 the definitions of viscosity sub and
super solution.

Lemma 4.1. V* is a viscosity subsolution of the HJB equation, and V. is
a viscosity supersolution.



334 IX. Finite Difference Numerical Approximations

Proof. To show that V* is a viscosity subsolution, suppose that w is a
test function such that V* —w has a maximum at (¢, %) € Q. As noted earlier
(Definition VII.4.2 and Remark VII.4.2) we can assume that the maximum is
strict. Then there is a sequence converging to zero denoted by h, such that
VP —w has a maximum on Q! at (sy,y) which tends to (,z) as h | 0. For
all y € E(’},

Vh(sha yh) - w(3h7yh) > Vh(sh + hay) - lU(Sh + h7y)7

w(sp + h,y) —w(sn,yn) = V" (sn + h,y) = V(sn,un).
By (4.3), (4.4)

(4.9) Fy [w(sn + h, )] (yn) — w(sh, yn)
' > Fy [V™(sn+h, )] (yn) = V" (s, yn)-

By (4.1), the right side is 0. We divide by h and let A | 0. By (4.6)
(4.10) wy (7, %) — H(Z, Dyw(t, ), D2w(t, ) > 0.

Thus, V* is a viscosity subsolution. Similarly, V, is a viscosity supersolution.
O
We assume that (3.1) and IV(2.2) hold. Let V (¢, ) be the value function
for the controlled diffusion process, as in IV(2.10).
We also make the following assumption, which ensures that V" assumes
the terminal data (4.2) in a uniform way:

(4.11) lim — V"(s,y) = ()

(s,9)—=(t1,2)
hl0

uniformly for z in any compact subset of IR".

Theorem 4.1. Let V" be a solution to (4.1) and (4.2). Assume that (4.3)
- (4.6) and (4.11) hold. Then

(4.12) lim  VP(s,y) = V(t,z)
(s,y)—>(t,2)
h10

uniformly on any compact subset of Q.

Proof. V is a bounded, uniformly continuous viscosity solution of the HJB
equation (3.2) with the terminal data (3.3). (See comment following V(9.1).)
By Lemma 4.1, V* is a bounded uppersemicontinuous subsolution of (3.2)
and by Lemma 4.2 V*(t1,x) = ¢ (x) pointwise for x € IR". By a comparison
result (Remark V.8.1). V* < V. Similarly, V. > V. Since V. < V*, we obtain
Theorem 4.1.

O



IX. Finite Difference Numerical Approximations 335

Sub and supersolutions. In order to apply Theorem 4.1 to the explicit
finite difference scheme in Section 3, let us first introduce the idea of sub and
supersolutions to difference equations. Sub and supersolutions will also play
a key role in Section 5 in enforcing lateral boundary conditions.

We call a bounded function W (t, z) a supersolution of (4.1) - (4.2) if

(4.13) W(t,z) > F, [W(t+h,)] (x)
fOI't:tg+kh7k:071’...7M_17xE Zh, and
(4.14) W(ty,2) > (x), € X"

Similarly W (¢, x) is a subsolution of (4.1), (4.2) if the inequalities are reversed
in (4.13) and (4.14). By using the monotonicity property (4.3) of Fj, and back-
ward induction on k, we have:

Lemma 4.2. V* < W for any supersolution W of (4.1) - (4.2), and
Z < VM for any subsolution Z of (4.1) - (4.2).

Theorem 4.2. Let V"' (t,z) be defined by (3.26), with terminal data (3.3).
Suppose that v is bounded and uniformly continuous in addition to assump-
tions (3.1) and IV(2.2). Then (4.12) holds uniformly on Q.

Proof. Let us first suppose that ¢, v;,v%z,4,,4,j = 1,---,n are bounded
and uniformly continuous. By Taylor’s formula, the difference quotients
Aim Aiﬂ/’a Aixﬁ/’ are also bounded. Let

(4.15) Wi(t,z) = K(t; —t) + (),
where the constant K is chosen large enough that
K > [H(z, Ay, A2 0, Ay, 0)]

for all z € Xy. By (4.7)

FEyW(t+ h,)(x) = W(t+ h,x) — hH(x, AL, A2, AL, )

= W(t2) — b [K + e, AL, A2 0, AF, 0)|

< W(t, ).
Thus, W is a supersolution. By Lemma 4.2, V* < . Similarly,
Z(t,x) = —K(t1 —t) + ¥(x)
is a subsolution, and hence Z < V", The inequality

V(s,y) — ()] < [V"(s,9) — v ()| + [¥(y) — ¥(2)]
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S Kt =)+ DY ly — |

implies that (4.11) holds uniformly for x € IR"™. As already noted in Example
4.1, Fj satisfies (4.3) - (4.6). Theorem 4.2 then follows in this case from
Theorem 4.1.

If ¢ is bounded and uniformly continuous a standard smoothing technique
(Appendix C) gives for any a > 0 a function ¢ such that |[¢) — | < a
with @,zﬁw,ihaj bounded and uniformly continuous. Let V,V" denote the
corresponding value functions, for terminal cost function zﬁ instead of . From
the definition of value function,

V=V <a V' =7 <a.
We have already shown that

lim  Vs,y)=V(tz
(s,9)—(t,2) (=) (t,2)
hl0

uniformly on compact subsets of Q. Since a is arbitrary, the same is true for
VP and V, as required in (4.12).
a

In Section 5 we will show that the conclusion of Theorem 4.2 remains true
uniformly on compact sets, if in (3.26) the infinite lattice X is replaced by
the finite lattice X" obtained by imposing a numerical cutoff |z;| < By,,i =
1,---,n, where By, — oo as h | 0. The assumption in Theorem 4.2 that v is
uniformly continuous will also be removed. See Theorem 5.3.

IX.5 Convergence of finite difference approximations. I1

In this section we consider the HJB equation (3.2) in a cylindrical region
Q = [to, t1) x O, with boundary data

(5.1) V(t,z) = U(t,z), (t,z) € Q.

Let us assume that ¥ is continuous, and that O is bounded with O a manifold
of class C®. We will impose conditions V(2.3) which insure that the value
function V, as defined by IV(2.10), is continuous in @ and is the unique
viscosity solution to (3.2) - (5.1). See Theorem V.2.1 and Corollary V.8.1.

Let X" C X! be a finite lattice. We call z € X" an interior point of X" if
all nearest neighbor points z + de;, x £e; £ e;,4,j =1,---,n, are in P Let
OX" denote the set of € X which are not interior points of £". We assume
that X" approximates O in the sense that

. . h _
(5.2) l}gl&dlS‘c(@O,@E )=0.
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We define one step transition probabilities p®(z,%),z,y € X", as follows. If
x is an interior point of X" then p®(x,y) is as in (3.25), which is (3.6) in
dimension n = 1. As in (3.16), boundary points of X" are absorbing:

(5.3) pU(z,x) =1, z € 98"

The objective is to minimize (3.17), where now in (3.17) u is the smaller of
M and the first time step £ such that 2* € X", Let V" (¢, 2) denote the value
function, for (¢,z) € Q", where

Q" ={(t,x):t =t} +kh,k=0,1,---, M,z € 2"}

If 2 is an interior point of X", then V" satisfies the same dynamic program-
ming equation (3.28) as for the case O = IR"™. Moreover,

(5.4) Vit z) =w(t,z), (t,x) € I*Q",

where 0*Q" = {(t,z) e Q" : t < ty,z € X" or t = t;,2 € X"}

Lemma 5.1. Assume that V € C(Q) and that

(5.5) lim  Vh(s,y) = ¥(t,x)
(5,9)~(6,2)
hl0

uniformly with respect to (t,z) € 0*Q. Then

(5.6) lim V(s y) =V(tz)
(s,y)—(t,2)
hi0

uniformly on Q.

Sketch of proof. The proof is almost the same as for Theorem 4.1, and
we merely sketch it. For (¢, z) € @, define V*(¢, z) and V. (t,z) by (4.8). As in
Lemma 4.1, V* is a viscosity subsolution and V, a viscosity supersolution in
Q. By Theorem V.8.1, the value function V is the unique continuous viscosity
solution of the HJB equation with the boundary conditions (5.1). The lemma
then follows from (5.5) and a comparison result, Remark V.8.1.

|

It remains to find conditions under which Lemma 5.1 can be applied. The

discrete time dynamic programming equation for V" is

(5.7) VA(t,a) = B[V (¢ + B, )] (@),

if (t,) € Q" — 0*Q", with the boundary data (5.4). Here F}, is the same as
in (4.7). In analogy with (4.13) - (4.14) we call W a supersolution of (5.7) -
(5.4) if

(5.8) W (t,z) = Fo[W(t+h,-)](2), () € Q" —9"Q",
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(5.9) W(t,z) > W(t,x),(t,z) € 0*Q".

By reversing the inequalities in (5.8) and (5.9) we define subsolutions of (5.7)
- (5.4). Just as in Lemma 4.2,

(5.10) Z<Vh<w
if W is supersolution and Z a subsolution of (5.7) - (5.4).

Lemma 5.2. Let W € C%2(Q) be such that

(5.11) —W; + H(z, D, W, D>W) >0, (t,x) € Q,

(5.12) W(t,z) > U(t,z), (ta)ed* Q.

Then for every a > 0 there exists hg > 0, such that V(t,x) < W(t,x) +a for
all (t,x) € X", 0 < h < hy.

Proof. There is an open set Q; such that Q C @, and W has an extension
to Q1 of class C1?(Q1). Choose b such that

0<b(ty —to+1)<a,

and let

W(t,x) =W(t,z)+ bt —t +1).
For small h, Q" C @1, and

AW A Hx, AW, A2 W, AL, W) >0

for all (t,z) € Q". This implies that W satisfies (5.8). By (5.2), W satisfies
(5.9) for small h. Hence V* < W < W + a for small h.
O

Inequalities (5.11) - (5.12) state that W is a smooth supersolution of
the HIB equation with the boundary data (5.1). By reversing inequalities
in Lemma 5.2, we obtain a corresponding statement about subsolutions, and
an estimate for V" from below.

In order to apply Lemma 5.2, let us consider separately the terminal and
lateral parts of 0*Q. As in I(3.6) we write

P(x) = U(t, ).
For the terminal part of 9*Q we obtain (5.5) from the following lemma.

Lemma 5.3. lim  V"(s,y) = o (x) uniformly with respect
(s,y)h—iéthw)

toxeO.
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Proof. Choose 1) € C?(0) such that 9 (z) < 9 (z) for all z € O. Let
W(t,z) = Kt = t) + ¥ (x).

For K sufficiently large, W satisfies both (5.11) and (5.12). Hence, by Lemma
5.2 given a > 0, for small h

Vi(s,y) < K(t — s) +9(y) + a,

Vi(s,y) < (@) + K(tr — 5) + [0(y) — v(@)| + 1P — ¥l + a.

Since ¢ can be chosen such that |[1) — )| is arbitrarily small and a is arbitrary,

limsup V"(s,y) < ¥(z)
(5,9)—(t1,2)
h10

uniformly with respect to € O. Similarly, by considering subsolutions of the
form

Z(t,x) = —K(t1 — t)+ ¢(2)
with ZE C?(0) and Z< P, we get

liminf V"(s,y) > ¥(z)
(5:9) = (t1,@)
h10

uniformly with respect to z € O.
O
To arrive at conditions under which (5.5) holds on the lateral boundary,
let us first consider the case when

(5.13) L>0, ¢ >0, ¥(t,z) =0 for (t,x) € [to,t1] x OO.

Then V" > —a;, where a, — 0 as h — 0. We wish to show that V" (s,y) is
uniformly small for small A and for (s,y) near the lateral boundary of @. For
that purpose we make the following assumption (5.14) and then construct a
suitable strict supersolution in a neighborhood of the lateral boundary.
Let
Os ={x € O: dist (z,00) < §}.

We assume: There exist § > 0,¢ > 0 and ¢ € C%(Os) such that
(i) ¢(x) =0, x €00,
(5.14) (i1) ¢(x) >0, =€ O5 -0,

(#3) max G¢(z) > ¢, = € Os, where
ve
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—GY¢(x) = f(z,v) - Dp(x) + %tr a(a:,v)DQQS(:zr).

Example 5.1. Assume that the uniform ellipticity condition IV(3.5), or
IV(5.10), holds. Choose any v; € U. The linear elliptic PDE

GUé(x) =1, z €O,

with the boundary ¢(z) = 0,z € 0O, has a positive solution ¢ € C2?(0).
In fact, ¢(z) is the mean exit time from O for the solution to the stochastic
differential equation IV(5.1) with u(s) = v; and x(0) = . Then (5.14) holds
with ¢ arbitrary and ¢ = 1.

Example 5.2. Consider a deterministic control problem (a(z,v) = 0) in
which the following slightly stronger form of I(3.11) holds. Assume that for
every £ € 90 there exists v(£) € U such that

(5.15) f(&v(€) -n(€) =b>0

when 7(§) is the exterior unit normal at § and b is some constant. Let ¢(x) =
dist (x,00). Since A0 is a C? manifold, ¢ € C?(0s) for § small enough.
Moreover, Dp(€) = —n(€) for £ € 0O. Hence

sup G¢(§) = ilelgf(&v) (&) = f(&v(§)) - n(€) > b.

velU

Let ¢ = b/2. Then (5.14) holds if ¢ is small enough. The distance function
¢(z) also can be used in (5.14) if (5.15) holds and |a(x,v)| is sufficiently small,
rather than a(x,v) = 0. This situation arises when small stochastic perturba-
tions of a deterministic control problem are considered (Chapter VII.)

Lemma 5.4. Assume (5.13), (5.14). Then

lim  V"(s,y)=0
(s:9)—=(t,2) (5:9)
hl0

uniformly for (t,x) € [to, 1] x 00.
Proof. Let Qs = [to,t1) x Os, and let
W(z) = Ké(z) + a1
where K is to be suitably chosen and a; > 0 is arbitrary. Then

H(x, DW, D*W) = mea[}([KG“¢ — L(x,v)] > Kc— ||L||

with ¢ > 0 as in (5.14)(iii). We have ||[V"|| < M, where M = (t1—to)||L|+|¥|.
We choose K large enough that
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Ke—||L|| >0, W(z) > (x), x € 05, W(z) > M,z € d0°\00.

For the latter inequality we use (5.14)(ii) and the fact that by (5.13) ¢(z) = 0
for x € 00. Thus W satisfies (5.11) - (5.12) in Q. Let

2y ={xeX": dist (z,00) <d}.

Consider the controlled Markov chain with state space Zf;, with the same
transition probabilities p®(z,y) for x interior to X% and p*(z,z) = 1 for x €
OX%. Instead of (5.4), we take V" (¢,z) as boundary data for z € 0XF ¢t < t;
or ¥ € X!t = t;. By the dynamic programming principle V" (¢,z) is the
value function for this controlled Markov chain, for z € X% In Lemma 5.2,
we replace Q by Qs and X* by E?. For small h,

—ap <Vt z) <W(z) +a=Ko(x)+a +a.

Since ¢(z) = 0 for € JO and ay, a are arbitrary we get Lemma 5.4.
a
Assumptions (5.13), (5.14), I(3.11) imply that the value function V" for the
controlled Markov diffusion process is continuous on ), Theorem V.2.1. From
Lemmas 5.1, 5.3, 5.4 we then obtain:

Theorem 5.1. Let V' (t,x) be the solution to (5.7) for (t,x) € QM\9*Q"
with the boundary data (5.4) for (t,x) € 0*Q". Assume that (5.13), (5.14),
1(3.11) hold. Then

lim V'(s,y)=V(t,x
(e | ) = V()
10

uniformly on Q.

Remark 5.1. The continuity of V' needed for Theorm 5.1 actually holds
if (5.13), (5.14) but not I(3.11) are assumed. However we shall not prove this.

To remove the special assumptions (5.13) on the running and boundary
cost functions, let us introduce the idea of smooth subsolution.

We recall from section V.2 that a function g € C12(Q) is a smooth subso-
lution of the HIB equation with the boundary conditions (5.1) if

—9t +H(an$g7D3:g) S Oa (t,l’) € @7
(5.16)
g(t,z) <, x), (t,z) € 0"Q.

A smooth subsolution is of course also a viscosity subsolution according
to the definition in Section II.4.

Theorem 5.2. Assume that (5.14) holds and that there exists a smooth
subsolution g such that g(t,z) = ¥(t,x) for all (t,x) € [to,t1] x 0O. Then the
conclusion of Theorem 5.1 is true, provided X" C O for small h.
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Proof. To simplify matters slightly let us prove Theorem 5.2 only in case
g = g(z) and ¥(z) = ¢(x). The case when ¥ and g depend on t is entirely
similar. Thus
H(z, Dg(x), D?*g(z)) <0, z € O,

9(z) < P(2), = € O; g(z) =b(z),z € 0.

We reduce the result to Theorem 5.1 by the following device, already used in
Sections 1.8, IV.6 and V.2. Let

E(m, U) = L(xvv) - Gvg(x),
b(x) = p(x) - g().

Consider the controlled Markov diffusion problem with running cost L, with ¢
as terminal cost and with ¥ () = 0 on the lateral boundary of Q. By using the
Dynkin formula, as in Sec. IV. 6, for any admissible progressively measurable
control process u(-)

J(t,x;u) = g(x) + J(t, 25 u),

J(t,w50) En{/ ©))ds + ¥ (z(r))}.

Hence, the respective value functions satisfy
V(t,x) = V(t,) + g(x).

Since g is a smooth subsolution, L > 0,7 > 0 as required in (5.13). Let V"
be the value function for the discrete control problem, using these running
and terminal cost functions. By Theorem 5.1, V' (s,y) — V(t,z) as (s,y) —
(t,z),h } 0, uniformly on Q.

For every admissible control system 7 for the discrete control problem, we
have from (3.17)

T (5 7) = Bro {i hL(a,u) + w<x“>}

=k

= Ji(w;m) + By {g(x”) + i hG“Zg(xé)} ,

l=k

where j,?(z, 7) is defined similarly using L, . [Since X" C O, these ‘quantities
are all well defined without considering L(z,v),¥(x), g(x) for z & O.] Define
GY for x € X"\9X" by

=3 3 0@ y)lo) - o),

yexh

The discrete version of Dynkin’s formula implies that
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p—1
Erag(a") = g(x) — Exe Y hGY g(a?).
=k

Since g € C%(0), for all (y,v) € O x U,
G*9(y) = Girg(y)] < cn,
where ¢, — 0 as h | 0. By taking v = uf,y = 2, we get
i (w5m) = Jjt (s m) — g(@)] < en(ty —t).
Since this is true for any m,
VR (t,2) = V(t,a) = g(2)] < enlts —1).

We conclude that V" (s,y) — V(t,z) as (s,y) — (t,z),h | 0 uniformly on Q.
O

Numerical Cutoffs. Let us consider as in Section 4 the HIJB equation in

Qo, with terminal data 1. We again assume (3.1) and IV(2.2). In particular,

recall that f, o, L, are assumed to be bounded. We consider the finite lattice

(5.17) Th={z e Xl |z| < B},

where By, is a “cutoff” parameter such that Bj, — oo as h | 0. In dimension
n = 1, this is just (3.14). The one step transition probabilities p¥(z, y) are as in
(3.25) if z € X\9X". At points of 9X", the one step transition probabilities
are assigned arbitrarily. We wish to show that the effect of the cutoff is “small”
provided x € K, where K is any compact set.

Define Q", 0*Q" as in the discussion preceding Lemma 5.1, with X" as in
(5.17). For (t,z) € Q", let V"*(¢,x) denote the value function for this Markov
chain control problem. For (¢,7) € Q"M\9*Q", V" satisfies the dynamic pro-
gramming equation:

(5.18) Vit z) =Vt +h,x) — hH(z, ALV A2V AZ V),

TiX;
where AZ V" etc. are evaluated at (¢ + h, ). Moreover,

(a) VM(t1,2) =¢(z), =€ XN
(5.19) 7
(0) IV < (t1 — to)|I L] + [l]]-

As in Section 4, let V" (t,x) denote the value function without numerical
cutoff. Then V" also satisfies (5.18) and (5.19). In order to compare V" and
V" we first prove the following lemmas.

Lemma 5.5. Let n € C?(IR™) with Dn and D?n bounded. Then there
exists M such that, for all a >0, (z,p, A) € R*™ x 8%
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|?:[(x7p;t’ Aiia Azi]) - 7:[(35’ (pi + ana:i)i7 Ay + ANz x;s
(Aij + an$i$j)i)| < Ma.

Proof. We recall the definition (3.27) of H, and that f,o are assumed
bounded. Then

£ (i + ama) )T = £ 01 < allF71 Il

with similar estimates for the other quantities (p; + an,,), - Lemma 5.5

follows from these estimates.
O
Lemma 5.6. Assume that V" and V" satisfy (5.18) for (t,z) € QM\d*Q"
and (5.19). Then given any compact set K C IR"™, there exist Cx,hk such
that

(5.20) Vh(t,2) —V(t,2)| < @(tl —1)
By,

for all (t,z) € Q", x € K, and 0 < h < h.
Proof. There exists 7 such that K C {|z| < rx}. We choose ¢ € C?(IRY)
with the following properties:

¢(r) =0, ¢(r) = 0 for r <rg,

¢'(r),¢" (r) are bounded,
C(r) > ear —cay 1 > 0.
In Lemma 5.5 we take n(z) = ((Jz|) and choose later o« = ay, suitably. Let
Wh(t,z) = V'(t,z) + apn(x) + May(t; —t).
By (4.7') and Lemma 5.5, for (t,z) € Q"\9*Q"
Wh(t,2) — FAW (& + b, )](2)
= Wh(t,z) = Wh(t+ h,z) + hH(z, ALW", A2 W AE L Wh)
> Mayph +Vh(t,z) — V't + h,z)
+hH(z, ALV, A2 VAT V) — Mayh.
Since V" satisfies (5.18) in Q"\0*Q", the last term is 0, which implies that
Wh satisfies (5.8). Since n(z) > 0 and V" (t1,2) = 1 (x), we have W"(ty,z) >

f/h(tl,aﬁ). For x € 0X", |x| > By, — v, where 4, — 0 as h — 0. Hence, for
zeoxh
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Wh(t, ) > =[[V"] + anC(|z])

> =My + aplei(Br —yn) — ¢2),
My = (t1 — to)||L|| + [[¥].
We choose

3M-
(5.21) oy = =2

B

For small h, _
Wh(t,x) > My > V(t,z), x € 95"

Thus, V(t,z) < Wh(t,z) for all (t,z) € 8*Q". By (5.10), V" < W". Since
n(z) =0for z € K,

Vh(t,z) < V(t,2) + May(t, —t)

if (t,z) € Q",x € K and h is small enough. Since V" and Vh can be ex-
changed, we get Lemma 5.6 with Cx = 301_1MM1.
O
Theorem 5.3. Let V" be the value function for the explicit finite difference
scheme with numerical cutoff. Then

lim Vs, y)=V(tz
(5,)—(t,2) (5:9) (&)
R0

uniformly on any compact subset of Q.

Proof. By Theorem 4.1, we need only verify that (4.11) holds uniformly
on compact sets. If 1 is bounded and uniformly continuous, this follows from
Lemma 5.6 with V" = V" and Theorem 4.2. Next, suppose that 1 is merely
bounded and continuous. Let K be compact. Chose 1[) with compact support
K, where K C int K1, ¥(z) = ¢(z) for z € K and ||¢|| < ||¢]|. Let V" be
the value function for the problem with numerical cutoff and with ¢ replaced
by 1]) By applying Lemma 5.6 to V" and V" we have for z € K, y € K; and
small h

V(s,9) = (@) < |V(s,) = V(s 9)| + V" (s,9) — d(2)]

< O
<5

(t1—8) +V"(s,y) = d(2)].

Since ) is uniformly continuous, the last term tends to 0 uniformly as (s, y) —
(t,z), h] 0 by Theorem 4.2.
O
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IX.6 Historical remarks

The finite difference numerical method used in this chapter is due to Kushner
[Kul]. We have given only a concise introduction to the topic, with con-
vergence proofs based on viscosity solution methods following Barles and
Souganidis [BS]. Kushner-Dupuis [KuD] provides a much more thorough ac-
count of the method, together with more refined versions of it and applica-
tions. The convergence proofs in [Kul, Chap. 9] and [KuD, Chap. 10] use weak
convergence of probability measure techniques.

For further work on numerical approximations in control problems see [BF]
[HW] [FF] [Me], also the survey article [Ku3]. A viscosity solution method
was used in [Zhu] to prove convergence of finite difference approximations
in singular stochastic control. For related work in a mathematical finance
context, see [TZ].



X

Applications to Finance

X.1 Introduction

During the past decade, mathematical finance has matured using optimal
control together with stochastic processes, probability theory and partial dif-
ferential equations. This development has its roots in two seminal papers.
Merton’s 1971 paper [Merl]| on optimal consumption and investment strate-
gies uses optimal control theory to model the utility of a rational investor.
Black & Scholes in their 1973 paper [BSc] on pricing of options uses proba-
bility theory and partial differential equations. Since these papers, stochastic
optimal control has been widely used in the financial economics literature as
an important modelling tool.

In this chapter, we outline several techniques in mathematical finance
through several central examples. The financial model used in all of these
examples is common and it is described in the next section. The classical
Merton problem in a complete financial market is solved in different levels of
generality in Sections 3 and 4. Section 5 is devoted to a financial model with
proportional transaction costs. Mathematically, this is a singular stochastic
control problem. We next consider pricing of derivative securities (options).
After the introduction of the classical Black-Scholes theory, we outline differ-
ent approaches to pricing in Sections 6-10. In the final section, we discuss a
Merton-type model with random coefficients.

X.2 Financial market model

In the literature a simple financial market model is often used to study the
basic properties. This model, already introduced in Example IV.5.2, consists
of two assets; one “risk free” and the other “risky.” We call the risk free asset
as bond and the risky asset as stock. We deviate from the notation used in
Example IV.5.2 and use the familiar notation from the mathematical finance
literature by letting p(¢) and S(t), respectively, be the price per share for
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the risk-free and risky asset at time ¢ > 0. Following the literature, we make
the further simplifying assumptions that these price processes follow simple
stochastic differential equations with constant coefficients:

dp = p(t)rdt,
(2.1)
dS = S(t)[udt + odw(t))],

where r, u, o are constants with 0 < r < p,o > 0, and w(-) is a standard one-
dimensional Brownian motion. In Section 11, we will discuss a model with
random coefficients.

Let us now assume that there are no transaction costs and no constraints
on the structure of the portfolio. In particular, any investor in this market
may transfer funds from one account to the other instantaneously and with
no costs. Moreover, she may hold short positions of any size in both accounts.
We will remove these assumptions later in this chapter.

Under these assumptions, the market is complete as defined in the eco-
nomics literature (c.f. Pliska [P12]) and the investor’s wealth z(t) at time ¢
changes according to the stochastic differential equation

dp(t) ds(t)

—c(t)dt,

where 7(t) is the fraction of wealth invested in the risky asset at time ¢ and
¢(t) is a consumption rate. Then, with initial wealth z, the state equation has
the form

de = x(t) [(r +7(t)[p — r])dt + 7(t)odw(t)] — c(t)dt,
(2.2)
z(0) = x.

The control is the two-dimensional vector u(t) = (7(¢), ¢(t)), subject to the
constraint ¢(t) > 0. Thus, U = (—o00,0) X [0,00). We stop the process if the
wealth z(-) reaches zero (bankruptcy). Thus, O = (0, c0).

X.3 Merton portfolio problem

This is a model problem to study the optimal investment and consumption
strategies of a rational investor. This investor is assumed to make decisions so
as to maximize a certain utility function. There are several alternate utilities
or equivalently objective functionals one may consider, and we will study
several of them in this chapter.

In this section, we start with the classical model already studied in Ex-
ample IV.5.2. We assume that the utility is derived from the consumption
through a consumption utility rate function and then an exponentially dis-
counted integral over the whole future is taken as the objective function:
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(3.1) J(xym,c) =E, /OOO e Pt(c(t))dt,

where £(c) is the utility rate of consuming at rate ¢ > 0. Here we refrained
from using the classical notation U for the utility function as it clashes with
our already established notation.

The classical Merton optimal investment consumption problem is to maz-
imize the total discounted expected utility, J, discounted at rate § > 0. As
stated earlier, U = (—00,00) x [0,00) and O = (0,00). In Example IV.5.2 we
formulated the problem as an exit time problem. However, due to the absorb-
ing nature of the boundary = = 0, it is equivalent to consider it as a state
constrained problem. In the present chapter, only control processes 7(-)c(+),
will be admitted for which the wealth constraint z(¢) > 0 holds for all ¢. The
boundary point x = 0 is absorbing. If z(7) = 0, then z(¢) = ¢(t) = (c(t)) =0
for all ¢ > 7. Hence the bankruptcy time 7 in IV(5.20) is replaced by infinity
in (3.1).

The dynamic programming equation and the optimal control policies are
derived in Example IV.5.2. Also the HARA utility case is solved explicitly in
that example as well.

X.4 General utility and duality

Now we consider the portfolio selection problem with a general utility func-
tion £. A general solution is obtained by Karatzas, Lechozky, Sethi and Shreve
[KLSS] and by Pliska [P11]. Here we present an outline of their method through
a differential equations type of arguments. Also to simplify the presentation,
we make several technical assumptions on the utility function. However, their
method applies to more general utility functions. We refer to the book of
Karatzas and Shreve [KS5] for these generalizations and for the general prob-
abilistic approach. For a general utility function £(c), it turns out that the
dynamic programming equation for the value function V'(z) can be linearized,
by introducing the variable y = V,.(x). The solution depends on two functions
G(y), W(y), which satisfy the linear differential equations (4.10), (4.13) and
which have Feynman-Kac type representations (4.6), (4.9). The optimal con-
sumption control ¢*(¢) will be obtained from a convex duality argument. Then
the optimal investment control 7*(¢) is obtained from the dynamic program-
ming equation.
We assume that the utility function ¢(c) is defined for ¢ > 0 and

(4.1) £0)=0, £(07) =400, £(c0)=0, £(c)>0, £ (c) <0 forc>0.

We recall several basic facts from convex analysis (cf. Rockafellar [R1],
Section 3.4 [KS5].) By (4.1), the inverse function I of ¢ exists on [0, 00) and
satisfies
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I1(0) =00, I(c0)=0, I(p)<oo, I'(p)<0,Vp>0.
The convex dual £* is given by

*(p) :=sup { l(c)—cp}, forp>0.
c>0

Then,
(4.2) (") =—1I, and ¢*(p) =L(I(p)) — pI(p) > £(c) —pc, V p,c> 0.

In this chapter we say that progressively measurable control processes
7(+),c(-) are admissible at x if the following hold: with probability one

T T
/ c(t)dt < oo, / 72(t)dt < oo, vVT>0,
0 0

and z(t) > 0 for all ¢ > 0. This is consistent with the usage in [KS5, Section
3.9]. Next, we derive an inequality satisfied by all admissible consumption
processes. Let Py be the absolutely continuous probability measure so that

(4.3) wo(t) == w(t) +0t, 6="1 ; "

is a Py Brownian motion. By the Girsanov theorem, we know that P, exists
and for any F; measurable random variable B

E™(B] = EP[2(t)B]

where
92
(4.4) 2(t) = exp (—2t - Qw(t)) .
In terms of wy, the wealth equation (2.2) has the form
dx = x(t)[rdt + 7 (t)odwy(t)] — c(t)dt.
Py is called the “risk neutral” probability measure. We integrate to obtain
T T
e Ta(T) —x :/ e " (t)T(t)odwo(t) —/ e "e(t)dt.
0 0

It is standard to show that the stochastic integral is a local martingale and
therefore, for every T,

Fol /O " re(tydn] < o

where Ej is integration with respect to Py. Since ¢(t) > 0, by Fatou’s lemma
we pass to the limit as 7" tends to infinity. Then we state the result in terms
of the original measure P using the density z. The result is
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(4.5) E[/OOO e "z2(t)e(t)dt] < z.

The above constraint is known as the budget constraint in the literature. It is
clear that we would like to saturate the above inequality in order to maximize
J. In fact this is the only relevant constraint in the above problem. The reason
for this is the following result.

Theorem 4.1 [Theorem 3.9.4 [KS5]]. Given z > 0, and a consumption
process ¢(+) satisfying the budget constraint (4.5) with an equality, there exists
a portfolio process m(-), such that (w,c) is admissible at x. Moreover, the
corresponding wealth process is

1 (t)E { /too e " z(p)e(p)dp | Fi

)= ———
Z‘( ) e~ Tty

The proof is an application of the martingale representation result. In view
of this result we have the following corollary,

Corollary 4.1. The Merton portfolio selection problem is equivalent to
mazimizing (3.1) under the budget constraint (4.5).

We solve the equivalent problem using a Lagrange multiplier technique.
For y > 0, consider

H(z,y,c(-) = E / T e e dt + y (:s ol / h e”c(t)z(t)dt])

—ay+ E /0 T [z(c(t))dt - yeW*T)tz(t)c(t)} dt.

Given z, we want to maximize H over y and c. In view of (4.2), for any y and
C() >0,

H(z,y,c(-) <ay+ E/OOO e Pt [f(é(t;y))dt - ye(ﬁ’r)tZ(t)é(t;y)} dt,

with equality when ¢(t) = é(t,y), where

é(tyy) = I(ye"'=(t)),

and z(t) is as in (4.4). The above calculation suggests that ¢ with a carefully
chosen y is the optimal consumption process. We determine y by using the
budget constraint (4.5). Set

(46) W)= Bl e railt)d
0
so that for ¢ to satisfy (4.5) with equality, y has to be equal to W ~!(z), where

W1 is the inverse function of W. So for a given initial wealth x, the candidate
for the optimal consumption process is
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(4.7) c*(t) = et W (@) = 1(y(1))

(4.8) y(t) = ye(t),  y=W ().

From (4.7) and (4.8) the value function should equal

(4.9)
Gly) =E UOOO e_mé(é(t;y))dt] = E[foOO e PU(I(y(t))dt].

Assumption (4.11) below will imply that G(y) is finite. This conjectured re-
lationship between the value function V(z) and G(y) is true (Theorem 4.2),
and the optimal controls 7*(¢),c*(¢t) can be written as functions of y(t) via
(4.7) and (4.15).
Let us first state some properties of the functions W and G. By (4.4) and
(4.8)
dy = y(O(8 - r)dt — 0dw(t)).

A formal application of the Feynman-Kac formula suggests that G satisfies
the linear differential equation for y > 0

02y2

——Gyy, —{(I(y)) =0.

(4.10) 8G — (8 —r)yG, — —

The associated homogeneous linear differential equation has solutions ¢(y) =
y* for A = A\; < 0 and A = Ay > 1 which satisfy

1 1
202)\2(rﬂ+202>)\60.

Assume that for any a > 0

(4.11) y~ M I(y)dy < oo.
/

Then G(y) is a class C? solution to (4.10). In fact,

B 2
02\ — )

where ¢, (y) =y~ H(I(y)) oy (y) = —y~ 2" H(I(y)) with 91 (0) = 0,
h2(00) = 0. See [KS5,Thm. 3.9.18]. To obtain an equation for W, using the
probability measure Py, we rewrite (4.6) as

(4.12) G(y) [y M1 (y) + ™22 (y)]

W(y) = Fy [ / T e 1]
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where y(t) is as above and we write its dynamics using the Brownian motion
wo(t) = w(t) + Ot. The result is

dy = y(t)[(B — r)dt — Odw(t)] = y(t)[(8 + % — r)dt — Odwo (t)]-
Hence, the associated linear differential equation for W (y) is

92y2
TWyy —I(y)=0.

By [KS5, Thm. 3.9.14], W(y) is a class C? solution of (4.13) which has a
representation similar to (4.12). Moreover,

(4.14) Gy(y) =y Wy(y).

Theorem 4.2. The value function is V(x) = G(W~Y(z)) and V, is the
inverse function of W. The controls 7*(t), ¢*(t) are optimal, where c*(t) is as
in (4.7) and

(4.13) W — (84 6% — r)yW, —

O YWy (y(1)

(4.15) 0=~

Proof. We rewrite the dynamic programming equation IV(5.21) as

(4.16) BV (@) = raVida) — £ (Va(o) + G 70 =0

where 6 = (u—1)/o and £* are as before. Let V (x) = G(W~!(z)). We directly
calculate that

where we used the fact that W~=(W (y)) = y implies that (W=1), (W (y))W,(y) =
1. By (4.14), we conclude that V(W (y)) = y. Hence, W is equal to the inverse
of V. Let
R R . 92 AI 2
Z(z) := pV(x) —raVy(z) — 5 (Ve(x)) + — M
2 Viy(z)

In order to show that V solves the dynamic programming equation (4.16), we
need to show that 7 is identically equal to zero. Equivalently, we will prove
that Z(W (y)) = 0 for all y.

By the previous step, V(W (y)) = G(y), Vo(W(y)) = y and by differenti-
ating Ve, (W (y))W,(y) = 1. Hence,

2

IOV () = 6GL) — ry W (y) — £ () + 5 Wy (o).
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By (4.2), *(y) = £(I(y)) — yI(y). We use this together with equation (4.10)
for G. The result is

022 2
5 Gu ) + (B =1)yGy(y) —ryW(y) +yI(y) + 5 y"Wy(y)-

By (4.14), Gy, = W, +yW,,. Hence

I(W(y)) =

_ 92y2

(W () = =

Wy (y) + yWyy ()] + (B = 1)y* Wy (y) — ryW (y)
+yl(y) + %2 v*Wy(y)

=y | LW 0) + (5 4+ 62— )Wy () — W) + 1) |

By (4.13), this is zero. Since the range of W is all of [0, c0), we conclude that
V is a solution of the dynamic programming equation (4.16).

It remains to verify that V(z) = V(z) and that the controls 7 (t), ¢*(t)
are optimal. We use the dynamic programming technique in Section IV.5.
Since £ > 0 and V > 0, we obtain J(z;m,¢) < V(z) for all 7(-),c(-) as in
Theorem IV.5.1(a). The dynamic programming technique in Section IV.5 gives
the following candidates for optimal stationary control policies (see formula
IV(5.21)):

(4.17)
¢(z) = () (Val@) = I(Va()).

Let 2*(t) = W(y(t)). The previous calculations show that 7*(t) = =*(z*(¢)),
c*(t) = c*(a*(t)). Moreover, x*(t) satisfies (2.2) with 7 (t) = 7*(t), ¢(t) =
c*(t), with initial data z = W~1(y) where z = z(0), y = y(0). By (4.9),

J(z; 7%, ¢*) = GIW ™Y (z)) = V(x).

X.5 Portfolio selection with transaction costs

In this section, we outline a model of a portfolio selection problem with trans-
action costs and consumption. It was first introduced in the financial literature
by Constantinides [Co] and analyzed by Davis & Norman [DN]. We refer to
Shreve & Soner [ShS] for the viscosity approach.

As in Merton’s portfolio problem the investor may consume from her in-
vestment in the bond, but simultaneously she may transfer her stock holdings
to the bond. However, this results in a transaction cost. We assume this cost
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is linearly proportional in the size of the transaction. We remark on the fixed
cost case in Remark 5.1 below. Let A\; € (0,1) be the proportional cost of
transaction from stock to bond. We also allow transactions from bond to
stock. Let Ay € (0,1) be the cost of these type of transactions.

Let 21(t) and x2(t) be the dollars invested at time ¢ in the bond and the
stock, respectively. Using the equation (2.1) we see that x;(-) and z2(-) change
according to

dz1(t) = [rzy(t) — e(t)])dt + (1 — A\ )My (t) — dMa(t),
(5.1)
dl’g(t) = /,L:L'Q(t)dt — dM1 (t) + (1 — )\Q)dMQ(t) + ng(t)dw(t),

where ¢(t) > 0 is the consumption rate and M;(t) and Ms(t) are the to-
tal transactions up to time ¢ > 0, from stock to bond and bond to stock,
respectively.

The agent’s goal is to maximize his discounted total utility of consumption

J (21,25 ¢, My, Ma) = EI/ e Pto(e(t))dt,
0

over all progressively measurable ¢(-) > 0, and progressively measurable, left
continuous, nondecreasing M;(-)’s with M;(0) = 0. Moreover, we impose an
additional constraint

l’l(t) + (1 - )\1)1’2(t) Z 0, (]. - )\g)xl(t) + l’Q(t) Z 0, Vit 2 0.

This condition ensures that at any time the investor has sufficient funds so
that if needed her portfolio can be liquidated to result in a non-negative bond
holding and no stock holding. For this reason Davis & Norman [DN] call the
cone O defined below the “solvency region.”

It is more convenient to state the above condition as a state constraint.
Let

O={z=(1,22) € R*: 21 + (1 — \{)z2 >0, (1 — \p)zy + 23 > 0}.

Then, the state z = (x1,z2) is required to satisfy (x1(t),z2(t)) € O, for all
t > 0. We claim that for any = € O there are c(-), M1 (-), Ma(-) satisfying (5.1).
Indeed let x € O with x1 + (1 — A1)x2 = 0 be given. Then x5 > 0. Set

c(t) = Ma(t) =0, M;y(t) =9, VE>0.

Then z(t) = (0,0) for all £ > 0, and therefore this control satisfies the state
constraint. Similarly for z € O with (1—X2)z1+22 = 0, we use c(t) = Ma(t) =
0 and My (t) = 24 for all t > 0.

Since there are admissible controls for each boundary point z € 90, there
are admissible controls for every z € O. Hence the set of all admissible con-
trols A, (z) is non-empty. Moreover, at the boundary 9O the only admissible
consumption policy is ¢(-) = 0. Hence
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(5.2) V(z) =0, VzedO.

The optimal portfolio selection problem with transaction costs is similar to
the singular stochastic control problems considered in Chapter VIII. However,
the criterion J(z1,x2;¢, M1, M3) involves the nonlinear function ¢(c(t)) of
consumption, and is not of the form VIII(3.5). In the notation of Section
VIIL.3

U={ml—-X,-1):m>0}U{n(-1,1—X2) :n >0},

f(@) = (ra, pas),
o s 0]

Although there are differences, the model with consumption is very similar to
the one discussed in Section VIIIL.3. Indeed one can prove an entirely similar
Verification Theorem. The corresponding dynamic programming equation for
z €0 is

(5.3) min{lV —0"(Vy,), —(1=A)Vy, + Vay , Vi, — (1= A2)Vo, } =0,

where )
LV =BV — {202:10%‘@2@ +ra Ve, + pmng} .

Let us now assume that ¢(c), the utility of consuming at rate ¢ > 0, is of
HARA type, i.e., for some v € (0,1),
1
Lc)= =", ¢>0.
Y
In this book we will not consider the cases v < 0 and the logarithmic utility
function. However, a similar analysis can be carried out for those cases.
Observe that if (c(-), M;(-)) € Ay(x) and p > 0, then p(c(-), M;(+)) €
A, (pz) with
J(pz; pe, pM;) = p7 J (5 ¢, M;).

Hence
(5.4) Vipz) = p"V(x), Vp=0.

Set

. 1—-X 1
(Z) V(Zr Z)7 z € < M ) )\2) )

so that for x € O
T
T+ T2

V(z) = (21 +22)"W(2), 2=
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Now, one can rewrite the dynamic programming equation in terms of the
function W which only has one independent variable. This transformation
makes the problem more accessible to both theoretical and numerical analysis.
Note that there are other possible reductions to one variable. However, this
particular one has the advantage of having the new state variable z to be
confined in a bounded interval.

Studying an equivalent one dimensional problem, Davis & Norman [DN]
constructed a solution W e C2 of (5.3) and (5.2), under an implicit assump-
tion on the coefficients. Then using this solution, they also constructed the
optimal consumption and transaction strategies. As in the Examples in Sec-
tion VIII.4, the optimal process z*(t) is a reflected diffusion process. Further
analysis of this problem is carried out in Shreve & Soner [ShS]. They prove
that the value function is smooth enough to carry out the stochastic calculus
needed in the construction of the optimal strategies. The only assumption
they impose is the finiteness of the value function. We formulate their results
without proof in the following theorem.

Theorem 5.1[DN,ShS]. Assume that the value function V is finite.
Then, it is concave and a classical solution of the dynamic programming equa-
tion (5.3) together with the boundary condition (5.2).

We continue by constructing the optimal strategies. First let
P={zecO0:—(1-M)Vy(x)+ Vi, (z) >0,V (z) — (1 = X2)V,,(z) > 0}.

The concavity of V', homothety (5.4) and the dynamic programming equation
yield that P is a connected cone, and there are
1—X 1 ]

A1 T A

z1,22 € [—

such that

P—{($1,$2)60221< 1 <ZQ}.

i )

We call P the no transaction region and define sell bond region SB and sell
stock region SSt by

x
B:= : o — (1= X))V, = B,
S {(1’1,1’2) €0 1t >22}, ‘/1 ( 2)V 0 xS
SSt := {(l‘l,l‘g) co: L < 21} —(1=X)Vy, + Vo, =0, & z € SSt.
1 + X9

Recall that for p > 0,

£*(p) = sup {107 — cp} ,

c>0 LY
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and the minimizer is ¢ = p'/7~!. Therefore the candidate for an optimal
Markov consumption policy is

1

(x) = (Va, (x)) 1.
Since v < 1 and V' is concave, we have
C*(Jil,l‘g) > C*(.’fl,l‘g) if x1 > @

Due to this monotonicity, for every progressively measurable nondecreasing
processes M;(-) there exists a unique solution z(-) of (4.1) with ¢(t) = ¢*(z(t)).
We refer to [ShS] for details.

We continue by constructing a control (¢*(-), M;(-)) for a given reference
probability system v. We assume for simplicity that the sets SB and SSt are
non empty and

1—X\
A
We refer to [ShS] for the other cases.

1. (z1,72) € P. Then by a result of Lions and Sznitman [LS] on reflected

diffusion processes (also see Davis and Norman [DN, Theorem 4.1]) there

are unique processes x*(-) and nondecreasing processes M; (-) such that for
t<7*=1inf{p: (z*(p)) € O},

1
<z < 2o < —.
1 2 Ay

t
Mf(t):/o X{(a*(p))corPyAMT (p),

t
M50 = [ X oneam a5 ()
x*(+) solves (5.1) with c(t) = ¢*(x*(t)),
z*(0) =z, 2*(t) € P, Vt >0,

where
Z1

Bﬂ?:{er: :zi} for i =1,2.

X1 + i)

Then z* is a diffusion process reflected at 9P. The reflection angle is
(I—=X1,—1)on &P and (—1,1 — A2) on 92P. Moreover M (t)’s are the local
times of z* on the lines 9;P. Since the region P has a corner at the origin, the
result of Lions and Sznitman is not directly applicable to the above situation.
However the process x*(t) is stopped if it reaches the origin. Hence we may
construct z*(¢) up to any stopping time 7 < 7* and therefore up to 7*.

2. Suppose that = € SSt. Then

X1 c < 17)\1 >
- )y 2 ’
xr1 + T2 A !

and in particular z; > —(1 — Ay)/A1. Set
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1

MF(0T) = im M (t) = -1 -
1(07) im 1(t) = [zz2 + (21 )171]1_)\1+Zl)\17

and M3 (0") = 0. Since x € SSt, M;(07) > 0. Also
21(07) = 21 + (1= A)M;(07),

23(07) = @z — M7 (07),

and we calculate that
z1(07)

21 (0%) + 25(07)
Therefore z*(0%) € P. We now construct x*(-), ¢*(-), M;(-) as in Case 1 start-
ing from z*(0%) and M;(0T).

3. Suppose that x € SB. Then

I 1
T+ 2o € (2:27?2)7

= Z1.

and in particular zo < 1/Ag9. Set

1—29)x1 — 2029
1-— 22)\2

M5 (0%) = ¢

and M;(0") = 0. As in the previous case, M3 (0") > 0 since 2 € SB. Also
21(07) = 2y — M5 (07),
x5(0%) = 29 + (1 — Xo) M5 (0T).

Then z*(07) € 2P and we construct z*(-), ¢*(-), M} (-) starting from z*(0")
and M3 (07).

Theorem 5.2. For any reference probability system v, and x € O,

J(x;c*, M) =V, (z) = V(x).
We refer to [ShS] for the proof.

Remark 5.1. In practice it is typical to have a fixed transaction cost
perhaps in addition to a proportional one. However, for a large investor the
proportional transaction costs are much larger than the fixed ones and that
is the main reason for neglecting the fixed transaction costs. However, the
model with of both proportional transaction and fixed costs can be analyzed
by dynamic programming. In such a model, the control processes M; must be
restricted to piecewise constant functions,

M(t) =7 mf H(t—1}),
k=1
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where H is the heaviside function (H(r) =0if r <0 and H(r) =1 if r > 0),
Tik are nondecreasing sequence of stopping times determining when the trans-
actions are made and m¥’s positive transaction sizes with usual measurability

conditions. Then, the state z(-) follows an modification of the equation (5.1):
dﬂ?l(t) = [’I’ZL‘l(t) — C(t)]dt + (1 - Al)dMl(t) — dMQ(t)
—aq ZH(S — 75,
k
dmg(t) = ,ul‘g(t)dt — dM;y (t) + (1 — )\Q)dMQ(t) + ng(t)dw(t)
—a ZH(s — 75,
k

where a; > 0 are fixed transaction costs. This problem is a mixture of an
optimal stopping time and singular control problems. Unfortunately, the value
function does not satisfy the property (5.4) and therefore the optimal solution
is not as elegant. Still the solution is expected to have a similar structure as in
the pure proportional case. Indeed, there must be two concentric continuation
sets P1 C P2 C O so that it is optimal to consume according to ¢* in the
continuation set P,. When the state process hits the boundary of Ps, it is
pushed onto the boundary of P; along one of the push directions. If however,
the initial state is outside P then again it is optimal to push it on to the
boundary of P;. O

Results about the case of both fixed and proportional transactions costs
are given in [Ko].

X.6 Derivatives and the Black-Scholes price

A contingent claim or equivalently a derivative is a financial instrument whose
future pay-off is determined by a deterministic function of the future (and
therefore random) value of a set of financial instruments, namely the underly-
ing instruments. Although more than one instrument is also used in practice,
for brevity we restrict our attention to the model described in Section 2. Then
the risky asset, or the stock is the underlying instrument. Let T be the pre-
scribed future date of settlement, called maturity. The value of the pay-off of
the derivative is ¢(S(T')), where ¢ is a given deterministic function and S(-)
is the per share price of the stock.
Example 6.1. Standard examples of derivatives are

0c(S(T)) = (S(T) — K)*, Call option.

In fact, the holder of this call option has the option to buy one share of
the underlying stock for the price of K; the strike price. Of course it is only
rational to exercise this option when the stock price S(T') at time T is larger
than K resulting in a net gain of S(T') — K, when S(T') > K. Other important
examples are
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¢p(S(T)) = (K —S(T))", Put option,
which gives the holder the option to sell the stock for a price of K, and

ep(S(T))=H(S(T)— K), Digital option,

pays one dollar when S(T') > K. O

Derivatives are essential tools in risk management allowing investors to
reduce the risk of their portfolio. We refer to Hull’s book [Hu] for this very
important point. In this book we concentrate on the mathematical problem
of pricing and hedging. The pricing question is to determine the fair value (or
equivalently the fair price) of this derivative at any time ¢ prior to maturity
T.

Let us introduce the idea of arbitrage pricing in a formal manner. We will
rederive the same pricing formula through two different ways in the following
sections.

Consider the financial market described in Section 2 and suppose that the
fair value is a function V' (¢, s) of the current stock price s and the time ¢. If this
is the fair value one can buy or sell this derivative in the market for this value.
Suppose that we sell it and obtain a cash amount of V (¢, s). However, this sale
also introduces a future liability of ¢(S(T)) at time T'. To protect ourselves
against this uncertain liability, we invest our in the financial market consisting
of only two instruments. Let 7(-) be our adapted investment strategy, i.e., we
invest 7(t) times of our wealth in the stock and the rest in the bond. Let x(-)
be the resulting wealth process. Then, x solves the equation (2.2) with no
consumption:

(6.1) dz(p) = 2(p)[(r + 7(p) [ — 1])dp + w(p)odu(p)].

with the initial condition z(t) = V (¢, s). Arbitrage arguments imply that the
value of the derivative must be equal to the wealth process with an appropriate
investment strategy 7 (-). Since the pricing equation will be derived rigorously
two different ways, we omit the proof of this statement and refer to the book
of Karatzas & Shreve [KS5] for its proof. Then, by the Ito formula

a*S%(p)

dV(p,S(p)) = Vi + uS(p)Vs + —

Visldp + oS (p)Vsdw(p).

We argued that V(p, S(p)) = z(p) for all p € [t,T]. We now equate the drift
and the diffusion terms in the above and (6.1). The result is

aS5(p)Vs(p, S(p)) = om(p)x(p),

0.22
i+ Vs + 5OV, Y5, 5(0) = -+ 7(0) (1~ (o).

Since V(p, S(p)) = z(p), above equations imply that
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S(p)Vs(p. S(p))

02 0= TG s
(6.3) Vi(t, s) + rsVi(t, s) + ?Vbﬁs(t, s)=1V(t,s),

for s > 0,t < T together with the final condition
(6.4) V(T, s) = o(s).

The equation (6.3) is known as the Black-Scholes equation for derivative pric-
ing. It has the following Feynman-Kac representation,

(6.5) V(t,s) =e "0 Blp(S(T)) | S(t) = s,

where o
dS = S(p)[rdp + odw(p)].

See [KS5, Sec. 2.4], also [KS4, Sec. 5.8.B][MR, Sec. 5.1.5]. Note that the mean
return rate coefficient p does not influence the Black-Scholes price. Also in
the case of a Call option the above expression can be computed using the
standard error function (c.f. Hull [Hu].)

X.7 Utility pricing

The Black-Scholes arbitrage pricing is not available in incomplete markets
or in markets with friction. One has to bring in the risk preferences of the
investor in the pricing theory. Hodges & Neuberger [HN] proposed a utility
based theory to price derivatives. This approach was later developed by Dayvis,
Panas & Zariphopoulou [DPZ] and applied to models with transactions costs.
Another application is to markets with both traded and non-traded securities
[Z4][MZ][Hen]. We will briefly describe this method and show that in the
financial market described in Section 2, it yields the Black-Scholes price.

Suppose that an investor at time ¢ < T has an initial wealth of x and
can offer the possibility of buying one share of a derivative for a price of v
dollars. So she has two alternatives; one is to sell the derivative. In this case
her wealth will increase to « +v. She will optimally invest this in the market.
However, at time T she has to pay ¢(S(T')) dollars from her portfolio. In the
second alternative, she does not sell the derivative and invest x dollars in the
market.

Hodges and Neuberger assume that there is no consumption and the in-
vestor is trying to maximize the utility she gets from her wealth at time 7.
Let ¢ be her utility function satisfying the assumptions (4.1). Mathematically
let

(7.1) Vi(t,z) :=sup E[l(z(T)) | z(t) = z],

(-
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(7.2) V(t,x, $;0) 1= 51;1)) El(z(T) — o(S(T)) | z(t) =x +v,5(t) = s],

where in both cases the wealth process z(t) solves the equation (6.1). De-
scription of admissible controls requires a lower bound on the wealth process
which needs to be specified. The exact nature of this condition depends on
the financial model. Here we assume that admissible controls are required to
satisfy x(-) > 0. We refer to Davis, Panas & Zariphopoulou [DPZ] for the
formulation in a market with proportional transaction costs.

If we assume that the utility function ¢ is unbounded, then for large v,
Vi < V and she will choose to sell the derivative for a price of v. On the other
hand, V < Vy when v = 0. So given (¢,z,s), there exists a solution of the
algebraic equation

Vi(t,x) = V(t,x, $;0).

Since the dependence of V oon v is strictly increasing, the solution is unique.
Hodges and Neuberger call this solution the utility price.

Theorem 7.1. In the financial market of Section 2 (without consumption),
for any (t,s,x) the utility price of a derivative is equal to the Black-Scholes
price given (6.5).

Proof. When consumption ¢(¢) is omitted from the model in Section 2,
equation (2.2) becomes (6.1). Let = and 7 be as in (6.1). For the purposes of
this proof, it is more convenient to work with « := & w. With this notation,
(6.1) has the form

(7.3) dz = [rz(p) + a(p)(p — r)]ldp + a(p)odw(p).

For a given portfolio a() and an initial condition x(t) = &, let 22 (-) be the
solution of (7.3). By the linearity of the state equation (7.3),

(7.4) gl () + g2 () = 28 ()

Let mpg be as in (6.2). Define apgs(p) := mps(p) V(p, S(p)). By the linear-
ity (7.4), « is an admissible portfolio starting from (¢, z) if and only if a+apg
is admissible starting from (¢, + V' (¢, s)). Indeed by construction,

#95 () = V(- 5().
Hence by (7.4) and (6.4),
28T () = G(S(T) = 22(T) + 2355, (T) — o(S(T)) = a2 (T).

Hence, R
Vi(t,x) =V (t,x,sV(ts)).
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Remark 7.1. In the above proof the chief property of the financial model
is the linearity (7.4). Hence the result extends to a more general “linear” cases
easily (cf. Hodges & Neuberger [HN]).

A striking feature of the above result is that the resulting price is inde-
pendent of the utility function. In fact, no particular form of the function £ is
used in the proof.

In general, the utility price depends on the utility function and also it
depends on the current wealth of the investor and that it is not linear, i.e., in
general the utility price of n shares of the derivative is not necessarily equal
to n times the price of one share. The dependence of the utility function is
natural, as in incomplete markets there are many possibilities and the in-
vestor chooses the price according to her risk profile. However, linearity is a
desired property and several solutions for it were proposed. In a market with
proportional transaction costs, Barles & Soner [BaS] overcomes this difficulty
through an asymptotic analysis.

Since in markets with friction (markets with portfolio constraints or with
transaction costs) arbitrage pricing is not available, utility price provides an
interesting method of pricing. One alternate approach to pricing will be con-
sidered in the next section. O

X.8 Super-replication with portfolio constraints

In this section, we introduce the concept of super-replication in the particular
problem of portfolio constraints. However, the method of super-replication
applies to other models as well.

The portfolio constraint is simply a bound on the control parameter 7 in
the equation (6.1). We assume that 7(t) satisfies

(8.1) —a<7(t)<b, Vt>0,

where a and b are positive constants and we assume that b > 1. Since 7(?)
denotes the fraction of the wealth invested in the stock, the constraint 7 (¢) < b
implies that the investor is not allowed to borrow (or equivalently, short-sell
the bond) more than (b— 1) times her wealth. The constraint —a < 7(¢) puts
a restriction on short-selling the stock. The investor is not allowed to shortsell
stocks of value more than a times her wealth.

Let x7 ,(-) be the solution of (6.1) with initial data =7 () = = and Sy ,(-)
be the solution of the stock equation with initial condition Sy s(t) = s. Let A
be the set of all adapted portfolio processes 7 satisfying the constraint (8.1).

Given a derivative with pay-off ¢ and maturity 7', the minimal super-
replication cost is given by

(8.2) Vi(t,s):=inf{z |3n(-) € A such that 2] (T) > ¢(S:s(T)) as. }.
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The above problem is not in the standard form of an optimal control
problem. Still; Soner & Touzi [ST1] showed that V satisfies a dynamic pro-
gramming principle; for any stopping time 7 € [t, T,

V(t,s) :==inf{z | 3r(-) € A such that ] (1) > V(7,5 (7)) as. }.

Hence, the nonlinear semigroup property is also satisfied by this problem.
Indeed for any function ¥, the two-parameter semigroup 7; , is given by

Te ¥ (s) :=inf{z | In(-) € A such that zf (1) > ¥(S;s(r)) as. }.

Then, V(t,s) = Te.7¢(s) and the dynamic programming formally implies the
semigroup property I1(3.3). So the viscosity theory for V' can be developed as
in Chapter II. We refer to [ST1] for this theory. Here we only state (without
proof) that the infinitesimal operator in II(3.11) is

.. $Ps(s)
(8.3) Gid(s) = LP(s), if (s) € [~a,b],
00, otherwise,
where
(8.4) LP(s) = %@SS(S) + 1By (s) — rd(s).

We refer to [S4] for an analysis of this problem.

X.9 Buyer’s price and the no-arbitrage interval

In the previous subsection, we considered the problem from the perspective of
the writer of the option. For a potential buyer, there is a different possibility
of arbitrage, if the quoted price = of a certain claim is low. She would take
advantage of a low price by buying the option for a price . She would finance
this purchase by using the instruments in the market. Mathematically she
tries to optimize her wealth (or minimize her debt)with initial wealth of — z.
If at maturity,
77 (1) + 9(S1s(T)) 2 0, a.s.

then this provides arbitrage. Hence the largest of these initial data provides

the lower bound of all prices that do not allow arbitrage. So we define (after
observing that x7 _ (1) = —7 .(T)),

V(t,s) :=sup{z | In(-) € A such that z7 (T) < p(S;s(T)) as. }.

Then, the no-arbitrage interval is given by

V(t,s),V(t,s)] .

with V(¢,s) as in (8.2).

This approach can be applied to other markets. In general, there are many
approaches to pricing and the above interval must contain all the prices ob-
tained by any method.
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X.10 Portfolio constraints and duality

In general for solving super-replication problems, two approaches are available.
In the first, after a clever duality argument, the problem is transformed into a
standard optimal control problem and then solved by dynamic programming.
We refer to lecture notes of Rogers [Rog] for an introduction. In the second
approach, dynamic programming is used directly. Although, when available
the first approach provides more insight, it is not always possible to apply the
dual method. For instance, the problem with Gamma constraint (c.f. [CST]) is
an example for which the dual method is not yet known. The second approach
is a direct one and applicable to all super-replication problems.

In this section, we solve the super-replication problem through a prob-
abilistic approach. We refer to Karatzas & Shreve [KS5] for details of the
material covered in this section.

Let us recall the problem briefly. We consider a market with one stock
and one bond. By multiplying e"("=* we may take 7 = 0, (or equivalently
taking the bond as the numeriare). Also by a Girsanov transformation, we
may take p = 0. So the resulting simpler equations for the stock price and
wealth processes are

dS(t) = oS(t)dW(t) ,
dx(t) = om(t)x(t)dw(t) .

Suppose a derivative with payoff ¢ : [0,00) — [0,00) is given. The minimal
super-replication cost (from the seller’s point of view) is as in (8.2)

V(t,s) =inf{z:3r(-) € A s.t. 27 (T) > ¢(S:,s(T)) as. },

where A is the set of all essentially bounded, adapted processes 7 (-) with
values in a convex set K = [—a,b].

Black-Scholes case. Let us start with the unconstrained case, K =
(—00,00). Since x7,(-) is a martingale, if there is 2 and a super-replicating
portfolio 7(-) € A, then

z=uaj,(t) = Elz{,(T) | Ft] = Elp(St,s(T)) | Ft] := 0.
Our claim is that indeed the above inequality is an equality for x = zg. Set
Y(p) = E[p(Se,s(T)) | Fp| -

By the martingale representation theorem, Y'(-) is a stochastic integral. We
choose to write it as

p
Y(p) = Elp(S,s(T))| Fi +/ o (p")Y (p")dw(p') ,
t
with an appropriate 7*(+) € A. Then, Y (-) = xfzo() Hence, V(t,s) > x(. But

we have already shown that if an initial capital supports a super-replicating
portfolio then, it must be larger than xzy. Hence,
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Vit s) = w0 = Elp(S:,s(T)) | Fi] :=V(t;s)

which is the Black-Scholes price already computed in Section 6. Formula (6.5)
differs from above as we have already discounted the prices. From the above
formula we can obtain (6.5) after appropriate discounting. Finally we note
that in this case, starting with g, there always exists a replicating portfolio.

In this example, it can be shown that the buyer’s price is also equal to the
Black-Scholes price vps = V(t,s). Hence, the no-arbitrage interval defined
in the previous subsection is the singleton {v2°}. Thus, that is the only fair
price.

General Case. Let us first introduce several elementary facts from convex
analysis (c.f. [R1]). Set

S (v):=sup —mv, K:={v: 0&x(v)<oo}.
TeK

In the convex analysis literature, dk is the support function of the convex set
K. In one dimension, we may directly calculate these functions. However, we
use this notation, as it is suggestive of the multidimensional case. Then, it is
a classical fact that

reKem+dg()>0 Wwek .

Let =, 7(-) be an initial capital, and respectively, a super-replicating portfolio.
For any v(-) with values in K, let P¥ be such that

u

w” (u) := w(u) —|—/ @dp

t

is a P¥ martingale. This measure exists under integrability conditions on v(-),
by the Girsanov theorem. Here we assume essentially bounded processes, so
P? exits. Set

0) = afulu) xpl= [ Sxlv(p))dp)
By calculus,
dz(p) = (p)[~ (0K (v(p)) + w(p)v(p))dp + adw” (p)].

Since 7(p) € K and v(p) € K , 8k (v(p) + m(p)v(p) > 0 for all p. Therefore,
Z(p) is a super-martingale and

EV[E(T) | F] < Z(t) = mfz(t) =z.

I(T) =exp(— [ Ok (v(p))dp) x,(T)

>exp(— | O (v(p)dp) p(Su(T)) P —aus. .
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All of these together yield,

V(t,5) > ¥ 1= B [exp(~ / 51 (v(0))dp)(S1.a(T)) | Fi]

Since this holds for any v(-) € K,
V(t,s) > sup z” .
I/ER

The equality is obtained through a super-martingale representation for the
right hand side, c.f. Karatzas & Shreve [KS5]. The final result is

Theorem 10.1 [CK].The minimal super-replicating cost V (t,s) is the
value function of the standard optimal control problem,

T
V(ts) = F |exp(~ / 51 (v(0))dp) (SVo(T)) | Fo|

where SY ¢ solves
dSy s =S¢ s(p) [=v(p)dp + odw(p)] .

Now this problem can be solved by dynamic programming. Indeed, an
explicit solution was obtained by Broadie, Cvitanic & Soner [BCS]. Here we
state it without proof.

Theorem 10.2 [BCS]. The minimal super-replicating cost V (t,s) is equal
to the Black-Scholes price with a modified pay-off ¢ given by

5(s) i= sup { e~ p(evs) }.
veK

Then,

V(t,s) = B[ ¢(Si,s(T) .

Recall that we are assuming that the interest rate is zero. One needs to
discount the above formula appropriately to obtain the formula in models
with non-zero interest rate.

In this problem, buyer’s price can be calculated as above.

X.11 Merton problem with random parameters

In the Merton problem formulated in Section 3, the riskless interest rate r,
the risky mean rate of return p and the volatility coefficient ¢ are assumed
to be constant. However, this assumption is unrealistic, particularly over long
time intervals. Instead, we now assume that these parameters may depend on
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some “economic factor” n(t) which is a Markov diffusion process. Instead of
equation (2.2), the wealth 2(t) now satisfies

(11.1)  de=z){(r@) +m@)[p) —r@)])} dt + w(t)o(t)dw(t) — c(t)dt,

(11.2) r(t) = R(n(t), u(t) =Mn(t), oft)=2(n().

Tt is assumed that 7(t) satisfies the stochastic differential equation
(11.3) dn = g(n(t))dt + & | Adw(t) + (1 — A2) 2 di(t)

where &, A are constants with |[A| < 1 and @(t) is a Brownian motion inde-
pendent of w(t). The constant A has the role of a correlation coefficient. As in
Section 3, the goal is to choose investment and consumption control processes
7(t), c(t) to maximize (3.1). We assume that £(c) = v~ !¢7 is HARA with
0<y <1

This problem is an infinite time horizon stochastic control problem, with
two dimensional state (z(t),n(t)) governed by equations (11.1), (11.3) and
with controls m(t), ¢(t). In the notation of Section IV.5, we have O = (0, c0) x
(—00,00) and U = (—00,00) X [0,00). We seek a solution W(xz,n) to the
dynamic programming equation of the form

(11.4) W(z,n) ="K (n)z", K(n) >0,
where x = 2(0), n = 7n(0). By substituting in the dynamic programming
equation IV(5.8), K(n) must satisfy the differential equation

=2

(115) K = g(n)Ky + 5 Ky + max[—cyK +¢7]

sy RO+ (04 - RO + 572220 | 1

+orX(n)K, }
This can more conveniently be written in the following logarithmic form. Let
Z(n) = log K(n). A routine calculation shows that Z(n) must satisfy

5.2

52 z
(16)  B=g0Zy+ 5 2yt T2+ (1T QM)

(11.7) g(n) =gn) +

(11.8) . [17(1,\2)}1
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(M(n) ~ R(n)*
2(1 =) 22%(n)

By taking argmax in (11.5), one obtains the following candidates for optimal
control policies:

(11.9) Q(n) = R(n) +

w v M(n) — R(n) GAZy(n)
(1110 == ) 0)
(11.11) c*(z,m) :xez(jl).

We now make the following assumptions, under which the dynamic pro-
gramming formalism just outlined indeed gives a solution to the Merton port-
folio optimization problem with random parameters. We assume that:

(i) R(n), M(n), X(n) are in Cy(R"), and X(n) > X > 0;

(11.12) (i) B—~Q(n) > B > 0 for all n;
(iii) There exist 71, a; > 0 such that g, () < —a; whenever || > ;.

We note in particular that g(n) = g(n) in the “uncorrelated” case A\ = 0.
When A = 0, formula (11.10) for the optimal investment policy x*(n) has
the same form as IV(5.25) for the classical Merton problem. However, in this
formula the constants r, u, ¢ are now replaced by R(n), M(n), X(n). We also
note that (11.12) (iii) is implied by the following:

(11.12) (iii") Ry, (n), My(n), Xy(n) tend to 0 as |n| — co and there exist
G2, a2 > 0 such that g,(n) < —as whenever |n| > n,.

Condition (11.12)(iii’) implies that the factor process 7(t) is ergodic.

Theorem 11.1. Equation (11.6) has a unique solution Z € C3(IR") such
that Z(n) is bounded and Z,(n) tends to 0 as |n| — co. Moreover, W(z,n) =
v~ rx7e?M) s the value function, and ©*,c* in (11.10),(11.11) are optimal
control policies.

Proof. (Sketch) We first find K+, K~ which are constant super- and sub-
solutions to (11.6). Let 8 be as in (11.12)(ii) and choose (3 such that § —
vQ(n) < f for all ¢. We take

Zt = (y—1)log[B(1 —~)~]

Z= =(y—1)log[B(1 —~)71.

Standard arguments then imply the existence of a solution Z to (11.6) with
Z~ < Z(n) < Z*. See [FP][KSh1]. Let us show that Z,(n) tends to zero as
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n — oo. The same argument applies as  — —oo. Suppose that Z,(n) has
a positive limsup as 7 — oco. Since Z(n) is bounded, the liminf of |Z,(n)| as
n — oo is 0. Hence there is a sequence 7, tending to infinity such that Z,(n)
has a local max at n,, with Z, (n,) > ¢ > 0. We differentiate with respect to
7 in (11.6) and use Z,,,(nn) = 0, Zppy (1) < 0 to obtain for large n

%Zn(nn) < <_gn(77n) + e%> Zn(nn) < ’YQn(nn)'

Since @, is bounded, Z,(n,) is bounded. Then from (11.6), §(nn)Z,(nn) is
bounded. Since §(n,,) = —oco as n — 00, Z,(n,) — 0. This is a contradiction.
Similarly, Z,(n) cannot have a negative liminf as n — oc.

To show that W(x,n) is the value function and 7*, ¢* are optimal control
policies, we use the same verification argument as for the constant parameter
case (Example IV.5.2). Note that 7*(n) is bounded and that x~1c*(x,7) has
positive upper and lower bounds since Z(n) is bounded. This verification
argument also implies uniqueness of Z. ([l

Remark 11.1. The sub- and super-solution technique sketched in the
proof above can be used under less restrictive assumptions than (11.12). In
[FP] the case when pu,o are constant but R(n) = 7. Thus, the interest rate
n(t) = r(t) varies according to (11.3). Under the assumptions in [FP], an un-
bounded solution Z(¢) to (11.6) is obtained with polynomial growth rate as
|¢| — oo. The verification argument in this case is considerably more compli-
cated. In [FHH2| the case when r, u are constant, but o(t) = X (n(t)) varies is
considered.

Merton terminal wealth problem with random parameters.
Another problem which is often considered is the following. Suppose that
consumption is omitted from the model (¢(t)) = 0 in equation (11.1), and
that the factor n(¢) again satisfies (11.3). The goal is to choose the investment
control on a finite time interval 0 < ¢t < T to maximize the expected HARA
utility of wealth y~'E(x(T)7) at the final time 7. The value function V is of
the form

(11.13) V(T,2,n) =~""a"(T,n),
where as in (11.5) ¥(T,n) must satisfy the PDE
ov 52
(11.14) a7 = 9Ny + 5 Wy + max [f (n, 1) +~E(n, m)¥]

f(n,m) = g(n) +y5AnX(n)
(11.15)

U(n,m) =~ [R(n) + (M(n) — R(n))m + 157> 22 (n)] .
(T, n) is the value function for a risk sensitive stochastic control problem of

the kind considered in Section VI.6.8. To see this we use a Girsanov transfor-
mation, as in [FSh1][FHH2]. Let
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t t

()= [ 76 D(s)du(s) - 39 [ 72(6) S n(s))ds

0 0

t

() =w(t) = [ 7(5)Z0()ds.
0

Then w(t) and w(t) are independent Brownian motions under the probability
measure P such that dP = exp({(T"))dP. Then (11.3) becomes

(11.16) dn = f(n(t)), n(t))dt + 6dz(t))

with z(t) = AMdw(t) + v1 — A\2dw(t) a Brownian motion. A calculation using
(11.1) and the Ito differential rule gives

T
(11.17) E(x(T)Y) = E |exp / ((n(t), w(t))dt
0

with E the expectation under p.

In the notation of Section VI.8, let p = 1 and let ®(¢,n;t;) denote the
value function of the risk sensitive control problem on an interval t < ¢t < #;
with initial data () = 1. Note that the control m(¢) is maximizing, rather
than minimizing as in Section VI.8. Since f(n,7),£(n,7) do not depend on
time, ®(t,n;t1) = ¥(t1 — t,n). The dynamic programming equation VI(8.5)
reduces to (11.14).

The Merton terminal wealth problem, and associated risk sensitive control
problems, have been considered by several authors, including [BP][FSh3][KSh3]
[Na2]. In [Z4] it is shown that (11.14) can be transformed into a linear PDE for
(T, n), where ¥ = ¢° and § = (1 — v+ A2y)~(1 — ). In [FPS, Chap. 10] an
approximate solution is found in case of stochastic volatility (r, 4 constant),
using a perturbation analysis. In [FPS] volatility is assumed mean-reverting
on a “fast” time scale.

If R(n), M(n),g(n) are linear functions and o is constant, then the risk
sensitive control problem is a LEQR problem considered in Example VI.8.1,
with min replaced by max. In this case, the problem has an explicit solution
[BP][FSh3][KSh3].

X.12 Historical remarks

The classical references to the Merton problem are [Merl], [Mer2]. For the
general utility functions, we refer to [KLSS], [P11] and the textbooks [KS5]
and [P12]. For option pricing we refer to the original paper by Black & Scholes
[BSc] and the textbooks [KS5] and [Hul.
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The portfolio selection problem with transaction costs was first studied by
Constantinides [Co], then by Davis and Norman [DN] who solved the problem
under an implicit assumption on the coefficients. Later Shreve and Soner
[ShS] studied the problem only assuming that the value function is finite.
A similar problem with no consumption was analyzed by Taksar, Klass and
Assaf [TKA]. The deterministic model was “explicitly” solved by Shreve et al.
[SSX] with a general utility function which is not necessarily a HARA type
function. For the utility based approach, we refer to Hodges & Neuberger [HN].
An interesting application of this approach with proportional transaction costs
is given by Davis, Panas and Zariphopoulou [DPZ]. An asymptotic analysis
of this problem is given in [BaS], [WW] and more recently in [JS]. For other
related models we refer to Zariphopoulou [Z1], [Z2] and [FZ]. We refer to
[KS5] and [ST2] and the references therein for results on super-replication.
References for the model with random coefficients are given in Section 11:
[FHH2], [FP], [FPS], [BP], [FSh3], [KSh3], [Na2].






XI

Differential Games

XI.1 Introduction

In this chapter we give a concise introduction to zero-sum differential games.
The game dynamics are governed by ordinary differential equations, which
are affected by two controllers with opposite goals. One controller chooses at
time s a control u(s) with the goal of minimizing the game payoff P. The
other controller chooses a control z(s) with the goal of maximizing P. The
notion of value function has a key role in the theory of differential games. In
his pioneering work, R. Isaacs [Is] introduced corresponding nonlinear first-
order PDEs which are now called Isaacs equations. As for the HJB equations
of deterministic control (Chapters I,II), solutions to Isaacs PDEs are typically
not smooth and should be considered in the viscosity sense.

We will consider only differential games on a fixed time interval t < s < t;.
Rather strong assumptions will be made about the game dynamics and pay-
off, to simplify the presentation. See (3.4). We begin in Section 2 with the
definition of upper and lower values V., V_ of a static game. The upper value
V. is obtained if the minimizing control is chosen first, and V_ is obtained if
the maximizing control is chosen first. In Section 3, a description of differen-
tial games on [t,t1] is given, and PDEs (3.6), (3.9) for the upper and lower
game values V, (¢, ), V_(t,x) are derived formally. For discrete-time dynamic
games, upper and lower value functions are easily defined, by specifying which
controller chooses first at each step. However, this is not so in continuous time,
since control choices can be changed instantaneously. In Section 4 we define
upper and lower value functions using the idea of progressive strategy, in a way
similar to Elliott-Kalton [ElKa]. The upper and lower value functions V., V_
are shown to satisfy dynamic programming principles (5.1), (5.4). Then V.
and V_ are shown in Section 6 to be the unique bounded, Lipschitz continuous
viscosity solutions to the upper and lower Isaacs PDEs with given terminal
data. When the Isaacs minimax condition (3.11) holds upper and lower game
values are equal (V; = V_).
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In Section 7, we consider differential games which arise as small noise limits
from risk-sensitive stochastic control problems on a finite time interval. The
upper game value V. (¢, x) is the limit of the minimum certainty-equivalent
expected cost in the risk sensitive control problem.

At an intuitive level, a progressive strategy « allows the minimizing con-
troller to choose u(s) knowing z(r) for r < s. Such a strategy o can be chosen
which guarantees payoff P no more than the lower value V_(¢t, z) plus an ar-
bitrarily small constant. In Section 9, the smaller class of strictly progressive
strategies is introduced, which corresponds intuitively to excluding knowl-
edge of z(s) when u(s) is chosen. With strictly progressive «, the upper value
Vi (t,x) is obtained (Theorem 9.1). We call the difference V4 (¢, z) — V_(¢, z)
an instantaneous information gap in game value. Our proof of Theorem 9.1
depends on time discretizations. A different proof is given in [KSh2].

This chapter depends on viscosity solution results in Chapter II, and some
ideas from Chapter I. Except for Theorem 7.2, it may be read independently
of the other chapters.

XI.2 Static games

Let us first review some basic concepts concerning zero sum games. Let U
and Z be two sets, and P(u, z) a bounded function on U x Z called the game
payoff. There are two controllers, one of which chooses u € U and wishes to
minimize P. The other controller chooses z € Z and wishes to maximize P.
(In the game theory literature, the term “player” rather than “controller” is
frequently used. See for instance [Au][O][PZ].) To complete the description of
the game, the information available to each controller must be specified. We
distinguish three cases.

Case 1. The minimizing controller chooses u first, and u is known when
the maximizing controller chooses z. Let

(2.1) Vi = infsup P(u, 2).

Case 2. The maximizing controller chooses z first, and z is known when
the minimizing controller chooses u. Let

(2.2) V_ =supinf P(u, z).
z u
V. and V_ are called the upper game value and lower game value respec-
tively. We always have V_ < V. If V_ = V| then the game is said to have a
saddle point.

Case 3. Both controllers choose simultaneously. In this case, a game
value can be defined by introducing “mixed strategies” which are probability
measures on U and Z. This case is not considered in this book.
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The upper game value can be rewritten as follows. Let us call any function
G from U into Z a strategy for the maximizing controller. Since u is known
before z is chosen in Case 1, the maximizing controller chooses a strategy (.
Then (2.1) can be rewritten as

(2.3) Vi = inf sup P(u, 5(u)) = supinf P(u, 5(u)).

The first equality in (2.3) is just (2.1), taking z = B(u). The second equality
is a consequence of the following remark: for every 6 > 0 there exist ug, Gy,
such that

(2.4) P(ug,z) <Vi+0, P(u,Be(u) >V, -0

foralueld, z € Z.
In the same way, a function « from Z into U is called a strategy for the
minimizing controller. We have

(2.5) V.= sgpiralfP(a(z), z) = igfsgp P(a(z), 2).

XI.3 Differential game formulation

We consider two controller, zero sum differential games on a finite time interval
[t,%1]. The state of the differential game at time s is x(s) € IR", which satisfies
the differential equation

d

(3.1) £x(s) = G(s,z(s),u(s), z(s)), t<s<t,
with initial data
(3.2) z(t) = x.

At time s, u(s) is chosen by a minimizing controller and z(s) is chosen by a
maximizing controller, with u(s) € U, z(s) € Z. The sets U, Z are called the
control spaces. The game payoff is

t1

(3.3) P(t,z;u,2) = /L(s,m(s),u(s),z(s))ds + P(x(t1)).

t

We make the following assumptions:

(a) UCR™, ZCIR™ and U,Z are compact;
(b) G, L are bounded and continuous on Qg x U x Z;

(¢) There exist constants K¢, K7, such that
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|G(t,x,u,z) - G(tay7u7z)| < KG|I - y|
|L(t,(E,u7Z) - L(t7y7u7z)| < KL|‘T_y|
for all t € [to,t1], z,y € R", weU, z¢€Z

(d) % is bounded and Lipschitz continuous.

These assumptions could be relaxed in various ways, which would however
complicate the exposition. For example, for differential games which arise in
nonlinear H-infinity robust control, it is often assumed that L(t,z,u, z) may
grow quadratically in z as |z] — co. See [Mc3].

In order to complete the description of the differential game, one must take
into account what information is available to the controllers at each time s. To
begin with, let us try to do this at an intuitive level. At time s, both controllers
are allowed complete information about the past before time s. In addition,
one controller is given additional information at time s. At an intuitive level,
the maximizing controller has this advantage if u(s) is known before z(s) is
chosen. Similarly, the minimizing controller has the advantage if z(s) is known
before u(s) is chosen. This idea is easy to make precise for multistage discrete
time games. See [F7][Fr2][PZ]. However, it is not easy to do so in continuous
time, since control choices can be changed instantaneously. This issue will be
addressed in Sections 4 and 9, where the concepts of progressive and strictly
progressive strategies are used.

Upper and lower Isaacs PDEs. The pioneering work of R. Isaacs on
differential games [Is] makes extensive use of first order PDEs, which are
now called Isaacs equations. They correspond to the Hamilton-Jacobi-Bellman
PDEs considered in Chapters I and II when there is no maximizing control
z(s). There are two PDEs, (3.6) and (3.9) below, which are called upper
and lower Isaacs equations. Speaking intuitively, these result from giving the
information advantage to either the maximizing or the minimizing controller.

To derive formally the upper Isaacs PDE, suppose that an “upper value
function” Vi (t,z) has been defined which satisfies a dynamic programming
principle. If one could consider only constant controls u(s) = u, z(s) = z on
a small time interval ¢t < s < ¢t + h, then formally

t+h
(3.5)  Vi(t,z) ~ infsup / L(s, a(s), u, 2)ds + Vi (£ + h, 3(t + b))

z
t

Moreover, if V; were a smooth function, then

ov.
Vit 4 h,x(t +h)) =~ Vi (t,z) + [a; + DV, -G(t,z,u,2)| h
where 0V, /0t and D, V. are evaluated at (¢,x). If we substitute into (3.5),
divide by h and let h — 0, we get the upper Isaacs PDE:
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oV
(3.6) 0= ="+ Hy(t,z, DsVy)
(3.7) H,(t,z,p) = — min ranaZx[G(t, x,u,z) - p+ L(t, z,u, z)].

The boundary condition for (3.6) is
(3.8) Vi(ty,z) = ().

The above is merely a formal derivation, not mathematically precise. A rig-
orous definition of upper value function V. is given in Section 4, and V is
shown in Section 6 to satisfy the upper Isaacs PDE in the viscosity sense.

In the same way, the lower Isaacs PDEFE is derived formally by giving the
minimizing controller the information advantage. This PDE is

(3.9) 0=-Y i b (2 DV)
ot
(3.10) H_(t,z,p) =— max min [G(t,z,u,z) -p+ L(t,x,u,2)].

The lower value function V_, as rigorously defined in Section 4, will satisfy
(3.9) in the viscosity sense.
In many examples, it happens that

(311) H+(t,:177p) :H—(taxap)

for all (t,x) € Qo, p € IR™. This is called the Isaacs minimaz condition. When
(3.11) holds, then Vi = V_. See Corollary 6.1.

Control policies. For differential games, control policies can be intro-
duced in a way similar to Markov control policies in Chapter IV. Consider the
upper differential game, in which the maximizing controller has the informa-
tion advantage. A control policy for the minimizing controller is a function
u from @q into U. For the maximizer, a control policy is a function z from
Qo x U into Z. If u is Lipschitz continuous, then for any choice of z(s) equa-
tion (3.1) has a well defined solution x(s) with u(s) = u(s,z(s)) and z(t) = x.
Similarly, if z is Lipschitz continuous, the solution z(s) is well defined for each
u(s) when z(s) = z(s, z(s), u(s)).

At a purely formal level, equations (3.6)-(3.7) suggest the following candi-
dates for optimal control policies u*, z*. Let

F(t,x,u,2z) = G(t,z,u,z) - D, Vi(t,x) + L(t, z,u, 2).
Choose u*(t,z) and z*(t, z,u) such that

(3.12) u*(t,z) € argmin max F(t,z,u,z)
€ z€E

u
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(3.13) 25 (t,x,u) € argmax F(t,x,u,z)

Unfortunately, there are technical obstacles to obtaining a general theorem
which puts this idea on a mathematically rigorous basis. Typically the upper
value function is not of class C!, and thus u*, z* are not well defined. Even
if u*(¢t,x) and z*(t,z,u) were suitably defined at points (t,z) where D,V
does not exist, but u*, z* are not Lipschitz, there remains the problem of
interpreting (3.1) when these control policies are used.

Control policies have had a limited role in developing a general theory of
value for differential games, which is based instead on the idea of strategies. On
the other hand, if one wishes to solve differential games in specific examples,
then strategies lead to unreasonably large computations and are of little use.
Instead, solutions in terms of optimal control policies are sought, using some
modified version of the procedure outlined above.

We conclude this section with the following result, in which very restrictive
assumptions are made. If u is a Lipschitz continuous policy, then we write (3.3)
as P(t,z;u,z), where as above u(s) = u(s,x(s)). Similarly, if z is Lipschitz
continuous, then we write (3.3) as P(t,x; u, z) where z(s) = z(s, z(s), u(s)).

Theorem 3.1. Let W € CY(Qo) be a solution to the upper Isaacs PDE
(3.6) and (3.8). Moreover, let u*,z* be Lipschitz continuous and satisfy
(3.12,(3.13)). Then:

(a) For every z(-) € L*=([t, t1]; Z)

(3.14) P(t,z;u*, z) < W(t, x);
For every u(-) € L ([t,t1];U)

(3.15) W(t,z) < P(t,x;u, z%).

Proof. Let F(t,x,u, z) be as above, with V. replaced by W. Then
F(Sax(s)vg*(svx(s))vZ(S)) < _HJr(va(s)’DﬂEW(va(s))

for all s € [t,t1]. Then (3.14) follows from (3.6),(3.8) and the fundamental
theorem of calculus, in the same way as for Theorem I1.5.1. The proof of
(3.15) is similar. O

When inequalities (3.14), (3.15) hold we say that the policies u*, z* are
optimal among Lipschitz continuous control policies, for the differential game
corresponding to the upper Isaacs PDE (3.6). Moreover, W (t, z) in Theorem
3.1 turns out to be the same as the upper differential game value V4 (¢, ),
which is defined in Section 4 using progressive strategies rather than control
policies. See Remark 6.1.
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XI.4 Upper and lower value functions

In this section we give precise definitions of upper and lower value functions.
To introduce the upper value function, we first define the concept of progres-
sive strategy for the maximizing controller. Let

U°(t,t1) = L=([t,t1]; U), Z9(t,t1) = L>=([t,t1]; Z).

Let U(t,t1) C U°(t,t1) be a class of functions u(-) with the following proper-
ties:

(a) U(t,t1) contains all constant functions, u(s) = u € U;

(b) Ift<r<ty, ui(-) €U(t,r), uz(-) € U(r t1),then
u(-) € U(t,t1), where

(4.1) ui(s) fort<s<r

u(s) =

ug(s) forr <s<t.

(¢c) Conversely, if u(-) € U(t,t1), then the restrictions
u1(+), ua(-) are in U(t,r),U(r, t1) respectively.

As ususal, any two functions which agree for almost all s € [t 1] define
the same element of U(¢,?1). In particular, the value of u(-) for the partic-
ular time s = r is unimportant. From (4.1), U(t,t1) contains all piecewise
constant functions u(-). Similarly, let Z(¢,t1) C Z°(t,t1) be a class of func-
tions with the same properties as in (4.1), with u(t), u1(¢), ua(t) replaced by
z(t), z1(t), z2(t).

A progressive strategy (3 for the maximizing controller is a function
from U(¢,t1) into Z(¢,t1) with the following property: for ¢t < r < ¢1, u(s) =
u(s) for almost all s € [¢, 7] implies B(u)(s) = B(@)(s) for almost all s € [¢,7].
Let A(t,t1) denote the class of all progressive strategies 3. The upper value
for initial data (¢, x) is defined as

(4.2) Vi(t,x) = sup inf P(t,z;u, B(u)),
BeAueU

where for notational brevity we put in (4.2) A = A(t,t1), U = U(t, t1).
It will be shown later (Theorem 6.1) that V. (¢,z) does not depend on the
particular choices of U(t,t1), Z(t,t1) satisfying (4.1). If U(t,t1) = U°(¢,t1)
and Z(t,t;) = 29(¢,t1), then V. (¢, ) is called the Elliott-Kalton upper value
[EIKa).

Lemma 4.1. There exists a constant M7 such that

(4.3) Vit z) = Vi(t,y)| < Milz -y
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for allt € [to,t1], z,y,€ R™.

Lemma 4.1 is proved in the same way as I1(10.2), making use of the uniform
Lipschitz bounds in (3.4)(c) and (d).

Similarly, a progressive strategy for the minimizing controller is a function
a from Z(t,t1) into U(t,¢1) with the property that z(s) = Z(s) for almost all
s € [t,r] implies a(z)(s) = a(2)(s) for almost s € [t,r] where t < r < ;. Let
I'(t,t1) denote the class of all progressive strategies . The lower value for
initial data (¢, ) is

(4.4) V_(t,z) = inf sup P(t,z;a(z),2)
a€l ez

where again for brevity Z = Z(t,t1), I' = I'(t,t1).

XI.5 Dynamic programming principle

Let us now show that the upper value function V, satisfies the following
dynamic programming principle. For this purpose, we introduce the following
notation. Given r € (t,t1), let

Z/ll :Z/{(t,’l"), UQ :Z/[(T’,tl)

Al ZA(t,T), AQZA(’I“,tl).

Theorem 5.1. (Dynamic programming principle) For t <r < t;
(5.1)

T

Vi(t, @) = sup gf /L(S%(S%U1(8),ﬂ1(u1)(8))d8+V+(r7w(7")) 7

where xz(s) is the solution of (3.1) on [t,r] with x(t) = x and controls

u1(s), z1(s) = B1(u1)(s).

Proof. Let W (t, x) denote the right side of (5.1). Given 8 > 0, choose 5; € A;
such that

Wi(t,z)—0< /Lds + Vi(r,z(r))
t
for all uy(-) € Uy, with L = L(s,z(s),u1(s), z1(s)) as in (5.1). The definition
(4.2) of upper value implies that for any y € IR™, there exists 3, € Ay such
that ~
VI (r,y) — 0 < P(r,y;us, By (u2))

for all us(+) € Us. Given any u(-) € U(t1,ts2), let ui(+), usz(-) be the restrictions
of u(+) to [t,r) and [r,¢1] respectively. Define Gy by
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ﬂl(ul)(s), t<s<r
Po(u)(s) =

Bu(ry(u2)(s), 7 < s <ty

Then Gy € A(t,t1). Moreover,

r

P(tax;uvﬂO(u)) :/Lds+P(r,x(7‘);u2,ﬂ~x(r)(u2))

t
r

> /Lds +Vi(r,z(r) —0 > W(t,x) — 26.

t

Since u(-) is arbitrary,

Vi(t,x) > in£ P(t,z;u, Bo(u)) > W(t,x) — 26.
ue

Since 0 is arbitrary, W < V..

To prove the opposite inequality, consider any 8 € A(t,t1). Define 51 € A4
by B1(u1)(s) = B(u)(s), where uy(-) is the restriction of u(-) to [t,r). Given
0 > 0 there exists %1 € U; such that

ueEU,

W(t,z) > inf [/Ld5+V+(r,x(T))]

T

> /L(s, #(s), i1 (s), 21.(s))ds + Vi (1, 2(r)) — 6

t

where #(s) is the solution to (3.1)-(3.2) with controls 41 (s), 21(s) = B1(d1)(s).
Define 32 € Ay by Ba(u2)(s) = B(t1, uz2)(s), for s € [r,¢1]. Then

VvV (r &(r)) > u;lelg P(r,2(r); ug, B2)

> P(r,2(r); U2, B2) — 0

for some s (+) € Us. Let 1(s) = @1 (s) for s € [t,r) and = 1s(s) for s € [r,t4].
Then
irelziP(t,x;u,ﬁ(u)) < P(t,x;4, B(0))

T

- / L(s,8(s), 1 (5), 21 (5))ds + P(r, 2(r); i, Bali12))

t
< W(t,z)+ 26.
Since § € A(t, t1) and 6 are arbitrary, V, < W. O
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Theorem 5.2. The upper value function V. is bounded and Lipschitz con-
tinuous on Qq.

Proof. By the definition (4.2) and (3.4)(b)(d),
(5:2) Vi (t,2) < (= O]+ [[¥]]

where || || is the sup norm. Lemma 4.1 gives a uniform Lipschitz bound for
Vi(t,-). For t <r <t and any ui(-) € Uy, 51 € Ay,

T

/L(s, x(s),u1(s), B (u1)(s))ds + VI (r,z(r)) — V*I(r,z)

<L =) + My|z(r) — x| < Ma(r — 1)

by (4.3), where My = || L||+ M ||G||. Since u; (-) and (3 are arbitrary, Theorem
5.1 implies that

(5.3) VT (t,x) — VT (r,z)| < Ma(r —t).

Hence V. is Lipschitz continuous. (]
 In the same way, the lower value function V_ is Lipschitz continuous on
Qo and satisfies a dynamic programming principle

(5.4)

T

Vet = inf s | [ LGsa(s)n(a1(s). 1 (9)ds + Vo (ra(0)

XI.6 Value functions as viscosity solutions

The upper value function V, is not generally of class C', although V, is
Lipschitz continuous according to Theorem 5.2. In this section we show that
V, satisfies the upper Isaacs PDE in the viscosity sense. Similarly the lower
value V_ is a viscosity solution of the lower Isaacs PDE. If the Isaacs minimax
condition (3.11) holds, then V. = V_. We begin with:

Lemma 6.1. Let @ be continuous on U X Z. Then for every 6 > 0 there
exists a Borel measurable function ¢ from U into Z such that

(6.1) meaécdi(u, z) < P(u,(u)) + 6, for all uweU.

Proof. Given § > 0, partition the compact set U into Borel sets Ay, -+, Ay
of diameter less than §. Choose u; € A; and z; which maximizes @(u;,-) on
Z. Let ((u) = z for all u € A;. Then for i =1,---, M, u € A;
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max D(u, z) < max b(uy, 2) + m(9)

= P(ui, zi) + m(8) < P(u,((u)) + 2m(9),
where m(§) — 0 as 6 — 0. We choose § small enough that 2m(d) < 6. O
Given w € C*(Qp) let
(6.2) F(s,y,u,z) = G(s,y,u,z) - Dyw(s,y) + L(s,y,u, 2).

Lemma 6.2. For w € C*(Qo), (t,z) € Qo
(6.3)

t+h
1}%1 lggggg{{/F(s,x(S),U(S),ﬂ(U)(S))dS = —H(t,z, Dyw(t, r)),

where A = A(t,t+ h), U =U(t, t+ h).
Proof. Since |z(s) —z| < ||G||h for s € [t,t + h],

(6.4)  [F(s,2(s), u(s), B(u)(s)) = F(t, z,u(s), B(u)(s)))] < xa(h)

where x1(h) does not depend on u(-) or 8 and x1(h) — 0 as h — 0. Let
&(u, z) = F(t,z,u, z) and note that by (3.7)

i ® = —H,(t,z, Dyw(t,z)).
min max &(u, z) +(t,z, Dyw(t, x))

Choose ug(s) = ug for s € [t,t + h] where

ug € arg minmax @(u, z).
ugGU 2€7 (u,2)

Let Bo(u)(s) = C[u(s)] with ¢ as in Lemma 6.1. Then for every u(-) and 3

(6.5) D(uo, A(uo)(s)) < —Hy (L, 2, Dyw(t, z))

(6.6) D(u(s), Bo(u)(s) > —Hy(t,x, Dyw(t,z)) — 0.
Denote by () the expression in brackets in (6.3). Then by (6.4)-(6.6)

t+h

1 1
lim sup — (%) < lim sup sup — / D(ug, B(up)(8))ds < —H (¢, z, Dyw(t,x))
hio h hio  peah /

t+h
li}rlrjoinf %(*) > liminf inf % / D(u(s), Bo(u)(s))ds > —Hy (t,z, Dyw(t,x)) — 0.

Rl0  w(-)eu
t
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Since 6 is arbitrary, we obtain (6.3). O
Theorem 6.1. The upper value function V. is the unique bounded, uniformly
continuous viscosity solution to the upper Isaacs PDE (3.6) with the terminal
condition (3.8).

Proof. By Theorem 5.2, V, is bounded and Lipschitz continuous on Q
(hence uniformly continuous on Qg). We show that V, is a viscosity solution
0 (3.6). Uniqueness follows from Corollary I1.9.1. Following the notation of
Section I1.3 let C = {bounded, Lipschitz continuous functions on IR™}. For
¢ €C, let

T

(6.7) Ter¢(x) = sup inf /L(s,x(S),U(S),ﬂ(U)(S))dS +¢(x(r))

BeAueU

where A = A(t,r), U = U(t,r). By Lemma 4.1, T, maps C into C. It is
immediate that conditions II(3.1), 11(3.2) hold and the semigroup property
TI(3.3) is a consequence of Theorem 5.1. By Theorem IL.5.1 is suffices (see
I1(3.11)) to show that, for each (t,z) € Qo and w € C*(Qp)
(6.8)

1 0

lm = [Teernw(t + b, ())(z) —w(t,2)] = gow(t,2) - Hi (62, Dyw(t, 2)).
By the fundamental theorem of calculus, applied to w(t+h, z(t+h)) —w(t, x),
this is equivalent to

t+h

(6.9) lim% sup inf / {%:(s,m(s))+F(s,x(s),u(s),ﬁ(u)(s)) ds

hlO BeAueU
t

= %w(t,m) — H (t,x, Dyw(t,x)).

Since w € C1(Qp) and |z(s) —z| < ||G||(s —t) for t < s <t +h

%w(&x(s)) — %w(t7$) < x2(h)

where x2(h) does not depend on u(-) or 5 and x2(h) — 0 as h — 0. Then
(6.9) follows from Lemma 6.2. O
Remark 6.1. In particular, if there exists a bounded uniformly continuous
classical solution of (3.6)-(3.8) W € C*(Qy), then W = V.

Remark 6.2. By uniqueness of viscosity solutions in Theorem 6.1, the upper
value function V; does not depend on the particular choices for U(t,¢1) and
Z(t,t1) in the definition (4.2). In particular, V4 (¢, x) is the same as the Elliott-
Kalton upper value.
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The same proof as for Theorem 6.1 gives:

Theorem 6.2. The lower value function V_ is the unique bounded uniformly
continuous viscosity solution to the lower Isaacs PDE (3.9) with the terminal
condition (3.8).

Corollary 6.1. If the Isaacs minimax condition (3.11) holds, then V. = V_

If (3.11) does not hold, then we may have V_(¢,z) < Vi (t,2). When that
happens, we call the V4 (¢,x) — V_(¢t, z) the instantaneous information gap in
value for the differential game.

Example 6.1. Letn=1,U = Z = [-1,1] and &(s) = |u(s) —z(s)|, where
- = d/ds. The game payoff is P(t,z;u,z) = ¥(2(t1)), where ¢» € C'(IR') and
¥ (x) > 0. Since the payoff is a strictly increasing function of z, it suffices to
compute Hy (p) for p > 0. We obtain H, (p) = —p and H_(p) = 0if p > 0.
By explicitly solving (3.6) and (3.8), Vi (t,z) = (x + t; — t). The optimal
control policy for the minimizer is u*(¢,z) = 0 (see Theorem 3.1). Similarly,
V_(t,z) = ¢¥(z) < Vi (t, ) since ¢ is strictly increasing.

XI.7 Risk sensitive control limit game

In this section we will assume that the differential game dynamics (3.1) have
the form

(7.1) %x(s) = f(s,x(s),u(s)) + o(s,z(s),u(s))z(s).

Moreover, the game payoff is

t1

(7.2) P(t,x;u,z)z/ {é(s,m(s),u(s))—;|z(s)|2 ds.

We assume that z(s) € IR%. In the notation of Section 3, G = f + oz, L =
¢ — %|z|*> and ¢ = 0. We also assume that f, o, € C}(Qo x U).

The differential equation (7.1) is a deterministic analogue of the stochas-
tic differential equation VI(8.1) for the state dynamics of the risk-sensitive
stochastic control problem. Theorem 7.2 below justifies the idea of regarding
such differential games as small noise limits of risk-sensitive control problems.
We also note that if the control u(s) is absent from the model, then (7.1) is
the same as VI(6.6) with f(¢,z,u) = b(¢,x) and with L(¢,z, z) as in VI(4.2).

The upper Isaacs PDE for this differential game is (3.6), where

1
(73) HJr(taxvp) = _Hggfl f(t,xw) P+ ia(ta‘rvv)p 4 +£(t,$,@) )
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where a = o0o’.

In the definition of upper value in Section 4, the control space is assumed
compact (see (3.4a)). Since Z = IR? is not compact, we now define V, (¢, )
by (4.2) where

A= ] A

R>0

and Ar = Agr(t, t1) is the set of all progressive strategies which map U(¢,t1)
into L*([t,t1]; Zr), Zr = {# : |2| < R}. Let V; g(t, x) denote the upper value
with the constraint |z(s)| < R. Then V, g(¢,z) tends to V. (¢t,z) as R — oc.
In fact, we will show that Vr = V, for large enough R.

Lemma 7.1. There exists My such that

(7.4) Vir(t,x) = Vir(t,y)| < Milz -y
for allt € [to,t1], z,y € R™.

Proof. Let Go(u)(s) =0 for all u(-) €U, s € [t,t1]. Then

(7.5) —(t = t)llell < inf P(t,2;u,6) < Vir(t ) < (t = )€

By (7.2) and (7.5), it suffices to consider strategies 8 such that ||5(u)||2 < Cy
for all u(-), where || ||2 is the L?-norm. Given 3 and u(-), let z(s),y(s) satisfy
(7.1) with z(t) = z, y(t) = y, and z(s) = B(u)(s). Let {(s) = z(s) — y(s).
Since f(s,-,u) and o(s, -, u) satisfy a uniform Lipschitz condition, there exists
K such that

%IC(S)\2 < 2CNIC(s)] < KL+ [=()DIC(s)P,

S

P <lo - sPexp | K [(1+]20)dr

t

Since ||z]|2 < C1, |¢(s)| < Calz — y| for some Cs. Note that C7,C2 do not
depend on (¢,z) € Qo or on R. Since £(s,-,u) satisfies a uniform Lipschitz
condition, this implies

(7.6) |P(t, @30, B(u) — P(t, y;u, B(u))| < Milz —y|

for all 3 such that ||B(u)]|2 < C; which satisfy (7.5). This implies Lemma
7.1. d

Theorem 7.1. (a) There exists Ry such that Vig(t,x) = Vi(t,z) for every
R>R;.

(b) V4 is the unique bounded, Lipschitz continuous viscosity solution to the
upper Isaacs PDE (3.6) with terminal data Vi (t1,2) = 0.
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Proof. Let us prove (a). Part (b) follows from (a) by the same proof as the
Theorem VI.6.1. Let

Hyg(tz,p) = —min max |p- (£(t,2,0) + o(t, z,0)¢) + £t 2,v) = %KIQ :
Let M; be as in Lemma 7.1. Since ¢ is bounded, there exists k such that
kM, < R and |p| < My imply Hyg(t,z,p) = Hy(t,x,p). Let Ry = kM;.
For R > R;, Corollary II1.8.1(f) implies that |p| < M; for all (¢,p) €
DT (Vig(t,z))UD™(Vyg(t,x)). Therefore, by Theorem 6.1, V, g is a bounded,
Lipschitz continuous viscosity solution of
787‘/ + Hyr, (t,2, D, V) =0
ot

for every R > Ry, with Vi g(t1,2) = 0. Since V, g, is also a viscosity solution,
the uniqueness part of Theorem 6.1 implies that Vi p = Vg, . Since Vi r(t, )
tends to Vi (¢,x) as R — oo, this proves (a). O
Remark 7.1. If 0 = o(t,z) does not depend on v, then the Isaacs minimax
condition (3.11) holds. By Corollary 6.1, Vir = V_g. Since V_p < V_ <
Vi =V,g for R > Ry, this implies V_ = V.

Small noise, risk sensitive control limit. In Section VI.8, let us now
take p = ¢~ and let & (¢, z) denote the value function for the risk sensitive
stochastic control problem. As in VI(8.9), let V¢ = elog @°.

Theorem 7.2. V<(t,z) tends to Vi (t,x) uniformly on compact subsets of
Qo-

Proof. By Corollary VI.8.1, V¢ is a viscosity solution of

_ove

ot
with 7. as in VI(8.11) with p = e~'. Moreover, |V=(t,z)| < (t1 — t)||¢||. For
every w € C*(Qo),

(7.7) +H(t,z, DV, D2V?) =0

lim H(t, x, Dyw, D*w) = H (t,z, Dyw)
e—0

uniformly for (¢,x,p, A) in any compact set. Theorem 7.2 then follows from
Theorem 7.1, by using the weak comparison principle for viscosity solutions
in the same way used to prove Theorem VI.6.2. See Section VII.11. (]

Remark 7.2. In the terminology of Chapter VI, V¢(¢,x) is the infimum
over admissible control processes u(-) of the certainty equivalent expectation
&P (J*%), where
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_ /tlf(s,xs(s),u(s))ds

with 2°(s) as in VI(8.1) with p = ¢~1. According to Theorem 7.2, this tends
to Vi (t,z) as € — 0. The upper game value has a “max-plus stochastic con-
trol” interpretation, in terms of the Maslov idempotent probability calculus
mentioned in Remark VI.6.2. See [F5]. Let

= fﬁ(s, x(s),u(s))ds

with z(s) as in (7.1). Given a strategy « for the minimizing controller,

sup P(t,z;0(2), 2) = Eff(JT°)
z2€EZ

where ET denotes the max-plus expectation. The maz-plus stochastic control
problem is to minimize F;,(J°) in an appropriate class I" of strategies a. If
I’ = I is the class of all progressive strategies, then the infimum of E;}(J°)
is V_(¢, x) by the definition (4.4) of lower value. This does not agree with the
risk sensitive limit in Theorem 7.2 if V_(¢,z) < Vi (¢, x). In Section 9, we will
define a smaller class I's of strictly progressive strategies. By Theorem 9.1,
Vi (t,z) is the infimum of E;  (J°) among strategies a € I's.

XI.8 Time discretizations

In this section and in Section 9, we return to the differential game formu-
lation in Section 3, with game dynamics (3.1) and (3.3). The main result
is a characteriztion of the upper value function V, in terms of strictly pro-
gressive strategies for the minimizing controller (Theorem 9.1). In prepara-
tion, we first give another characterization of the upper value, using piece-
wise constant controls u(s) for the minimizer. Let ©# = {rg,r1,---,rn} with
to =19 <71 < -+ <ry =ty. For initial time ¢t = r; in 7, let

Rt t) = {u(:) €Ut ty)  u(s) =u(r;) for s € [rj,rjp1),j=1d,---, N —1}.
Each such control is a piecewise constant function. Let

(8.1) VI(t,x) = ;lelgu(l)nefu P(t,z;u, B(u)),

where as in (4.2) we let A = A(t, 1), Ur = Ux(t,11).

Lemma 8.1. Fort=r;, r=r; withi <j, let Uy, =U (L, 1), A1 = A(t,7).
Then
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(8.2)

T

Vi) = sup inf | [ E(sa(s)0n(5) 1 o 0)))ds + VI a(r)

Lemma 8.1 is a discrete time version of the dynamic programming principle
for differential games. It is proved in exactly the same way as Theorem 5.1,
taking ¢t = r;,7 = r; and considering only controls u(-) € Ur(t,t1), ui(-) €
Ur(t,1), us(-) € Ug(r,t).

If 7 C 7, then U, C Uz and hence Vf < VI. Let

(8.3) Vi(t,z) = lim VI (r,x)
el =0
ri—1t

where ||7|| = max(riy1 — 7).
1

Theorem 8.1. V+ =V,.

Proof. Since U, C U, V. < VT for every . Hence V. < V. From Lemma
7.1 and the same proof as for Theorem 5.2, VT is bounded and Lipschitz
continuous, with the same constants as in (4.3), (5.2), (5.3) which do not
depend on 7. Hence V+ is bounded and Lipschitz continuous. Moreover,
Vi(ti,z) = Vi(ty,2) = ¢(x). To show that V, < V,, it suffices to show
that V+ is a viscosity subsolution of the upper Isaacs PDE (3.6) and to use
the comparison principle Theorem I1.9.1.

Suppose that w € C1(Qp) and that V+ — w has a strict local maximum at
(t,7) € Qo. We must show that

(8.4) —w(t,T) + minmax F(t,%,u,2) >0

ot welU z€Z
with F' as in (6.2). Suppose not. Then there exist ¢ > 0, 6 > 0 and ug € U
such that
0
(8.5) Ew(&y) + F(s,y,up,2) < —0

for all 2 € Z and (s,y) € N5, where N5 = {(s,y) € Qo : |s—t|+|+|y—Z| < §}.
Since V[ has a uniform Lipschitz bound, the limit in (8.3) is uniform on
compact sets. Hence, there exist (t,,2,) tending to (¢, ) as in ||x| — 0, with
tr € m, such that

(8.6) VIi(r,y) —w(r,y) S VI(tr, xx) — w(ts, zx)

for all (r,y) € Ns such that r € 7. Choose r € m such that ¢, < r and
2(r —tz) < 8(1+ ||G||)~ . Let ug(s) = ug and consider any 3 € A(tr,r). Let
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x(s) be the corresponding solution to (3.1) with z(¢,) = . For small enough
IIll, (s,2(s)) € Ns for t, < s < r. By applying the fundamental theorem of
calculus to w(r,z(r)) — w(ty, z,) and using (8.6) with y = z(r),

T

(8.7) WW&@D+/M&A$%¢W@@M&WTWJH

ir

</{iw@w@»+ﬂaﬂﬁmewﬂﬂ>@

tr
< =0(r —tr).

The left side of (8.7) is decreased when ug is replaced by the inf over u(-).
Since (8.7) is true for all 3, we obtain from Lemma 8.1 a contradiction. Thus
VJr is a viscosity subsolution. O

In the next section, we will give another characterization of VT in terms of
strategies for the minimizing controller. This is important for our discussion
there of strictly progressive strategies.

XI.9 Strictly progressive strategies

We now shift attention to strategies for the minimizing controller. The lower
value V_(t,z) is obtained when the inf in (4.4) is taken among progressive
strategies « € I'. In this section, we will show that the upper value V, (¢, )
is obtained when « is restricted to a smaller class of strategies I's which we
call strictly progressive. At an intuitive level, restricting o to I's corresponds
to denying the minimizer current information about his opponent’s choice.
Hence, the minimizer loses the information advantage.

A progressive strategy « for the minimizing controller is called strictly
progressive if: for every progressive strategy (3 for the maximizing controller,
the equations

(9.1) u = a(z), z = F(u)

have a solution 4(-) € U(t,t1),2(-) € Z(t,t1). This implies that 4(-) is a fixed
point of the composite map a o 3.

Example 9.1. Consider any partition of [tg, ¢1] into subintervals [r;, 7;11),
with endpoints in a finite set 7 as in Section 8. For t = r;, Uy (t,t1) consists
of functions u(-) constant on each subinterval with ¢ < j. Let I';(¢,t1) consist
of those progressive strategies a such that a(z) € Ur(t,t1) for every z(-) €
U(t,t1). Then every a € I';(t,t1) is strictly progressive. To see this, given any
B € A(t,t1), choose u; € U arbitrarily and let 4(s) = wu;, 2(s) = G(a)(s) for
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s € |ri,7i41). Proceeding by induction on j, for j > 4 first choose 4i(s) and
then Z(s) on [r;,7j41) so that

a(s) = a(rj) = a(2)(r;), 2(s) = p(a)(s).

Note that a(2)(r;) depends only on Z(s) for s € [t,r;) since « is progressive.
Then @(-), 2(-) chosen by this stepwise procedure satisfy (9.1).

Example 9.2. Suppose that there is a “time delay” § > 0 such that
z(s) = Z(s) for almost all s € [t,r — d] implies that a(z)(s) = a(Z)(s) for
almost all s € [t,7]. A stepwise procedure similar to that in Example 9.1
shows that « is strictly progressive. Note that in this example, @(s) is chosen
on an initial interval [t,t 4+ ¢) with no information about z(-).

Example 9.3. In this example, « is progressive but not strictly pro-
gressive. Let a(z)(s) = ¢(z(s)) where ¢ is a non constant Borel measurable
function from Z into U. There is a partition U = U; U Uy into Borel sets
such that Z; = ¢~ 1(U;) and Zy = ¢~ 1(U;) are both nonempty. Choose
z; € Z; for i = 1,2 and x such that x(u) = 22 if u € Uy, x(u) = 2 if
u € Uy. The composite ¢ o x has no fixed point. Let 8(u)(s) = x(u(s)). Then
(o B)(2)(s) = (¢ ox)(z(s)). If (9.1) holds, then 4(s) is a fixed point of ¢ o x
for almost all s, which is a contradiction. Thus, « is not strictly progressive.

Let Iy, = Iy(t,t1) denote the class of all strictly progressive strategies «,
and let
(9.2) W(t,z) = inf sup P(t,z;a(z), 2).

acls ez
The main result of this section is:
Theorem 9.1. W =V, , where V. is the upper value function.

The following argument shows that V. < W. Given 6 > 0 there exists
(B € A such that (see (4.2))
for every u(-) € U. Given any a € I's, let 4(-), 2(+) be a solution to (9.1). Then

sup P(t, z;a(2),2) > P(t,x;a(2), 2) = P(t,z;4,8(4)) > Vi(t,x) — 0.
zEZ
Since a € I's and 0 are arbitrary, V, < W.

In order to show that W < V., we first prove two lemmas about the
functions V[ defined by (8.2).

Lemma 9.1. Fort=r;, 1 =0,1,--- N —1,
Tit1
(9.4) VI(ri,z) = inf sup L(s,x(s), u, z1(s))ds + VI (rig1, 2(rig1)) | 5
uel 4 ez,

T
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where Z1 = Z(ri,rit1)-

Proof. Denote by (%) the expression in brackets. In Lemma 8.1, take t = r;,
r = riy1. Since u(s) = u is a constant on [r;, 7;4+1), chosen without knowing
z1(+)
VI(r;,x) = sup inf [(x)] = inf sup [(*
Trm) = sup inf (9] = faf sup [(4)

where the second equality is by (2.3). O

Let I’y = I';(t,t1) denote the class of progressive strategies o such that «
maps Z(t,t1) into U, (t,t1). By Example 9.1, every a € I is strictly progres-
sive.

Lemma 9.2. Fort=r;, 1 =0,1,--- N —1,

(9.5) VI(t,x) = inf sup P(t,z;a(2),2).
a€ly ez

Proof. Denote the right side of (9.5) by W™(t,z). Then VI < W™ by the
argument used above to show that V, < W. We show that W™ < V[ as
follows. Given (¢,x) and 0 > 0, with ¢ = r;, we define ag € I;(t,t1) as
follows. By Lemma 9.1, for each { € IR" there exists u;(§) € U such that

(9.6)
Tj4+1 9
z?ggj / L(&.’Ej(S),Uj(f),Zj(S))dS+VI(Tj+1,J}j(’I"j+1)) < VI(T]7£)+N7

where Z; = Z(r;,r;41) and x;(s) is the solution of (3.1) on [r;j,r;+1] with
zi(r;) = &, u(s) = u;(§) and z(s) = z;(s). For initial data x(t) = = and
z(-) € Z(t,t1), we define ap(z) by

ap(2)(s) = uj(x(ry)),  rj<s<rip

where z(s) is the solution to (3.1) on [t, 1] with z(¢) = z, defined on successive
intervals as follows. For r; < r <41, u(s) = u;(z(r;)). Then

Plt.aian(:)2) = Y [ Llsva(s)us(alry)),2(s))ds + w(a(t)

< D WVi(r,2(ry)) = Vi(rjer, a(rjpa)] + ¢(z(ta)) + 0.
J
The last term is V[ (¢,z) + 6. Hence

%
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W7 (t,x) < sup P(t,x;a0(2),2) < VI(t,x)+ 0.

z2€EZ
Since 0 is arbitrary, W™ < V. O
Proof of Theorem 9.1. We already showed that V, < W. By (9.2) and
Lemma 9.2, W < V[ since I’y C I's. By Theorem 8.1, W < V. |

Remark 9.1. Let I's be the closure of I's in the uniform norm. Thus, a € s
if there exists o € I's such that |, (2)(s) — a(z)(s)| < n, for all z(:) € Z,
where 7, — 0 as n — co. Theorem 9.1 implies that

(9.7) Vi(t,x) = inf sup P(t, z;a(z), 2).
a€l's zeZ

In particular, if u is a Lipschitz continuous control policy for the minimizer, let
a(z)(s) = u(s) where z(s) is the solution to (3.1)-(3.2) with u(s) = u(s, z(s)).
Then a € I's. This is seen by approximating a by o, € I's, where a, is defined
similarly with a time delay ¢,, tending to 0 as n — oo. In fact, a,(2)(s) =
un(s), where for some ug € U, un(s) = ug if s € [t,t + J,,) and u,(s) =
w(s,xn(s — dy)) if s € [t + 0n,t1], with z,(s) the corresponding solution to
(3.1)-(3.2).

XI.10 Historical remarks

The theory of two-controller, zero sum differential games was initiated by
Isaacs [Is]. He did not have a mathematically rigorous theory of differential
game value. However, he articulated the basic framework of differential game
theory, including what is now called the Isaacs PDE. He also solved many
interesting examples, using the method of characteristics. Early rigorous de-
finitions of differential game value made use of time discretizations. See for
example [F7][Fr2][PZ]. These were superseded by the more convenient Elliott-
Kalton differential game values [ElKa]. See Section 4. Evans and Sougani-
dis [ES1] characterized the upper and lower Elliott-Kalton value functions
as unique viscosity solutions of the corresponding Isaacs PDEs (Section 6).
Souganidis [Soul] showed using viscosity solution methods that the Elliott-
Kalton value functions are the same as those defined using time discretiza-
tions.

Differential game methods have a natural role in nonlinear H-infinity con-
trol. See [BCD][BB]|[Sor|. The small noise risk sensitive control limit in Theo-
rem 7.2 was proved in [FM1][Jam1], under some additional assumptions. For
related results, on a finite or infinite time horizon, see [BN2][FM2|[KN1,2].
The discretization technique in Section 8 is based on an idea of Nisio. The
definition of strictly progressive strategy in Section 9 is taken from [F5]. See
[KSh2] for another proof of Theorem 9.1 which avoids time discretizations.
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Duality Relationships

In this Appendix we outline proofs of statements made in Section 1.8, in
particular formulas (8.5)—(8.7). Let ¢ = (¢t,z) and let L € C3*(Q, x IR")
satisfy (see I(8.3))

(A.1) Ly (&,v) >0

(A.2) L(i’|v) — 400 as |y| = oo.

The dual function H(,p), defined by 1(8.4), satisfies
(A3) H(gap) 2> 7’0'})711(6,1)), Vv € R™.

Equality holds if and only if v maximizes the right side. By (A.1) and (A.2),
given (£, p) the maximum occurs at the unique v € IR™ such that

(A4) p= 7Lv(§7 U)'
We rewrite (A.3) as
(AS) L(€7’U) Z_U'p_H(gvp)a vpeRn

Given (£,v) choose p according to (A.4). Then equality holds in (A.3). This
gives the dual formula I(8.5) for H.

The argument above shows that the mapping v — —L,(§,v) is one-one
and onto IR™, for each £ € Q. Using (A.1) and the implicit function theorem,
there exists an inverse I' € C?(Q, x IR"™), such that

(AG) p= _Lv(gv F(f,p)),

(A.7) H(,p) = —I'(&,p) - p— L(zI'(§,p)).

Thus H € C?(Q, x IR™). By taking the gradient with respect to & in (A.7)
and using (A.6), we get I(8.7a). By taking the gradient with respect to p in
(A.7), we get H, = —I', which is the second formula in I(8.6). The remaining
formulas I(8.7b,c) then follow by further differentiations.
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Dynkin’s Formula for Random Evolutions with
Markov Chain Parameters

In this Appendix, we prove a version of Dynkin’s formula cited in Section
II1.4(c) and in Example I11.9.2. Let z(s) be a finite state continuous time
Markov chain with state space Z. Given an initial state z = z(¢), let 70 = ¢
and let 71 < 72 < --- be the successive jump times for z(s). Let z; = z(7;")
and let z(s) be a continuous, bounded solution to the differential equation
(see III(4.5))

(B.1) dx = f(s,2(8),2), 7i <5< Tiy1,

with initial data xz(t) = x. For each ®(t, z, z) such that the partial derivatives
Gy, Dy, i =1,---,m, are continuous let (see 111(4.6))

(B.2) AP = A’ — G,
A'D(t,x,2) = Dy(t,x,2) + f(t,z,2) - D P(t, x,2),
G.P(t,x,2) Zptmz (t,x,() — P(t,x, 2)].

C#z
Let us show that (see IT1(2.7))
(B.3) Eir.P(s,2(8),2(8)) — D(t,z, 2)

= FEiy. /ts AD(r,x(r), z(r))dr.
To prove (B.3) we write
D(s,x(s),2(s)) — P(t,z, 2)

—Z (s ATix1, (8 ATit1),2i) — P(s AT, 2(s A Ty), 2)]
>0

+Z S/\TZ+1, S/\TZ+1) Zi+1)—@(8AT¢+1,.’E(S/\T¢+1),Z¢)]
i>0

= (1) +(2).
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From the Fundamental Theorem of Calculus
Ei.(1) = Emz/ AD(r, z(r), z(r))dr.
t

Set & = (73, 2i),mi = (T4, Zis Tig1),

R(t7 Z) = Zp(ta 2, C)

(#=z

Then 7,41 conditioned on &; is exponentially distributed on [7;,00) with
rate R(r,z;). Therfore, a straightforward calculation yields

SATi41

E¢,¢(s NTiq1) = Eg, / R(r, z;)¢(r)dr,

SAT;

for any continuous ¢. Now, by conditioning, we obtain

E& [@(S A Ti+1, :E(s A Ti+1), Zi+1) — @(S A Ti+1, IE(S A Ti—‘—l,), Zl)]
= E&Em [@(8 N Tiy1, Q?(S 74\ TZ‘+1), Zi+1) — @(8 N Tit1, JJ(S A\ TZ'+1), Zl)]

= —FE¢,G,P(s ANTit1,2(8 AN Tix1), 2i) /R(s A Tig, i)

SAT;41
= —FE, / G.P(r,x(r), z)dr

NAT;

By using the strong Markov property of z(s) we then get
Etmz(Q) = _Et:vz/ GZ@(T,{E(?"),Z(T))dT.
t
This proves (B.3).
In Example I11.9.2 we take
f(x,z) = Q*(CL‘,Z) - %
where ©* is as in formula III(9.22). As noted in the discussion there, equation

(B.1) with initial data x(0) = z has a unique bounded continuous solution
x(s) for s > 0.
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Extension of Lipschitz Continuous Functions;
Smoothing

In Section VI.5 we used a result about Lipschitz continuous extensions of
functions. Let K C IR™ and let g : K — IR™ be Lipschitz continuous, with
Lipschitz constant A:

lg(z) —g(y)| < Az —yl, Vo,y € K.

For each x € IR", let

1 §(x) = inf — .
(C.1) g(x) nf [9(y) + Az — yl]
Ifx € K,y € K, then

g(w) < g(y) + Az — y

with equality when = y. Thus, §(z) = g(z) for all z € K. Moreover,
(C2) 9(z1) = §(@2)| < Ay — @2, Vai, 22 € R™.

Thus, g is a Lipschitz continuous extension of g. If K is bounded, we obtain
a bounded Lipschitz continuous extension g of g, by taking § = ag, where «
is real valued and Lipschitz continuous on IR™ with a(z) = 1 for x € K and
a(x) =0 for z ¢ K; for some compact set K.

Now let K = O, with O bounded and open. We apply the above construc-
tion for each fixed ¢ to g(-) = z*(t,-) with z*(¢,z) as in VI(4.5) when = € O.
The above construction gives an extension

(C3) Z'(t,x) = a(x) ggg[é*(t, y) + Alz =yl

with the desired properties.

Smoothing. In the proof of the dynamic programming property (Theorem
IV.7.1) and also in Section IX.4 we used the following smoothing technique.
Let g be bounded and uniformly continuous on IR™. For k = 1,2,--- let
Cr € C*°(IR™) be such that
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Ce(n) >0, Ce(n)dn =1
Rm

Ce(n) = 0if |n| > k™.
We let

(c4) 2@ = [ gmule ~mn, v < B",

Then g, € C*°(IR™) for each k =1,2,--- and ||gr — g|| = 0 as k — co. The
operation in (C.4) is a convolution, and is also denoted by g = g * (x. The
function g is often called a mollification of g. See proof of Theorem V.5.1.

In Section IX.4 we take g(z) = ¢(x). In Step 2 of the proof Theorem IV.7.1
let £ = (t,z) and g = f,0 or L. Then g depends on £, v. By, IV(6.1) and
the assumption in Step 2 that f, L have compact support, g is bounded and
uniformly continuous. We make a bounded uniformly continuous extension of
g from Qq x U to IR"*! x U. Then we define as in (C.4)

(5) aler) = [ anoGle—nan

Then gy, is continuous, gx(-,v) € C*®(IR"*!) and ||gr — g|| — 0 as k — oc.

Smoothing on Q. In Section I1.6 we take w € C1?(Q), where as before
Q = [to,t1) x O. Then there is Q* D @Q such that w € C12(Q*). Let w be
an extension of w to IR™*! that is equal to 0 on the complement of Q*. We
define w* (¢, ) as in (C.4),

Wt = [ st s - y)dsdy
Rn+1
Then w® € C>(IR"*!). Moreover for any multi-index o = (ap, a1, -+, )
Dout(t) = [ (s )DGult ~ s y)dsdy,

Rn+1

where
ole

D% =
¢ oxotorr gy - - - 0%,

b

la| = ag + a1 + -+ ay. Since W = w on Q* and w € C12(Q*), we can show
that

k k k
Wy 7wibi7w177;17j — Wy, wxivwmizﬂ

as k — oo, uniformly on compact subsets of @*, hence on compact subsets of

Q.



D

Stochastic Differential Equations: Random
Coefficients

In this Appendix we review some results about Ito-sense stochastic differential
equations, with random (progressively measurable) coefficients. Let (£2, F, P)
be a probability space and x(s) = (s, w) be a X - valued stochastic processes
defined on [t,t;] x §2. X' is a complete separable metric space. In this book,
usually X' € IR™ for some m. This process is called measurable if z(-,-) is
measurable with respect to B([t,¢1]) x F and B(X), where B(X) is the Borel
o - algebra.

Let {F,} be an increasing family of o - algebras for t < s < t; with
Fi, C F. Then the process is called Fs - progressively measurable if the map
(r,w) = z(r,w) from [t,s] x 2 into X is By x Fs measurable, where B, =
B([t,s]). The process is called Fs - adapted if x(s,-) is a Fs - measurable,
XY - valued random variable for each s € [t,t;]. Every F, - progressively
measurable process is F, - adapted. A sufficient condition for a F; - adapted
process to be Fy - progressively measurable is that the sample paths x(-,w)
be right continuous (or left continuous.) See [El, p. 15]. In particular, if the
sample paths x(-,w) are continuous on [t,¢;1], then F, - adapted is equivalent
to Fs - progressively measurable.

A random variable 6, with values in the interval [t,t;] is called a Fy -
stopping time if the event 6 < s is F, - measurable for each s € [t, ¢1].

We begin with some estimates for moments, for which we refer to [Krl,
Sec. 2.5]. Using the same notation as in Section IV.2, let v = (2, {F,}, P,w)
be a reference probability system. Thus ({2, F;,, P) is a probability space,
{Fs} is an increasing family of o - algebras (t < s < t;) and w is a brownian
motion of dimension d. The brownian motion w is F, - adapted in the sense
that the increments w(r) — w(s) are independent of F; for s < r < ;.

Let Qo = [to,t1) x IR™. Given t € [to,t1), let b(s,y,w), (s, y,w) be func-
tions on @, x £2 which are respectively IR" -valued and n x d - matrix valued.
Moreover, for each y € IR"™, the stochastic processes b(-,y,-), o(-,y,) are F
- progressively measurable on [t, ¢1].

Let (s) denote a IR™ - valued, F; - progressively measurable process which
satisfies the stochastic differential equation
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(D.1) dx = b(s,z(s))ds + v(s,z(s))dw(s), t < s <y,

with initial data z(t) = 2° (2 € IR™). In the notation we have now omitted
the dependence on w € 2 of b, o, as well as of z(s) and w(s). We make the
following assumptions about b and . There exist a constant K and stochastic
processes ¢(s), h(s), such that:

1v(s,2) —v(s,y)| < K|z — 9]
(D.2)
|b(s7x) - b(S,y)| S K2|{E - y‘v

(s, y)I? < g(s)? + K2|y[?
(D.3)
b(s,y)| < h(s) + K3|y|

E/t1 [9(s)™ + h(s)™]ds < o0, ¥Ym > 0.

(In this Appendix we write E;,0 = F, omitting dependence on the initial data
tz.) By a standard successive approximation method, (D.1) with the initial
data z(t) = 2° has a pathwise unique solution. See, for example [GS2, Secs
6,7]. Let || || denote the sup norm on [t,¢1]. From [Krl, p.85], for every m > 2
there exists N = N(m, K) such that:

(D4) Bla() — 2™

m

t1
§NUV¢PW%M””E/,Wﬂm+mﬂm+mgﬂ@
t

(D-5) Ellz()[™

t1
< N|2°™ + N(t, — t)%—leN(tl_t)E/ [12°)™ + g(s)™ + h(s)™] ds.
¢

In particular, consider x(s) which satisfies the stochastic differential equa-
tion IV(2.1), where u(+) is a F; - progressively measurable process (u(-) € A,).
Let

(D-6) b(s,y,w) = f(s,y,u(s,w)), V(s,y,0) = o(s,y, uls,w)).

Then (D.2) is immediate from IV(2.2a) if K > max(C,1). If we require that
2K2 > 3C? and take

g(s) = (3)Clu(s)], h(s) = Clu(s)|

we get (D.3). In view of IV(2.3), (D.5) implies that E|jz(-)||™ < oo for each
m > 2 (and hence also for 0 < m < 2.)
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In case the control space U is compact, as in Sections IV.6-10, recall
assumptions IV(6.1). Using the inequality

|f(t 2, 0)| < |f(E2,0)] + [ f(t, z,v) — f(t,2,0)]
< Cy + Cylz|,

assumption IV(6.1c) implies IV(2.2) with C = max(Cy, Cs). Since u(s) € U
and U is compact, |u(s)| is bounded. By (D.5) for every m > 2 we have, if U
is compact,

(D.7) Ellz()I™ < B (1 + [2°™)

where B, depends on C1,Cs as well as t; — tg. Also, by Holder’s inequality,
for each m € (0, 2] we have

Elle() "< (Bllz() )™ < (B2(1+ [2°*))™/2 < Bu(1 + [2°™)

for suitable constant B,,. Hence (D.7) holds for every m > 0.
Let us next consider also Z(s) satisfying

((D.1) dz = b(s, Z(s))ds + (s, Z(s))dw(s), t < s < ty,

with initial data #(t) = 2°(2° € IR"™). By [Krl, p.83], for every m > 2 there
exists N = N(m, K) such that

Ella() = #()|" < NeMt=0]z0 — gop

(D8)  +N(t =3B [ b, a() s ()"

+y(s,2(s)) — F(s, 2(5))|™]ds.

In particular, let b, y be as in (D.6) and b(s, y,w) = f(s,y, u(s,w)), 7(s,y,w) =
7(s,y,u(s,w)). If 2% = 7%, the first term on the right side of ( .8) disappears.
We have (see IV(6.11))

(D.9) Ellz() = &)™ < Bullf = FI™ + llo = 5]|™]

for m > 2 where B, depends on C;,Cy as well as t; — ty. As in (D.7), the
case m € (0,2) is proved using Holder’s inequality.

In the proof of Lemma IV.8.1, we need an estimate for the case ¥
2+ hé €l =1 and b= b7 = v as in (D.6). Let Az(s) = h'[Z(s) — z(s)].
Then

O:

Auls) =€+ 7 /swm) ) = (), )l

h/ a(r,z(r),u(r)) — o(r,x(r), u(r))]dw(r).
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If we denote the last terms by (i) and (ii), then
[Ax(s)* < 3(1€* + (D + (i)

By IV(6.1¢c), f(s,-,u(s)) and o(s,-,u(s)) are Lipschitz continuous with con-
stant C. By Cauchy - Schwartz and elementary properties of stochastic inte-
grals,

E|Az(s)]? < 3[|¢2 + (s — t)CFE /ts | Az(r)|*dr

S
+C’12E/ | Ax(r)|*dr].
t
Since |¢| = 1, Gronwall’s inequality then implies
(D.10) E|Az(s)|? < B,

where the constant B depends on C and t; — tg.

In the proof of Lemma IV.7.1 we used an estimate for the oscillation of
z(s) on subintervals of [t, ¢1]. Assume now that b,y are bounded, and consider
an interval |1, ) with t <71 <7 <t; and 7 — 7; < 1. Let

¢(s) = /57(7',95(7"))(110(7“), 71 <5< To.

1

By using the Ito differential rule and induction, one can show that for each
£=1,2,-- there exists a constant «;, such that

(D.11) EICOI* < aey|* (12 = m)"
Then, for 11 < s < 79,
lz(s) — z(m1)| < [s — 7] [[bl + [CC)I,

Ella() = z(n)|* < Be(rz — )"
for suitable constant S, which depends on ||b|| and ||v||. Therefore, for each
p>0
P(max [o(s) = z(n) 2 p) < P2 Be(r —m)".
T1,T2
For the proof of Lemma IV.7.1. we take b,y as in (D.6), £ =2,p =~/2, 71 =
85, T2 = Sjt1,1; = [s5,8j41) to get

C(8j+1 — Sj)z

(D.12) P(max |x(s) — a(s;)| > 1) < .

I; 2 ~

Instead of (D.3), let us now assume



Appendix D. Stochastic Differential Equations 407

~(s,y) is bounded
(D.3")
[b(s, y)| < K(1+ [yl)-

Then there exists £ > 0 such that
(D.13) Elexp(k [| z(-) [I*)] < o0

This inequality is used in Section VI.3. To obtain (D.13), let

ws) = [ Alrao)du),
t
From (D.1) and Gronwall’s inequality,

() 1< B+ 2+ [ 9() D)

for some constant K;. Hence, (D.13) holds for small enough k > 0 if there
exists k1 > 0 such that

(D.14) Blexp(k1 || n(-) )] < o0

Let Q(\) = P(]| n(:) ||> A). By an exponential martingale inequality [StV,p.
87]
Q(N) < 2nexp(—kyA?)

for some ko > 0, which depends on ¢; — ¢ and || v || . Then
2 T
Blexp(l [ n() 2] = = [~ ¥ aQ(y
=2k / AeF1 M Q(N)dA
0

which is finite if k1 < k».

Feynman - Kac formula. We conclude this section of the Appendix
by reviewing the following Feynman - Kac formula (D.15) for the case of

solutions to the stochastic differential equation (D.1). Let W € C*%(Q), where
Q = [to,t1) x O with O C IR™ an open bounded set. Let

I'(s) =exp /tS e(r)dr

where ¢(+) is a Fy - progressively measurable process and ¢(r) < M < co. Let
0 be any {F,} - stopping time, such that ¢ < 8 < 7, where 7 is the exit time
of (s,x(s)) from Q. Then

(D.15) W(t,z%) = B{— / VAW (s, 2(s)) + c(s)W (s, z(s)))ds
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+L(O)W(0,2(0))},

AV (s,2(s)) = Wals, 2(s)) + 5tx (1) (s, 2(5)) DIW (s, 2(s)
+b(s,x(s)) - DaW (s, x(s)).
To obtain (D.15), we apply the Ito differential rule to I'(s)W (s, z:(s)):
d(T'(s)W (s,2(8)) = W(s,x(s))dI'(s) + '(s)dW (s, x(s)).
By integrating from ¢ to 6 and using I'(t) = 1,

rOYW(0,z(0) — W(t,z%)
0 0
= [ DA (s.a(5) +e(s)W (s a(s))lds+ [ (DA A)(s.5) ).

The expectation of the last term is 0, which gives (D.15).

In Chapter IV (formula IV(3.20)) we take ¢(s) = (s, z(s),u(s)), where
u(+) is a Fs -progressively measurable control process. In Chapter VI (formula
IV(3.18)) we take c(s) = I(s, z(s)).

Progressive measurability. As in Section VIIL.3, let z(s) be a process of
bounded variation which is progressively measurable with respect to filtration
Fs. We assume that F; is right continuous. Then the total variation of z(:)
on [0,t) is given by

£(t) = sup{z |2(ti) — 2(tii1)| : 0=ty <t; <--- <t, =1}

Hence £(s) is also F; - progressively measurable. We continue by constructing
a F - progressively measurable Radon—Nikodym derivative 4(s) of z(s) with
respect to d€(s). Set z(s) = 0 for s < 0. Then £(s) =0 for s < 0. For £ > 0
define,

d*(s) = &(s +2) —&(s —e)

[2(s + &) — 2(s —e)](d*(s)) ™", d*(s) #0

u®(s) =
Ug , d°(s) =0,
where ug is any element of U with |ug] < 1. Then u®(s) is progressively
measurable with respect to F; = Fsy.. Observe that by the definition of

£(s),|us(s)] < 1. Finally we define

4(s) = limsup u®(s).
eJ0
Then 4(s) is progressively measurable with respect to Ft for every € > 0.
Since Fy is right continuous, 4(s) is Fs - progressively measurable. Moreover
by a differentiation theorem for Radon measures [EG, Theorem 2 page 40],
we have

A(t) = /[o,t) u(s)dE(s),t > 0.
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deterministic, 4, 13
discounted, 141
exponential-of-quadratic, 254
indefinite sign, 237
stochastic, 136, 237

Lipschitz continuous, 19
locally, 19

local time, 307

logarithmic transformation, 227
for Markov processes, 255
for Markov diffusions, 237

Markov chain, 125

Markov control policy, 17, 130, 159
discrete time, 177
optimal, 17, 136, 160
stationary, 167

Markov diffusion processes, 127
Markov processes, 120
autonomous, 123
Maslov idempotent probability, 242
max-plus addition,242
expectation, 242
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multiplication, 242

stochastic control, 390
Mayer form, 131
mean average action, 138
mean exit time (minimum), 167
Merton’s portfolio problem, 168

348

with random parameters, 368
minimal super-replicating cost, 368
mollification, 402

Nisio semigroup, 146

numerical cutoffs, 343

numerical schemes
explicit, 327, 331
implicit, 327, 331

Optimal trajectory, 20, 45
option

call, 360

digital, 361

put, 361

Parabolic operators
degenerate, 128
uniformly, 128
parameter process, 126
Picard iteration, 297
piecewise deterministic process
127
point of differentiability, 18, 85
Poisson process, 59
Pontryagin maximum principle, 20, 115
portfolio
constraints, 366
selection problem, 168, 348, 368
transaction costs, 354
post jump location, 264
principle of smooth fit, 306
processes of bounded variations
296
production planning, 2, 32, 142
production rate, 2, 142
progressively measurable
controls, 153
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processes, 153, 403 subdifferentials, 84
of convex analysis, 85
Rademacher Theorem, 19 second order, 210
random evolution, 126 superdifferentials, 83
reachability, 7 second order, 210
reaction-diffusion equation, 292 super-replication, 364
regular point, 42
reference probability system 154 Terminal cost, 3, 6, 123, 131
reflected brownian motion, 307, 309  test function, 65
Ricatti equation, 15, 137, 255 time discretization, 322, 390
risk transaction cost, 354
averting, 230 no-transaction region, 357
neutral, 229 transition distribution, 120
seeking, 230 transversality conditions, 21
sensitivity, 228
risk neutral probability, 350 Utility function, 30, 168, 349
risk sensitive control, 250 HARA, 30, 169, 356
limit game, 337 utility pricing, 362

running cost, 3, 6, 123, 131
Value function, 64, 72

Schrodinger’s equation 243 deterministic, 9
semiclassical limit, 243 differential game, 381
semiconcave function, 87, 190, 214 diffusion processes, 154
semicontinuous envelope discrete, 322

upper, 267 vanishing viscosity, 280

lower, 267 Verification Theorem
semiconvex function, 87, 214 deterministic, 13, 16, 27
semigroup, 62 controlled Markov processes, 134
semilinear equations, 162, 195 controlled Markov processes
singular control, 293 with infinite horizon, 140
small noise limit, 239, 282, 389 differential games, 380
state constraint, 7, 106 diffusion processes, 157
state space, 120, 130 diffusion processes with infinite
static games, 376 horizon, 166
stochastic differential equations risk sensitive control, 254

128, 152, 403 singular control, 300

stochastic mechanics, 137 viscosity solutions
stochastic volatility, 369 definition, 68, 70
stock, 347 boundary conditions, 271
storage function, 246 constrained, 109

minimal, 247 discontinuous, 266
strategy first order equations, 83

progressive, 381 infinite horizon, 106

strictly progressive, 392 second order equations, 70

strike price, 360 singular control, 311



state constraint, 107
stability, 76, 77, 268
uniqueness

discontinuous, 114

first order, 89, 97

second order, 221, 223

state constraint, 114

Weakly convergent sequence, 50
white noise, 129
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