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Introduction

This book grew out of an undergraduate masters course developed by Sam
Cohen at the Mathematical Institute, University of Oxford. The book is aimed
at mathematicians and it does not assume any prior knowledge on optimal
control (deterministic nor stochastic). The book also introduces some of the
mathematical results supporting the growing field of reinforcement learning.

The order of authorship was determined alphabeticcally.

We thank Xiaolu Tan, Lingyi Yang and Wojtek Anyszka for comments and
pointing out errors in early versions of these notes.

Assumed knowledge

Although we aimed for the book to be self contained, we assume that the reader
has some familiarity with:

(i) measure theoretic probability (some background material is in the ap-
pendix),

(i) stochastic differential equations (some background material is in the ap-
pendix),

(iii) basic first and second order PDE theory and numerical methods (e.g.,
finite differences),

(iv) and fundamentals of coding for scientific computing in Python (as needed
for the implemented examples we have online).

Notation

We will try and be consistent with notation throughout this book.
(1) For the avoidance of doubt, 0 € N, but 0 € Ny = NU {0}.

(2) A process (whether random or deterministic, in either discrete or continuous
time) will be denoted with a capital letter (say X), and the value it takes
at time ¢t will be either X; or X (¢) as convenient. The space it takes values
in is the calligraphic X', and a typical value in the set is denoted =x.
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The set of times which we are considering in our problem will be T, and
may be {0,1,...,T}, {0,1,...}, [0,T] or [0,00) as context requires. We will
use s and t as time variables.

The size of a set A (that is, the number of elements it contains), will be
written |A| or #A if there might be confusion.

The indicator function will be written 1 4, where A is some event or condi-
tion (so 14 =1 if A occurs, and 14 = 0 otherwise).

The expectation operator will be written E, and the variance V. These can
be augmented with various superscripts, which specify (in some way) how
the probabilities are chosen, for notational convenience.

Partial derivatives will be written using the shorthand 0; = %, and when
there is a clear spatial variable x we write V for the column vector with
components J,,, so V is the gradient of v . For a differentiable map F' :
R" — R™ with F(z) = (Fi(z),...,Fy(x)), we write D, F(z) € R™*"™ (or
0. F) for its Jacobian matrix at z, that is,

D, F = (8,,F(x))

1<i<m, 1<j<n’

Similarly, we write D2 v for the Hessian of v. Consequently, for a function
v:R" = R, we know Vo = (D,v)" and D2 v = D,(Vv) = D,(D,v)".
Fortunately, we will not need any higher order differentials in this text, so
this matrix-vector notation will be sufficient.

The set of symmetric d x d matrices will be written S?*¢, and we has the

partial order: M < N if N — M is a positive semi-definite matrix.

The Euclidean norm will be denoted ||z||, the £>° norm denoted ||z|o =
max;{|z;|}, and the (Euclidean) inner products will be denoted either (z, y)
or z'y. Unless otherwise stated, for M a matrix, ||M]| will denote the
operator norm || M| = sup,, |Mz||/||z]-

The minimum of two quantities will be written min{z,y} = « A y, and the
maximum max{z,y} =z V y.
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Chapter 1

Discrete-time Deterministic
Control

In the first five chapters of the book, we will look at discrete-time optimal control
problems. In this chapter we will begin by considering deterministic problems,
and then, in the next chapter, introduce randomness in our system.

In optimal control, we wish to make decisions about actions which modify
the state of the world. To make a mathematical model of this, we first need
to describe what we mean by ‘the state of the world’, and how this is affected
by our actions. We will begin with a simple discrete-time deterministic setting,
which avoids technicalities, while showing us some of the basic properties of
these problems.

We begin with a simple motivating example:

Example 1.0.1 (Lemonade stall). Suppose you are running a lemonade stall
for a week (days t = 0,1,...,6). Fach day, you choose the quantity of new
ingredients to buy, and you set the price of lemonade that day. Depending on
the price you charge, you will sell a variable amount of lemonade, which reduces
your inventory of ingredients. Your aim is to make the most profit after a week
and to keep the inventory level “close” to a given baseline quantity.

To build a mathematical model of this, we set up the following notation:

(i) Write X; for the ingredients you have at the start of day t (where, for
simplicity, we describe ingredients using a single variable which tells us
how many servings we can make). We know the initial inventory Xo = xo.
We call X the state.

(i) On day t, you choose Uy = (04, pt), where &, is the quantity of ingredients
you purchase (you cannot buy a negative amount and there is a mazimum
amount you can buy), and p; is the price you charge during the day. We
call U the control.

(#ii) The demand for lemonade we model using a (deterministic) decreasing

9
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function D, where D(p;) is the number of servings we sell if the price is
Pt-

From this, we know that our ingredients satisfy the state dynamics
Xiy1 = X¢e — D(pe) + s,

and we have the practical requirement that X; > 0.
We now need to describe our costs:

(i) Denote the cost of z'ngredientéﬂ by C(9) for a given function C, that is, at
time t we will spend C(&;) to buy enough ingredients for 0, servings.

(ii) We suppose it may be expensive to hold inventory, which is described by a
function T' which adds a cost T'(X;) at time t.

(iii) These costs are offset by our revenue from sales, which is given by p; D(p;)
(as we sell D(p;) servings at a price of p;).

We combine these to give an objective which we want to minimize, that is,

6
J(wo) = Y (€60 +T(X0) = pi D(py))

t=0

subject to the requirement that X; satisfies our dynamics and is nonnegative,
and starts at the value Xo = xg.

We are now ready to state the problem: how can we describe and compute
the optimal choice of Uy = (04, pt) and the minimal cost.

Motivated by the example we have just seen (which we will return to later),
we set up the mathematical notation needed to model a general decision prob-
lem.

1.1 Mathematical formulation

Consider a discrete-time finite-horizon model, where time is in T = {0, 1, ..., 7'}
for some T' € N; we write T = {0, 1, ...,7 — 1} for the set of time points at which
decisions need to be made.

We suppose we have a state process [X|= {X;},c7, which describes all (rel-
evant) properties of the world. We will assume that X takes values in X C R?
for some d > 1. This process will be affected by a control process, which we
denote {U;}tet, and takes values in some set U. For now we do not make any
assumptions about U.

IWe allow C to be non-linear, which captures the idea that it may be very expensive to
purchase a very large quantity of ingredients. When C' is quadratic in §, we obtain a model
that is similar to the ‘temporary price impact’ framework in algorithmic trading; see e.g., the
books [14} 24].
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We will assume that X can be described through its one-step dynamics,
which we write as

Xt+l = f(t7Xta Ut)7

where f : T x X xU — X is a function (which we will assume known, for
now). We will make assumptions about f as we go. This is known as the state
dynamics or plant equation.

An agent wishes to optimize their rewards and costs. There are two con-
ventions — in the mathematical control and optimization community, we usually
think about minimizing some cost; in the reinforcement learning community, we
usually think about maximizing rewards.

Remark 1.1.1. For the sake of consistency, we will follow the convention of
minimizing costs (even for when presenting reinforcement learning algorithms),
but the only difference is a change of sign.

We describe the agent’s costs by a function g : T x X x U — R U {oo},
so that g(t, X;,U;) represents the cost which the agent must pay at time ¢,
in state Xy, if they choose control U;. We also include a separate terminal
cost ® : X — R U {oo}, which depends on the final state. A possible cost
of oo is included, as this is often convenient to represent strategies which are
not permissible. We seek to find an optimal control, that is, a control which
minimizes

J(JZ, U) = Zg(thtU’ Ut) + (I’(qu) (1'1)
teT

with respect to U = {U;}seT, where X = z is the initial value of X (which is
where the system begins) and where XU is the solution of the plant equation
(for t € T) with control U.

Remark 1.1.2. We have said that X should contain all relevant information.
What do we mean by relevant? Clearly X should be enough to allow us to
determine our costs/rewards at every time (we will define these later), as this
allows us to describe our preferences about the world. Furthermore, it is impor-
tant that X is enough to determine the future dynamics of the world, without
needing to know any additional information. In particular, we will assume that
the current state is enough to build a model of the future — we gain nothing
by remembering more information (for example the past values of X and U).
In a stochastic setting, this is closely related to a Markov assumption (but this
is made complicated by the control, as we will see later). If we want to in-
clude more memory, we can expand X to include its past values, at the cost of
increasing the dimension of X.

1.1A Possible optimization approaches

Now that we have specified our problem, there are a few ways that we could try
and resolve the optimization problem.
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(i) We could try and find the cheapest U, for each pair (X, X;+1), and so
define

C(t,Xt,Xt+1) = ITIl]il’l {g(t, Xt, Ut) : Xt+1 = f(t, Xt,Ut)} fort e T.

and ¢(T, X7, X741) = ®(X7). This would convert our problem into min-
imizing the new functional ), 5 c(s, X¢, X;41), which is the problem of
calculus of variations. Doing this conversion is not always simple, and it
doesn’t easily allow us to include randomness.

(ii) We could consider minimizing J with respect to {X¢, Us }teT, by treating
X1 = f(t,X:,U;) as a constraint, which we can handle with Lagrange
multipliers. This is a very high dimensional problem though, so can be
tricky to solve (but we will return to this approach later in Section .

(iii) We can embed our optimization within a family of optimization problems,
by considering the behaviour over a single step. This exploits the dynamic
nature of our problem, allowing us to reduce our high-dimensional problem
(of finding the best control at all times) to a sequence of low-dimensional
problems (of finding the control at each time, given the future controls).
This will lend itself to stochastic problems as well.

1.2 Building a dynamic programming problem

Instead of just optimizing J in (L.1)), we will consider the family of problems
given by minimizing the cost-to-go (or remaining-cost), which we abuse notation
and write as

(2, U) = Y gls, X0V, U.) + 2(x5"Y)
s>t

where X%V solves the state dynamics with control U and initial value X; = x.
With this notation, J(0,z,U) is our original optimization objective in (1.1]). If
we minimize this, we get the value functiowﬂ

v(t,x) = ir[}f J(t,x,U).

The basic principle of dynamic programming is then fairly simple. We ob-
serve that J(t,2,U) depends on U only through the values of U for s > t. We
then write, for t < T,

J(t,x,U) = g(t,z,Uy) + J(t + 1, X257, U).

2We should note that this terminology is standard in the optimal control literature, but
the reinforcement learning community often uses these terms slightly differently, with J being
referred to as a value function, and V' as its optimized value.
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So, with a further abuse of notation
J(t,x,U)=gt,z,Up) + J(t+ 1, f(t,2,Up), {Us}s141)- (1.2)

We can then optimize with respect to Uy and {Us}s>41 independently, to get
the Bellman equation (or dynamic programming equation)

v(t,x) == ir[}f J(t,x,U)

= III}f {g(taxa Ut) + inf J(t + 17 f(t7x7 Ut)v {US}SZt-i-l)}

Us}ts>tq1

= llr]ltf {g(tvxa Ut) -|—’U(t + ].,f(t,.’E, Ut))}

In principle, this allows us to compute v sequentially backward in time ¢.
Using v, we can then identify U; as the arg min in the Bellman equation, which
describes the (set of) optimal controls. We know that at the terminal time T,
we can just write

v(T,z) = ®(x).

We can then use backward induction to construct v(T — 1,z) by solving the
Bellman equation, and so on to obtain v(¢, ) for all values of ¢ and x. This
reduces the problem of finding our optimal control (which involves searching
overall possible choices of {U; }+eT) to a sequence of optimization problems given
by the Bellman equation.

This ‘principle of optimality’ was expressed by Bellman in the following
terms:

Principle of Optimality: An optimal policy has the property that
whatever the initial state and initial decision are, the remaining
decisions must constitute an optimal policy with regard to the state
resulting from the first decision. — Bellman [?]

We will see (Theorem that a slightly more nuanced statement is possible,
and is needed in order to guarantee that a construction using backward induction
will give an optimal solution (see Exercise [1.5.4]).

The challenge is now to actually compute the function v defined by this
equation. As v is a function of x, whether we can do this depends on how we
wish to describe such functions — in special cases we may be able to show that
v has a nice structure (for example, is a quadratic), in which case a closed form
solution is available. More generally, we have to approximate v numerically,
which is a concern we will return to later.

Remark 1.2.1. Even in this simple setting, there are some interesting things to
say about dynamic programming, which we will explore in more detail later.

(i) One way of looking at dynamic programming is as a computational tool.
Instead of having to solve the high-dimensional constrained optimization
problem where we find the optimal U subject to X being constrained
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to satisfy the specified dynamics, we solve a family of low dimensional,
unconstrained optimization problems given by the dynamic programming
equation. This may be computationally much easier, depending on the
context.

(ii) Another, more modelling-driven perspective, is that we might have an
agent who is allowed to change their mind at any time. The dynamic
programming equation tells us that our agent is dynamically-consistent,
in that if we find an optimal strategy at time zero, then that strategy
remains optimal at all future times (with the remaining-cost being used
at time t¢) and, furthermore, if the agent changes to a different strategy,
which at time ¢ they might consider optimal, then at time ¢ = 0 we are
indifferent about such a change — the resulting changed policy will also be
optimal.

The key fact that ensures dynamic programming holds here is the additive struc-
ture of J in , which ensures that J is monotone with respect to the future
cost-to-go — there’s no situation where you don’t want to minimize tomorrow’s
costs unless doing so is expensive today.

1.3 Some examples

Example 1.3.1 (Lemonade stall continued). Let us explore Example fur-
ther. We fit T = 7 and ®(x) = 0 (so there is no cost or value in holding
inventory at the end of the week).

Assume the demand for lemonade is piecewise linear and of the form D(p) =
max{0, D — dp} with D =10 and d = 5. Let the cost per unit of ingredient be
linear, so C(0) = d(q + rd) for ¢ =3 and r = 0.5. The inventory cost function
['(X,) is taken to be I'(z) = v (z — %)? , where v = 1 describes our eagerness to
keep inventory close to T = 5. Figure shows the functions C(0), D(p), and
I'(z).

500 1001 = 50

————— C(6) = (g +7d) . <= D(p)=D—dp D(z) = 7 (@ — 2)?
400 801 N 10
300 6 30
g x S |
~ 200 40 20

100 2 10

0.0 2.5 5.0 7.5 10.0 0 20 40 0.0 2.5 5.0 7.5 10.0
d @

Figure 1.1: Left panel: cost function C(§). Middle panel: demand function
D(p). Right panel: penalty function I'(x). Model parameters are ¢ = 3, r = 0.5,

D=10,d=5,v=1,and & = 5.

As before, we write v(t,x) for the value function and U = (6,p) for the
control. We will temporarily ignore the requirement that the inventory is non-
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negative, and drop the nonlinearity in demand, and attempt to find an optimal
control without these restrictions — provided our demand and inventory stay
positive, this will still give the optimal solution for our problem.

Under these simplifications, the functions f and g are given by

ft,x,U) =2~ (D —dp)+9,
g(t,2,U) =6(q+78)+v(x—1)>—p(D —dp).

From the Bellman equation, we have that fort € T = {0,1,...,6}, the value
function satisfies

v(t,x) = inf {(5(q+7“ (5)+’y(m—j)2—p(D—dp)+v(t+1,x—(D—dp)—HS)},
(8,p)€[0,0] xR+

with the terminal value v(7,z) = ®(x) = 0. The challenge is to find the function
v. Given the quadratic behaviour of the functions g and f, we employ an ansatﬂ

v(t,x) = ho(t) + hi(t) x + ho(t) 2°

where hg, hi, ha are functions to be determined. Given we used v(7,2z) =0, this
implies that ho(7) = h1(7) = ha(7) = 0. Applying the Bellman equation,

ho(t) =+ hl(t) T + hg(t) 1‘2
= (%I},f) {5(q+r5) +y(x—2)%—p(D —dp)+ho(t+1)

+hi(t+1)(z— (D —dp) +9)

+ ho(t+1)(z — (D—dp)+5)2}.

Using the first order conditions to find the optimizer Uy = (65, pf), we obtain

. Dr—drh(t+1)+(D+dq+2dDr—2drx)hs(t+1)
P = 2d(r + (1 +dr)ha(t + 1)) ’
Cgthi(t+1) + (=D +dg+2x)hy(t +1)

o = 2(r + (1 + dr)ho(t + 1))

Plugging these back in the Bellman equation and taking all terms to one side,
we observe that the result remains a quadratic in x (which makes us happy, as
it suggests our ansatz was a good guess of the form of the solution). We then
combine coefficients of powers of x to obtain an equation of the form

0:{...}+${...}+m2{...},

From here, given that this equation should be zero for all values of x, we conclude
that each of the expressions in the curly brackets should be zero and obtain a

3That is, an educated guess of the form of v, which we bravely hope will be general enough
for us to solve the equation.
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system of equatiomﬂ that characterize hg, h1, and ho. For example, the equation
for ho is
ry+(r+vy+dry)ho(t+1)

r+(1+dr)ha(t+1) ’

ha(t) =
similarly,

27Ty +rhi(t+1)— (g+ Dr+2zy+2drzy)he(t +1)
N 7+ (1+dr)ha(t+1)

ha(t) ;
and we do not show the value of hg because it is not needed to determine the
control. We can then solve these equations backwards (starting from hy(7) =
ho(7) = 0); Figure shows the optimal strategy (top panels), inventory tra-
jectory (bottom left), and costs (bottom right), for a variety of initial inventory
levels. Note that negative costs are profits.

209 W m om ow 201
15 1.59
D/(2d)
**16 *  pp (Xo=3) <210
= i1
14 X pp (Xo=9)
P (Xo=7) —g/27)
p 0.51 * 0 (Xo=3)
N X 6 (Xo=5)
10 0.0 8 (Xo=T7)
0 2 4 6 0 2 1 G
t t
*
0% * =
X *
[P *
X * B B B = —900 *
- - —400
z
’ * X (Xo=3) *  costs (Xop=3)
X X (Xo=5) _ —600 X costs (Xp=5) .
0] ----------- Xe (Xo=7) R costs (Xo=17) X
0 2 4 6 0 2 4 6
t t

Figure 1.2: Implementation of the lemonade problem. Top panels: optimal
strategies (p;, d;). Bottom left panel: inventory trajectory. Bottom right panel:
cumulative costs (negative values are profits).

We observe that in all these scenarios, the inventory is positive at all times,
and the price charged is below 20, and so these requirements (which were omitted

4In the GitHub repository for the book there is a Mathematica notebook with the details.
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in our derivation) are automatically satisﬁedﬂ

We can also consider an abstract version of the problem above, for which we
can give a generic closed-form solution.

Example 1.3.2. Consider the one-dimensional Linear-Quadratic problem, where
X =U=R and fort <T,
X1 =a+b0Xy + Uy = flt,z,u) = a+ bx + u,
g(tamau) =« +,@($ - u)2 + rY(u - V)27
and
®(x) = 77 + pr(z — &r)*.

We make an ansatz that the value function is quadratic, so can be written
in the form
V(th) = Tt + pt(m - 615)27

for some values of 7, pt,&. The Bellman equation then is

u(t,z) = 1{1]1tf { a+ Bz — p)? + (U — v)?

g(t,x,Us)

2
+ M1 + prya (a +bx+U; — §t+1) }

v(t+1,f(t,2,Ur))

Basic calculus shows that the optimal strategy is of the form

_ G —a) o bp
Y+ pr+1 Y+ pr41

U; x = hy + kx (1.3)

and hence, by substitution in the Bellman equation,

v(t,z) = a+ Bz — p)?> + (U —v)?* + ms1 + prga (a + bz + U} — §t+1)2
:a+ﬂ(x—u)2+7(ht+ktm—y)2
+ Te41 +Pt+1(a+b$+ht+kt$—ft+1)2
v—hg\2?
)
_ i1 _a_ht>2
b+ ks ’

= atmp + B — )+ k(v -

+ peyr(b+ k‘t)Q (ZC

50f course, this is not always the case. In fact, if we take Xo = 1, the value of pg is
slightly greater than 20. To deal with such a case, we would have to solve the equations above
using an indicator function and treat the various cases carefully.
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which one can rearrange to obtain

o(t,r) = [5 + k{y + pear(b+ k‘tﬂ X

<:c _ But k(v — i) + pria (b4 k) (§e1 —a — ht)>2
B+ kv + prpr (b + k)2
By(kepr = v + he)* + B (04 k)i — &1 + a + hy)?
B+ K2y + prr1(b+ k)2
Ypes1(b(v — hy) + k(v — &1 — a))?
B+ Eiy 4 pry1(b+ kyi)?

_|_

+

+Oz+7'('t+1.

From the above, together with our ansatz, we can write the backward recursion

pr =B+ kiv+ pia(b+ k)%,
_ Bt k(v = hi) + pria(b+ k) (§41 — a— he)
! B+ 2y + pra1 (b + ky )

3

and similarly for m (but note that w is not needed to compute the optimal
strategy). Various algebraic simplifications of this are possible, as is making the
parameters a, 3,7, i, v time dependent.

In order to make the above abstract results more concrete, we give another
computational example.

Example 1.3.3. Consider a control problem where the controller wishes to keep
X; as close as possible to u =5 and where Uy different from zero induces a cost.
The dynamics of the system in this example are

Xt+1 = 05 + 05 Xt + Ut,

that is, in the absence of interventions (i.e., if Uy = 0 for all t), the dynamics
of the system bring X; back to the equilibrium level x = 1. The costs are given

by
glt,z,u) = (x = 5)* +7(u-0)7  @x)=0
thus, the controller incurs costs if Uy # v = 0 and if Xy # u = 5. Below, we

evaluate the solutions for Xo =0, a=b=05,T =20, a =0, 8 =1, and
v € {0.01,0.5,1,2}.
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Figure 1.3: Implementation of the one-dimensional deterministic LQ problem.
Left panel: optimal trajectory for the state X;. Right panel: optimal control
Us.

As expected, when the cost parameter v is small (v = 0.01 in the example),
the controller takes Xy close to p = 5 from the start and compensates any
decrease from the mean-reversion to one to keep Xy around 5. In the graphs we
can also appreciate the so-called turnpike phenomenon, where the trajectory of
X remains fairly constant for most of the time window [0,20] with deviations
at the beginning and at the end (see Exercise for a formal result in this
direction with randomness, also the review paper [18]).

Next, we look at the coefficients hy and k; from the optimal control in ,

J ok ok okok ok ok ok ok ok ok ok ok ok ok ko ok 0.01

*  h (y=001) »
4 X h (y=05)
—0.11 ® n (v=10)
XXX XX XXX XXX XXX XX X X v b0
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< . - R
SolvvvvvVVYVYYVYVYYVYYYY, = s e00000000000000000
* by =001 v XXX XXX XXX X XXX XXX XXX
1 X h (y=05) 0.4
o M (vy=10) :
=2,
of ¥ M 0=20 " (.5 Rk ok ok ke k ok ok ok ok ke kk ok kK
0 5 10 15 0 5 10 15

t t

Figure 1.4: Implementation of the one-dimensional deterministic LQ problem.
Left panel: trajectory for the auxiliary variable h;. Right panel: trajectory for
the auxiliary variable k;.

For the trajectory with the least costly controls (the case v = 0.01), we see
that the optimal strategy is almost of the form Uy =~ 4.5 — 0.5 X; making the
next step of the state be X1 =~ 0.5+ 0.5 X; +4.5—0.5 X, =5 for most of the
trajectory. As expected, as we approach T, the benefit of staying near X =5 is
reduced, so our controls approach the minimal cost control u = 0.
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The following example shows another application of discrete-time determin-
istic control involving graphs.

Example 1.3.4 (Shortest path in a directed graph). Consider a finite directed
graph, that is, a set of nodes V= {1,2,..., N} and edges E C V xV. We assume
that all self-connections are possible, so (x,z) € E for all x € V. Suppose the
graph is connected, that is, for any x,x’ € V there exists m € N and a sequence
T = X0, T, T2y ey Ty, = & with (x5, 2i41) € E for all i. We call such a sequence
a path from x to x'. Figure shows an example of a directed graph, with seven
nodes, that is connected and where all self-connections are possible.

Figure 1.5: Example of a directed graph with seven nodes. The
graph is connected and all self-connections are possible. In this ex-
ample the nodes are V. = {1,2,3,4,5,6,7}, and the edges are FE =
{(1,1),(1,2),(2,1),(2,2),(2,3),...,(7,7)}. Theright panel highlights the short-
est path from z¢p = 2 to * = 6 with length equal to 3.

From such simple setup, we can already infer that for any x,x’ € V there
exists a path from x to o’ with exactly N steps. To see this, observe that if there
exists a path from x to x’, then there exists a path without repeated nodes. As
there are N nodes in total, we know that a path without repeats will have length
at most N. Now allowing repeats in the final node, we see that there must be a
path with exactly N steps.

With such a setup a classical problem is to find the shortest path between two
nodes; we formulate this in our optimal control notation, leading to a version
of the Bellman—Ford algorithm [J]].

We define the cost of following a path of length T > N to be
T—1
50.00,0) = ( X 106,00 + #(xr)
t=1

where Uy € V' determines the next step in our path (so Xt[frl =U;), Xo=a0 €
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V', and for a fized state x* € V

0 ifz=ar, 0 ifzx=2x"
flr,u)=< 1 if (z,u) € E,x # z*, O(z) = T
oo if x # xt.

oo if (z,u) € B,

These costs are chosen so that infy J(t,xg,U) is the length of the shortest path
from xg to x*. More precisely, as there exists a path from xy to z* with at
most N steps, and we can repeat the final node with zero cost, we see that
V(0,29) < N. For U minimizing J(0,z0,U), we know that ®(X¥) < oo, so
XY = z*. In this case, the costs are simply the number of non-repeating steps
in the path. The dynamic programming formula then states that the length of
the shortest path is V (0, z¢) = mingy J(0,U), and we have

V(t,z) = min {f(a:,u) + ‘/}+1(u)}
u:(z,u)EE

with terminal value V (T, x) = ®. We also observe that V(t,x) < N if and only

if there is a path from x to x* in at most T —t steps.

Next, we employ the dynamic programming formula above to find the shortest
path in the directed graph of Figure[1.5; by inspection it is easy to see that the
actual shortest path from xog = 2 to x* = 6 is the one in red on the right panel
of the figure. To solve this mathematically (or computationally) we start by
computing V (T, x) forx € V and T = 7. From the terminal condition it follows
that
0 ifx=06,

_ (1.4)
oo otherwise.

V(T,z) = {

Then, from the dynamic programming formula we have that at time t = 6 the
value function is given by V(6,x) = miny. o weplf(2,u) + V(7,u)}. It follows
that

®
0 ifz=6, @ ®

Ve(z)=¢ 1 ifxe {57} C@ @
oo otherwise. AN
® O

Here we draw (on the right) the set of transitions which are known to be optimaﬁ
at time t = 6.
Similarly, using V (5, ) = miny, o weplf(2,u) + V(6,u)} we have

6At time t = 6, all possible transitions from states in {1,2,3,4} are equally bad, and so
are not shown.



22 CHAPTER 1. DISCRETE-TIME DETERMINISTIC CONTROL

if x =6, @
if z € {5,7}, l\

if 7 € {3,4), <(©)
otherwise. @—@

Proceeding in the same way, we have that

V(5a CU) =

8[\3)—‘@

if x =6, @ @
ifx€{5,7}, I \
if 2 € {3,4), ™~

if v =2, N

oo ifzr=1,

V(4,z) =

w N = O

and lastly, fort € {0,1,2,3}

ifx =6, @
ifexe {5,7}, ] \
if z € {3,4}, \@
ifx =2, AN

if o =1, OO

V(ta x) =

=W N = O

Thus, the shortest path from xg = 2 to x* = 6 has length V(0,2) = 3 and
this is achieved by following the (allowed) path x — x' that satisfies V (t,x) =
V(t+1,2") — 1. In our example this would be xo =2 — 3 — 7 — 6.

In the above example, we might also want to consider the case where, at
each time step, the connections available are random. To solve such a problem
we will need a little more theory, which we will develop in the next section. We
will return to this in Example [2.3.1]

We finish this chapter with a classical result known as Pontryagin principle.

1.4 Pontryagin’s principle

In this section we consider a discrete time deterministic control problem, on
a finite horizon, where the cost function g and the state dynamics f are both
differentiable with respect to the pair (z,u). We also assume that & C R™
and recall that X C R?. Below, for any (¢,z,u) € T x R x R™, we have that
D, f(t,z,u) € R4 and D, f(t,r,u) € R¥™ are Jacobian matrices. Finally,
Vy(t,z,u) = (Dyg(t,z,u))’ € R and (D,g(t,z,u))" € R™*!. Suppose
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that the value function is a differentiable function of the state, and there exists
a differentiable function u* : T x X — U such that u*(¢, x) is an optimal control
when X; = z. Given that u* is itself differentiable, we let D u*(t,z) € R™*¢
be its Jacobian matrix.

Proposition 1.4.1. Define X} to be the trajectory when following the control
Uf = u*(t,X]). In order for U* and X* to be an optimal control-trajectory
pair, they must be part of a fized point to the following forward-backward system
of equations:

Xi = f(6, X7, U7, Xg ==,
Qe = Vg(t, X" U}) + (Daf (. X0,U)) Qevr, Q= VO(T,X7),
0= (Dug(t, X0, U7) " + (Duf (6, X2, U7)) Qe
Proof. From the Bellman equation we see that

V(t,x) :mgn {g(t,x, )+ V(t+1, f(t,z,u)}, (1.5)

and by hypothesis, u*(¢, ) minimizes the expression inside the min{-} operator.
Thus, using the multivariate chain rule,

T T
(Dug(t,m, u*(t,x))) + (Duf(t,x,u*(t,x))) VV(t +1, f(t,z,u*(t, x)) =0.
(1.6)
Next, observe that (|1.5) evaluated at the optimum becomes

Vit,x) = g(t,x,u*(t,aj)) + V(t + l,f(t,z,u*(t,x)) ,

and differentiating with respect to  (which is possible because of the differen-
tiability assumptions), we obtain

VV(t,z) = Vg(t,z,u*(t,z)) + (Dgcu*(t,gc))—r(Dug(t,az,u*(t,ac)))T
T
+ ((Dmf(t,m,u*(t,x)))
+ (Dmu*(t, x))T (Duf(t, x,u*(t, x)))T) VV(t +1, f(t7 x,u*(t, x)))

Collecting terms with (D u* (¢, x))T we see that
VV(t, x)
.
= Vgt 0 (4,0)) + (Daf (L, 0 (£,2))) VV(E+ 1, f (Lo, (1,2)

+ (Do t0) ( (Dugltw0.0)))

+ (Duf(t,x,u"‘(t,:lﬁ)))—r VV(t+1, f(t,z,u(t, x))) .
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Using (|1.6)) we see that the last term is zero and we obtain

VV(t,x) = Vg(t,a,u” () + (Daf (b2, u*(t,m)))TVWH L f(t @ (),
which yields

T
YVt XP) = Vglt, X7, U) + (D (4.X0,07)) VV(E+1, (6 X7,07))

(1.7)

substituting X;* = = and U} = u*(t,x). Set Q¢ = VV(¢,X]), which is the

gradient of the value function evaluated along the optimal trajectory X;. By

definition,
X:+1 = f(tvxt*a U*(taX:)) )

and from the definition of ); we have

Qt+1 = VV(t + 17Xt*+1) = VV(t +1, f(tht*v Ut*))v
which together with (1.7)) means that

* * * 3\ |
Qt = v.g(taXt ’ Ut ) + (D;Cf(t7Xt ’ Ut )) Qt+1 )
and the terminal condition follows from
Qr=VV(T,X;)=Vo(T,X7).
Finally, from (1.6) we have that
* )\ 1 * w1\ 1
(Dug(taXtaUt )) + (Duf(t7Xt7Ut )) Qt+1 =0.

Collecting the results above, we obtain the required forward-backward system
which concludes the proof. O

In the Pontryagin principle, @ is called the adjoint or costate process, and
can be interpreted as a marginal value associated with changing the state, or as
a Lagrange multiplier arising from treating the state equation as a constraint

(see Exercise |1.5.11)).

1.5 Exercises

Exercise 1.5.1 (Two-step lemonade problem). Consider the lemonade stall
model of Example with the parameter choices

D=10, d=5 q=3,r=05 ~=1, £=5,
C(0) =d(g+rd), T(x)=r(z—1)

and horizon T = 2 (so decisions are made at t = 0,1 and ® = 0). As before,
ignore the nonnegativity and truncation constraints and treat p; € R, §; € R.
The one-step dynamics and running cost are

Xiy1 = Xy —(D—dpt)—i-(su g(tzﬂ% (0,p) = (5(q+r5)+'y(x—§c)2—p(D—dp).
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(i) Using backward induction, solve the control problem at time t = 1 for an
arbitrary state X1 = x. That is, find the minimizers (07 (x), pi(z)) of

9(1,2,(6,p)) + ®(Xz) = 6(q + 16) + ~v(z — 2)* — p(D — dp),

and write the value v(1,x) in explicit quadratic form v(1,x) = ho + hix +
hox?, identifying ho, hi, ha.

(ii) Using the quadratic form found in (i), solve the Bellman problem at time
t =0, which is

0(02) = inf {8o(gra)+y(e—2)*—po(D—dpo)-+v(1, 2—(D—dpo)-+0) .
0,P0

Show that the problem separates into two scalar quadratic minimizations

and derive the first-order conditions that give the optimal (0§(x), pj(x)).

Give the explicit formulas for 6§(x) and p§(x) in terms of the parameters

and the coefficients hy, hy from part (i).

(iii) Substitute the expressions for §§(x),py(x) back into the objective to com-
pute v(0,2). Show that v(0,x) is a quadratic polynomial in x and identify
its quadratic coefficient.

(iv) Identify the minimal level of initial inventory Xo such that the assumption
that inventories are nonnegative is satisfied at all times.

Exercise 1.5.2. Show that the Bellman equation, together with the terminal
value of v(T, ), uniquely defines the value function; that is, if v and v' are both
solutions of the Bellman equation with v(T,-) = v'(T,-), then v(t,x) = v'(t, x)
for allt and x.

Exercise 1.5.3. (A ‘time-inconsistent’ problem, where the DPP fails.) Con-
sider a deterministic control problem, where at each time t, our agent’s prefer-
ences are described by a modified cost-to-go function

T
1
J(t.a,U) =) 7o/ XsUs)
s=t

which is sometimes known as hyperbolic discounting. We assume f(t,x,u) =
x +u and g(t,z,u) = —u + 2%, where o € [0,1] and v € U = [0,2], with a
horizon T = 2.

Show that the dynamic programming principle fails, i.e., there are controls
U which optimize J(t, X, U) but do not optimize J(t + 1, X¢11,U).

Exercise 1.5.4. In Homer’s Odyssey, Odysseus must sail past the island of the
Sirens, whose song tempts sailors to steer toward them, leading to shipwreck and
death. Knowing this danger in advance, Odysseus considers tying himself to the
mast so that, even if he later wishes to steer toward the Sirens, he will be unable
to do so.
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We model this as a simple two-stage deterministic decision problem with
times T = {0,1,2}, and will analyse whether it satisfies the dynamic program-
ming principle, in the sense of Theorem [2.1.17

At time 0, Odysseus chooses whether to commit by tying himself to the mast
(C = 1) or remain free (C =0). His preferences are described by the following
costs:

e I[f C = 0, then at time 1 (after hearing the Sirens) he chooses A €
{Stay, Leave}.

e IfC =1, then his choice A is irrelevant (as he is unable to leave), but he
pays a cost a > 0.

o If he leaves, the ship is destroyed and he incurs loss L > 0.
o If he stays, he survives with no loss.

Now suppose that, at time 1, when Odysseus hears the Sirens, he revises his
views and evaluates all policies with A = Stay as having cost § > 0, and with
A = Leave as having cost 0. In particular, he assigns no cost to losing the ship.

We write U = (C, A) for the possible policies Odysseus can consider, and
J(t,U) for the cost he associates with them at time t.

(i) Show that, if o, 8 > 0, there is no policy which is optimal at both time 0
and time 1 (i.e. which minimizes both J(0,U) and J(1,U) simultaneously).

(ii) Show that, if « > 0, then the policy C = 1 is never optimal at time 0,
(that is, there is a U such that J(0,U) < J(0, (1, A)) for all A).

(#ii) Show that, if B = 0, every policy which is optimal at time 0 is optimal at
time 1 (that is, if U minimizes J(0,U) then it also minimizes J(1,U)).

(iv) Show that, if B = 0, there is a policy UY which is optimal at time 0, and a
policy U which is optimal at time 1, such that the pasted policy 1,—qU° +
1,1U"! is not optimal at time 0. Explain why this may cause problems if
you attempt to solve such a problem using dynamic programming.

(v) Explain why, if Odysseus takes into account the decisions he will make at
time t = 1, he would naturally consider optimizing by choosing U® such
that the cost of 1,—oU° +1,1U" is minimized, where U' is an optimal de-
cision from the perspective of time t = 1. Ezplain why, with this additional
reasoning, he might be willing to commit C' = 1 despite the additional cosﬂ

Exercise 1.5.5. Consider the following general linear-quadratic control problem
where the state is n-dimensional and the control is m-dimensional. The state
dynamics are linear and given by

Xt+1:AXt+BUt, XOZSL'ERn,

"This idea develops into ‘playing a strategic game against your future self’, and was
classically explored in the economics literature by [?, 7, 7, ?].
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with A € R™*™ and B € R"*™. The cost function g is

glz,u)=2'Qr+u' Ru,
where @ = QT =0, and R =R = 0. The performance criterion over horizon
T € N with terminal weight S = ST =0 is

T—1
J(t2,0) =Y (XSTQXS + USTRUS) +XT8 Xy,

s=t

(i) Write down the Bellman equation satisfied by v(t,z) = infy J(¢,z,U),
together with its terminal value v(T, x).

(i) Use the ansatz v(t,x) = x P,z with symmetric matrices P, = P, = 0
and Pr = S in the Bellman equation from the previous part.

(i) By expanding x'Qx +u'Ru + V(t +1,Axz + Bu) and completing the
square in u, derive the optimal control at time t as

Uf = —K:X;, K;:=(R+BTPy.1B) 'BTP A4,
with the Riccati backward recursion

P =Q+A Py A—ATP  B(R+B Py B) 'BT Py A, Pr=3.
(iv) Suppose that S satisfies the algebraic Riccati equation
S=Q+ATSA-ATSB(R+BTSB) 'BTSA.

Show that the value function is independent of time, and that the optimal
control is a linear-feedback rule U = —K Xy for a fived matriz K.

Remark 1.5.6. The following exercise is a discrete-time version of Pontryagin’s
principle, which we will return to in Chapter [6} The practical use of this result
is that, in many cases, this system of equations can be solved numerically and, if
the solution is unique, then this allows us to identify the optimal control process
without solving the full Bellman equation.

Exercise 1.5.7. Consider the scalar deterministic control problem with horizon
T = 2 and decisions at times t = 0,1. The dynamics of the state process are
given by

Xt+1 =aX;+ U, a €R,

and the controller faces quadratic costs
r
glt.eu) = (x— w4 o, @) =qle—p),

where p € R, r > 0, and ¢ > 0 are constants. The initial state Xog = xg is
given.
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(i) (Bellman approach) Apply the results of Ezercise to determine the
value function.

(i) (Pontryagin approach) Solve the same problem using the discrete-time
Pontryagin minimum principle (as in Section .

(#ii) Verify that the optimal controls obtained in (i) and (i) coincide.

Exercise 1.5.8 (Uniform versus trajectory-wise approximation error). Con-
sider a finite-horizon deterministic control problem with horizon T, dynamics

Xip1 = f(t, Xe, Up),

running cost g(t,x,u), terminal cost ®(x), and value function v(t,x) satisfying
the Bellman equation

v(t,z) = irellfl {g(t,:z:,u) +o(t+ l,f(t,z,u))}, o(T,z) = ®(x).

Suppose we are given an approzimate value function 0(t,x) with 9(T,z) = ®(x).
By “approximate” we mean that there exists € > 0 such that for allt < T and
allz € X,

o(t,x) — igf {g(t,a:,u) +o(t+ 1,f(t,m,u))}‘ <e.

Lastly, define the greedy policy

Ui(z) € arginin {g(t,x,u) + ﬁ(t + 1,f(t,m,u))}.

(i) Show, by backward induction, that

sup |0(t, z) —v(t,z)] < (T —t)e, t=0,...,T.
zeX

(i1) Now suppose instead that we only know the following weaker property: for
a given initial condition xg, the approximate Bellman equation holds with
error at most € along the trajectory generated by the greedy policy, that
18,

#(t, X0) _jzf{g(uXtU,U) +o(t+ Lf(t,X?,U))H <e

for all t along the path XU,

Construct a simple deterministic control problem for which this trajectory-
wise bound holds with e = 0, but the resulting policy U is strictly suboptimal
at time 0.

Remark 1.5.9. The next exercise introduces differential dynamic programming
(DDP), which seeks to approximate a general deterministic control problem
using a linear—quadratic problem. There are a variety of methods of this type,
see for example [?], [?].
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Exercise 1.5.10 (Linear—Quadratic Approximation). Consider the finite-horizon
deterministic control problem

Xt+1 :f(tht;Ut)v XO =z,

with running cost g(t,x,u) and terminal cost ®(x). Assume f,g,® are twice
continuously differentiable. Here we take X = R? and U = R™.

Fiz a trajectory (which does not need to be optimal) (X, U)i=" with ter-
minal state X75.. Define perturbations

(S{L't = Xt — X;(7 5ut = Ut — Ut*'
(i) To build an approximation, we linearize the dynamics around (X;,U;") as
Oxpy1 = Do f(t, X;,Ul) dxy + Dy f (8, X[, UY) duy,

where D, f(t, X, U) € R4 and D, f(t, X}, U;) € R>*™ are Jacobian
maltrices.

a. Write the second-order Taylor expansion of the running cost as

T
ox ox
~ q* T T 1 t Jzz  Gzu t

g(t’ Xt’ Ut) = - I 6mt - Ju 6Ut * 2 (6ut) (gur guu) <5Ut) ’

and state precisely what each term denotes.

b. Assume that at time t + 1, the value function admits the quadratic local
approximation

.
ot + 1, X+ 0xg) = Vi + (Vi) 0 + 502, Vi 6241

Substitute the linearized dynamics for dxyy1 into this expression.

c. Define Q; = g(t, X, Uy) + v(t + 1, X11), and use the previous part
together with the quadratic expansion of g to write QQ; as a function of
oxy and duy. More precisely, show that

.
Qu(0,0ur) = Qf + Qg 6t +Q Sug + 3 (ﬁij) (82’; 8jj) (giﬁ)’

and derive explicit formulas for

QI? Qu7 QII) Qwua Quu

in terms of derivatives of f,g and V{1, V4.

d. Assuming Q. 1s invertible, minimize Q(0x¢, Ju;) with respect to duy
to show that
6uf = kt + Kt 5&3,5,

with ky = —Q;} J and K; = _Q;%Qum
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e. Show that the quadratic approzimation of the value function satisfies
the backward recursion defined by

V;Iz = Qua — Qqu;}Qum
VP =Qu — quQ;jQua
with terminal conditions VF = ®,(X}) and VF* = &, (X}).
(ii) Given processes (ki, Ki) and an initial trajectory (X[, U}), define an up-
dated trajectory (XPeV,UPY) through the induction
U = U+ b+ K (X0 = X)),
X = FXPUR), X =

)

where 0 < a < 1 is a reqularization parameter. We can then find determine
a new choice of ki, K by applying part (i).

a. Explain why this process converges in a single backward—forward sweep

for the linear-quadratic problem in Exercise

b. Ezxplain why this algorithm can be interpreted as repeatedly solving lo-
cally approximating linear-quadratic problems.

(#ii) Recall that, in the discrete-time Pontryagin principle, an optimal trajectory
(X7, U}) satisfies

;+1 :f(taX:7Ut*)7 XE)k = To
* * * s\ 1 *
Qe =Vy(t, X7, U) + (Do f(t, X/, UY)) Qur,  Qr = VO(X7),
w rreV) x TrHEY) |
0= (Dug(tht U )) + (Duf(t,Xt Uy )) Qt+1-

a. Show that if the value function is differentiable, then along an optimal
trajectory
Qt = Vv(t, X:)

b. Compare the Pontryagin first-order condition

0= (Dug)—r + (Duf)TQt+1
with the DDP formula
ke = ~Quu Qu-
Show that, at a locally optimal trajectory, we know Q, =0 and k; = 0.
c. Ezxplain why this algorithm may be interpreted as a Newton-type method
applied to the Pontryagin optimality system.

Exercise 1.5.11 (Deriving Pontryagin’s principle via Lagrange multipliers).
Suppose [ and g are continuously differentiable in (z,u) and U C R™ is open.
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Define the function

L:(XxUxR™T 5 R;
T

~1
{Xe,Us, Qe — Z g(t, X4, Up) + ©(X7)
=0

T

—

+ (f(t,XuUt) _Xt+1)TQt+1~
0

t=

(i) Show that L is a Lagrangian for the optimization problem of minimizing
J(U) subject to the constraint Xi11 = f(t, Xy, Uy) for all t < T, where
{X1, U} are treated as free variables.

(i) Compute the first-order optimality condition obtained by differentiating £
with respect to Uy fort =0,...,T—1, and show that any interior minimizer
satisfies

0= (Dug(t, X;,U:)) " + (Duf(t, X7, U7)) ' Qe

(ii) Compute the first-order condition obtained by differentiating L with respect
to Xy fort=1,...,T — 1, and show that

Qi = V(t, X7, UP) + (Daf (6, X7, U7)) Qe

(iv) Differentiate L with respect to Xr and show that the terminal condition
for the multipliers is
Qr =Vo(X7).

(v) Collect the results above and show that any optimal trajectory-control pair
(X*,U*) must satisfy the forward-backward system

X:+1 = f(ta Xt*’ Ut*)v Xo = =,
* * * * T *
Qi =Vy(t, X, U) + (Do f(t, X7, U;)) Qe Qr = Vo(X7),
0= (Dug(tht ; Ut )) + (Duf(ta Xt aUt )) QtJrl,

which is precisely the discrete-time Pontryagin minimum principle stated

in Section[1.]}
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Chapter 2

Discrete-time Stochastic
Control

We now want to expand our class of problems to include randomness. This is
a bit tricky, as our agent will be allowed to use their past observations when
determining the control, which means their controls will also be random. Be-
cause of this, we will move in a somewhat abstract direction, and try and get
some understanding of the basic structure of the control problem. Our aim is
to describe what optimal strategies look like, in a fairly generic way, so that we
can then use this description to solve explicit problems.

Even though we are considering a discrete-time setting, we will try and do
things carefully. This means that we will use the tools and terminology of
measure theory, as this gives us an efficient and precise way to study random
processes. These tools will also be needed when we take our results into the more
difficult (continuous time) setting. Some introductory comments about this
theory are in the appendix, but for a more general introduction, the textbook
[12] may be of use.

Before going into the details of the formulation, we give a couple of further
motivating examples.

Example 2.0.1. Suppose you wake up one morning and find a frog has appeared
in your bathroom. You want to get the frog out of your apartment before you
leave for work, but cannot catch it — instead you can encourage the frog to jump
to another room, until eventually it leaves through the front door. FEvery ten
minutes, you can move furniture to change the probability that the frog jumps in
a given direction, and pay a small cost if the frog continues to be inside (as you
want it to leave quickly), and a large cost if you have to leave for work with the
frog still inside. The challenge is to find the optimal strategy, which we expect
will depend on the frog’s current (random) position, and how long you have left
until you have to leave.

Example 2.0.2. A company has to decide how to price and advertise a sub-
scription product in the market — the number of subscribers changes randomly
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each day depending on the price and the number already subscribed (and pos-
sibly other factors, for example, they might see momentum in the number of
subscribers due to word-of-mouth). At the start of each period, the reward (neg-
ative cost) is the number of subscribers multiplied by the price (which is the
control), minus the cost of advertising. The control is the price and advertis-
ing level. We assume that the company knows the impact of their price and
advertising strategy, and has a fized horizon over which they are trying to sell
the product. The company is allowed to vary their control depending on how
many subscribers they have had in the past, on seasonal effects, and based on
other random events which may occur (for example, a competitor entering the
market).

2.1 Weak formulation

We start with a model of the world described by a filtered space given by
(Q, F,{Fi}ter). Here w € Q is the state of the world (you can think of it as the
random seed, which determines the outcomes of every random event), while F;
determines the information available at time ¢ (formally, it is the set of events
whose outcome is known at time t).

As before, we suppose we have an agent who is going to choose a control
U, which is a (random) process taking values in a set U. We will assume that
U is a topological space (so we can talk about open sets and hence (Borel)
measurability).

While earlier we assumed that our controls changed the dynamics of a de-
terministic state variable, we will now suppose that our control modifies the
probabilities of different outcomes occurring. Because of this, we won’t focus
on the role of a state variable, but on a more abstract (and generic) class of
stochastic control problems.

Remark 2.1.1. In the next chapter, we will focus on the case where we have a
state variable X; described by a Markov chain at each time, and F; describes
what we know from observing {Xo, X1, ..., X¢}. In this world, it is natural that
a control might change the probabilities of transitions from one state to another,
which motivates the ‘weak’ formulation we now present.

The alternative ‘strong’ approach (which we will consider in Section
is to have our controls directly changing X, but not altering the probability
measure at all. As we will see, this will require more measure-theoretic care,
as our controls then need to depend on the current value of the state process
(which will vary based on the controls used previously), not simply on past
information.

We assume an agent is choosing a control (process) U (which we also call a
policy or a strategy, as convenient), which changes the probabilities of different
outcomes in the world. This control takes values in ¢/, which we assume is a topo-
logical space (in particular, it has a Borel o-algebra, and measurability is defined
using this o-algebra.). In our example, U € U = {advertising levels, price levels}.
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We write the expectation when using control U as EV. As we see below, each
control U will have a probability measure PV associated with it.
Let’s suppose that our agent is trying to minimize their expected cost

T-1

90) =57 | (L ate.0) + 0(0)

s=0

where g : Q@ X T xU — R, & : Q — R. We separate out the cost at the final
time, to emphasize that this does not depend (directly) on the control chosen.
The running cost g is assumed to be adapted, that is, g(s,u) is Fs-measurable
for every s and every u € U, which we interpret as stating that g(s, u) is known
at time s.

We say a strategy U is optimal if it minimizes J(U). As usual, we drop the
w arguments of our terms to simplify notation.

As before, we define the cost-to-go process

J(t,U) :=EY [Tz_:lg(s, Us) + @’}}] .

s=t

We note that J(¢,U) is a random process (there’s hidden dependence on the
random state of the world w), as we’ve used a conditional expectation.

Building on the deterministic theory we saw before, our job is to characterize
optimal strategies in a dynamic way, so that we can avoid solving the very high
dimensional optimization problem we have just written down. This is made
worse by the fact that we are now allowed to use strategies which depend on
the (random) state of the world w, which is not something which made sense
in the deterministic setting. Therefore, we will need to do a little more work in
order to carefully specify what we mean by an optimal strategy.

Before we attempt this, we will give a more careful description of different
classes of strategies which we might wish to consider.

Definition 2.1.2. We say a strategy U is admissible if U is an {F; }+cr-adapted
process taking values in @ (i.e. Uy is Fi-measurable for all t). We write for
the space of admissible strategies.

If our filtration is generated by a state process X, this can be reexpressed
as saying Uy is a (Borel measurable) function of {Xs}s<i (by the Doob—Dynkin
lemma).

We note here that we have first fixed the filtration (that is, the flow of
information), and then assumed that our strategies must be adapted to this
filtration. This simplifies our framework, as it means that the control does not
affect the information available, which makes dynamic programming easier to
analyse.

We next need to formalize the impact of our control. As indicated above, we
work under a ‘weak’ formulation of the stochastic control problem, that is, the
controller affects the probabilities of events, rather than directly changing a state
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variable. Taking this approach will simplify the exposition quite a bit because
we start off with a filtration, which we use to define the class of admissible
controls.

Remark 2.1.3. There are natural problems where this approach is insufficient, in
particular when we are learning while controlling. In these settings, the choice of
control affects the information available in the future, and a more complicated
approach is needed. (See, for example, [6, Chapter 9] or [I7] and references
therein.)

One somewhat uncommon object which we will need is the measurable essen-
tial supremum. This ensures we can take a maximum or minimum, of random
objects, without worrying about measurability.

Definition 2.1.4. Let G be a family of measurable functions from Q into R, on
the o-finite measure space (2, F, ). Then there exists a measurable function g*
such that g* > g almost everywhere for all g € G, and if h is another function
such that h > g a.e. for all g € G, then g* < h almost everywhere. We say
g* =esssupg.

If G is upward directed (so for g,g' € G, there is ¢ € G with ¢" > g and
g" > ¢ almost everywhere), then the essential supremum can be approached by
a sequence g, C G, that is, esssup G = lim,,_, o, Gn, -

The essential infimum is defined analogously.

A proof that the essential supremum exists (and the limiting statement)
can be found in the appendix (Theorem |A.1.24). Essentially, given a family
of random variables g,, (which is just a family of functions g, : 2 — R), this
essential supremum is the pointwise supremum with respect to n for each w € €2,
but done in a way that makes sure we still have measurability.

To avoid measure-theoretic issues, we make the following two assumptions.

Assumption 2.1.5. There is some measure P*' such that, for all U € U, we
know that PY(A) = 0 only if P*f(A) = 0, that is PV is absolutely continuous
with respect to Pt for all U € U.

Definition 2.1.6. For fized U, the Radon—Nikodym derivative of PV with re-

spect to Pt is a random variable, denoted %, such that for all PY-integrable
Z,
dpY
EY[Z] = B Z|.
[ ] |:d]P>ref :|

With this, we get a version of Bayes’ theorem for conditioning on a general
o-algebra
dpY dpY
EV[Z|F)] = ]Eref[ Z‘]—}] / ]Eref[ ]—"t}
dap?

dPpref dPpref
Assumption 2.1.7. The map ({ut}iet,w) — Jprer (W) (where Uy = uy) is mea-
surable as a map (UT,Q) — R.
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Remark 2.1.8. This assumption guarantees that EY[Z|F,] is a random variable
(in particular, is measurable) for all integrable Z and U € U. Taken together,
these assumptions ensure that the conditional expectation is simultaneously
defined for all U (as it is defined P**f-a.e.).

Given this definition, we can now see that it’s possible to combine different
strategies, and not leave the class of admissible strategies. The point here is
that we're allowed to switch strategies depending on the random outcomes we
have observed so far.

Definition 2.1.9. Lett € T and A € F;. Consider any two admissible strate-
gies U and U’'. Then the pasting of U and U’ (at t, on the set A) is given
o]
Us ifs<t,
Ul=(1 =114 Us 4+ 114U = ¢ Uy if s> t,wé A,
Ul ifs>tweA.

In other words, after time t, we switch to U’ if event A occurs.

Proposition 2.1.10. The pasting U"” (of two admissible strategies) is also an
admissible strategy.

Proof. This is simply stating that pasting preserves measurability of a process.
We can check this, by observing that, for any (Borel) measurable set B C U
and any s > t, we have

{w:U/eB}=({w:U,e BynA)U ({w:U, € B} N A°)

and the right hand term is F,-measurable, by admissibility of Us and U.. Alter-
natively, we see that 1,<4, 14, U, and U/ are all F;-measurable, and products
and sums preserve measurability, so U/’ is also F;-measurable. O

The final thing we need to specify is how U changes the probabilities. We
do this in terms of pasting.

Definition 2.1.11. We say our control problem is dynamic if, for any random
variable &, with U" as defined above, for s >t we have

EV"[¢|F,] = 1aEV [¢|F,] + 1a-EV €| 7],

and for s < t,
EY"[¢ %) = EV [E”"[¢] 7

7.

LClearly, the first of these formulae is only valid if &/ is a set on which addition and
multiplication by indicator functions is defined. We take this as given, purely for notational
convenience, and all our results can be easily reexpressed for general (topological) sets using
the latter formula without issues.
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Essentially, the above definition tells us that switching from U to U’ at time
t, if A occurs, only changes the probabilities of events which are not already
known at time ¢, doesn’t change the probabilities of events which only occur
if A doesn’t occur, and, if we switch, the conditional probabilities (given our
information at time t) are completely determined by U’ (not U). We will assume
that our problem is dynamic.

We need one assumption on the integrability of our costs, in order to avoid
trivialities.

Assumption 2.1.12. The costs g and ® are such that J satisfies the following
bounds:

(i) for allt € T and U € U, we have that EV[J(t,U)] > —o0, i.e., there are
no infinitely desirable controls;

(ii) there exists at least one control U € U such that EV[|J(t,U)|] < oo for
allU € U and t € T; i.e., there is at least one control which is always
acceptable.

It is convenient to allow, at least in principle, that the cost can be infinite —
this encodes the idea that there can be situations and controls which must be
avoided, and so are assigned infinite costs.

Remark 2.1.13. So far, our analysis has assumed that the running cost is known
at time ¢, in particular it is given by g:(¢, u) for an adapted function g. However,
it is straightforward to include random costs in our setup.

For example, suppose the control at time ¢ results in a cost known only at
time t + 1. We can write G(t + 1,U,) for these costs, and then set g(t,U;) :=
EY[G(t + 1,U;)|F:]. Using the tower law, we consider an agent who wishes to
minimize

T—1 T—1
EU[ZG(t+1,Ut)+<I>] :EU[ZQ(Ut)+‘I):|.
t=0 t=0
It is then clear that this is the same problem as we have already considered.
This is a minor change to the theory, but in practice allows us to consider
situations where we do not know the distribution of the costs nor the probability
transitions.

2.1A The martingale principle and dynamic programming

We are now ready to prove the dynamic programming principle for our problem.
As we want to, at least in principle, allow any admissible control, this is a bit
tricky, as we can’t assume any Markov properties for our processes.

Definition 2.1.14. We define the value process
Vi = essinf J(¢t,U)
U€EU

where the (Fi-measurable) essential infimum is taken over all admissible con-
trols.
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Lemma 2.1.15. For each t € T, the set of random variables {J(t,U)}vev is
up/downward directed, that is, for any admissible U, U’ € U there exists U” € U
such that J(t,U") < min{J(¢,U), J(¢t,U’)}. In particular, this implies that, for
any t' <t, and any U € U,

ess inf EV[J (¢, U")| 7] = EY [es% inf J(t',U")|F,] = EY [Vi | ).

Observe that these two essential infima are quite different — the first op-
timizes the expected value, and is F;-measurable, while the second optimizes
J(t',U"), and is Fy-measurable.

Proof. The upward/downward directed property follows by pasting, with the
set A={J(t,U)> J(t,U")}. We know immediately that, for any U,U’,

E[J(t,U")] = EV[Vi]
Therefore
es%i/nf EV[J(t,U")] > EY[Vi].

Conversely, from Theorem [A-1.24] we know that there is a sequence U™ such
that J(t,U™) — V; almost surely. Without loss of generality, we can assume
J(t,U™) < J(t,U), where U is the reference control in Assumption [2.1.12} for
which we know EV[|.J(¢,U)|] < co. Therefore, J(t,U)— J(t,U,) is an increasing
nonnegative sequence, and monotone convergence shows that

EY[J(t,U)] — lim EY[J(¢,U,)] = lim EY[J(¢,U) — J(t,U,)]

n—oo n—oo

—EY[J(t,0) - lim J(t,Un)}

n—oo
_mU 7\ U |
=EV[J(t,U)] - E [nlgr;OJ(aUn)}.
It follows that
ess inf BV [J(t, U")| Fy] < lim EY[J(t, U™)|F]
_ mwU . n _ mwU . /
=E [nlggo‘](t’U )|Fs] =E [es%llan(t,U)LFs].
O

Theorem 2.1.16 (Bellman equation / Martingale optimality principle). The
value process V' satisfies the Bellman equation
]—'t].

Furthermore, for any admissible control U with integrable costs, the process

MY = <§g(8, Us)) + Vi

s=0

t'—1
V, = essUinf]EU {( Z g(s, US)) + Vi

s=t
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is a submartingale (MY < EY[MJ |F,] for allt), and is a martingale (MY =
EY[MZ | F] for all t) if and only if U is optimal, that is, it minimizes J(U).

Proof. For a given policy U, using the tower property of conditional expectation,

for t </,
J(t,U)=E
kU
=EV

°I(

T-1

> gls, U)) +<I>‘J—']

7 g(sﬂs)) +EU[(

g(s, Us)) + J(t, U)‘]—"t].

V)
o+

’

-
—

T-1

> (s, U,

s=t’

[ ) +of]

N
_< —t

S

d

=

We now separate the behaviour of U before and after ¢, by considering the

pasted strategy

U = 1{s<t’}U +1{s>t’}U

for U’ an arbitrary admissible control. Then we see that, by pasting and Lemma

2.1.I5,

V, = essmf J(t,U) = = ess mf J(t L eyUs + 1>y Ul )
-1
= essinf BV ( > + J(t t}
U,U’ I
-1
:essUinfEU ( )—i—essmet U')}']
-1
= essinf EV ( >+Vt, }
U L

This establishes the first statement.
It follows that, for any admissible U,

t'—1

V< E | (L as00) +vi|7)
s=t
To conclude, we add the costs before time ¢, to get
t—1 t'—1
MU = (Zg(s,U5)> +V, <EY K > g(s, Us)> + Vp }'t} =EY [Mg,f ft],
s=0

s=0

which proves the submartingale property.
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Finally, suppose U* is optimal. Then

t t'—1

MY = (Y gls.U)) + Vi =BV [( > gls, U:)) + Ve ft} =BV [Mf| 7]
s=0 s=0

so MV is a martingale. The converse follows similarly. O

One can show that the martingale optimality principle is, in some sense,
a sufficient condition to identify the value process. The proof of this follows
exactly as we will see in Theorem when we consider a strong formulation.
Using the martingale optimality principle, we can give a version of Bellman’s
dynamic programming principle. These two statements encapsulate the key
ideas of dynamic programming — if we have a policy which is optimal at time ¢,
then it will continue to be optimal after that time, and we don’t mind, at time
t, which optimal policy we choose at time ¢’. Because of this, we can simply say
a control U is optimal, without specifying the time at which we are evaluating
it!

Theorem 2.1.17 (Dynamic Programming Principle). We say an admissible
control U is optimal at time t if J(t,U) < J(t,U’) a.s. for all admissible controls
U’, or equivalently, J(t,U) = essinfy, J(t,U’) = V;. Then it holds that, for all
t'>t,

(i) if U 1is optimal at t, then U is optimal at t';

(ii) if U is optimal at t, and U is optimal at t', then the pasted strategy

Us = Lacty U + 1oy UL
is optimal at t.

Proof. We know MUY is a submartingale. For stopping times 7 > ¢, this implies

t—1
(Xas,00) + Vi = M7 <EY 07| 7]
s=0

T-1

<2 {ufl7] =8| ( S ote.0)) + 0]

s=0

= (tz_ig(s, Us)> +J(t,U),
s=0

and we see that U is optimal at ¢ if and only if this is an equality, or equivalently,
the process M, := 1¢,>4 (MY —MV) is a martingale. However, this implies that
MY = EY[MY|Fy], which shows that U is optimal at #’. The first statement
follows.
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To prove the second statement, we see that the strategy U generates the

process
ao [ MY (“ if 5 <t
MUY MU L MUY s >t
and calculating expectations shows that this is a martingale if MY and M v’
are martingales. O

Remark 2.1.18. It’s worth pointing out that both of the statements in Theorem
2117 are needed, if we want to construct controls using backward induction, as
we did in the deterministic case. To see this, suppose we have a problem with
two time steps, t € {0,1,2=T}.

When we run backward induction, we first consider time ¢ = 1 and find
a control U; to minimizeﬂ J(1,U1) (and we can do this so that U; is optimal
Pref_almost everywhere, using an essential infimum, as our controls are closed
under pasting). Next, proceeding to time ¢t = 0, we freeze the choice of Uy, and
construct a control Uy to optimize u — J(0, (u,U;y)). We need to guarantee
that the resulting pair (Up, U;) is also optimal at time ¢ = 0.

For comparison, we could instead choose a pair (ﬁo, Ul) which is optimal
at ¢ = 0, that is, which minimizes (ug,u1) — J(0, (ug,u1)) among admissible
controls. Theorem i) then implies that U; is also optimal at time ¢ = 1.
Furthermore, by Theorem ii)7 we are allowed to switch to a different
optimal control at time t = 1, and hence we can guarantee that the control
(Up, Uy) is optimal at both time ¢ = 1 and ¢ = 0. This then implies that Uy will
also be optimal at ¢t = 0 with U; fized, so freezing U; doesn’t make our solution
at t = 0 any worse. Therefore, the pair (Up,U;) constructed by backward
induction will also be optimal at all times. A concrete example discussing when
this fails is given in Exercise [1.5.4

We have focused in this chapter on the most straightforward version of the
optimal control problem, where the controller simply wishes to minimize the
expected value of their costs. However, various alternatives are possible, in
particular where the controller is concerned by the risk of their position. Some
of these are considered in Exercises [1.5.9} [2.4.3] and 2.4.6]

2.2 Strong formulation and measurable selection

In the presentation above, we have assumed that the control works through a
‘weak’ formulation, where it is the distribution of future costs which is modified
by changing the control. In many cases, one also wants to use an explicit state
variable, which is directly modified by the control. In this section, we will
highlight the key steps in setting up this problem.

20ur notation suggests that we should really write J(1,(Up,U1)), as J is a map from
T x U — R. However, we know that J(1,(Up, -)) does not depend on Up, so dropping Uy
makes good notational sense.
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Remark 2.2.1. Suppose we have an investor deciding how much to invest in a
stock. We suppose that the stock values are unaffected by the investor’s actions,
but can depend on its own past values (for example, if large changes on one day
are related to large changes on subsequent days). If the investor chooses not to
invest, then their wealth remains constant (with probability one), but if they
invest, then it will change randomly through time. The investor makes a new
decision of how much to invest at each time point, in order to optimize the
utility of their terminal wealth.

In this setting, the underlying probability space describes the values of the
stock, so we cannot typically model the effects of investment decisions on wealth
by changing probabilities, as in a weak formulation — we need both the right
dynamics of the stock price (which is unaffected by investment decisions) and
wealth (which is affected by investment decisions). This leads us to seek a strong
formulation of this problem, despite this requiring a little more technical detail.

In order to set up a strong formulation, we will assume T = {0, 1, ..., T}, we
have a filtered probability space (2, F,P, {Fi}teT) and we have a state process
X € X c R with controlled dynamics

Xiv1 = flw, t, Xy, u) for u e U

We use similar notation to the deterministic case, as f: Q x T x X xU — X
gives our state dynamics.

Remark 2.2.2. One way of seeing the difference between the strong and weak
formulation of the problem is through the dependence of the control on the
state. In the weak formulation, any ‘state variable’ isn’t directly affected by
the controls (as only the probabilities are changed). In particular, this means
that all the required information to make decisions is available in the filtration
Fi. In the strong formulation things are a little different, as the state X?’wo’“
depends not only on the filtration F;, but also on the control that we have used
prior to time ¢. This means that we expect to need the additional information
of the current value X; = z in order to make good decisions.

We define admissible controls essentially as in Definition however we
now also allow our control to have explicit (measurable) dependence on the state
variable X, as well as on w.

Definition 2.2.3. A controlu : Q@ x T x X — U is said to be admissible if
(w,z) = w(w,t,x) is Fr @ B(X)-measurable for all t € T. We write U for the
set of admissible controls.

We write X %1 for the state initialized with X; = x, and following a control
u € U, that is,

X;’fiu(w) = f(w,t,Xﬁ"”’"(w),u(w,s,Xﬁ’“’“(w))).

Remark 2.2.4. To avoid confusion, we will use the notational convention that

(i) u € U is a general control value we could choose,
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(ii) U = u(w,t, X;"*™) is the realized control given our state variable at each
time (so U : Q@ x T — U), and

(iii) u : @ x T x X — U is the (stochastic) policy, that is, the map that
determines the control given the state X.
We will often omit the explicit dependence on w for notational simplicity.
As before, we seek to minimize the total cost
T—1

J(z,u) =E [ > glt, XPT0 Uy + @(X%“)} -

t=0

We note that, as X depends on w, we assume that our control impacts X
directly, rather than also changing the probabilities of different w.
As before, for an admissible control, we define the cost-to-go

T-1
J(w,t,z,u) :=E [ > 9w, s, X0"U) + D(w, Xp™)

s=t

= glw,t,0,U0) + B[ (w,t 41, f(w,t,2,0),u) | 7]

;

Given this setting, we can give the following sufficient condition for optimal-
ity of a control, based on the martingale principle. We highlight that this result
requires very few continuity or compactness conditions on our problem, however
it assumes that we can guess a value function and a candidate optimal control.

Theorem 2.2.5 (Martingale verification). Consider a random field v : Q x T x
X — R which is adapted with respect to (w,t), Borel measurable with respect to
x, and satisfies

v(w, T, x) = ®(w,x) for all x, almost surely.

For each (t,z) € T x X and each admissible control u, with Us = u(s,XS(t’x’u)),
define the process

t'—1
Mtt/m’u(w) = Z g(w, s, X" UL) + v(w,t’,Xf,’x’“).

s=t

Suppose that for every (t,x,u), the process M*®UV is a submartingale. Sup-

pose also that for each (t,x) there exists some u®®) such that ME=u"" s

martingale. Then

v(w,t,x)—essmf{ {Z (t, Xp™% Up) + &(X55")
s=0

7}

(so v is a version of the value function), and u®) is an optimal control for the
problem started at (t,x).
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Proof. For any U € U, as M“*U is a submartingale, we know that

v(w, t,x) = MY
T-1
< BV IF] =E[ Y gls, X020, U,) + o(xpY)| 7

5=t
On the other hand, we know that there exists u(*®) such that

T-1
v, tw) = MET B[ 3 gl 00U ul )+ a(xpn U )| 7

s=t

It follows immediately that v is a version of the desired essential infimum, and
that u(®*) achieves at least as low an expected cost (given F3, almost surely)
as any other admissible policy, and hence is optimal for the problem started at
(t,x). O

While these definitions give a well posed problem, the measurability require-
ment on U causes some difficulties when we seek to do backward induction. This
is because we have a tension between finding the optimal u € U (for a given
t,x), and making sure we have enough measurability in z that X%®% is a well
defined process (which requires us to consider multiple z’s simultaneously). In
order to give a rigorous construction, we make the following assumption.

Assumption 2.2.6. We make the following technical assumptions:

(i) Forallz € X andu € U, the random variables g(w, t, X;™™) and ®(w, X3*")
are integrable;

(i) U is a compact subset of a metric space;

(iii) f, g and ® are Lipschitz continuous in x, uniformly in (w,t,u), and f and
g are continuous in u, uniformly in (w,t,x).

This is a stronger assumption than is truly needed, but allows us to apply a
‘measurable selection theorem’, in order to ensure measurability of our controls.
There are many such theorems (see for example the review of Graf [23], or a
good book on measure theory, such as Bogachev [10]), however one which is
convenient for our purposes is as follows:

Theorem 2.2.7 (Filippov’s Implicit Function Theorenf’). Let (M, M) be a
measurable space, A a separable metric space, and U a compact metrizable space
(or more generally, the union of countably many compact metrizable sets). Con-
sider a function k : M x U — A such that k(-,u) is M-measurable for every
uw € U and k(m,-) is continuous for every m € M. Lety : M — A be an
M-measurable map such that,

for allm € M, there exists u € U such that y(m) = k(m,u).

3A proof of this can be found in Appendix A.10 of [I6], and is based on Benes [5] and
McShane and Warfield [36], generalizing results of Filippov [19].
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Then there exists an M-measurable map v : M — U such that
y(m) = k(m, u(m)).
Using this result, we can now obtain existence of an optimal control.

Theorem 2.2.8. In the situation described, there exist functions u* :  x T X
X —=>Uandv: Q2 xTx X — R such that

(i) v is Lipschitz with respect to x, uniformly in (w,t);

(i) u* is adapted with respect to (w,t) for every x, and (Borel) measurable
with respect to x for every (w,t);

(iii) the cost-to-go is minimized by the policy UF = u*(w, s, X1, and v is
its minimal value, that is, for every t,r we have the almost-sure equality

J(w, t,z,u*) =v(w,t,z) ;= essinf J(w, t,z,u).
uclU

(iv) v satisfies the Bellman equation

v(w,t,x) = essinf {g(w,t, x,u) + E[v(w,t—l— 1, f(w,t,x,u)) ‘]—}}}

ueUd

with terminal value
v(w, T, z) = P(w,x).

Proof. As is now familiar, we will work by backward induction. Fix some ¢t < T
and suppose we have a construction of v and u* for all s > t.
We first need to define v(w,t,-). Write

Ji(w,z,u) = E[g(~,t, x,u) + v(',tJr 1, f(, t,o:,u)) ’Ft}

for the cost-to-go when we vary only the immediate control U; = u, and are
optimal after then. As x +— v(w,t + 1,z) is Lipschitz continuous, and compo-
sitions, sums and expectations of (uniformly) Lipschitz functions are Lipschitz,
we know that .J is also Lipschitz with respect to z, and continuous with respect
to u.

We set M = Q x X with the o-algebra M = F; @ B(X) and A = R. Given
that jt is a continuous function of w, is Lipschitz in x and is F;-measurable in
w, we know that R

v(w, t,x) = eisell/rflf Ji(w, z,u)
is M-measurable for each ¢; that is, we take the family {J;(-,-, u)}ucy as a
set of M-measurable functions, and apply the definition to construct an M-
measurable essential infimum, which minimizes dP x dz-almost everywhere.

As our set of controls U is compact, we know that this essential infimum
is attainable, for every (w,x). Therefore, applying Filippov’s implicit function
theorem, we obtain an M-measurable map u; : Q@ x X — U such that

v(w, t,x) = Ji (w,x,uj(w,x)).
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We now compute, with k the appropriate Lipschitz constant,

v(w, t,z) —v(w, t,z') = J; (w,z,uf (w,z)) — jt(w,x,uf(w,x’))

<0

+ J, (w, 2, u; (w, ")) — J; (w, 2", uf (w, 2"))

<k|lz—=z'|

< klz — 2|

and by reversing x and z’, we see that v is also Lipschitz continuousﬁ in x.
Finally, we complete this construction and define u*(w,t,z) = u}(w, z) for
each t. This is clearly an admissible control, and satisfies

j ) b : ) = i f j ) ) ) t’ b

i (w, 2,0} (w, x)) essin i (w, z,u(w,t,z))

(as the right hand side does not depend on u(w, s, x) for any s # t). To conclude,
we see that the optimal value for our problem is, for any ¢,

essinf J(w,t,z,u)
uecl

= esuseiurIlf {g(w,t,x, u(t,z)) + E{J(W’HF 1, f(w,t,z,u(t, 2)), u) ’ft} }

> eiseiurjlf {g(w,t,x, u(t,x)) + E{U (w,t + 1, f(w,t,z,u(t, 2)), u) ‘]:t} }
= v(w,t,7)

= Ji(w,2,uf (w, 7))

et et et )l

= J(w,t, z,u*).

This shows that this u* is indeed the optimal control and v is the optimal value
function. O]

Remark 2.2.9. In the case of a finite-state Markov decision process, much of
the above discussion can be avoided as x takes only finitely many values (so all
functions of z are measurable).

Remark 2.2.10. Given the above result, it is straightfoward to prove the mar-
tingale optimality principle is necessary (as before), that is, that the process

t—1
M = (3 gt XE,U) + (w1, XP)
s=0

is a submartingale for all u € U, and is a martingale if and only if u is optimal.
Consequently, the dynamic programming principle also holds.

4You may wonder about whether we can really do this, as v is only defined almost every-
where when we take the essential infimum. If we wish to be really careful, this argument shows
that we can define v on a dense set (say, points with rational coordinates in X) then extend
it by continuity to all of X', using Kolmogorov’s continuity theorem. This gives a Lipschitz
continuous version of the desired function.
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2.3 Some examples

Example 2.3.1 (Shortest expected path in directed graph). Recall the setup
in Example [I.5.]] Now suppose that at each time t, we randomize whether a
connection x,x’ is available or not. That is, for each t and (x,2') € E, there is
a Bernoulli random variable Yy , ./, such that

(i) with probability p, the path from x to x’ is available and we represent it by
Y;E,m,x’ = 17 and

(11) with probability 1 —p it is not available, which we represent with Yy 4 . = 0.

Assume all edges are independent, and whether an edge is available (at time t)
18 known only at time t. To find the expected shortest path we need to modify
the cost function f. If we look for paths of length N —t or less (and we place
a penalty of ®(x) = N/p on any path which does not reach x* in at most N
steps, rather than the infinite cost we used in Example , the dynamic
programming equation becomes

Vvt(x’ {yt,m7z’}w’EV) = w Itnin,1 {f(t’ €, u) + E[‘/t-‘rl(u7 {Y;f-ﬁ-l,u,a:’}w’EV)]}
because we know the Y'’s are independent, so we don’t need conditional expec-
tations. Here we used the convention Y; g o = Yo = 0 for any (z,2') ¢ E.
This gives us our dynamic programming formalism, but with a penalty N/p if
we don’t reach state x* in at most T —t steps.

We now notice that if (z,2") € E, then the number of times we have to wait
until being able to move from x to x’ is a geometric random variable, and so the
expected value is at most 1/p. By extension, the expected time to get to x* from
any state x is at most N/p. Therefore, we observe that 0 < vy(x,y) < viy1(z,y')
for any y,y’. Consequently, we can take the limit t — —oo (or T — 00), and v
will converge to the expected number of steps from x to x*.

The following example is a discrete-time version of a classical control problem
in algorithmic trading, known as the “market making” problem. Although the
formulation here is new (to the best of our knowledge), we are inspired by
[3, 25], T3] which builds on much earlier works such as [28].

Example 2.3.2. A market maker (MM) is a trader that provides liquidity to
the market of a given asset by displaying prices and volumes at which they are
willing to buy or sell the assetEI Consider the case where a MM offers a quote

5The currency exchange stalls at any airport can be thought as a retail version of the
activity of a market maker. For any given currency pair, say GBP/USD, they offer the price
at which they are willing to buy GBP in exchange for USD and a price at which they are
willing to sell GBP in exchange for USD. These quotes are valid up to a given amount (e.g.,
10,000 GBP). For example, one stall could be offering 1.34 USD per GBP when you give
them GBP in exchange for USD, and they require 1.36 USD if you want to purchase GBP in
exchange for USD. The difference between 1.36 and 1.34 is known as the spread. These quotes
adjust throughout time because the consensus about the level of the fundamental exchange
rate changes over time as new events occur and as supply and demand for these currencies
gets processed around the world.
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Figure 2.1: Sample path of the fundamental price process with Sy = 100, 0 =
0.01, and T = 360.

to buy and a quote to sell a given asset throughout a trading horizon of one
hour. Ideally, the quote to buy is at a price that is lower than the price of the
quote to sell (this will be the case once we compute the optimal quotes), and this
difference is how the business makes money.

In this market, there are other traders, known as liquidity takers (or LTs)
who come and trade with the market maker. Typically, liquidity takers arrive
randomly with probabilities that depend on how “generous” the quotes of the
market maker are with respect to some “fundamental price” — if the price offered
18 close to the fundamental price, the MM will expect to trade more quickly.

In our model, the MM revises their quotes at every timestep. At time t,
the new pair of quotes are characterised by their displacements 6} from the
fundamental price Sy. Formally, we lett € T := {1,...,T} with T = 360 (one
hour has 360 seconds). The reference probability space (Q, F,P*) supports a
collection (AWy)ier of i.i.d. standard normal random variables that we use to
model random changes in the fundamental price, and a collection (n; ,n} )ier of
i.i.d. random vectors uniformly chosen from the set {(0,0), (1,0), (0,1)}, which
we use to model the arrival of LTs.

We let Sy be the fundamental price, which has dynamics

St+1 =5+ UAWtJ,.l R (21)

with So = 100 and o = 0.01. Figure illustrates a sample path of the funda-
mental price process together with 90% confidence bands across time.

The MM uses controls 5t and = to determine the quote to buy (at price
S; — 6, ) and the quote to sell (at price S; + 6;) a total of & = 1 units of the
asset. The larger the values of 6% = {0F,07}, the less likely it is LTs to trade
at prices Sy + 0.

Inspired by [3], we model the trades by liquidity takers with Bernoulli random
variables nif. Here (nj,n;) = (1,0) if an LT arrives to buy the asset at time t
(so the MM makes a sale), while (n;",n; ) = (0,1) if an LT arrives to sell the
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asset. If (n;7,n;) = (0,0), then no trade occurs. The filtration is given by

Fo= o (AW un, (0)szrs (07 st )

In order to use a refererice probability approach, we say that the controlled
probabilities are given by PO, under which nti have joint probabilities given by

. j2 if (Ivy) = (170)7
P (nin i) = @) R) = { pf if (0,9) = (0,1),  (22)
L—p; —pf  if (x,9) = (0,0),

with

pit = min {)\ exp(—k 6}), 1/2}.
The parameters A, k > 0 model the underlying probability an LT trades (to buy or
sell) and the sensitivity of LTs to displacements 5% respectively. The control does

not alter the fundamental price, so the distribution of AWy remains unchanged.
In other words, under P°", conditional on Fy, we have independent outcomes

AWip1 ~ N(0,1) and (nf,1,n;,,) as in [2:2).
Fort € T the inventory of the market maker follows

Qi1 =Qr+nyyy — ntil ) (2.3)
with Qo = 0. Finally, the cash of the MM follows the dynamics
Xt+1 = Xt — n’t_—i—l (St — 5;) + TL?__,’_l (St =+ 5t+) 5 (24)

with XO =0.

The objective of the market maker is to mazimise profits, while minimizing
a terminal inventory penalty; this penalty captures the eagerness of the market
maker to not hold any assets at the end of the trading day. We write

J(tﬁi)=E5i[—<XT+QTsT—Xt—QtSt>+ VG } (2.5)
——

change in inventory value inventory penalty
We set
+ — —
g(w,s,05) = _”s+1(w) oy — ”:-s-l(w) 5: )
T 2
#w) = (L) - )
s=1
Qr(w)

and write Xt + Q1 St as a telescoping sum

T-1

> (Xt+1 + Qey1 St — Xy — Qs St) -

t=0
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Using equations (2.3) and (2.4), we obtain
T—1

> (=i (St = 07) + i (St +67)
=0
+(Qt +niyy —nf1)(Se + 0 AWypq) — Qy St)
T—

= Z (ntjrl 8¢+ 08 +(Qe +niiy —nfiy)o AWtH) :
t=

=

From here, we recall that, under ]P"si, AWy and nft_H are Fy-conditionally
independent and E5i[AWt+1|}}] = 0. Hence

+ _
E° [(Q: + N4y — n;r+1)UAWt+1] =0.

Therefore, we have an alternative representation of our costs:

J(t,6%) =E° [(Tzlg(w, s, 5*)) + @(w)] . (2.6)

s=t
From Theorem|2.1.16|, it follows that the value process
— : +
Vi= es;ilan(t,(; ),
satisfies Bellman’s equation
. +
Ve = essinf B* [g(t, 07) + Vi1 | 7]
Recursively, we have that Vi = v Q3, and
. + e
Vi1 = esgimeé [ —npd — n; ot + vy Q%}fT_l]
. st — o —
= esgi}nfﬂ*} [—nz 6" —nf 6" +v(Qr—1+ny —nj)?|Fr_i]
= esgiinf{ —p 0 —pt ot +y Q7 (1—p —ph)
+7(Qr-1+1)*p” +7(Qr-1— 1)2p+} :
Next, we assume that the minimum in pfﬁ is attained at \ exp(—k 6}), that
is, we assume A exp(—k 5}) < 0.5. Of course, when deploying our numerical
experiments below we would need to double check this condition is satisfied (oth-
erwise the analysis below would be invalid). From here, a first order condition
shows that

N 1
615, = P +7(1-2Qr-1), (2.7)

1
opty =~ +7(1+2Q7r), (2.8)
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and plugging this back in the expression for Vip_q yields

Ve =7Q7_; — %eXP(*l —ya(1+2Qr-1)) (1 +exp(d7KQr-1)). (2.9)

From this point is easy to see that if v = 0, that is, if the market maker is

not averse to holding inventor the optimal strategy is 5%; = 1/k. This is

because Vr_1 would be constant, and moreover, the recursive calculation would

yield the same optimality condition at each step so that 6}* =1/k forteT.
From here, we see that attempting to solve

Vir_o = esginf]Eéi [ —Np_y o — n;71 ot + V1 ‘]:ng]

s quite challenging and the recursive steps become increasingly challenging. If
however, the market is such that the spreads 6 remain small, we expect k to
be large and hence 1/k = 0, in this case, the problem simplifies substantially.
Alternatively, if the trading horizon is fized (e.g., one day or one hour), and the
number of timesteps at which the market maker makes decisions is large, then
we expect A = 0. More precisely, for a fixed horizon, there is a number of steps
T such that X is as small as we wish. In either of these cases, the problem is
simpler to solve because Vr_1 ~ v Q3 |, and we see that the equation for Vp_o
becomes tmctablem More precisely,

Vr_o = esgiianE‘Si [ —ny_1 0" —nf_ 6t +v(Qr—2+np_, — n;—l)Ql}—T—Q]
= esgiinf{ —p 6 —pt ot +yQ5 (1 —p —ph)
+7(Qro2 + 1% +7(@Qr2—1)*p},
which yields
0f Ly~ % +7(1 —2Qr-2), (2.10)
S50~ 71+ 2Qr ). (2.11)

Repeating these approximations, the strategy of the market maker should always
be of the form

Q

1
6~ — (1 -2Qu), (2.12)

L1
0" A~ (L 4+2Q0). (2.13)

6This solution is well known in the continuous-time case; see e.g. [I4} Chapter 10].

"The argument that A — 0 as the number of steps goes to infinity is at the core of why
the continuous-time Avellaneda—Stoikov framework is tractable. Observe that if the \/x-term
in is not zero, the recursive equation for Vp_s is far from tractable.
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We emphasise that these are approzimate solutions because we made the simpli-
fying assumption that A\/k was small enough so that the corresponding term can
be neglected in the recursive equations for V', furthermore, we also disregarded
the minimum operator in the probabilities p~. In the numerical implementation
below, the true values of A exp(—k 5?) are indeed less than or equal to 0.5, so
that our simplification of the minimum operator above is valid. We take k = 100
so that the baseline spread 1/k is 0.01, and the remainder of model parameters
are Sp =100, 0 = 0.01, T' =360, A = 0.1, and v € {0.0001,0.001,0.01}.

Figure shows how the histogram of terminal inventory Qr changes as we
increase the penalty v on holding terminal inventory.

3000

1000 ~=0.0001 ~=0.001 ~=0.01

6000
800
2000
600 1000

100 1000

200

“10 55 0 5 10 “10 55 0 5 10 S0 5 0 5 10
Qr Qr Qr

Figure 2.2: Histogram of the terminal inventory Qp over 10,000 simulations for
~ = 0.0001 (left), v = 0.001 (middle), and v = 0.01 (right).

Observe that higher aversion to holding inventory translates into more missed
opportunities to trade, and a lower value X1 + Q1 St of the inventory position
at the end of the trading day. This is illustrated in Figure[2.3

4000 3000 3000

2000 a0
4=0.0001 4=0.001 2000 4=001

Mean = 2.64 Mean = 2.54 Mean = 1.38
1000 1000

0 2 4 6 0 2 4 6 ’ 0 2 4 6
X7+ Qr Sy X1+ Qr Sy Xr+QrSy

Figure 2.3: Histogram of the terminal wealth X7 4+ Q7 St over 10,000 simula-
tions for v = 0.0001 (left), v = 0.001 (middle), and v = 0.01 (right).

Lastly, Figure shows that the bound pit € (0,1/2) for allt € T is always
satisfied in the simulations we run.
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Figure 2.4: Sample path for the inventory @ (left panel), probabilities p* (mid-
dle panel), and displacements 6% (right panel) for the case v = 0.0001.

2.4 Exercises

Exercise 2.4.1. Consider the following weak formulation version of a classical
linear-quadratic-Gaussian (LQG) control problem, which adds randomness to
the LQ problem we considered earlier.

Let T € N be the finite horizon. Our contmﬂ takes values in U = R™. We
introduce a filtered probability space (0, F,{Fi }iet, P**") supporting T indepen-
dent m-dimensional normal random vectors

Yy ~ N(0, B441), s=0,1,....,T—1

)

with X4 a positive definite covariance matriz. Let Xog € R™ be given and define
Xs11 = As Xs +Ys. Define the filtration to be that generated by X and assume
the matrices Ay € R™*™ are deterministic. For a given control U adapted to
the filtration {Fi}ier, we let PY be a measure where

Xs+1|~7:s ~ N(A5X5+B5Us; 25—0—1)3 s=0,1,...,T -1,

with given deterministic matrices Bs € R™*™. Finally, the performance crite-
rion of the controller is

J(t,U) = EV [Tz_lg(s, U,) +r | ]-"t] ,

s=t
where
9(w,5,U) = X,(0) Qs Xs(w) + U R, U
and the terminal cost
7 = Xp(w) ' Qr Xr(w),
with Qs, Rs symmetric strictly positive definite matrices for all s. Define the

value function of the problem to be

Vi :essUian(t,U),

8Note that, while we do not have the assumed compactness of U in this problem, the
martingale verification result (Theorem [2.2.5)) shows that this is not an issue, if we can identify
a candidate optimal control.
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and using a quadratic ansatz or solving recursively, show that the optimal control
1s of the form

Uf =—(B] Kis1 By + R)"'Bl K[y Ay X,

where the symmetric positive semidefinite matrices K; are recursively defined as

KT = QT and Kt = A;T (Kt+1 7Kt+1 Bt(BtT Kt+1 Bt+Rt)7lBtT Kt+1)At+Qt'

Exercise 2.4.2. Consider a stochastic control problem, where we seek to min-
imize

T-1

J(t,U)=E { > (s, Us) + @‘ft} .

s=t
Show that any optimal control for this problem is also optimal for the problem
of minimizing

T-1

30.0) =8| X (s(s.00) + 1(s)) + (-4 1(7)) 7]

5=t

where h is an adapted process. Hence show that for any stochastic control prob-
lem, and any choice of adapted stochastic process V there exists an equivalent
problem (i.e. one where J induces the same preference ordering of strategies)
such that the value process is given by V.

Exercise 2.4.3. Consider a stochastic dynamic control problem where an agent
has an exponential utility function, that is, they wish to minimize

J(t,U) =EY [exp (y<ig(s, Us) + @)) ‘ft}

where v > 0 is a risk aversion parameter. Assuming g is bounded, show that
the value of this problem satisfies a dynamic programming equation of the form

b a2 s (1.0 i)

where V; = essinfyey J(¢,U).

Exercise 2.4.4. Consider a stochastic control problem, as described above, and
define the total cost process

T-1
o= Zg(sts) + 1=1} P
=0

S

and the accumulated cost Yy = Zi;ég(s, Us).

Show that the control problem without running cost, but with terminal cost ‘i>,
is equivalent to the original problem (in the sense of having the same preference
ordering of controls), and that there is an adapted process V such that V,+Y; is
the value process of the original control problem. Apply the martingale principle
to describe the dynamics of V.
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Remark 2.4.5. The previous exercise highlights that there are a variety of dif-
ferent representations for the same control problem. We have generally written
our analysis in Bolza form (with both a running cost and terminal cost), but
this question shows that there is an equivalen Mayer form (with only a terminal
cost).

If we think of the accumulated cost as part of our state process (even though
we have not focussed on models with state variables in this chapter), then it
becomes clear that we can always replace a problem in Bolza form with its
equivalent Mayer form. However, this typically requires us to use a strong
formulation of the control problem.

Exercise 2.4.6. Suppose ® : Q x X — D C R is a random function, and
A : D — R is a monotone strictly increasing function (examples of these are
utility functions, which are often used to represent risk preferences). Consider
a control problem in strong formulation and of Mayer form (that is, without a
running cost) and with terminal cost ®(X3), and consider an agent who seeks
to mintmize

E[A(@(X;))]

Show that there is a value function v: Q x X — R (called the ‘certainty equiva-
lent’ value process) satisfying the dynamic programming equation

v(w,t, X1 = A*l(eiseiéle[A(v(t T, X,}‘+1))’]?t]>,

*

and that a control u* is optimal if and only if

v(w,t, XP) = A7L (IE [A(v(t + 1,X,}‘+1))‘]-}D.

Exercise 2.4.7. Let (Q, F,P) be a probability space supporting an unknown real
parameter © and a sequence of observations (Y;)L ;.
Assume that

(i) © ~ N(mo,03),
(ii) conditional on ©, the observations are independent and Yy | © ~ N(0,0?).

Let the filtration be defined by Fy = o(Y1,...,Y), with Fo = {0,Q}. At each
timet =0,...,T — 1, after observing F;, the agent chooses an JFi-measurable
control Uy, which is interpreted as an estimate of © at time t.

We first consider the sequential quadratic-loss criterion

J(U) = ]E{T (U, — @)2]

|
—

I
=)

(i) Show that this is a stochastic control problem in the weak formulation of
this chapter, and that admissible controls are precisely the adapted pro-
cesses (Uy).
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(ii) For fized t, with my := E[© | F], show that

E[(U —©)* | ] = (U — my)* + V(O | ).

(#ii) Using the dynamic programming principle, show that the wvalue process
satisfies
Vi = essinf E[(U; — ©)* + Vi |F].
t [( t ) t+1| t]

Deduce that the optimal control at time t is UF = E[O|F], that is, the
conditional mean given our observations.

(iv) Show that the value process is

T-1
Vi=)Y V(O|F),
s=t

and conclude that Bayesian mean estimation arises as the solution of a
sequential quadratic-loss minimisation problem.

Now consider the sequential quadratic-variation-loss criterion

T—1
JU)=E {( 3 U - Xt)z) r(©e- XT)Z] .

t=0

with o > 0 a constant and state dynamics
xZ, =0, Xo = my

(vi) Find the optimal control for this problem, and outline how it differs from
the earlier quadratic-loss criterion.

(vii) Explain what happens as o — 0, and how this differs from the case a = 0.

Exercise 2.4.8 (Mean—variance control). Let T = {0,1,...,T}. We consider
a strong formulation stochastic control problem, where the state X € X C R
evolves under feedback controls Uy = u(t, X;) with transition kernel

pla’st,z,u) =P(Xpp =2 | Xy = 2, Uy = ).

Fix scalars 5,7 > 0 and consider the controller who wishes (at time = 0) to
minimize the mean—variance objective

JU) = V(XY) — ~E(XY] + BES U2

where V(XY) = EV[X2] — (E[XY])2.
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(i) Show that

(i)

(iii)

(i)

(v)

=
—

1§J@n::mf{wmmf Euxg—nnﬂ—7m+ﬁm[ Uﬂ}

meR X%{]:m p

Il
<

Introduce a Lagrange multiplier o € R and show (formally) that solving
the inner constrained problem 1is equivalent to solving the unconstrained
quadratic control problem of minimizing

T—1
J%Uy:Engf—aX¥+B§:Uﬂ.

t=0

Ezplain briefly how minimising over « (or over m) recovers the original
mean—variance cost.

Consider the linear model
Xiy1 = ay Xy + b, Uy + 04441, €41 i.1.d. mean 0, Var =1,

with given deterministic ag, by, 0y, Xo = xo, where U s also assumed to be
a real scalar. Give an explicit solution for the problem in part (ii) in this
context. (Hint: The approach of Exercise may be helpful.)

Using the solution you obtained in part (iii), describe a control which pro-
vides the optimal mean-variance cost at the initial time.

Show, using your explicit solution, that the mean-variance control problem
does not satisfy the dynamic programming principle, when considering the
cost-to-go obtained by replacing the mean and variance with the conditional
mean and variance.



Chapter 3

Markov Decision Problems

The previous section gave a general approach, but this is not so convenient
for computation. We now focus on a special case, where we are interested in
controlling a Markov process (so we don’t have any dependence on the past,
except through our current state X'). This will allow us to restrict our attention
to feedback controls, and obtain nicer numerical approaches. In this setting, it
is natural that our controls will affect the transition probabilities, so our general
results on the weak formulation of stochastic control are applicable.

3.1 Controlled Markov chains

Formally, we describe our problem through the use of the transition law (also
known as kernel, density, generator) p: X x T x X x U — [0, 1] defined as

p(CC/;t,I,U) = P(Xt-‘rl = I/|Xt =z, Ut = U),

where X is the (discrete) state space in which X takes values, x,2’ € X, and
T ={0,1,...,7}. In order for X to have Markov-like properties, we need this to
describe the probabilities conditional on F;, that is,

]P)U [Xt+1 = x/|ft] :p(xl;tht;Ut)'

This is weaker than assuming our filtration only contains information about X,
but is enough for us; in addition, this assumption is enough that we will later
be able to include randomization of strategies (so we will have access to an
independent random variable at each time) and of costs.

We will focus here on discrete cases, but we can see that there is an extension
to the case where X takes continuous values, in which case we modify p to
describe a measure on the (infinite) state space X, so

p(A;t,x,u) = IF’(XtH € A|Xt =x,U = u)

for A C X a measurable set. Analysing this case would then require more
integrability assumptions than we will need when & is finite.

99



60 CHAPTER 3. MARKOV DECISION PROBLEMS

Once we have this setup, we see that it’s easy to compute various quanti-
ties, for example, as X is Markov, for any function g : X — R, we have the
expectation, for s < t, by the law of total probability

EU [g(Xt)|‘FS} = Zp(x;sastU)EU [g(Xt)|XS+1 = ZL’,./T'.S}.

zeX

If t = s 4+ 1, then the right hand expectation can be dropped, giving

EY [g(Xor1)|Fe] = D pla;s, X, U)g(a).
TEX

If we restrict U to being of feedback form, that is Us = u(s, X;) (for some
function u, which does not depend on w), then the left hand side only depends
on the current value of X, so

EY [9(X8+1)|X8] = Z p(x; 8, Xs,u(s, Xs))g(w).
zeX

This is interesting, as we will see that we can usually find optimal controls of this
type. Of course, if X takes infinitely many values, the right hand side changes
from sums to integrals with respect to the conditional measure p(dz; s, X5, U).

If X takes only n < oo values, it’s often useful to assume that these values
are simply the basis vectors of R™. In that case, we see that for any function g,
we have

g(ei) = (i, 8) = i,

where g is the vector with entries g;. We can then write a matrix [P(s,U)];; =
plej; s, e;, U), so that (for feedback controls) we have

EY [g(XSJrl)}XS =e) = e] P(s,U)g

which allows us to use the tools of linear algebra to manipulate expectations. In
particular, note that the conditional distribution of Xy, is given by X," P(t +
1,U). Essentially, P(t,U) is the transition matrix for the time-inhomogeneous
Markov chain X, when we use the control U.

3.1A Finite horizon MDPs

In the previous section, we considered the general control of a random system.
We will now specialize this discussion to understand the optimal control of a
Markov chain. We assume that our agent wants to minimize a quantity

T—1

IO =B | 3 gls, K., U2) + B(X)

s=0
where we limit our costs to only depend on the current state X of the controlled
system (whereas previously it could depend on the whole random seed w). The
Bellman equation states that our value process satisfies

‘/t — EU* I:g(t7Xt’ Ut*) + V;H—l|]:t}a
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with terminal value Vi = ®(Xr), where U* is an optimal control.
There are a range of problems of this type — see [45] for a classic selection.
Two examples cited there are:

Example 3.1.1. Consider a hydroelectric power plant which needs to decide
whether to release water from a dam and generate power. The excess power can
be sold (leading to a megative cost), and the dam refills randomly each day, up
to a maximum level. By discretizing the level in the dam, which we write X, we
obtain an MDP.

Example 3.1.2. How much pest control should be used to manage weevils in
an alfalfa crop? The state is the current condition of the crop and weevil levels,
and the cost is made up of the level of production and the cost of pest control.

A classic financial example is the following.

Example 3.1.3. An insurance contract is written whose payoff depends on
the weather in 6 months time. An investor needs to hedge their position by
investing in weather sensitive assets (for example, in heating oil futures), in
order to manage their risk. The state is the combination of weather forecasts
(which are uncontrolled) and the investor’s wealth (which is controlled), and the
control is how much to invest in the oil market.

These examples show that there is a wide range of possible applications of
this theory. Some examples will be considered in more detail below.

A natural property, which we will now try and prove, is that the control
doesn’t depend on the past — clearly the dynamics don’t incorporate the past,
so the only relevant source of randomness is the current state of the controlled
system.

Assumption 3.1.4. The space of controls U is compact, and the function g
and the transition density p depend continuously on the choice of control u.

This assumption will be enough to guarantee that an optimal control exists,
which simplifies our arguments. Without this assumption we can still do quite
a lot, but the analysis is more fiddly (as we will see in continuous time).

Theorem 3.1.5. Under Assumption|3.1.

(i) there is a function v:T x X — R, known as the value function, such that
the value process can be written Vi = v(t, Xy);

(ii) the value function satisfies the Bellman recursion
— 3 /. !/
v(t,z) = min {g(t,m,u) + Z p(e’st,zyu)v(t+ 1, )}
z'eX
with v(T,z) = ®(x);

(iii) there exists at least one optimal control which is of feedback type, that is,
Uf = u*(t,X;) for some function u* : T x X — U, which achieves the
minimum in the Bellman recursion, for every t,x.
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Proof. We proceed by backward induction. At the terminal time, the value is
clearly given by Vp = ®(X7) = o(T,Xr), and we don’t need to define the
control here.

Now assume that V11 = v(t + 1, X¢11), where v(t, ) is the function defined
by the Bellman equation. As the terms inside the minimum are all continuous
with respect to u, and u takes values in the compact set U, we know there
existd]] a minimizer

u*(t,z) € arg min {g(t,w, w) + Z p(a’st, z, u)v(t + 1, x’)}
ueU
z'eX

for each value of (¢, ).
It remains to show show how v relates to the value process. We know from
Theorem [2.1.16] that

Vi = essinf {EV [g(t, X0, Us) + Viya| ] }
= essinf {g(t,Xt, U;) +EY [v(t + 1,Xt+1)‘ft} }

= eg?eigf {g(t,Xt, U) + z;(p(x'; t, Xe, Up)o(t + 1, x’)}

As u* was defined as the pointwise minimizer (which is always smaller than the
essential infimum), it is clear that

Vi > g(t, Xe,u* (¢, X31)) + Z p(zst, Xy, u* (¢, Xe))o(t + 1,27).
r'eX
On the other hand, it is also the case that U; = u*(¢,X;) is an admissible
strategy, and hence we have the almost sure inequality
‘/t < g(tv Xta u” (t7 Xt)) + Z p(x,7 ta Xt7 u*(tv Xt))v(t + 17 xl)'
r'eX
This completes the inductive step, and hence the proof. O

The following proposition deals with the cases when p and g have particular
structures.

Proposition 3.1.6. Consider a Markov decision problem with costs g(t,x,u)
and transition probabilities p(a’;t, x,w). Under Assumption we have that

(i) If p is affine with respect to u, and g is strictly convex with respect to u,
there is a unique optimal strategy.

(ii) If p and g are both affine with respect to u, and u takes values in an interval
[tmin, Umax), there is an optimal strategy which only ever takes the values
Umin and Umax (S0-called Bang-Bang solutions).

LTAs X is discrete, we don’t need to worry about measurability in x here, but otherwise
could appeal to a measurable selection result such as Filippov’s implicit function theorem,

(Theorem .
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Proof. For (i), from the Bellman equation we know that a control U* is optimal
if and only if

U} € argmin {g(t,x,u) + Zp(x’; t,x,u)v(t + 1,37’)}.
uel ™

We observe that the term inside the brackets is the sum of a strictly convex

function and a collection of affine functions (with respect to u), and hence is

strictly convex. However, strictly convex functions have unique minimizers, so

there is a unique choice of w which satisfies this property. Therefore, the optimal

control is unique.

For (ii), as above, we now see that U* is optimal if and only if it is the
minimizer of an affine function on an interval. Affine functions achieve their
minima at the boundaries of their domains, so U* will only take values on the
boundary of [tmin, Umax]- O

Remark 3.1.7. In many approaches to control, we would have begun by only
considering feedback controls, which simplifies the argument a little. Here we’ve
done the hard work, and so have proven that there are optimal feedback controls
within the class of all admissible controls (in our general filtration). That is,
when solving an MDP, there’s no possible advantage to remembering past values
of the state, or other sources of randomness, when determining your control.

Remark 3.1.8. One thing which is clear from this construction is that the value
function and cost-to-go are not really intrinsic to the control problem — we can
easily find alternative value functions, with slightly different properties, which
work just as well. A common example is to define the discounted value, for
some p > 0,

T-1
vP(t, Xy) = mUin EY [ Z e P g (s, X, Us) + e_”(T_t)q)(XT)

s=t

7

which is related to our earlier value by v? = e”tv, when

T-1
v(t, X;) = min EY { > eg(s, X, Us) + e T (Xr)

s=t

|

(which is within the class we have considered, by perturbing g and ®). The
Bellman equation is then modified to

Pt :'{t - it Pt 1’}.
v (t, x) {Lnel{{l g(t,z,u) +e %p(m, ,,u)o(t+1,2)

We will return to this in the coming section.
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3.2 Infinite-horizon Discounted MDPs

A common extension is to consider problems on an infinite horizon, but with a

discounting term. Hence, we now have T = {0,1,...}. Rather than repeat our

general setup, we will give a version for MDPs, based on our finite-time results.
We consider an agent who seeks to minimize (at each time t),

J(t,U) =EY [i e P g(X,, Uy) ]:t}
s=t

where p > 0 is a fixed constant. Note that we’ve removed direct dependence on
time in g. Under Assumption we now notice that maxge x e |g(z, u)| < g
for some g < oo. Our control has impact through a transition law p(z’;x,u)
which does not depend on time t. It’s fairly easy to check that the dynamic
programming principle still holds for this problemEI

Theorem 3.2.1. There exists a function v: X — R, such that

v(Xy) = mUin J(t,U)

for allt € T. This v (again called the value function) is a fized point of the
Bellman recursion

v(@) = min {gla,u) + > p(a's, uyo(a) |

and there is an optimal strategy of the form U, = u*(X}), where u*(z) achieves
the minimum in this Bellman recursion.

Proof. We will consider this problem by approximating with a finite horizon
problem (this will also be relevant for understanding numerical methods). We
observe that, for any T € T,

L) y e—rT
< g = ——q

oo
> e (X, Uy)
=T

Therefore, for any T > ¢,

-1 e—P(T—1)
Jr(t,U) = REY l: Z €_p(s_t)g(X57 Us) — mg‘}}}
s=t
< J(t,U)
T-1 e—P(T—1)
< JfH(t,U):=EY { > et g(X,, UL + 1_6,09‘]'}] :
s=t

2A technicality that arises here is that the law of large numbers implies we can only usually
assume that there is a measure P™f such that different choices of U induce laws PU which are
absolutely continuous when restricted to F: for all t < oo, rather than on the full space. This
does not cause significant difficulties when proving the dynamic programming principle here.
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However, both J%(t,U) and J; (t,U) are then the costs for finite horizon prob-
lems up to time T (with discount rate p). By our earlier results, we see that
there are value functions v} (¢, z) and v (¢, ), satisfying Bellman recursions for
t < T, such that

vg(t, X)) < ess inf J(t,U) < v (t, Xy).

Clearly, for any U,

e—pP(T—1)
0<Jf(tU)—Jr(t,U) < Zﬁg,

so if U™ is the optimizer of J, we know

0 < vf(t, Xy) —vp(t, Xo) < JF(EUT) —vp(t, Xy)
e_p(T_t)
<2—g—=0 as T — 0.
1—er
Therefore, by the sandwich theorem we conclude that essinfy J(¢,U) =
im0 v (¢, X¢). It follows that (as the right hand side of this limit is just a
function), we know essinfy J(t,U) = o(t, X;) for some function @, and as v
both satisfy Bellman recursions, so does o:

0(t, z) = mi P & o(t+1 /}
5(t,2) = min {g(a,u) + ¢ D it +1a) ]

and there is an optimal feedback policy @*(¢,z) which achieves the minimum
on the right hand side.

The next step is to show that we can eliminate time dependence. We write
the expected value in terms of the transition law, this is most easily done by
recursively defining the multistep transition probability, for a general feedback
policy u, by p;¢11(2’;2,u) = p(2’; z,u(t, z)) and

prosi(@io) = 3 p(aia” uls,a"))pe (@ 2, w).
z'’eX

This gives us a deterministic way to represent IP’(XS = m"Xt = z,{U, =
u(n, Xn)}ne'lf) = prs(2’,z,u). Using this, and knowing that there is an op-
timal (time-dependent) feedback policy, we can express our value function as a
minimum

0o
Bta) = min 33" p(aiau)e g’ uls 2'))
’ s=t x’eX
0o
= 1 /. . . —ps ! /
u:']I‘Iilzl\f'n%Z/{Z Z po75(x 71;7”( +t5 ))6 g(m 7u(8 +t,$ ))

s=0z’'eXx
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Now see that this is the same optimization problem for every value of ¢, so we
can take a single solution u, and know u’ := u(- —¢,-) is optimal at ¢, for all
t € T. However, the resulting action U; = u'(¢t,z) = u(0,z) is then just the
pasting together of u’ at each time, so is optimal by dynamic programming.
That is, there exists a u* : X — U, given by u*(z) = u(0, x), such that

o(t,x) = Z Z prs(@'s 2, u)e P g (! u*(2))

s=tz'eX
oo
= Z Z po.s(z';z,u*)e Pg(a’,u*(2')) =: v(x).
s=0z'€X
Substituting v into the Bellman recursion for ¢ finishes the proof. O

Remark 3.2.2. If we do the work of constructing the infinite-horizon discounted
problem for infinite-space processes then not much changes (apart from techni-
calities involving transition laws becoming measures), provided we assume that
f is bounded. If this is not the case, some integrability constraints are needed,
in order to take the limit correctly from the finite horizon problem to the infinite
horizon problem.

In our motivating example, the infinite horizon case corresponds to the set-
ting where the subscription campaign has no fixed end date. This may be
particularly useful as a model if the campaign will last a long time, as it gives
us a simplified value function and strategy (no time dependence), which makes
understanding and implementation easier. By our construction, we can see that
the infinite and finite-horizon problems become similar as T — oo.

3.2A Ergodic control

Consider an agent who faces a discrete time MDP over an infinite horizon, with
a time-homogenous cost g(z, u) and transition probabilities p(z’; z, u). As usual,
our actions take values in a compact set U, and g and p are both continuous
with respect to u.

However, this agent wants to minimize the long-run average (or Cesaro sum)
cost

T

- 1

J(Xo,U) := limsup —]EU{Zg(Xt,Ut)] (3.1)
T—o0 T =0

We suppose the following geometric ergodicity property holds:

Assumption 3.2.3. There exist constants R,y > 0 such that

max max |PY[X; =2/| Xy = 2] - PY[X; = 2| X = :E]‘ < Re " for all t.
Uel z,&,2'€X

This assumption guarantees that, for every feedback control Uy = u(X4), the

state X is a Markov chain under PV with a unique stationary distribution 7Y,
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and the distribution of X; converges to this stationary distribution (geometri-
cally quickly, in total variation norm, with a rate which is uniform in the choice
of control).

Lemma 3.2.4. If there is an optimal control which is of feedback form, the
long-run average cost criterion is the same as minimizing the expected cost

> 7 (@)g(x, u(x))
where ™ is the stationary distribution of X when using the feedback control
Ut = U(Xt>.

Proof. Observe that if u is a feedback control, then

E¥[g(Xe, u(X0)] = D m(2)g(z, u())

as t — oo (because of the convergence of the law of X;). A standard argument
shows that the Cesaro sum of a convergent sequence is equal to its limit, that

is,
T

1 u : u
Th_{réo T ;E [9(X¢, u(Xy))] = tlgr;oE [9(X¢, u(Xy))]
giving the result. O

We study this problem through an approximate infinite-horizon discounted
problem, where the agent seeks to minimize

J?(Xo,U) = JEU[Ze—Ptg(Xt,Ut) . (3.2)
t=0

We write v” for the value function for the discounted problem, that is
?(Xp) = min J* (X, .
v*(Xo) = min J*(Xo, U)

We aim to show that taking p — 0 gives a problem which converges, in an
appropriate sense, to the long-run average cost problem.

Remark 3.2.5. Typically we have that v?(z) diverges as p — 0. For example,
consider g(z,u) = 1 and observe that

= _ 1
v(r) =) e = I—e>r
t=0

Taking p — 0 we see this diverges. This is the typical behaviour, as the total
undiscounted cost becomes infinite when we consider it over an infinite horizon,
as we will face the same costs infinitely many times.
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Theorem 3.2.6. The minimal average cost is the unique value A € R such that
there is a boundecﬁ solution v to the ergodic Bellman equation

o(x) = min {g(:z:7 u) — A+ Z,p(x'; x, u)l‘)(a:')}.

ueU

Furthermore, we have the expressions

A= lim {(1 —e?)?(0)} = ;1>i—r>]% {pv?(0)},

p—0
o(z) = lim {v”(z) —v”(0)},

p—0

where vP is the value function for the discounted problem with discount rate
p>0.

Proof. For simplicity, we write

C = max |g(x, u)|.

Next, with 77 the usual Bellman operator with discount rate p, we have
TP(0) =TP(w") —e Pv(0) = v —e Pv?(0) =0+ (1 — e ?)v”(0).

Rearrangement gives that 9°(x) := v?(z) — v”(0) satisfies
9°(x) = min {g(x, u)— (1—e )P (0)+e” Zp(:v’;m, u)ﬁ(x’)}

and taking the argmin in this equation gives the same (optimal) controls as
vP. That the optimal control remains unchanged is simply because adding a
constant doesn’t ever change your optimal controls as we saw in Exercise [2.4.2

If u” is an optimal feedback control for the problem with discount rate p,
we can write our value function as

vP(x) = Z Zpo,t(ffl; z,ul)e Plg(a’,u’(2)).
t  ax
Subtracting, and using Assumption we see that
0 (@) = o O = | 33 (poule's,0%) = po(a's0,u7) Je ' g(a’,ul (a'))
t oz
< 35 [poale’s0,u) — o' 0, ) e g’ w0 @)
t oz

< Z Z Re e rtC,
t x’/

31t is easy to check that if 7 is a solution to the ergodic Bellman equation, then so is 7+«
for any a > 0, so this bounded solution is generally not unique.
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thus

_ R|X|
P — P A S A E—
3(2)| = " (@) = 0" (0)] £ T s C.

Using the same expansion as above, we see

1
14 < /. P)o—pt —
[v° ()] < zt:zpo,t(fc 2, u)e””" max|g(z, u)]
x

1—er

We notice from the above inequalities that v(z) and (1 — e~?)v”(0) live in
compact sets. Therefore, we can take any sequence p — 0, and find a sub-
sequence for which these terms all converge. Taking limits in the Bellman
equation, with A = lim, (1 — e~*)v?(0) and v(z) = lim,_,o 0”(x), we have

o(z) = min {g(m, u) — A+ Zp(x’; x, u)@(x’)}

We also note that, as 9°(0) is of order O(p), we know

A= lim(1 — e ?)v”(0) = lim pv”(0)
p—0 p—0

From the ergodicity assumption, we know that any time-homogeneous feed-
back control u makes X into a Markov chain with stationary distribution 7",
which satisfies 7%(2’) = Y p(2'; 2, u(z))7"(z). Therefore, using the fact that
(A, 0) satisty the ergodic Bellman equation,

Z " (z)v(z) = Z 7 (z) min {g(m, u) — A+ Zp(x’; x, u)@(x')}
<> (P @gl@u@)) - A+ > (7 (@)p(a's 2, u(@))a())

= Z (w“(x)g(x,u(l‘))) — A+ Z (Wu(xl)@(x/)>v

and hence

A< Y (7 (@)l u(x))-

This shows that X is less than or equal to the long-run average cost under the
arbitrary feedback control u. We also see that this is an equality if and only if u
achieves the minimum in the ergodic Bellman equation, that is, u is an optimal
policy, that is,

A= ir&fz (W“(ac)g(x, u(x)))

As this infimum is unique, we conclude that A is also uniquely defined by the
solution of the ergodic Bellman equation. O

Corollary 3.2.7. With v and X\ as above, a time-homogenous feedback control
u s optimal if and only if

u(z) € arg minueu{g(az,u) - A+ Zp(x’;x, u)@(x')}
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Finally, observe that one can change the control at any finite number of times
(arbitrarily) without changing the long-run average cost. Therefore, modifying
an optimal control in this way will always yield another optimal control, and
we conclude that the problem generally admits other (time dependent) optimal
controls.

3.3 Aside: Entropy-regularized control

When we seek to approximate MDPs numerically, one challenge is that the
Bellman equation gives a representation of the optimal strategy in terms of an
argmin. Unfortunately, the argmin is generally discontinuous, which means
that a small variation in the value function v can result in a large change in
the estimate of the optimal control. It is also not generally clear, if our controls
take only discrete values, what it would mean to vary the choice of control
continuously.

In order to address these potential difficulties, a common strategy is to reg-
ularize the selection of the control. A usual technique is to think of having
a finite number of controls {u,us, ..., u;n} = Uy, but then working with ran-
domized policies: we think of the agent as having access to an external source
of randomness, which allows them to choose a control following a probability
distribution on Uy, independently at every point in time.

Formally, this corresponds to U = P(Uy), and we extend our costs and
transition law accordingly: for 7 € U = P(Up), we know 7 = [m1, 7, ..., Tp)
(where the probability our agent chooses u; is 7;), and define

gO(xa 7T) = Zﬂig(xa u’L)
i=1

and

m
pla's o, m) =Y mp(a'; @, ;).
1=1

If we simply solved the control problem with this gy, we would achieve the
same value as for the initial problem (as any control can be represented as a
trivial distribution). However, this leads to a problem where our control is not
continuous with respect to the value function — a small change in value can
change what control is optimal, leading to instability.

There are a couple of ways to make the probabilities nontrivial. One simple
way is to use an e-greedy method, which for a given policy 7, defines 7€ to be

¢ (ulx) = 7 + (1 —¢)m(ulz).

Clearly, >, m(u|z) = 1 for x € X, and each state has at least /|| > 0
probability of being chosen.
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A more interesting alternative is to define a new cost which encourages
randomization:
ga(z,m) = go(w,m) — AH ()
where H(m) = — ), m;log(m;) is the Shannon entropy of the random control.
For A > 0, this encourages our control to randomize, and has the effect of
smoothing out our problem.
We will use the following lemma.

Lemma 3.3.1. Take any ¢ € R™ and consider minimizing ((c,7) — AH(m)) for
A > 0, among probability vectors w. Then the (unique) minimum is achieved by
the Gibbs measure m; o< e~/*, and is given by the log-sum-exp function

mﬁin{(c, m) — AH(m)} = —Alog [Zexp (_chﬂ > Iniinci — Alog(m).

Proof. As log has infinite slope near zero, and is concave, any local optimum
will occur at an interior point. Observing that (r,1) = > .7 =1 (for 1 a
vector of ones), we have the Lagrangian

(e,m) + A Z i log(m;) + n((m, 1) — 1).

(2

Differentiating with respect to m;, we have the first order condition
0=c¢; + Alog(m;) + A +n.

Rearranging gives m; = e~ (GHAM/A) o e=¢/A with 5 chosen to guarantee
>_imi =1 (that is, A+ 1= Alog(3_; e~%/)). We can then compute

AH(7) = _)\Zm log(m;) = Zm- (ci + Alog (quh\))

(zi:m—ci) + Alog (zj:ecj”‘).

Substitution gives the explicit minimizer, which we see is unique.

We also know that H(w) < log(m) (as this is a general bound on the Shannon
entropy, which is maximized by a uniform distribution), and hence the final
inequality follows. O

Proposition 3.3.2. Let v be the value function of the unregularized problem
(with cost go), and v* the value of the regularized problem (with cost gx). Then

and the (unique) optimal policy for the reqularized problem is given by

Ma) —go(w,u) — e 35 pla'sa, U)vA(ff’))
A

A A
— exp (U (z) —)\Q (x»u)) o e~ @ @)/

m(u|z) = exp (v

)
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where

QMNx,u) = g(z,u) +e” Zp(w’;x,u)v)‘(x’).

Proof. As g\ = go—AH (7), we know that gy < go = gx+AH (1) < gx+Alog(m).

Solving for the value function using each of these terms as the cost, we get

log(m)
1—er’

<o <o+ A

as desired.
The Bellman equation satisfied by v* is then

v z) = min {go(x, M, -)) — NH (7 (2, ) + e~ Zp(m'; x, W)v)‘(x’)}

= mﬂin{ Z (2, u) (g(ac7 u) +e” ;p(x’; T, u)v)‘(x’)) — \H (7(z, ))}

ueU

= —\log Z exp (‘9(96, u)—e” Z;/ p(a’;x, u)uk(:v’))

where we use Lemma in the penultimate line. The optimal strategy is
given by

_OX
7 (u|z) o exp (M)
and checking the constant of proportionality gives us the stated form. O

Remark 3.3.3. We will see the @) function, as described above, appears in many
approaches to reinforcement learning. At this point the key observation is that

7 varies continuously with Q*, and hence continously with v™*.

3.4 Exercises

Exercise 3.4.1. Consider an infinite horizon discounted MDP, with finitely
many actions and states. Show that if there are [U| = m actions, and |X| =n
states, then the value function can be obtained by solving m™ systems of n linear
equations and taking the component-wise minimum of these solutions.

Exercise 3.4.2. Write down a Markov decision problem with two states, for
which there exists an optimal non-Markovian solution.

Exercise 3.4.3. Consider a sequence A, — 0, and the corresponding entropy-
regqularized relazed control problems. Show that the values of these problems v
converge to the value of the unregularized problem, and describe the possible
limiting behaviour of the corresponding randomized controls.
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Exercise 3.4.4. Consider the Markov Decision problem where an agent wishes
to minimize

-
J(U) = ]EU |:Z g(Xt7 Ut):| )
t=0
where T is a geometric random variable independent of the control and the state
process (and the other terms are as we usually define them). Show that this is
equivalent to an infinite-horizon discounted control problem.

Exercise 3.4.5. (This problem is based on ideas due to Harrington [27].)

Consider a model of a firm considering whether to comply with regulations,
for example, deciding whether to emit pollution into a river system. At each
time, the firm may be inspected, and will be penalized if they are found to be
polluting. The inspections are random, but the requlator does not treat all firms
the same — they split firms into two classes P (polluters), and £ (environmental),
and can choose the probabilities of inspection, and the penalties for pollution,
separately for each set. The firms know what group they are in, and seek to
optimize their expected discounted reward.

Suppose that a firm in class i € {€,P} is inspected with probability ¢;. If
found to be violating it will be placed into P for the next period. If found not to
be violating it will be placed into € for the next period. If a firm is inspected and
is found to be violating, they will have to pay a fine F; (depending on group). If
a firm chooses not to violate, they pay a fized cost ¢ (in both groups). If a firm
s mot inspected, it remains in its current group.

A firm facing this system must choose, at each time, the probability u € [0, 1]
that it violates (it can randomize its choice, to avoid detection). Assume it
wishes to minimize its cost, without considering other (environmental) impacts.

(i) Write down the dynamic programming equation describing the value func-
tion of the firm.

(ii) Show that there is an optimal strategy for the firm which will simply violate,
or not, in each state (that is, randomization of the strategy is unnecessary).

(#ii) Assuming the firm acts over an infinite horizon, with discount rate p > 0,
and ¢p, e € (0,1), calculate the cost-to-go function in each state for each
unrandomized policy, and hence the value function.

(i) Show that, if ¢ Fe < ¢pFp (that is, past polluters are fined more heavily
than past environmental firms), then it is never optimal for the firm to
follow the rule ‘violate when in P and comply when in E°.

Hint: for each policy U and state 4, write (1 —e™?)J(i,U) as a weighted
average of payoffs, and then compare different policies.

(v) Ezplain why, if

peFe <c < ¢pplp,
but pp K Pg, the requlator will only be seen to issue small fines Fg, and

yet expected-profit-mazimizing firms will usually comply with the environ-
mental requlations.
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Exercise 3.4.6 (Inverse control in entropy-regularized MDPs). (This problem
is based on ideas in [11].)

Let X and U be finite state and action spaces. Fiz p > 0 and consider
the infinite-horizon discounted entropy-regularized Markov decision problem with
transition probabilities p(x’; x,u) and stage cost g : X x U — R.

For A > 0, define the entropy-regularized cost

ga(z,m) = Y wl(ulz) gz, u) — AH (n(-|z)).

ueU

where H(m) = =%, oy m(u)log w(u) is the Shannon entropy. Let v denote the
corresponding value function. The entropy-reqularized Bellman equation is

A
A _ _Q ({IJ7 U)
v (z) = )\logz exp(i)\ ),
ueU
where
QMw,u) = gla,u) + ey p(a'sz,u) v} (a).
The optimal policy is given by the softmin rule
exp( — QA(x,u)/)\)

Zweb{ exp( - Q)\(l', U})/)\)

Suppose an observer knows p(z';x,u), p and A, and observes an agent be-
having optimally, so that the policy ©*(u|x) is known for all (z,u). However,
the running cost g is unknown.

7 (ulz) =

(i) Show that for each x € X and u € U there exists a function C* : X — R
such that
QM u) = —Alog 7 (u|x) + CM(x).

Identify C*(z) in terms of v*(x).
(i) Using the definition of Q*, show that

g(z,u) = —Alog 7 (u|z) + C*(z) —e™" Zp(ac’; z,u) v ().

Ezplain why this yields a linear system in the unknown running costs g
and the unknown state offsets C* (or equivalently v ).

(i4i) Show that g is not uniquely determined from a single observed policy. In
particular, prove that if h : X — R is any function, then

g'(@,u) = g(z,u) + h(z) —e "y pla’;z,u) h(a)

induces the same entropy-reqularized optimal policy as g.
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(iv) Now suppose that the observer sees optimal behaviour for the same stage
cost g under two different discount parameters p1 # pa (with the same \),
yielding policies 7P and TP .

Write down the two corresponding systems from part (ii), and show that

by combining them one can eliminate the unknown state offsets and obtain
a linear system for g alone (under an appropriate algebraic).

Exercise 3.4.7 (Time-periodic infinite-horizon control). Let X and U be finite
state and action spaces. Fix a period K € N and consider an infinite-horizon
discounted control problem with discount rate p > 0.

The transition probabilities and stage costs are periodic in time with period
K, that s,

pt($/;$,u) :pt+K(xl;xvu)7 gt(xvu) :gt+K(x7u)

forallt >0, z,2’ € X andu € lU.
For an admissible control U = (Uy;)>0, the performance criterion is

J(z0,U) =EY

Zefptgt(Xt, Uy)
t=0

XO IL’O‘| .

(i) Define the phase process (6;)i>0 by
6, :=t mod K, 0, € {0,1,...,K —1}.

Show that the pair (Xi,0;) is a time-homogeneous Markov process under
any feedback control.

(ii) Define an augmented state space X=X x {0,1,..., K — 1}. Write down
the transition kernel for the augmented process: ﬁ((m’, 0"); (z,0), u).

(iii) Show that the periodic control problem is equivalent to a time-homogeneous
infinite-horizon discounted MDP on the state space X, with running cost

g((x,G),u) = 99(1'7“)'

(iv) Write down the Bellman equation satisfied by the value function v(x,0).

(v) Show that there exists an optimal feedback control of the form Uy = u(Xy, ),
and interpret this as a K-periodic optimal policy for the original problem.

(vi) Suppose K = 2 and interpret 0; as representing “high season” and “low
season”. Explain why the optimal control may differ between the two sea-
sons, even when the state X; is the same.

Exercise 3.4.8 (Optimal stopping of a Markov chain). Let (X;);>0 be a Markov
chain on Z defined by

P(Xip1=2+1| X =12)=p, PXypy=2—-1|Xy=2)=1-—p,
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where p € (0,1) is fived.

At each time t, the controller may either (a) continue (and incur a running
cost), or (b) stop permanently. If the controller continues at time t, a running
cost g(Xy) = ¢Xy is incurred, where ¢ > 0. If the controller stops at time t, a
terminal cost ®(X;) = K is incurred, where K > 0 is fived.

Let T denote the stopping time chosen by the controller. The objective is to
minimize the infinite-horizon discounted cost

T—1
J(z,7)=E Ze*”tht +e K ‘ Xo = m] ,
t=0

where p > 0.
(i) Show that, despite the stale space being infinite, under any stopping strat-

egy, the expected discounded costs in this problem are bounded for each
value of v € 7.

(i) Show that this problem can be formulated as a Markov decision problem
with control space U = {continue, stop}, and that the Bellman equation
can be written as

v(x) = min {K, cx+e’ (pv(x +1)+ 1 -p)v(z— 1)) }
(i4i) Ezplain informally why it is optimal to stop whenever x is sufficiently
large.

(iv) Show that any optimal stopping rule is of threshold form: there exists
x* € Z such that it is optimal to stop if and only if © > x*.
(Hint: First show that the value function is increasing in x.)
v) Assume p = L (symmetric walk). On the continuation region {x < z*},
2
show that v satisfies the linear difference equation
viz+1)+v(z—1)
5 .

v(z) =cx+e?

Solve this equation explicitly in the form
v(z) = A+ Br® + az,

for suitable constants A, B,a,r and then determine the constants using
the boundary conditions

v(x*) +v(z* — 2).

(@) =K, o(e®—1)=cla” —1)+e 2

(vi) Ezplain how the boundary x* balances the immediate stopping cost K
against the expected future running cost.
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Exercise 3.4.9. This exercise explores the turnpike phenomenon in discrete
time, under a uniform ergodicity assumption. We will use the notation and
results of Section and in addition assume:

o X is finite and U is a compact metric space, with metric dist;
e the uniform geometric ergodicity assumption (Assumption holds.

Let (A, D) be a solution of the ergodic Bellman equation

9(z) = min {g(m, w) — A+ Z p(a'; z, u)@(x')},

ueU
r'eX

and denote the corresponding set of minimizing controls by

U*(z) := argmin < g(z,u) — A+ sz, u)o(z) xeX.
() = argamin {g(a.u) = A+ 3 pla'sz (e}

For each finite horizon T > 1 let vr(t,z) be the finite-horizon value with
terminal cost @ : X — R:

T-1

or(t, ) zml}nEU{Zg(Xs,Us) +B(Xp) ‘ X, = x} te{o,...,T).

s=t

(a) Let

Az, u) == g(z,u) — X+ Zp(x’;x,u)@(x’) —o(z), reX, uel.

Show that A(z,u) >0 and U*(z) ={u el : A(xz,u) =0}.

(b) Fize > 0. Show there exists n > 0 such that, for all v € X, any measurable
map u: X — U satisfying

Al u@)| <

also satisfies
dist (u(z), U*(z)) < e.

(¢) Show that, if u: T x X — U then we have the representation

-1 T-1
> (9(Xpult, X)) = A) = 0(Xo) — 0(Xr) + > A(Xp,ult, Xy)),
t=0 t=0

(d) Using the geometric ergodicity assumption, show that

a. For every fired x € X,

vr(0,2) — TA — 6(x) is uniformly bounded as T — oo.
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b. There exists a constant ¢ € R such that

lim |[vp(0,2) —TA—70(x) —c| =0.

T—o0

Hint: Consider two convergent subsequences (with different choices of
(e) Let uT(t,z) be an optimal feedback control for the finite horizon problem
with horizon T and terminal value ®.

Prove the following turnpike property: for everye > 0 and every 6 € (0,1/2)
there exists Ty such that for all T > Ty

T
1 T
T Z Lidist(uT (t,X,),u* (X)) >e} < 0, P -almost surely.
t=1
That is, for large horizon T, the optimal finite-horizon policy u” is within
€ of the ergodic optimal set U*(-) for a fraction 1 — 0 of the time indices.
Hint: First give a bound on Ev" [Zle 1{A(Xt7uT(t)Xt))Zn}j| and then sum
over the possible states.

Exercise 3.4.10. Let X = {1,...,n} and U = {1,...,m} be finite state and
action spaces. Consider a discounted MDP with discount rate p > 0, transition

probabilities
pa’sz,u) =P(Xpy =2 | Xy = 2, Uy = u),

running cost g(x,u) and terminal cost ®(x). Assume we restrict to feedback
randomized controls

’/Tt('|l') GP(Z/{), Ut |Xt:$’\/ﬂ't('|$).

Let pu(z) = PY(X; = x) denote the (controlled) law of X;, and assume Xo ~ pg
18 glven.

and note that A"~ is equivalent to P(X).

(i) We write A"~ ={y e R" :y; >0,%,y; = 1} for the probability simplez,

a. Show that under a feedback policy m;, the law p; evolves deterministi-
cally according to

e (4) = Y i) Y miluli) p(jsi,u), G € X,

ieX ueUd

b. Define the controlled transition matrix
Pr=Y " my(uli)p(jii,u).
u

Show that the law dynamics can be written compactly as

MtT-H = MtTPm-
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c. Show that the expected discounted cost becomes

T(uo. Ze”(Zut ) mu(uli) g6, w)) + " (3 (i) 2(0))

7,U

Conclude that the MDP is equivalent to a deterministic optimal control
problem with state uy € A"t = P(X) and control .

(ii) For the deterministic control problem in part (i), we now seek to apply
the discrete-time Pontryagin principle (Section . Introduce adjoint
variables ¢ € R™ and define the Hamiltonian

He(pe, T, qrin) = €7 zut(i)m(UIi)g(i,U) + (N:Pm)‘h—&-l-

a. Show that the adjoint recursion is
t(l) = e_pt Zm(u|z Z U + Z qt+1
u
b. Show that optimality of m¢(-|¢) requires, for each state i,
m(1i) € argmin > w(w) (e g(i, u) + > p(ji i wara (7))
u J
c. Let v(t,i) denote the usual Bellman value function of the MDP. Show

that if we set
qi (i) = v(t, 1),

then the adjoint recursion coincides with the Bellman equation.

d. Conclude that the Pontryagin costate variable q¢, for the problem of the
optimal control of the law, is exactly the value function of the MDP, for
the problem of the control of the process.
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Chapter 4

Classical numerical
methods

In the previous part of the course we have shown how optimal control theory
works in a discrete-time context. In particular, we have shown that the optimal
control can be found, together with the value function (which represents the
optimal cost-to-go), by solving a recursive equation.

In practice, this remains computationally difficult, particularly when the
state space X is large (and especially if it is high-dimensional). This has lead
to the study of various numerical approximations to the control problem, which
we will now consider.

Many numerical approaches focus on the infinite-horizon discounted setting,
which we will consider in this chapter. This has the advantage of avoiding ti
me dependence in our solution, while still displaying a wide range of technical
challenges.

4.1 Value iteration

Value iteration is the most fundamental approximation for control problems,
and focusses on approximating v(z) directly. In what follows, we work with
a state space X with finitely many elements. As |X| < oo, we can identify
functions w : X — R with vectors in RI*l = R¥ | with components w; := w(z;)
where z; is the i-th element in X'. We will use this identification liberally, to
make notation simpler. We will also write g(z,u) for g(z,u(x)) and similarly
p(x; 2, u), provided this does not lead to confusion.

Assumption 4.1.1 (Assumptions for Value iteration). We know the transition
law p(2'; 2, u), and costs g(x,u) perfectly. Assumption holds, in particular,
the space of controls U is compact.

81
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We recall that v is our value function, deﬁnecEI by

v(z) = minJ(z,u) = minE“[Ze"’tg(Xt, u(Xt))‘XO = a:}
Definition 4.1.2. For a feedback control u : X — U, we define the Bellman
valuation operator Ty by

(Tad)(z) = g(z,u) + e ° Z p(z’;z,u)d(a’).

z'eX

We also define the Bellman optimality operator T by

(T9)(z) = LDEIZEII {g(m,u) +e” Z p(x’;x,u)f)(m')} = min (749)(z).

u
z'eX

With this notation, the value associated with a specific control u is a fixed
point of Ty
J($7 u) = (7:“](3 u)) (I)

The key idea of value iteration is to observe that v satisfies the Bellman equation

v(x) = min {g(x,u) +e7” Z p(:z:’;x,u)v(:c')} = (Tv)(x)

uel
' eX
and so v is a fixed point of 7.

Definition 4.1.3. The value iteration sequence is defined by an initial value
vo € RY, and the iteration vy, = T Up_1.

Value iteration is fairly straightforward to implement. We start with some
guess for the value function, then iteratively refine it by computing the Bellman
operator, which corresponds to finding the best strategy given the value function
at the next time step. If this converges to a unique fixed point, then that fixed
point must be the value function.

Remark 4.1.4. We can see the Bellman operator also applies to finite-horizon
problems (assuming no ¢t dependence in g and p, or modifying appropriately),
where we have v; = Tvi1. Our proof that the finite-horizon problem converges
to the infinite horizon problem then corresponds to saying 7"v4+ — v, where v4
was the trivial upper or lower bounds on the value function. This can be done
more generally, as is shown by the following result.

Theorem 4.1.5. With discount rate p > 0, the Bellman operators T, Ty are
strict contractions (with rate e=*) under the || - || norm on RY. Consequently,
the Banach fized point theorem shows that the value iteration sequence converges
(exponentially quickly) to the value function v, that is,

lvn — v]loo < e™"[lvg — V]|oo-

IHere, as we focus on time homogenous feedback controls (so our world is Markovian and
independent of time), we can take J as being a function of the initial state x, rather than a
random variable and dependent on ¢.
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Proof. We consider T first. Consider w,w’ € R¥. By continuity and compact-
ness, we know that there is u(®") such that

(Tw')(z) = gz, u™?) + e Y pla’;z, 0w’ (') = (Tonw')(2).
z'eX
That is, u™") would be optimal if the value function were w’. Therefore, with

this u(“’/),

(Tw)(z) = (Tw')(z) = min {(Taw) (2)} — (Tawnw') (@)

u€eU

< (Taewnw) (@) = (Tynw') (z)
< {o@u) 4 e 37 pla'seu ()}

r'eX
— {g(x,u(w/)) +e7* Z p(x’;m,u(“’,))w’(x’)}
z'eX
=e "’ Z p(a'; m,u(w,))(w(m/) —w'(z')). (4.1)

z'eX

As p(x, u(“’/)) is a probability mass function, and averages never exceed the
maximum value,

(Tw)(@) = (Tw)(@) < e 3 pla'sz, 0w —o'||u
z'eX

=e 7w —w'|o.
Interchanging w and w’ we see that
ITw = Tw'leo < e ?lw—wle

so 7T is an L contraction, with rate e < 1. The argument for 7, is analogous
(and simpler). The convergence result then follows from Banach’s fixed point
theorem. O

There is another approach to showing convergence, which looks at mono-
tonicity properties of the value iteration. While this is not so critical for value
iteration (as we’ve shown we have a contraction), it is also interesting to see that
the Bellman operator always improves the value, and this will prove important
in other algorithms.

Theorem 4.1.6. The Bellman operators are pointwise monotone, in the sense
that if w < w’, then Tw < Tw' (both inequalities being pointwise). In particular,
if vo is such that Tvg < vy (for example, if vo(z) = (1 — e™?) ' max, , g(z,u)),
then value iteration decreases monotonically to v.

Proof. From the previous proof, starting with (4.1]) we have

(Tw)(@) = (Tw')(@) < e Y plasz,u™)) (w@') —w'(@') <0

' eX
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(and similarly for 7y,). This establishes the monotonicity of 7. The monotone
convergence then follows by induction, as v; = Tvy < vg implies vo = Tv; <
TUQ = V1. O

Using this monotonicity, we can prove an elegant result on the controls which
arise from value iteration. The key result is the following policy error bound:

Theorem 4.1.7. For any v’ € RY, let

u(x) € arg&nin {(Tw")(2)}.

Suppose v € RY is the optimal value. Then 0 has value

Tz, ) < v(z) + —

< v(@) + Tl = ')l

Proof. Write 9(z) = J(z,u) for the true value associated with the control @, so
we know v = Tgv. As v is optimal, we know

v <.

Now write € = ||v — v/||oo. By definition, it’s easy to check that 7 (w + a) =
(Tw)+e Pa for all w € RY and a € R, and similarly for T,. As 7 is monotone,
we know

v=Tv>TW —¢)=(TV)—e "e.

Therefore,
0<V—v=Tad0—Tv <Tad—Tv +e Pe.
From the definition of @1, we know Tv' = Tgv’, and expanding the definition
gives

Tat — Tav' = e~ * Zp(x’; z, ) (0(z") —v'(a"))
<e” max {o(z") = '(2")}
<e” max {lo(z") —v(@)|} + e "e.
Combining these inequalities, we see
0<v—v<e™” max {Io(2") —v(2)|} +2e "¢

and hence
lv = 0]lco < e7P||v — D||oo + 2¢ Pe.

The result follows by rearrangement. O
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Corollary 4.1.8. If v, is the sequence obtained by value itemtioﬂ and we
define
u, () € argmin {(Tuvn)(2) },

then J(xz,u,) — v(z) (with geometric convergence). The sequence of feedback
policies w,, has convergent subsequences (when considered as a sequence in U~ )
and for any subsequence of policies which converges, the limit u* is an optimal
policy.

Proof. From Theorem [L.1.7] we have the geometric convergence

2e* 27
OS J(x,un)—v(x) S man—’UHw S me ||U0—UHOO —)O
As our policies lie in a compact set, there is a subsequence {u,,, }men of {uy, frnen
which is convergent. Writing

J(x,u) =YY e Ppg(alsa,u)g(x,u()),

t=0z'eX

the dominated convergence theorem (applied to the infinite sum with respect
to t) implies that along any convergent subsequence we have

v(z) = mlgnoo J(z,uy,,) = J(z, n}gnoo u,, ),

so u* = limy, 00 Uy, is an optimal policy. O

4.2 Policy iteration

The next numerical method we will consider is related to value iteration, and
works under the same assumptions. Essentially, the problem with value iteration
is that it combines the estimation of the value of a policy and the optimization
of the policy into a single step. Numerically, we often find that estimating the
value accurately requires us to work over many steps, and computing minimum
in every step becomes expensive. Policy iteration aims to separate these two
operations, by allowing us to compute (accurately) the value using multiple
(easy) steps, and only infrequently computing the minimum.

Definition 4.2.1. Policy iteration consists of two alternating steps.

(i) Evaluation: where for a given policy w, we compute its value function
vn () = J(,up).
(ii) Improvement: where for a given value function v,, we compute a new
policy
U1 (2) € argmin { (Tuvy)(2)}.
u

2The same result holds for any other scheme such that our value function approximations
converge (geometrically) in || - ||oo to the true value function.
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This process can be initialized by specifying either ug or vy, and proceeding
iteratively. For example, starting with control ug, we have the sequence:
policy policy policy policy

Uo Vo up V1 ug...
evaluation improvement evaluation improvement

The key difference between policy and value iteration is in the evaluation
step. For policy iteration we compute the true value associated with a given
policy. Observe that this satisfies

vn(@) = g(a,un (@) + €77y pla’,u())va (@),

x!

which is a finite dimensional linear system with unknown v, (). Indeed, as-

sociating vy, (z;) with the component vg) of a vector in RI*! and similarly
g(un)® = g(x;,u,(z;)) and writing the matrix P(u);; = p(zj; i, u,(;)), we
have the matrix-vector equation

vy, =g(u,) +e "P(u,)v, = (I — e_"P(un))flg(un). (4.2)

Given that this is a linear equation, it can be solved in at most O(|X'|*) opera-
tions. Therefore, in classical policy iteration, we assume that we can solve the
evaluation step perfectly in reasonable time, and hope that relatively few policy
improvement steps will be sufficient to achieve convergence.

Remark 4.2.2. From the perspective of linear algebra, we see that, in order to
prove that the value v,, is well posed in , the key is to know that e=?P(u,,)
has all eigenvalues with real part strictly below 1. This follows from the Perron—
Frobenius theorem as P(u,,) is a stochastic matrix. This gives an alternative
(algebraic) approach, as opposed to the more probabilistic method of long-
horizon approximation we considered in the previous chapter.

Lemma 4.2.3 (Improvement lemma). The sequence of values constructed through
policy iteration satisifes vy, > Tvy > Vpgq.-

Proof. By construction, we know that Tv, = Ty, ., v, (improvement) and v,, =
T, Vn (evaluation). It follows that

Uy = T, Vn 2 TV = Tap 1 Un-

As T,

is monotone, we can apply Ty, ., to both sides to see

n41 n41

7:17,,_'_1(071 Z (7TJn+1)2,UTL'

and by induction,
k
Un Z 7:1n+1vn Z e > (7:1,1+1) Un

for all K > 0. As Ty, ., is a contraction, the right hand side converges to the
fixed point v, 1 = Ta,.,Vny1, giving the desired result. O
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Theorem 4.2.4. The value functions constructed via policy iteration converge
(geometrically quickly) to the true value function (and hence the policies con-

verge, in the sense that C’orollary applies).

Proof. Using our lemma, with v the true value function,
v< vy < Tupor <o < T M.

Therefore
0<v,—v<T g —v=T"vg—T"™

and we see that, as 7T is a contraction with rate e ?,

[on = vlloo < 7700 = T"0]loc < e™"[lvo = Voo

O

Remark 4.2.5. If our set U is finite, then the fact that our system is improving
at every step shows that policy iteration will terminate after finitely many steps,
that is, the optimal policy will be found. This is because there are only finitely
many policies better than ug, and our choice of policy is improving at every
step. In fact, one can show that this occurs after polynomially many steps, a
result which is due to Ye [47].

Example: A controlled walk on a discrete torus

Example 4.2.6. Consider the control of a process X which takes values in the
discrete set X = {(i,7);4,7 € {0,1,..., K — 1}}. From a given timestep to the
next, the state moves in a given cardinal direction of the form (i,j+1)(mod K)
corresponding to east/west or (i £ 1, j)(mod K) corresponding to south/north.
Figure illustrates the cardinal moves from two given starting points when
K =4.

At each time, the controller can choose an action from the set:

e Do nothing, in which case X will take a step in a randomly chosen cardinal
direction (north, south, east, or west), that is, X = (i,j) € X moves to
one of the four points of the form (i,j £1)(mod K) or (i £ 1, j)(mod K).

e Choose one direction, and modify the probability of walking in that direc-
tion to be a given constant o < 1, while all other directions are chosen
with equal probability (1 — «)/3. Figure shows the difference between
doing nothing (left panel) against choosing to move north (right panel)
with probability « € (0,1).

If the controller chooses to intervene, they must pay a cost ¢ = 1 for doing
so. In addition, at each time in state (i,7), they face a random state-dependent
cost taken from a Binomial (N, (i +1)/(i + 7+ 1)) distribution. The controller
chooses actions u € U = {&,N,S,E, W}, where & denotes “no control”.
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Figure 4.1: Possible cardinal moves with G = {(i,j) : 4,j €
{0,1,2,3}}. Left panel: centre at (1,1) in red and its reachable neighbours
(0,1),(1,0),(1,2),(2,1) are blue (arrows show direction: N,S,E,W respectively).
Right panel: centre at (0,3) with neighbours shown similar to the left panel.
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Let’s now write this problem in our familiar notation. For a given state
x = (i,7) define the state-dependent Binomial success probability

1+1
q(r) = ———,
i+j+1
and let N denote the Binomial size. The expected immediate cost at state x
when action u is chosen is

g9(z,u) = N q(2) + Luzoy ¢,

where c is the intervention cost.

Letn = |X| = K2. For each action u, let P(u) € R™ "™ be the transition ma-
triz. Each row is associated with a given state z, giving the n = K2 probabilities
of transitions to each alternative state.

For notational brevity, we identify {N,S,E, W} with the vectors describing
the corresponding transitions, and so can simply write x + S = = + (1,0) (and
similarly for other controls), leaving the (mod K) implicit. Consequently, we
can define the controlled transition probabilities:

1/4 u=o;z' €x+{N,S,E,W},
, Q u# ;1 =x+u,
p(asz,u) =
1—a)/3 u#o;2' €x+{N,S,E,W}\ {u},
0 otherwise.

Policy iteration seeks a stationary deterministic policy u : X — U that
minimizes expected discounted cost with discount factor p > 0. Given a policy
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Figure 4.2: Left: when the controller does not intervene, transitions are uniform
(1/4 each). Right: with intervention, the chosen direction (north in this exam-
ple) receives probability «, while each other direction has probability (1 —«)/3.
The current state is red and reachable neighbours are blue.

u, we can form the policy transition matriz P(u) € R™*"™ by taking row = of
P(u) to be the vector p(-;x,u(x)), and form the policy cost vector g(u) € R™
with entries g(x,u(z)).

Policy iteration then creates a sequence of policies u,, and approzimate values
Vi, which approximate the optimal policy-value pair. The policy evaluation step
solves the linear system

(I —e?P(uy))v, = g(uy)

for the approzimate value vector v, € R™. Policy improvement then computes,
for every state x, an improved policy

u,+1(2) € arglfnin { (7:1Vn) (x)} = argjnin {g(x, u(z))+e” Z P%(z, :E/) Vn(x/)}»

If u,, = uy41 the algorithm terminates, as an optimal policy has been found.
Otherwise, the sequence repeats, with improvement at every step. Given there
are K? states and |U| = 5 policies, we know that the sequence will certainly
terminate, in at most 5K steps. In practice, termination typically occurs far
more quickly.

Figure[].3 shows the optimal policy when K =4, N =10, a = 0.5, p = 0.05,
and c = 1.
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ONORONO,
ONORONO,
ONORONO.
ONORONO,

Figure 4.3: Optimal stationary policy for K = 4, N = 10,a = 0.5,p = 0.05,
and ¢ = 1. Each circle shows the optimal action in that state (one of
{®7 N7 S7 E’ W})'

We see that the optimal policy shows a preference to have the controlled state
at (0,2) or (2,2). To understand this, we look at the expected cost of each state,
which is N =1 which can be visualised as the matriz

i+
10 5 3 2
10 6 5 4
10 7 6 5]’
10 8 6 5

The value function computed for each state can be represented by

130.44 125.24 121.20 121.18
131.54 127.76 123.39 122.94
133.32 130.55 126.15 125.47
133.06 130.31 125.83 125.28

It’s clear from this that the strategy is principally trying to stay away from
expensive regions (in particular the most westward column), accounting for the
fact that the most eastward column can transition to the most westward column
in a single step. At the same time, there is a state (2,2) where the cost of acting
1s sufficiently large that it is preferable to do nothing.

4.3 Exercises

Exercise 4.3.1. Implement policy and value iteration for the environmental
enforcement example of Ezercise [3].5, and compare the number of iterations
needed for convergence.

Exercise 4.3.2. Implement policy and value iteration for the random walk on
the torus ezample of Example [[.2.6l Ezplore how the computational difficulty,
and the rate of convergence, depends on the number of states K? of the problem.
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Exercise 4.3.3. Consider a numerical method for solving an infinite-horizon
discounted MDP where you have access to an approximation of the value func-
tion U, and |0 — v|jeo < 1. This is used as an approzimate terminal value at
time T, and the problem is solved fully from time t = T back to time t = 0.
Give a bound on the error of this method.

Exercise 4.3.4. Consider a modification of the value iteration process, where
instead of updating all states simultaneously, we iterate through the states and
only update the value associated with each state in turn. Prove that this process
gives a convergent approximation of the true value function.

Exercise 4.3.5. Consider the discounted MDP with state space X = {1,2,3}
and discount factor v = 0.9. We have an action space U = {Go, Stay}; under
action Go, the transitions and rewards are given in tabular form by

State x| Next state 2’ = Go(z) | r(x, Go)

1 2 5
2 3 2
3 1 0

Equivalently, the transition matrix and cost vector under u = Go are

010 5
P=10 0 1|, g%=[2
1.0 0 0

Under the action Stay, we have
PStay -7 gStay =0.

(i) Compute the exact cost vector J(Go), that is, J(u) for the policy u(z) = Go
for all .

With 0 € R?, we now approzimate the cost function J(Go) using a linear
architecture

Jo = ®6,
with feature matriz
1 1
d=1|1 2
1 3

Equivalently, we consider the approximation j;(x) =01+ 6.

(i) Compute the least-squares projection of the true value J(Go) onto span(®),
that is,
0* = argmin ||.J(Go) — ®0]|3.
0eR?
Compute 0* and the approximate cost vector j]; = ®0*. Fwaluate the
approximation errors

17(Go) = Jolloe  and ||.7(Go) = Jg|2-
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(iii) For each state x, determine the greedy policy

i(z) € argmax {g(z,u)+7Y_ pa’;z,u)lp(z), |
u€{Go,Stay} { ; }

(iv) Using the policy error bound in Theorem compute a numerical upper
bound on the suboptimality of the greedy policy G obtained in part (iii).

Exercise 4.3.6 (Policy iteration for the ergodic control problem). Consider a
finite Markov decision process with state space X and finite action space U. For
each stationary deterministic policy u: X — U, let

P(x,2") = p(a’;z,u(z),  ¢"(z) = g(z,u(=)).

Assume that for every stationary policy u, the Markov chain with transition
matriz P* satisfies the geometric ergodicity of Assumption[3.2.3. We consider
the infinite-horizon ergodic (average-cost) control problem as in Sectionm

T—1
u : 1 T
A% = lim TE Lz; 9(Xt,u(Xy)) ‘Xo = x]

As A" is the long-run average cost, we know that it is independent of the initial
state x.

For each policy u, define the relative value function J“ as the solution
(unique up to an additive constant) of the Poisson equation

A%+ T (z) = g"(z) + Z PY(z,2") JU(2), T € X,
r’eX

with normalization condition J*(xq) = 0 for some reference state xg € X.
Policy iteration for the ergodic problem proceeds as follows:

(i) Policy evaluation: Given u,, compute (A, J,) solving

Ao+ Jn(@) = g (2) + Y P (2,2") Jo(a'),  Ju(zo) =0.
‘,x/
(ii) Policy improvement: Define a new policy u,41 by

u,1(z) € arigelgin {g(x, u) + Zp(x’; T, ) Jn(w’)}.

x

(i) Prove that for every stationary policy u, the Poisson equation admils a
solution (A, J") with A“ equal to the average cost and J" unique up to
an additive constant.
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(ii) Show that if u,41 is defined by the improvement step above, then
)\nJrl S )\n

Hint: Use the defining equation for (A, Jn) and compare it with the Bell-
man operator applied to J, under U,41.

(iti) Show that if Apnt1 = An, then u,, is already optimal.

(iv) Conclude that the sequence {\,} produced by policy iteration is mono-
tonically nonincreasing and, since there are only finitely many stationary
deterministic policies when U is finite, the algorithm terminates in finitely
many steps at an optimal policy.

(v) Explain why the contraction argument used in the discounted case cannot
be applied directly here.

Exercise 4.3.7 (Policy iteration for finite-horizon control). Consider a finite-
horizon Markov decision process with state space X, compact action space U,
horizon T € N, and terminal cost ® : X — R.

Fort=0,1,...,T — 1, let g;(x,u) denote the running cost and p;(x’;x,u)
the transition probabilities. A (feedback) policy is a sequence

T = (M0, 71y, TT—1), m X = U.

For a given policy 7 define the value functions

JE) = B[S 0. (X)) + 0(X0) | X, = ],

s=t

which satisfy the backward recursion

JI(x) = ge(x, me(x)) + Zpt(m’; z,m(x)) JI o (2"), t=T-1,...,0,

with J¥(x) = ®(x). Policy iteration for the finite-horizon problem proceeds
using the following two steps:

1. Policy evaluation: Given a policy 7™, compute Jt(n) = Jt"'(n) for t =
T,...,0 by backward recursion.

2. Policy improvement: For eacht =T —1,...,0 and each state x € X, define

ﬂ—inJrl)(x) € arg Ilr/{lin {gt(aj, u) + Zpt(33'§ T, u) Jt(:?L (m/)}
ue x’/

As usual, these steps are alternated until convergence.
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(i) Show that for any policy 7, the evaluation step uniquely determines JI° by
backward induction.

(ii) (Improvement lemma) By induction or otherwise, show that the improved
policy satisfies

J (@) < (@) forallt=0,....T and € X.

(iii) Show that if
7rt(”+1)(x) = 7rt(n) () forallt, z,

then (") is an optimal policy.

(iv) Conclude that if U is finite, then policy iteration terminates after finitely
many iterations at an optimal policy.

(v) Explain why, in contrast to the infinite-horizon discounted case, no con-
traction argument is needed for convergence of policy iteration in the finite-
horizon setting.

Exercise 4.3.8 (Policy iteration with inexact policy improvement). Consider
a finite discounted MDP with state space X, finite action space U, and discount
factor e=? = v € (0,1). Let v* denote the optimal value function and 7 an
optimal policy.

In this exercise we consider policy iteration with an inexact policy improve-
ment step. With the usual Bellman optimality operator

(To)(@) = min {g(a,u) +7 Y pla'|z, u) v(a’) |

and v, = J(my,), suppose that instead of choosing an exact minimiser, at each
policy improvement step a policy mp41 is found which satisfies the following
condition: for some constant p > 0,

lvn = Tnlleo = pllvn — J(Tni1)lloo- (4.3)

That is, the decrease achieved by switching to m,+1 is proportional to the Bell-
man residual of vy,.

(a) Show that the Bellman residual controls suboptimality:

. 1
[vn = v*]Jee < ﬁ”vn_TUn”ocv

(b) Using the contraction property of T, prove that

[ J(Tnt1) = v*]loe < Y[vn = V™ ]loo + [[vn = J(Tnt1)l0o-
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(c) Using (4.3), show that there exists a constant ¢ € R (depending on v and
) such that

[T (Tpt1) = 0" [loo < qllvn = V" loo-
Give an explicit expression for q.
(d) Conclude that if p is sufficiently large (so that ¢ < 1), the sequence of poli-

cies produced by this inexact policy iteration scheme converges geometrically
to the optimal policy in value, i.e.

[[on — v"]lo0 < ¢"[lvo — v"|oo-

(e) Discuss briefly how (4.3)) relates to requiring the improvement step to make
“sufficient progress” relative to the Bellman residual, and explain why an ar-
bitrary approximate minimiser would not in general guarantee convergence.
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Chapter 5

Reinforcement Learning

Suppose we don’t want to compute expected values, or don’t know the proba-
bility law directly. Then value and policy iteration is still possible, if we have
access to simulations or observations from the controlled system. This is the
fundamental trick that is sometimes called model free reinforcement learning,
as we will avoid explicitly modelling the transition function p and cost g (but
there is still a mathematical model behind everything we do, as we need to have
state variables, repeated observations, conditional independence, etc...).

We assume that we have an agent who seeks to minimize the long-run dis-

counted cost
oo

J(U) = ]EU |:Z eiptG(Xt, Xt+17 Ut) .
t=0
We extend the control framework described in the previous chapters by now
considering random costs G, which in general can depend on the state before
and after the transition, the control chosen, and on independent randomness.
To relate this to our earlier notation, we simply write

g(m,u) = ]EU [G(Xt, Xt+17 Ut)|Xt =, Ut = ’U,} .

As before, the process X is assumed to be a controlled Markov chain (with
finitely many states), however we do not assume we know the transition prob-
abilities p(-;x,u).

We will attempt to learn an optimal policy based on observing examples
of X and G. Suppose we have access to a collection of random variables
{Xn, X0ty Un, Gp }ren, where

(i) X, € X and U,, € U (sampled with some distribution),

(il) Xpt ~ p(+;X,,Up) and G, ~ G(Xp, X+, Uyp) (with an abuse of nota-
tion) and

(i) (Xn4,Gyp) is independent of {( Xy, Xont, Ums Gim) men given (X, Uy).

97
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For notational convenience, we define the filtration
f" = O'(Xn, Una {(Xm’ Xer, Um7 Gm)}m<n)~

We note that these variables could be from simulating or observing the
controlled system, with some control rule U,, chosen randomly (dependent on
X,) and X,y = X,41, or from another means. In particular, we could use
different control rules U, for each n, and do not need to sample from U which
we believe should be close to the optimal action.

These distinctions lead to a variety of terms which get used to describe these
methods:

(i) We say the method is offfine if {X,, Xy, Un, GpInen is a fixed collection
of observations that was computed following a given policy. In particular,
the learning of the optimal policy happens “after” these samples were
collected (so the choice of samples cannot be affected by the policy which
is learned!).

(ii) We say the method is online if U, is chosen based on previous (before
timestep n) observations. For example, we could focus our estimation on
actions we believe could be optimal, or where we have high uncertainty
about the costs.

(iii) We say the method is trajectory-based if X,y = X,41, that is, we ob-
serve a trajectory Xi, Xo,... obtained by following the controls Uy, Us, ...
sequentially.

(iv) We say an online method is on-policy if U, is chosen from our approxima-
tion of the optimal strategy. More precisely, suppose 7, : X — P(U) is a
(randomized) strategy, and U, ~ m,(-|X},); our method is online if 7, is
also our approximation of the optimal strategy.

(v) We say an online method is off-policy if U,, is chosen from a distribution
which does not need to approximate the optimal strategy. For example,
if U,, is chosen uniformly at random (to ensure all actions are tried), even
when this is clearly not the optimal thing to do.

See Chapters 56 in [42] more details on the standard terminology.

5.1 (@-learning

(Q-learning attempts to build an approximation similar to value iteration, but
using observations of the random transitions and costs. The fundamental object
is the @ function, which we saw briefly when we considered entropy regularized
control. In general, the @) function is defined as the map @ : X x Y — R which
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is a fixed point of the iteration

Q(x,u) = g(z,u) +e* Zp(x’; z, u) min Q(z', u')

x!

= Tofmin Q( )} (x)
= E[G(x, X1, U) +e7* Hllbi,nQ(Xt_H,u’)‘Xt =z,U; = u]
We observe that, for any a € R, @) satisfies the identity
Qz,u) = Q(x,u) + a]E[G(x,XH_l, u)
+e’ n}li/nQ(XtH,u') - Q(z, u)‘Xt =z,U = u}

It is fairly clear that the @ function is closely related to the value function,
in particular v(-) = min, Q(-,v’) (which immediately implies the @ function
exists). The advantage of knowing @ instead of v is that it also includes the
expectation over the (random) costs G and the next transition, which may be
unknown, and so allows us to find good policies based only on optimizing Q.
In particular, if we know @, then a feedback control u is optimal if and only if
u(x) € argmin, Q(z,u).

Definition 5.1.1. With a,, € [0,1) an {F,, }n>0-adapted learning rate process,

the Q-learning iteration is defined by

Qn+1(7,u) = Qn(z,u)+ay |Gpte™” H}LI,H Qn(Xng, ') =Qn(z,u) Lix,=a,U,=u} -
Next, we state (and prove) one of the most powerful results in Q-learning

[44], which establishes the following convergence result.

Theorem 5.1.2. Consider a control problem with finitely many states and ac-
tions. Let Qg : X x U — R be arbitrary, and @Q, be the random sequence of
functions defined by the Q-learning iteration. If

E[G(m,X+,u)2|X+ ~ p(z,u)] < oo for all (z,u)
and o, satisfies the Robbins—Monro-type condition
2
Db, U=} =0 Y 0RL{(x, U =) < 0
neN neN
for all x,u, then Qn(z,u) — Q(z,u) almost surely as n — oco.

In order to prove this theorem, we will make use of the following stochastic
approximation result, the (rather fiddly) proof of which is in Appendix

Lemma 5.1.3. Consider adapted random processes {Yy}nen, {Zn}nen and
{an tnen with values in R™, where Y,, has dynamics (for each i an index in
o my)

Yoi1(i) = (1 - an(i))Yn(i) + an (1) Zn41 (1)
and where «; and Z; are such that for alli € {1,...,m} and n € N,
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(i) an(i) € [0,1], 32, ey an(i) = 00, 32, ey 07, (1) < o0,
(1) |E[Zn1(D)| Fall < Y ¥nlloo, with v <1,

(iti) V[Zn11 ()| Fn] < e+ [Yal%,) for ¢ > 0.

Then ||Yp]loo = 0 a.s. as n — 0.

Proof of Theorem[5.1.2 Take @, to be the sequence generated by Q-learning,
and @ to be the true @-function. Define

Yn(x7u) = Qn(x7u) - Q(:Z:,u),

an(z,u) = anl{(x, .U)=(z,u)}s

ZnJrl (.’)3‘7’114) = |:Gn +e? H}Ll/n Qn(Xn+7u,) - Q(Xna u)] 1{(Xn,Un):(:v,u)}-

With this notation, simple rearrangement shows that Y;,(z, ) satisfies the dy-
namics

Yogi(z,u) = (1 — o (z,u) Yoz, u) + an(z,w) Zynir (@, ).
From the definition of ), we know that
0=E" [Gn e min QX ') — Qo u)’]—'n} (XU )= ()}
and thus
B[ Zn 41 (2, u)| F]
—E [Gn + e min Qu(Xot, v) = Q(Xn, )

fn} (X0, Un)=(2.u)}
= e_”IE[mi/n Qn(Xn+, u’) — mi/n Q(Xn+, ’LLI) ’fn} 1{(X,,,,Un):(m,u)}~
Taking an absolute value, we have the bound

|E[Zns1 (2, w)| Fal| < 7" ma |Qu(z,u') = Q(z,u)| = e[Vl

We also know (using (a + b)? < 2a? + 2b?) that
(Znt1(z,u))?
< 2(Gn - Q(w,u) +e pQ(XnJmu )) +2e p(Qn(Xn+7u ) - Q(XnJmu )) )
where u* € arg min,, Q, (Xn+,u), and so
E[(Zn41 (2, u)?| Fa] < c(1+ [ Yal%)

for some ¢ > 0. Combining with our previous bound, we get the desired growth
bound on the variance. As e”” < 1, applying Lemma we conclude that
IYalloo — O a.s., as desired. O
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When choosing u,, we naturally want to focus our attention on policies
which are likely to be optimal, but the Robbins—Monro condition shows that we
need to try all state-policy pairs infinitely often (as well as tuning the learning
rate accordingly). This trade-off is related to exploration-vs-exploitation (but
this usually refers to trying to optimize the values we realize while running an
online control method). In general the Q-learning algorithm is off-policy, in
that the policy we use to learn ) does not need to be an approximation of the
optimal policy.

We can also tweak the above algorithm to prevent us having to perfectly
compute the minimum in the Q-learning iteration (which is important for large
action spaces), provided we are eventually sufficiently accurate.

Remark 5.1.4. What’s described above is classical Q-learning. In recent years,
there have been major advances in this space, mainly through using deep neu-
ral networks (or similar tools) as function approximators for the @ function.
The basic @ learning iteration can then be rewritten as an iterative regres-
sion/function approximation problem, and hence an approximate method can
be implemented.

Adding this approximation error makes the analysis significantly more com-
plicated (but it’s not too bad in this setting of finitely many states and actions),
and is an active area of research. In infinite states, one of the key problems boils
down to the choice of metric — we have used the || - || metric extensively above,
but it is not so easy to prove approximation results in L°° on infinite spaces,
where our usual approximation theory is in L' or L2.

Remark 5.1.5. Particularly in offline settings, where we use @-learning to cal-
culate controls based on a fixed dataset, there is a concern that arises due to
some state-action pairs not being frequently observed in training data: If there
are statistical errors resulting in an overly optimistic estimate of the @ func-
tion, then the learned policy will tend to encourage these actions, resulting in
poor out-of-sample performance. This leads to modifications of the @-learning
algorithm which try and penalize the value associated with states with high
uncertainty, such as conservative Q-learning [34]. This closely links with ideas
in robust and risk-averse control theory (see, for example, [26, 21]).

5.1A SARSA and Actor—Critic methods

A mild variation of the previous arguments can also be used to study the cost
associated with a specific randomized control rule = : X — P(U) (when U
is finite, more on this later). This is commonly known as SARSA (as the
iteration depends on Si, A¢, Ry, St4, Ar4, with the notation S for the state, A
for the action, and R for the reward). In our notation, S, A¢, Ry, Si4, Arq reads
X, Us, G, X1, Uy, and the (optimized) Q-learning iteration is replaced by the
SARSA iteration

QZ.H(JU, U,) = QZ('Tv 'U') + oy |Gy + einZ(Xn—f—; Un-i—) - QZ(%, u) 1{X,,L:w,U,,L:u}

where X,,, U, are sampled arbitrarily, X, ~ p(+; Xp,,Uy) and U,y ~ 7( Xy ).
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It is then straightforward to use the same logic as we used for Q-learning to
show (provided all state-action pairs are visited infinitely often, and the learning
rate « satisfies the Robbins—-Monro-type condition) that QT converges to the
function

Q™ (z,u) = E[Z e "' G(Xy, Xig1, Up) | Xo = 2, Uy = u, and (5.1)

t=0

for t > 0,Up1 ~ m(Xiq1), Xep1 ~ p(+ X, Ut)]

=E |:G(Xt, Xt+17 Ut) + €_pJ(Xt+17 7T) XO =T, UQ = u, and

for t > 0, Upy1 ~ 71(Xpg1), Xeg1 ~ p(-; Xe, Ut)]~
(5.2)

From this, we see that the cost function J(x,7) = E[Q™ (z,u)|u ~ 7).
This iteration can be used as the basis for policy iteration methods, by
observing that a policy improvement step is given by

() ;= argmin Q7 (x, u) ,
u
which does not involve computing any additional expected values. In particular,
we can define an “actor—critic” method, where we have two approximations
involving in tandem:

(i) a ‘critic’, who seeks to evaluate the current policy , that is, who computes
Qm;

(ii) an ‘actor’, who seeks to choose an optimal policy 7 given the current
evaluation @™, that is, who computes 7(ulz) ~ argmin, Q™ (z,u), for

exp(=nQ™™ (z,u))

u €xp(—nQ™n (z,u’)’

example by taking 7,41 (ulz) = > for some n > 0.

By choosing how frequently to update the actor and critic, and how to choose
7, we obtain a method that corresponds to variations of policy iteration, but
now based on our noisy observations.

5.1B TD learning

Particularly given the comparison with policy iteration, it’s worth considering
whether there are methods which have better convergence properties than the
simple SARSA iteration. The SARSA update can be viewed as a temporal-
difference (TD) method, in which one observes a one-step target and nudges
our current estimate of the Q™ function towards it. Define the TD error by

671 = Gn + e—p Bn(Qn7Xn+) - Qn(Xna Un)a (53)
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where B,,(Qn; X, ) is a quantity built from @,, at the next state X,,+. Then
most TD rules can be written in the generic form

Qni1(z,u) = Qu(x,u) + an 0n 1{(x,,U,)=(.u)}- (5.4)

The difference between algorithms is the choice of the bootstrap B, and how
the samples (X,,, Up, Gpn, Xnt, Uns) are generated.
The following is a far-from-exhaustive list of variants:

(a) On-policy SARSA to learn Q™: we use 7 to generate U, ~ w(- | X,,) and
Unt ~7(- | Xpq), then B, becomes

Bn(QZvXn+) = Qz(XnJrvUnJr) (55)

(b) Expected SARSA: to reduce variance we may replace the sampled next
action by its conditional expectation, that is,

Bn(Qn; Xny) := Z W(ul | Xn+)Qn(Xn+7ul)~ (5.6)

u' €U

(¢) m-step TD: Suppose we have a trajectory of observations, with associated
controls. A classical extension of SARSA is to consider m-step TD (instead
of just one-step). This corresponds to using the discounted costs over the
future m steps when updating the value associated to the initial state. This
allows us to average out the randomness of costs, and the discount term
reduces our dependence on the (noisy) prior approximation of the @ function
in our iteration. Using the truncated return

m—1
GIM =" e M Gy (5.7)
k=0

Then one replaces (5.3]) by

67(17”) = Gglm) + e Pm Br(Lm) (Qn+ma X(n+m,)+) - Qn (Xn’ Un)7 (58)

where Bflm) is chosen as in SARSA or expected SARSA, and updates are as

in (5.4) with 6™ .

(d) TD(A): When we use m-step TD, we observe costs over multiple steps
and use them only to update the @) function at the initial value for each
block of m steps. This seems inefficient, as we also have information about
the interim states that were observed. An alternative is to update the @
function in all states, depending on how recently each state has been seen
in the data.

The key idea is to maintain a trace e, (x,u) with recursion

en(az, u) =e P\ en_l(x,u) + 1{(XmUn):(:1:,u)}a A€ [0, 1], (5.9)

[SC]3:add references for these
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and update all state-action pairs as

Qni1(z,u) = Qn(z,u) + ay o, en(z, u), (5.10)

where ¢, is the one-step TD error for the chosen bootstrap. This method
is known as TD()).

The appeal here is that e(z, u) keeps track of the states and actions that have
recently contributed to the current nudge, where “recently” is modulated
by the value of the parameter A\. The smaller the value of A\, the more we
ignore the trajectory. In the limit when A = 0 we recover SARSA.

5.2 Policy gradients

A common variation of policy iteration is to replace the optimization of the
policy with a gradient-based method. This is a major area, and we won’t seek
to prove any convergence results (as they depend on a wide range of results
from optimization theory and probability), but will give an introduction to the
core method. We will assume that we have a finite action space, and work with
randomized policies (which will allow us to differentiate easily).

Let Uy be a set of finitely many actions. We suppose that we have an agent
who is using a randomized policy mg : X — P(Uy) = U, parametrized by 6. We
write mg(u|z) for the probability of taking action u when in state z. A classic
example (sometimes called ‘logits in tabular form’), inspired by the entropy-
regularized controls in Section is to take m(ulz) oc @) which is valid
for all § € RI“IXI¥l More precisely, for each u € U and z € X (both finite
sets), there is a real number associated with the (u,z) pair which we denote

O(u,x) € R and let
ea(u,z)

(5.11)

It follows that

log m(ulz) = exp (6(u, z)) — log (Zexp (H(u’,x))) ,

and the partial with respect to 6(z,u) is

g(u.a:)
Ot 108 1w 2') = [Lumry = 5=y | L=y

which simplifies our calculations below. If we use this formulation for an
entropy-regularized problem, then we know that

0 (u, z) = 7(‘90(]},’11) +e? Zp(x’; z, u)v(z'))

represents the true optimal policy, so an interior solution (with finite ) is op-
timal.
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We are aiming to minimize the cost J(mg) = E[J(Xo,ms)] (averaged with
respect to a distribution over Xy, which has no real impact, as the optimal
strategy will minimize J(z,my) for all x, by dynamic programming), using a
gradient method. The idea is to calculate the gradient VyJ|g, , and then use
the gradient descent iteration 6,11 = 0, — @, XVaJlg,, where v, is the step
size or learning rate, and ¥ is a (positive definite) preconditioning matrix. The
challenge is to estimate VyJ|g, efficiently, based on samples of the controlled
system.

In order to do this, we make a few observations. First, we abuse our previous
notation and write g(x¢, x141,u:) for the expected value of G(X;, X¢11, Up) given
Xy = xy, Xyy1 = 2441, and Uy = uy. If we use the randomized control 7y, then

the probability of a sequence {xq,ug, ..., 2T, ur, 41} is given by
T

IEJ’<Xt+1 =T41, Uy =ug fort =0,... ,T’Xo = Io) = Hp(mt+1§xt7ut)7r0(ut|xt)'
t=0

In particular, we can write
J(Io,ﬂ'@) = ZE{G_F)TGT‘XQ = xq9,U; ~ W@(Xt):|
T

T

:Z Z [Hp($t+15xta“t)WG(Ut\mt)e_pTg(l”T,CUT+1,UT)}-
T {mt,utki<r =0

(5.12)
This leads us to the following result.

Theorem 5.2.1 (Policy Gradient Theorem). The gradient of J with respect to
0 is

Vo (20, 70) = ZE[e’pT< 3 Vo logm)(Us\Xs))GT‘Xo —2,U, ~ m;(Xt)]
T s<T
Proof. First, use (5.12)) to obtain

T
Vod(zo,m9) = Z Z VO[Hp(xtJrl;xtaUt)”&(utmt)e_pTg(fCTa$T+1>UT)}~

T {zi,uthe<t t=0
Next, we have that for any positive function f;,

Vo fi(0)
f:(0)

Vo (£:(0)) = = £1(6)Volog £:(0)

and hence, by the product rule,

Vo(T1£®) = (T1 £®) (3 Volog £.(0))
= > ((TI #®) Volog £.(6) ).

s<T = t<T
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Therefore, using this result together with

Vi log (P(ft-s-l; T, Ut)ﬂe(ut\iﬂt)eipTg(xT, TT+1, UT)) = Vylog 7r(9(Ut|33t) )

we obtain
T
V@J 1‘0,71'0 Z Z Z |:(Hp($t+1;xt,ut)7r‘9(ut‘xt))><
T {zt’ut}tST s<T t=0
(VG log o (Us |5U5)) eprg(xT’ TT+1, ’U,T):|

Z {e pT(Vglogﬁg(U | X5 )GT‘XO =z, U; NWQ(Xt)}
<T

[ ( Z Vo log 779(U5|Xs)> GT‘XO =a2,U; ~ 7T9(Xt)j|.
s<T

bR
5"

O

This is sometimes called the ‘fundamental lemma of policy gradients’ because
it allows us to estimate the gradient of J using simulations of trajectories, by
multiplying our observed costs with the gradients of the log probabilities of
actions, and taking a weighted average.

We can also rearrange our expression by changing the order of summation
(between s and T'), to give the representations (with all expectations conditional
on Ut ~ W@(Xt))

Vo (w0, m0) = > > e "TE[GrVylogmo(Us; X.)
T<oo s<T

3 E[( 3 e*PTGT)vg log 6 (Us | X ]
T>s

E[E [ Z e_pTGT\XS = xs] Vologmg(Us; X5s)
s<o0 T>s
= E[efps]E{Zefp(Tfs)GﬂXs ::175} X

s< o0 T>s

I
%

:m}

Ve log 7T9(US; XS)

- Y E [e P3 J(X,, )V log mo(Us; X)

s< o0

}

Particularly when G is deterministic given X;, U;, this expression is useful for
analysis, as it expresses the gradient in terms of the discounted occupation
density under the stated control.

Given these expressions, we now have a fairly simple recipe for a policy
gradient method:
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(i) Simulate long trajectories {Xj7Uj,Gj}j:1 _____ ~ of the controlled system
using the control my, with a variety of starting points xg.

(ii) Estimate the corresponding average gradients through

—

N
V(;J 0, — %ZZBiPTG%(ZVQ IOng'g(Ug;XgNg:gn).

j=1 T s<T

—

(iii) Increment € using the step 6,11 = 6, — a, XV J|g,

If all goes well, then this should (at least with high probability), lead to an
improvement in the values associated with the policy, and ultimately to conver-
gence to an optimal policy (when our parameterization is rich enough). We can
also simulate finite length paths, and replace the value after that point with an
estimate of e T J (27, mg), which corresponds to a version of value iteration.

5.2A Convergence of policy gradients

The details under which the policy gradient method converges to the optimal
solution can be somewhat subtle, see for example Bhandari and Russo [9] for
recent results in this area. Here, we follow [I] to give a positive convergence
result in a specific case, when we use the ‘natural policy gradient’, corresponding
to a specific choice of preconditioning in our iteration.

Let mg : X — P(Up), with U = P(Up), be a policy parametrized as in .
For notational simplicity, let J™ : X — R be defined by

J*(2) = J(x,7) = E {Z e P G(Xy, Xoi1,Uy) | Xo = 2, and
t=0
for t > 0,U; ~ m(Xy), Xpe1 ~ p(+; X, Uy)
and Q™ (z,u) as in (5.1)). If instead of z we evaluate J™ at an initial state
distribution = € P(X), we let
J™(Z) 1= Epez]J™(2)] . (5.13)
The advantage function A™ : X x Uy — R is defined as
A™(z,u) = QT (x,u) — J™(x).
Finally, for zop € X and m € U, we let d  be the discounted state occupation

distribution, defined as

dy (z) =(1—e") Ze"’tP(Xt =z ‘ Xo = xg, and for r > 0,
t=0

Ur ~ 7T(X7‘)7 XT+1 ~ p(7 Xra U’I‘)) .
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Similar to (5.13)), for = € P(X), we let
dz(a') := Bpnz[di ()]

With this definition, and using Theorem [5.2.1] we have the following helpful
lemma, which shows that the gap between the values of two policies 7, T can be
written as an expectation of the 7-advantage, but evaluated along trajectories
generated by .

Lemma 5.2.2 (Performance difference lemma [31]). Let m,7 € U = P(Uy). We
have that for all xg € X

J™ (o) — I (w0) = ﬁErwd“ [Euwux) [Aﬁ(x,U)H )

0

with v :==e~* € (0,1).

Proof. Fix x¢p € X and two policies 7,7 € U. Consider a trajectory (X, Uy)i>o0
generated by 7 from Xy =z (i.e. Uy ~ w(X;) and Xy41 ~ p(+; Xy, Uy)). By the
definition of Q7 for every (z,u),

O (z,u) = E [G(Xo,Xl,UO) IR (XY) ‘Xo =z, Uy = u} , (5.14)

where the conditional law of X; is p(;z,u). Hence, conditioning on (X, Uy)
and using (5.14)),
E [A™(X,Up) | Xo,Ue] =B [Q7 (X, Uy) — J™(Xy) | Xo, Uy

= E [G(Xt, Xe41,Up) + 7™ (Xiy1) — J7(X4) | X0, U] -

Taking expectations and summing (with weights v* = e~**) we obtain

I
=
M8
\%-»
«Q
e
i
+
S
T
=l
M8

7t+1Jfr(Xt+1)} _ E[ivtjﬁ-(Xt)}
t=0

o~
Il
<
~
Il
=3

= (o) + B[ 34750 — (7o) + B[ 3445750
t=1

Therefore,
T (20) — J* (o) = E[ZytA%(Xt, Ut)}. (5.15)
t=0

Next, rewrite the right-hand side to obtain

E [ i NAT (X, Ut)} - i AE [Euw(m) [A7 (X, u)ﬂ .

t=0
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Using the definition of the discounted occupation measure dj , we have that for
any function f: X - R

o0

Y AE[f(X0)] =

t=0

1

m andg;o [f (z)].

Applying this with f(z) = Eywr(.|2)[AT (2, )] and combining with (5.15)) yields

T T 1 T
T (o) = I (20) = = Bena, {Ew(_m 4 (x,u)H
L 7
= —— Eau, {Euw(.m 4 (x,u)H,
which is the desired identity. O

Next, we focus on the natural policy gradient (NPG) algorithm. The key
distinction is that the gradient updates are modulated by the Fisher information
matrix induced by mg. More precisely, let

.
FE(G)_-Edeg{EuNﬂMuJQ[(V%]og(ﬂg@ﬂI)))(V@lOg(ﬂg@AID) ]}, (5.16)

and let the t-th update of parameters 6 be given by
90D = 90— e (00) v,V (Z), (5.17)

where the superscript T denotes the Moore-Penrose pseudoinverseﬂ In what
follows, we use ‘(t)’ in the superscript to denote that we are using the parameters
from the t-th iteration.

Lemma 5.2.3. For the softmaz policy (5.11)), the NPG update in (5.17)) becomes

P+ —pt) _ " 40
1—er ’
and
ﬂ(t+1)(u|x) B ﬂ-(t)(u|x) exp ( - nA(t)(x, u)/(l — eXp(—p))) (518
Zy(x) ’ .
with

Zi(x) = 3" 70 (ule) exp (A, u)/ (1 — exp(~p))).

IThis is essentially the inverse of the Fisher information matrix, but accounts for the fact
that in the softmax formulation, the parameters 6(u,z) + 1 (z) result in the same strategies
as O(u,z) (for any function ¢ : X — R), which results in the Fisher information matrix not
being invertible in these directions.
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Proof. Let t > 0; for notational simplicity let us write 7 = 70, J® = Jr
Gr = G(Xr, Xr11,Ur),, QV = Q™" AD(z,u) = Q¥ (z,u) — JV(z), and
d®(z) == dg(t) (z). For the softmax/logit parametrization ([5.11) we have that
for each coordinate (u’, 2’)

69(%1,) log o (u|x) = l{x:x’} (1{u:u’} — Ty (u’|x)) . (519)
Apply Theorem and take the 0(u’, z’)-coordinate. We obtain

a@(u’7:v’)‘](x077r9) (520)

T
’YT ( Z 60(u’,:v/) log W@(USXS)> Gr

s=0

E

Xo =zo, Uy ~ We(Xt)]

Me 10

T
ZE{’)/T Bg(u/,x/) 10g7T9(US|Xs) GT ’ XO = Xy, Ut [ad Wg(Xt)] .
0s=0

ﬂ
Il

(5.21)

Swap the order of summation (justified by discounting and the boundedness
assumptions) to obtain that Jg(y .+)J (w0, T9) becomes

SE

s=0

Ut ~ Wg(Xt)] . (522)

(D°97Gr) dour ey log o (U, 1X,)
T=s
Next, condition on (X, Us) and use the Markov property to see that

E[ZvTGT Xo=uw U= u] :’YSE[ZVstJrk
T=s k=0

=7" Q" (z,u),
where Q™ is the state—action value function as in (5.1). Plugging this into

(p-22) yields

83(,,@,)(](9[:0, 7'('9) = Z E {’ys Qﬂ—e (XS, US) a@(u’,x’) 10g 7T9(US|XS)} . (523)

s=0

X ==, Uszu}

Next, for each s, condition on X, and use (5.19)) to get
E[Q(X,,U,) Bagur ) l0g 0 (U | X,)
=L{x.=a} Ewre(-\m') [Q” (a, U)(l{u:u’} - m(u’|x’))}

=1(x, =2} To(u ( Q™ ( —J"(x ))
= 1yx, =y mo(u'[2) A7 (2 ) (5.25)

Xs} (5.24)
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In the second line we used Eyr,(.]»[Q™ (¢, u)] = J™(2'). Taking expecta-
tions in (|5.25)) and substituting into ([5.23)) gives

Do(ur 2y (20, mo) = mo(u'|2") A™ (2, ') Z'ys P(Xs =12 | Xo = o, 70).
s=0
(5.26)
Finally, using the definition of the discounted occupation distribution,
g (@) = (1—7) Z’YS P(Xs =" | Xo = 20, 79),
s=0
we rewrite (5.26)) as
1
89(u/7m/)(](1‘0, 7T9) = — d;rg (gg’) Wg(u’|x/) AT (gg/, u’), (527)

1—7

Next, fix a state z and let 7, € Rl denote the vector 7, (u) := 7y (ulx). We
observe that the coordinates associated with different states do not affect m,,
which simplifies our analysis a little. From (5.19), the score vector (restricted
to the coordinates 0(-, z)) is

Vo) logme(Ulz) = ey — 7,

where ey is the canonical basis vector for the sampled action U ~ 7, (that is,
ey has zero entries except for the U-th entry, which is a one). Therefore the
conditional Fisher block at x is the covariance matrix

Epr, [(ev = m)(ev —72)T| = Diag(m) ~mer] = C(m).  (5:28)

Since Fg(#) averages over x ~ dz’, the full Fisher matrix is block-diagonal
across states

Fe(0) =E, gz [C(mo(2) ], (F=(9)), 100 = 9" (2) Cmo(|2)). (5.29)

Moreover, C(7,) is always positive semidefinite; it has a one-dimensional null
space {c1l}.cr, corresponding to the previously observed fact that adding the
same constant to all logits at a fixed state does not change the softmax proba-
bilities.

Fix z and write C, := C(7)(:|z)) and g, := V(. ., J D (E). By

(4
0o = T @O ) © A0 ), (F=0) o = A1) Co

Hence, using (cM)' = LMT for ¢ > 0,

T ¢

1 1
tg, = . ct (ﬂ'(t)('|.’L‘) ® AW (z, ).

(=0 0I @), o = gy O = 1
(5.30)

[SC]4:fix from here
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We now use the identity

C(my) (1; ®a) =a whenever (m,a) := Zﬂm(u)a(u) =0. (5.31)

Here we simply pick a convenient representative of a by removing any irrelevant
additive constant: since adding a multiple of 1 does not affect the quantities of
interest, we may (and will) work with the centered version of a, characterized
by (m,,a) = 0. To verify , note that if (7., a) = 0, then

C(ry)a = (Diag(m,) — wzw;)a =Ty ©a — Ty (Mg, a) = Ty O a.

Thus «a is a solution to C(m,;)z = m, ® a, and all solutions are of the form
a + c¢1. The Moore-Penrose pseudoinverse selects the minimum-norm solution
in Range(C(7,)) = 11, which is precisely a (since a L 1 under the constraint
(my,a) = 0, and Pythagoras’ identity shows this achieves the minimum norm).
This proves .

Since advantages are centered, (7(® (-|z), A®) (x,-)) = 0, we may apply
to and obtain, for every (z,u),

(F=(0) V01 (E)) (1.) = 7= AV (..

Therefore, the natural-gradient step (for minimizing J) becomes

gD — gy F(9®) Ty, 7O (Z) = 9O — 1L AWM — ) _ - iy 1O}

— — e P
which is the first claimed identity.
By the softmax formula,
eXp(G(Hl) (u, ) exp(G(t)(u, x)) exp( - %A(t) (z, u))

7D () = =
(ule) >, exp(00F) (v, 7)) >, exp(0® (v, x)) exp( - ﬁA(t)(x, v))

exp( — ﬁA(t) (z, u))
70 (vf) exp (- 15 A0 @,0))

=7 (u|z)

Thus the update is a multiplicative-weights (exponentiated-gradient) step with
normalizer

Zy(x) == Zﬂ'(t) (v]x) exp( - %A(” (x,v)).

With the above, we have the following convergence result.
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Theorem 5.2.4 (Global convergence for NPG (c.f. Theorem 5.3 in [1])) Fiz
n >0 and Z € P(X). Let 6 =0, and for t > 0 let 0+Y) satisfy (5.17). For
all T > 0 we have that

log (o)) 1

vi(E) <viE) + =E on 7T

In particular, ifn > (1—exp(—p))? log(|Uo|), we see that NPG finds an e-optimal
policy in a number of iterations T bounded by

2
T< ——m8 .
T (1 —exp(=p))*e
Proof. First, we have that for x € A and using Jensen’s inequality,

u(24(2) = log (| 7 (ule) exp (= 14w, ) /(1 =) )
> 3770 (ule) logexp (0 A® (2,u)) /(1 7).
From here, we see that

log(Z:(z)) > —% Zﬂ(t) (u|z) AD (z,u) = 0.

This allows us to obtain an improvement lower bound for the gradient updates.
We proceed as follows. Rewrite (5.18)) as

— 7D (u|z) Zi(x
AW (z,u) = 1 ; i log( W(E)(luﬁaj ( )) (5.32)

Plugging (5.32) into the performance difference lemma (with 7 = 7#(*+1) and
7 =r®) yields

1
VEE) - VOE) = (7B, e | 2w (ule) A (2, )|

7D (u)z)
(t+1 A S Mt
deW““ {E u|x)10g = (ul) +loth(x)}

u

1
= —*E ~dz (D [KL t+1) QEIN W(t)( |x))} - BECE’Vdg(t+1) [log Zt(x)]

<_7]E:v dw(t+1) IOth ] < 0. (533)

In particular, V()(Z) is non-increasing in t. Moreover, since for any starting
distribution p we have the componentwise inequality d, > (1 — v)u (by the
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definition of discounted occupation measure), and since log Z;(x) > 0, it follows

that ((5.33)) implies

1 1
; —Epmp [log Zi(x )]

(I =9
1

ST-aF

where the last inequality is applied with Z = ;1 and then rearranged.

Let 7* be an optimal policy for the objective V7™(Z), and write d* := dZ
for its discounted state-occupation distribution. By the performance difference
lemma (with 7 = 7* and 7@ = 7(*)),

Emng(tH) [log Zt(x)}

(VO (p) = VI (), (5.34)

V(=) -v*(E) < ﬁ]}ixwd* [;w*(um A® (m)]. (5.35)

Using (5.32) inside (5.35)), we obtain

Tr(t+1)(u|x)Zt(x)}

1
VP(E)-V*(E) < nEde { Eu 7" (u|x) log  (u[2)

= 2By [KL (=" (o) [ 70 2) (5.36)
— KL(n* (o) [ 7D (|2)) + log Zt(m)] (5.37)

Average (5.37)) over t =0,1,...,7 — 1 to obtain

T-1
1 1
il M=) — V(= — (. 0)¢.
72 (VOE) V@) < p B KL (7" (2) [| 7O ) |
=
— > Epna-[log Zi(z)). (5.38)
t=0
Since V) (Z) is non-increasing in ¢, the left-hand side satisfies
11
72, (VOE-vE)2vDE - vE.

t=0

,_n

Hence, from (5.38)),
1 T—
VIOV () £ 7 B [KL(* () | 70 (1) |+ Z ema- 108 Z()].
t=0
(5.39)
With 09 = 0, the softmax policy is uniform: 7() (u|z) = 1/|Up| for all z,u.
Therefore, for every x,

KL (7" (|x) [ 7@ (-]2)) < log |thol,
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and so
By q- [KL(W*(-|$) [ W(O)(-u))} < log |Uo)- (5.40)
Apply (5.34) with p = d*:
1 1
= Epma-[log Zi(2)] < —— (VO (d*) — VEFD(@)).
n d[ t( )] (1_7)2( ( ) ( ))
Summing over t =0,...,T — 1 telescopes to
T-1
1 1 1
=Y Epg-[log Zi(z)] < —— (VO(d*) = VD (d*)) < ——, (5.41

where in the last step we use the standard bounded-cost normalization 0 <
G(-) < 1, which implies 0 < V7(-) < (1 — )" for all 7, hence V() (q*) —
V@) < (1)L,

Combining (5.39)), (5.40)), and (5.41)) yields

S 10g |Z/[(]‘ + 1

vI(2) - v*(E) .

This proves the stated bound. Lastly, if n > (1 —~)?log [Uo|, then

< log |Uo| n 1 1 1 2

(M= _V* (= =
A e (e M T A (e

Thus, to ensure V(T)(Z) — V*(E) < ¢, it suffices that

> 2
= W—y)e

N

O

There are many variations of this basic approach that are used in practice,
by varying the exact calculation which is done in order to reduce variance,
adjusting the step size dynamically, etc...

5.3 Exercises

Exercise 5.3.1. Prove that the SARSA iteration in Section converges.

Exercise 5.3.2 (Convergence of entropy-regularized Q-learning). Let X and U
be finite state and action spaces, and let -y € (0,1) be the discount factor. Fix a
reqularization parameter A > 0.

Define the entropy-regularized Bellman operator Ty by

(ThQ)(w,u) = gla,u) +5 > plale, u) (= Aog e~ I,

which acts on functions @ : X xU — R.
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(i) Show that the soft Bellman operator Ty is a y-contraction in the sup-norm:

IT2Q = TaQlloo < YR = Qlloo-

Hint: Prove that the function

F(q) = f)\logz e~ aW)/A

is 1-Lipschitz in || - ||oo-
(i) Deduce from part (i) that there exists a unique fived point Q> satisfying
Q/\ = 7&@)\)

and that the value iteration sequence Qpi1 = TaQr converges to Q* for
any initial Qq.

(i4i) Consider the stochastic update
Qni1(,u) = Qn(, u) + an [Gn—w( —Mog > e‘Q“(X"*’“/)/’\)
u/

= Qul@, W)L, 0=

Reuwrite the iteration in the form

Qnt1 = Qn + an (TAQn —Qn + €n+1)7

where {e,11} is a martingale-difference noise sequence. Explicitly identify
the noise term.

(iv) Let Y, = Q, — Q*. Show that
E[Yn-l—l | fn} == Yn + O‘n(ﬁQn - 7;\Q)\ - Yn)
Using the contraction property from part (i), prove

[E[Yot1 | Fallloo < (1= an(l = 9)[[Ynllco-

(v) Assume that every state—action pair is visited infinitely often, the learning
rates satisfy the Robbins—Monro conditions,

Zan(m,u) = 00, Zan(x,u)Q < 00,
n n

and the one-step costs have bounded second moment. Verify that the as-
sumptions of Lemma|5.1.5 are satisfied and conclude that

Q, — Q" almost surely.
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Exercise 5.3.3 (Actor-Critic with SARSA for a controlled random walk on
the torus). Consider a controlled random walk on the two-dimensional discrete
torus

Ty :={0,1,...,N —1}?,

with periodic boundary conditions (all arithmetic is modulo N). Each state is
of the form x = (i,7) € Tn. The action space is

U = {up, down, left, right }.
As for the dynamics, if Xy = (i,7) and the action is Uy, the next state is
X1 =X +e(Upy) +&  mod N,

where e(Uy) is the unit vector corresponding to the chosen direction, and & is
a random noise taking values in {(0,0), (1,0),(—1,0),(0,1),(0,—1)} with small
probability € > 0 of moving in each direction (and probability 1 — 4e of staying
put).

The costs are as follows. Fix a target state x* € Ty. The running cost is

9(Xe) = || Xe — 273,

where the distance is computed using the minimal periodic distance on the torus.

The objective is to minimize the discounted cost

Z’Yth
t=0

We consider a tabular actor—critic algorithm in which the critic estimates
Q7 (z,u) using SARSA, and the actor uses a softmaz policy

exp(—0(z,u))
> veu exp(—0(z,v))
Consider the following algorithm. At time t:
1. a) Sample Uy ~ mo(-| X+),
b) Sample & as described, and compute Xi11 = X¢ + e(Uy) + &

J(m) =E" , v €(0,1).

mo(ulz) =

¢) Sample Upp1 ~ mo(+|Xe41)-
d) Compute Gy = g(X3).

2. Compute TD error §; = g(Xi) + vQ(Xi41, Urr1) — Q(X¢, Uy).

3. Update the critic:
Q(Xy, Up) « Q(X¢,Uy) + aydy.

4. Update the actor:

0(z,u) < O0(x,u) =m0 Lipex,y (Ljuzu,y — mo(u|Xy)).
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Your task is to analyse the behaviour of this algorithm.

(i) Show that the actor update corresponds to a stochastic gradient descent step
for minimizing J(mg) using the policy-gradient identity with the SARSA
estimate of the advantage

Aﬂ(Xt, Ut) ~ 5t~

(i) Implement the above algorithm for N = 10, v = 0.95, and a small noise
level € = 0.05.

(#ii) Initialize @ =0 and 6 = 0. Run the algorithm for a sufficiently long hori-
zon (e.g. 105 steps). Plot the average discounted cost over time, the policy
7o (-|x) at selected states, and the value function V(x) = 7o (ul|r)Q(x,u).

(iv) Compare the learned policy to the intuitive optimal policy (which moves
toward x* along shortest periodic paths). FEzplain qualitatively how the
noise level € influences the learned policy.

(v) Experiment with different learning rates oy and 1, and discuss:

a. What happens if the actor learns much faster than the critic?

b. What happens if the critic learns much faster than the actor?

(vi) Modify the critic to use TD(\) with eligibility traces and compare learning
speed and stability.

Exercise 5.3.4 (Policy gradient in the multi-armed bandit problem). Consider
the special case of a reinforcement learning problem where there is a single state
z € X (so Xy =x for allt) and a finite action set Uy = {1,...,m}. Given that
the state is always the same, there is no added value in modulating the strategies
by ©. The problem is that we do not know, initially, the payoff value from each
possible action.

This is effectively the “multi-armed bandit pmblem’ﬂ. The (discounted) cost
is -

J(mg) :=E™ [Ze"’tg(Ut)}, p >0,

t=0

where g(u) € R is deterministic and, under mg, the actions {U;}1>¢ are inde-
pendent with law 7 (+). Assume a tabular softmaz parameterisation

691L
7T9(u>: m ) 01,...,0m €R.
k=1€"

2In the setting considered here, it turns out that there is an almost-closed-form Bayesian
optimal strategy for this problem, given by Gittins [22]. For an extensive study of related
problems, see also the textbook by Lattimore and Szepesvari [35].
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(i) Show that J(my) can be written in the form

> m(w)glu).

u=1

J(mg) =

(ii) Prove that for each v € {1,...,m},

0o, (m0) = T—=;

) (900) = > o).

(In particular, the gradient is proportional to a baseline-subtracted cost.)

(#ii) Show that the same gradient can be written as

1

VQJ(TFQ) = 1_er

E%~" |g(Ub) Vo log ma(U)|.

and explain why subtracting a constant baseline b € R from g(Uy) inside
the expectation does not change the value of the gradient.

Exercise 5.3.5 (Q-learning as a stochastic gradient method). Consider a finite
Markov decision process with discount factor v = e ? € (0,1) and running costs
g(z,u). The objective is to minimize the discounted cost.
Let Qg(z,u) be a parameterized action—value function with parameter vector
6 € R™. Define the Bellman residual at a sample transition (X, Uz, G¢y Xeq1)
by
0:(0) =Gy + ’YH}LiIH Qo(Xtt1,u") — Qo(Xy, Up).

Consider an algorithm which seeks to minimize the loss function

L£9) = 5 (6:(9))”.

DO =

(i) Show that the gradient of the loss is

Vo L(0) = 6:(6) Voo (0).

(i) Compute Vd.(0). Show that, ignoring the derivative of the min operator
i.e. treating the greedy action at Xyy1 as fized), we obtain
.. treating the greedy action at Xy d btai

V95t(9) = —VGQB(Xt, Ut)~

(#ii) Deduce that a single gradient descent step 0i11 = 0 — nVoL(0:) can be
written as the iteration

Ori1 =0 +16:(0) VoQo(Xt, Uy).
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(iv) Assume now the tabular parameterization

Qo(z,u) = 0(x,u).

Show that
Vo, . Qo(Xt, Ut) = L{(au)=(x,,01)}-

Hence conclude that, with Qp, =: Q+ the stochastic gradient step reduces
to the Q-learning update

Qir1(7,u) = Q(x,u)+n [GH‘W’ nii/nQ(XtH, U/)—Q(% U)} L(@w)=(x:,U0)}

Exercise 5.3.6 (Comparison of Q-learning, TD(1) and TD(})). Consider a
finite Markov decision process with state space

X=1{1,23}, U={ab},

and discount factor v = 0.9. The transitions and costs are deterministic and
given as follows. From state 1:

p(2a 1,(1) :P(?’a 17b) = 1a 9(170‘) = 07 g(lab) =1L
From state 2:
p(1;2,a) = p(3;2,0) =1,  g¢(2,a) =05,  g(2,b) =0.

State 3 is absorbing (p(3;3,-) = 1) and g(3,u) = 0 for both actions. We observe
the following short trajectory (generated by some behaviour policy):

(Xo=1,Uy=a, Go=0), (X1=2,U; =b, G; =0), Xo=3.
Assume a tabular parameterization with initial estimate
Qo(z,u) =05 for all (x,u),
and constant learning rate oo = 0.1.

(i) Q-learning: Write the classical Q-learning update
Qn+1(z,u) = Qn(z,u)+a|Gpty Hii/nQn(Xn+7U')—Qn(x,U)}1{<XH,U">:<w,u>}-

Compute explicitly the updates at times n = 0 and n = 1, and determine
the resulting values of

Q(l,a) and Q(2,b)

after processing the trajectory.
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(i) TD(1) (Monte—Carlo):For each visited state-action pair, compute the full

(iii)

(i)

(v)

discounted return

Ry, =Gy +1Gpi1 + 7 Gz + -+,
and perform the update

Q(z,u) + Q(z,u) + (R, — Q(z,u))

at the corresponding time step.
Compute the updated values of Q(1,a) and Q(2,b).

TD(%) with eligibility traces: Let A\ = % and define the eligibility traces
en(z,u) = yAen_1(z,u) + 1ix, U, )=(z.u)}> e_1 =0,
and the one-step TD error
0n = Gn +7Qn(Xnt, Uny) — Qn(Xn, Up).

The update s
Qn+1(xa u) - Qn(xa u) +ad, en(xv u)

Compute explicitly the traces ey, e; and the corresponding updates to

Q(1,a) and Q(2,b).

Compare the numerical updates obtained in parts (i)-(iii). Which method
produces the largest and smallest changes in Q(1,a)?

Repeat the calculations assuming instead that
Qo(l,a) =2, Qo(x,u) = 0.5 otherwise.

Discuss qualitatively how optimistic initialization interacts differently with
Q-learning and TD(\) in this example.
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Chapter 6

Continuous-time
Deterministic Control

We will now leave behind the discrete time-space theory that we have been
considering, and move into a continuous time setting. In this chapter we will
focus on understanding deterministic problems — these have some significant
differences to stochastic problems, which we will consider in Chapter

We will not focus on numerical methods for these problems. In practice,
many of the equations we consider can be seen as ‘standard’ PDEs (for which
numerical methods are well-known), or can be approximated by discretization
(or function approximation), and hence the RL methods we have just seen can
be applied. In fact, discretization of the state space is just a finite-difference
approximation scheme for the PDE, so this gives a very close connection between
our continuous problems and their discretized versions.

6.1 Notation and problem formulation

We suppose we have a state process[X] taking values in X C R", which satisfies
a controlled explicit inhomogeneous first-order ODE:

U

X = S XE ), (61)

dt

with initial condition X{ = x¢, where Uy is a control process to be determined,

taking values in a topological spaceE] U,and f: T x X xU — R"™. We consider

this equation over the time domain T = [0, 7] (with 7' < o0) or T = [0, 00). We

do not need to make the assumption that I is compact (but correspondingly

won’t show that optimizers will always exist).
Of course, as we allow multiple dimensions, the fact that our ODE is first-
order is not a particular restriction as we can embed more derivatives in more

IThis is needed only so that we can talk about Borel measurability (which requires a
notion of an open set). Even this can be relaxed, by just using a measurable space.

123
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dimensions in X; in this sense, requiring our equation to be first-order is analo-
gous to requiring X to be a Markov process, as we want (X3, U;) to determine
the value of X;., without needing further information (such as the derivatives
of X at t).

We have an agent who chooses the control U within some class of admissible
controls, which needs to be defined in such a way that the state dynamics
admit a nice solution. In particular, we usually need the solution to be unique
(otherwise we would again need more information in order to solve for X), and
sufficiently smooth that we can make sense of the equation above.

Example 6.1.1. Consider the problem of minimizing the value of fol | XY |dt,
given controls in the set U = {1, -1}, and the one-dimensional dynamics X, =
Uy. If we require our state dynamics to have a C*-smooth solution, there are no
non-trivial admissible controls! Furthermore, even if we don’t want smoothness,
the intuitively optimal control Uy = —sign(Xy) behaves really weirdly when X; =
0, suggesting that we need to be cautious.

Because of this and similar examples, and because we don’t want to put
unnecessary restrictions on U, but want to guarantee our equations are mean-
ingful, we often assume that needs only hold in a weak sense, that is, XY
should satisfy (for all ¢ € T)

t—x0—|—/st Us)

To allow us to work with our problem more dynamically, we define the more
general state process, started at time ¢ in state x:

t/
x5V = 33+/t f(s, X2V U )ds. (6.2)

The next ingredient we need in our problem is the cost, which we assume is
of the form

T
J(U):/0 e Pg(s, XY U,)ds + e PTo(XY) (6.3)

where T = oo if T = [0,00), in which case we assume p > 0. We assume
®: X —-Rand g:Tx X xU — R, and that g is Borel measurable.
As before, we define the rescaled cost-to-go for a control U as

T
J(t,:v,U):/t e P g(s, X4V U)ds + e PT 0o (X LY.

Definition 6.1.2. For our deterministic problem, we say a control U : T — U
is open-loopadmissible, and write U € U, if U is measurable and admits a
unique solution X4®UV | taking values in X, for all (t,z) € T x X.

We will similarly say that o feedback control u : T x X — U is closed-
loop admissible, if u is Borel measurable (in both arguments) and the natural



6.1. NOTATION AND PROBLEM FORMULATION 125
extension of (6.2), that is,

t/
Xv=u +/ f(S,XS,u(S,Xs))dS,
t

admits a unique solution X% for all (t,z).

We observe that these definitions are consistent, as if u is an admissible
closed-loop control, then Uy = u(s, X1®%) defines an admissible open-loop con-
trol. For brevity, we will simply say ‘admissible’ for open-loop admissible con-
trols, unless this leads to confusion.

Remark 6.1.3. This is a fairly vague definition of admissibility. In many prob-
lems we will know that f(s,z,u) is (locally) Lipschitz continuous with respect
to z, uniformly with respect to (s,u), is continuous with respect to (s,u). To-
gether with some integrability assumptions, this is enough to guarantee XU is
well-defined for any (Lebesgue) measurable U.

To avoid trivial cases, we assume that there exists at least one admissible
control U with J(U) < co. Furthermore, to avoid problems where the cost
can be made infinitely negative, we assume that there is an integrable function
g« : T — R such that g(¢,z,u) > g.(t) and ®(x) > g.(T), for all z,u, so we
have the lower bounds J(t,z,U) > ftT g«(s)ds + ¢g+(T) > —o0.

Lemma 6.1.4. With the above definitions, we have the following results:

(i) the set of admissible controls is closed under pasting, that is, given two
admissible controls U, U’ the control defined by Ul = Uslg<y + Ullgsy is
also admissible;

(ii) for any admissible control, X and J satisfy the flow properties, for t <
tl S t”,

t/l b U
t,x,U t,x,U R tX ;00U
X =X;"" + (5, XL"V Ug)ds = X, ¢ ,

£
t

t/
‘](ta Z, U) = / eip(57t)g(sa X.?z’Ua Us)ds + eip(tlit)‘](tlv nyt;x,Uv U)7
t

(#ii) the cost-to-go does not depend on past actions, that is
J(t,z,U) = J(t, 2, {1s< U} + 155:Us }s0)
for all admissible U’.

Proof. The uniqueness of X»®U guarantees that X*»®U satisfies the flow prop-
erty. By direct calculation, it follows that we have the flow property for J.
Using these flow properties, the admissibility of the pasted control is almost
immediate. O
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6.2 Dynamic programming and the Hamilton—
Jacobi equation

As we have seen in discrete time, a key to understanding these problems is the

dynamic programming principle. Given the flow properties we have obtained,

and the fact that the space of admissible controls is closed under pasting, it is
not too difficult to obtain a result in this direction.

Theorem 6.2.1 (Dynamic programming). The value function

v(t,x) = [i]rgUJ(t,x, U)

satisfies the dynamic programming equation

t/
o(t,2) = in { / e 0g(s, X0V, Uy)ds + e 0u(t!, X1Y) |
t

Proof. Fix t,x. We clearly see that for all U € U,
t ,

v(t,z) < J(t,z,U) = / efp(sft)g(s,Xﬁ’x’U, Us)ds + e Pl 7t)J(t’, Xtt,’z’U, U).
t

Fix € > 0, and write

Then there exists U € U such that
o(t,z) < J(t,2,U) <wo(t,z) +e

Therefore
t/
— S— T _ I El 7U
U(t,x)+€2/ e P g(s, XE2U U )ds 4 e P D, xmv )
¢
t ,
> [ g X U s D, X ) 2 00,2,
t

As € is arbitrary, we conclude v > 0.
For the converse inequality, choose a U € U (which may depend on the fixed
values t,x) such that

t/
/ e (s, Xpr U)ds + e 0u(t, XpY) <ot a) + e,
t

and use this to fix the value of Xf,’w’U. As before, there exists U’ € U such that

J, X5V U <o, XYY + e
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and by pasting, we build a control U= 1s<pU + 145,U’ such that XHoU =
Xt2U for all s <t and J(t’,Xf,’w’U, U) = J(t',Xtt,’%’U7 U’"). Therefore

t/
J(t,z,U) = /t e_p(s_t)g(&Xﬁ’””’U,Us)ds + e_”(t/_t)J(t’,Xf,’I’U, U’

t/
—o(s— —p(t — sz, U
g/ e P g(s, X0V U )ds + e PE D (u(t', X57Y) + €)
t
< o(t,x) + (1 + 67’)@/%))6.

This implies that

(t,x) < J(ta,U) < o(ta) + (1+ e 0)e
v S 0] O

and therefore, as € is arbitrary, we conclude

Remark 6.2.2. This definition of the value function guarantees very little reg-
ularity — as it involves an uncountable infimum, it’s not even clear that v is
measurable (but it usually will bel!).

Now that we have a dynamic programming equation, the natural thing to
do is to try and convert this into a differential form (i.e. a PDE for v), by taking
t" — t. The challenge, as we have seen in our example above, is that when we
do this, we might run into some serious problems in defining the state variable
— just because we have a sequence of admissible strategies with convergent costs
does not mean that we can take the limit when defining the state variable.

For this reason, we begin by giving a rather heuristic derivation of the PDE,
and then argue that this is the right equation provided the PDE admits suffi-
ciently smooth solutions.

If we assume v is smooth, then we can do a Taylor expansion and write

o(t', X550
=v(t,z) + (Qu(t,2))(t' —t) + (Vo(t,z), X"V —z)
+o(|X5"Y —al+ [t —t))
=v(t,z) + (Ot z)) (' —t) + (Vo(t,z), f(t,z,U)) (' —t) +o(t' —t).
We can then rearrange our dynamic programming equation to read

t/
0=t { / e/ g(s, Xo™V Uy)ds + =700 Qg t,2)) (' — 1)

+ (e D Doty x) + e P (ot 2), f(t 2, U)YE —t) + ot — t)}.

As this should hold on every interval [¢,¢'], dividing through by ¢’ —¢ and taking
a limit, we obtain

0 = o(t,) = po(t,2) + inf {g(s,w,u) +(Volt,), f(t, z,u)>}. (6.4)
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(Note that U has become U, as only the initial value v = U, is relevant.)
Recalling that X C R", and defining the Hamiltonian to be

H:TxXxR"—=R; (t,x,q) — iIelzf/‘{ {g(t,x,u) + <q,f(t,x,u)>}
we can express this PDE in the standard form
—Ow = —pv+ H(t,x, VU).

This equation is a form of the classical Hamilton—Jacobi equation in physicsﬂ
The boundary condition for the PDE varies somewhat — if we have a fixed
terminal time 7', then we know v(T,-) = ®(+). If our problem is on an infinite
horizon and g is bounded, then these get replaced with the growth condition
[v] < ||glleo/p (and it often turns out that this is enough to determine a unique
solution to the PDE on [0,00) x X). Similarly if our system stops when x hits
some boundary values x € A, then we have v(-,z) = ®(x) for all z € A},
together with boundedness of v.

Remark 6.2.3. There are slightly different conventions regarding what is called
the ‘Hamiltonian’. In some literature, the Hamiltonian is defined to be

H(t,z,p,u) = g(t,,u) + (p, f(t,z,u)) (6.5)
whereas here we will usually say that the Hamiltonian is the optimized version

H(t = inf H(t
(wm)i& (t,z,p,u)

and refer to H as the unoptimized Hamiltonian when we need clarity.

Remark 6.2.4. Tt’s helpful to point out that the (unoptimized) Hamiltonian
ff(~, -, Vu,u) is, in some sense, playing a role similar to what the advantage
function A(t,z,u) = Q(t,z,u) — v(t,x), where @ is the time-dependent @ func-
tion, played in discrete time. To see this, compare the Bellman iteration (for
discrete deterministic systems, with p = 0) written in the form

—(U(t +1,z)— v(t,m)) = 151611111 { g(t,z,u) +o(t+ 1, f(t,z,u)) —v(t+ 1,x) }
Q(t,x,u)

A(t,x,u)

with the Hamilton—-Jacobi equation

-0 = ulrgl{{ { g(t, z,u) + <Vv, f(t, a:,u)> }

I:I(t,x,VU,u)

The same connection also holds true in stochastic problems.

2Some authors call it the Hamilton-Jacobi-Bellman equation, but this is arguably the
more general version which we will meet in the context of stochastic control.
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We can now obtain the verification step — if we have a smooth solution to
the PDE, then it must be the optimal control. We use somewhat restrictive
assumptions in this theorem, mainly to allow us to ensure stability of the re-
sulting ODEs, and to allow us to have an intuitively straightforward proof. The
verification theorem we will give for stochastic problems supercedes this one,
and has weaker assumptions.

Theorem 6.2.5 (Verification theorem). Consider a control problem with finite
terminal time T. In this case, the Hamilton-Jacobi equation with boundary
conditions is given, for v:[0,T] x R™ — R, by

—O0ww = —pv+H(t,x,Vv); o(T,-) = ®(-).

Suppose, for some constants K > 0,k > 1, (for all (t,x),(s,z5) € TX X as
appropriate), we have that

(i) the Hamilton—Jacobi equation admits a solution w in C*([0,T] x R™) sat-
isfying the bouncﬂ

Vw(t,ze) = Vw(s, zs)] < K (|t = sl + [lze — 2ll) (1+ lze]* + llzs]*);
and ||[Vw(0,0)|| < K.
(i1) f is K-Lipschitz continuous in (t,x) uniformly in u, that is, for anyu € U,
1t @ u) = f(s,25,u)|| < K ([t = s| + [loe — 2s]),
and |[f(0,0,u)|| < K;
(iii) g satisfies the growth bound, for every u,

lg(t,ze,w) = g(s, 2, u)| < K ([t = 8|+ [l — @ll) (1 + le]* + [l]]*).

It then follows that

(i) w is the unique solution to the Hamilton—Jacobi equation satisfying these
continuity and growth bounds;

(ii) w is the value function of the control problem;

(iii) a control U is optimal if and only if

Uy € argmin {g(t, X', u) + (Vu(t, X7), £ X0 0)) }.
ueU

3We impose a growth bound on the changes in Vw for simplicity, and will see that this
can be weakened to assuming a growth bound on w when we consider the Hamilton—-Jacobi-
Bellman equation.
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Proof. Recall that H(t,z,q) = inf,cy ﬁ(t, x,q,u).

Step 1: Stability of H, H. We begin by showing some stability estimates for
our problerrﬁ Observe that, from Gronwall’s inequality, as f is Lipschitz, given
Xy = o, there exists a constant K’ depending on z¢ (and T, K) such that, if
4X, = f(t, Xy, Uy) for some U, then

| X — Xs|| < K'|t —s| and || X]| < K', forall s,t€(0,T].
By the triangle inequality, for any control u € U,
’f{(t,Xt, Vuw(t, Xt),u) — fI(s,XS, Vuw(s, XS),u)’
< gt X, w) = gls, Xogw)| + |18 Xerw) = £ (5, Xy | - | Tt X))

11 s, Xyl - |Vl Xo) = Vu(s, X,)

< K (It = sl 4+ 1% = X0) (14 105 + 1%, )1)

+ K (It = sl 4+ 11X = X0 ) K (14 ¢+ 1X07) (14 1)

+ K2 (1454 1K) (14 10+ 107) (1t = sl + 1% = Xl
In particular, there exists a constant ¢ > 0, depending on x, such that

|H (t, Xy, Vw(Xy), u) — H(s, Xy, V(X,),u)| < cft —s]. (6.6)
Taking € > 0 and u° such that
ﬁ(s,Xs, Vuw(s, X), ue) < H(s, X, Vw(s, XS)) +€

we have

H(t,Xt, Vuw(t, Xt)) — H(S,Xs, Vw(s,Xs))

H(t, Xy, Vu(t, Xy),u’) — H(s, X;, Vw(s, X))

ﬁ(t, X, Vw(t, X¢), ug) — f{(s, X, Vw(s, Xy), uE) +e
clt —s|+¢€

IN

INIA

and thus, exchanging (¢, X;) and (s, X;), and taking € — 0,
|H (t, X1, Vw(t, X)) — H (s, Xs, Vu(s, X)) | < c]t — . (6.7)

Step 2: Finding an optimizer. The next step is to construct our candidate
near-optimal control. We do this by choosing U to be piecewise-constant, which
has the advantage that it’s easy to guarantee that U is admissible. Fix € > 0,
zo € X and § = ¢/c, where c is as in (6.6). Let Uy, be such that

H(to,l‘o,vw(to,xo), Ug) S H(to,xo,vw(t0,$0)) + €.

4We notice that this is the only point where we need the various continuity estimates on
f,g,w, so if these vary, this is the only step that needs to be redone.
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Using this Uy, for t <o + d, define Uy = U and the ODE solution

t
Xi =1 +/ fls, X5, US)ds.

to

As § = ¢/e, from and (6.7) we know that

H(t, X5, Vw(t, X5),Us) < H(to, z0, Vw(to, z0), US) + €
S H(to,l‘(),vw(to,flfo)) +2€ (68)
<H

(t, X, Vw(t, X[)) + 3e.

We then repeat this construction started at (to+0, X§) instead of (¢, z¢), which
defines Uf, X{ for t € (0,24]. Iterating, we define U*, X* for all ¢, and know that
X = f(t,X5,Uf) and H(t, X{, Vw(t, X{),Uf) < H(t, X§, Vw(t, X))+ 3e for
all ¢ (and as c is a constant depending only on our first choice of g, we know
€,0 can be left fixed through the iteration). In particular, U¢ € U.

Step 3: Connecting the PDE to the cost-to-go. The next step is to show
that the solution w to our PDE lower-bounds the cost-to-go J (¢, X}, U) for all
U € U. We know that

—Oww = —pw+ H(t,z, Vw).

For an arbitrary admissible control U, write w(t) = e Ptw(t, XU), where XU =
XUto:@o for s > t5. Then the chain rule tells us that (all derivatives of w being
evaluated at (¢, XU), and the derivative of XU" interpreted in a weak sense)

d
dt
= e_pt |:<V1U(t, XtU)v f(t’ XtU7 Ut)> - H(t’ XtU’ Vw(t’ XtU)):| ’

L = —pertu+ et [ (Tu(t, XU), XV + du(e, x|
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Integration, along with the terminal ValuEEI of w, shows that
e Plw(t, X)) = ()

T
= / e s [ - <Vw,f(s,X5U, US)> + H(S,Xg,Vw(s,XSU))}ds + e PTo(xY)

T
- / e " g(s, XU, Uy)ds + e 70 (XY)
t

T
+/ e[ H(s, XU, Vu(s, XU)) = A(s, XU, Vu(s, XV),U) |ds.
t

<0
In particular, by rearranging, we see that
w(t, X)) < J(t, X7, 0).

This immediately tells us that w(tg, zo) < infyey J(to, o, U).
Step 4: Connecting w to the value function. Using this identity together
with our candidate controls U*€, we see that

T
w(to, wo) > J(to, w0, U) — 36/ e
t

Taking € — 0, we conclude that w(to, o) = infyey J(to, zo,U). As to and zg
are arbitrary, we conclude that w is indeed the value function.

Now that we have the value function, we see that w(0,zo) = J(0,x0,U) if
and only if, for all ¢,

H(t, XV, Vw(t,XV)) = H(t, XU, Vuw(t, XV),U,),

that is, U is a minimizer in the Hamiltonian.

Step 5: Uniqueness of w. Finally, we know that the value function v(t, z) =
infyey J(¢,2,U) is unique. However, we have shown that every solution of the
PDE (satsifying the stated growth bounds) must be a value function for our
control problem, hence the PDE must admit at most one solution w = v. O

Remark 6.2.6. As a corollary to this proof, we see that the infimal cost is
approached by a sequence of piecewise constant controls.

5This is where we use the boundary conditions, so if we have a different type of terminal
condition for our control problem, this would need to change. For example, if we assume w is
bounded and p > 0, we simply take the limit as T — oo (after rescaling) and get

o0
w(t, XY) = / e_p(s_t)g(s,Xg,Us)ds
t
oo
+/ e P (H(s, XY, Vw(s, XU)) — H(s, XY, Vw(s, XY),U))ds.
t
As and (6.7) do depend on the terminal time T, we need to scale § accordingly when

defining the e-optimal control, but we can do this sequentially without much difficulty. The
argument then contines as before.
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Corollary 6.2.7. Suppose the assumptions of Theorem hold, and also
the state dynamics f are Lipschitz with respect to u, and we can find a locally
Lipschitz continuous map u* : T x X — U such that

u*(t,z) € argminfl(t,x, v(t, ), Vou(t,z),u).
ueU

It follows that L X0 = f(s, X1, u*(s, X)) admits a unique solution, and
hence U} = u*(s, X%®0) is (open loop) admissible (so u* is closed-loop admis-
sible), and therefore is an optimal control.

Remark 6.2.8. We might ask what happens when we do not have a smooth
solution to the PDE. This naturally leads us into questions of what the right
solution concept for PDEs is — we will discuss this further later.

Example 6.2.9. Consider the problem of minimizing ®(X7) = —X2 using
controls in U = [—1,1], and dynamics X, = U;. Then the intuitively optimal
strategy is to push as fast as you can away from the origin, leading to the value
v(t,r) = —(lz| + T — t)2. We observe that this is not C*, and the optimal
strategy is not unique when xo = 0. The Hamiltonian is simply H(t,z,p) =
inf,e—1,11{pu} = —|pl|, while Vv = 2sign(z)(|z|+T —t), Opv = =2(|z| +T — 1),
so the Hamilton—Jacobi equation is satisfied, except at x = 0 (where we don’t
have enough derivatives to evaluate it).

Example 6.2.10. In the setting of Example (minimize fOT | X¢|dt with
U ={-1,1} and dynamics X, = U, ), the intuitively ‘optimal’ strategy is to push
towards the origin as fast as you can and then oscillate close to zero arbitrarily
quickly. The value function is given by

v(t,x) = { gﬂ - %)(T —t) if|lz| >T —t,

which is C* but not C?, and if |vg| < 1 then the optimal strategy does not exist
(as you can only approximate the optimal strategy near Xy =0). We can check
that

H(t.r.p) = inf {la] +pu} = Js] - o

and then it’s easy to check that, for |x| < T —t, we have H(t,z,Vv) =0 = —0wv,
and for x > T —t we have Vo =T —t, v =T —t — x, and so H(t,z,Vv) =
z—T+t=—(0w), and similarly for v < —(T —t).

Example 6.2.11. Consider a linear-quadratic problem with state X € X = R"™
and control space U C R™. We suppose X follows the the linear dynamics

dX,
St = f(t, X u) = AX, + Bu+C
and we face costs

glt,z,u) =" Qr +u' Ru+ 2z Su+2Wzx +2Yu+ Z
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and
O(x) = z Yz 4 2Urx + Tr.

for matrices/vectors/scalars A, B,C,Q,R,S,W,Y,Z and Lr, VY1, I'r of appro-
priate dimensions (one can make the parameters time dependent, and/or include
a discount term, with a perturbation of notation). We assume Q, R are sym-
metric and R is strictly positive definite. The Hamiltonian is

H(t,z,p)
= min {xTQx +u'Ru+ 2z Su+2Wx +2Yu+ Z +p' (Az + Bu + C’)}

We can then guess that the solution to the PDE should be a quadratic
v(t,z) = ' S 4 20z + Ty,
in which case (with 5, = (3, + %) the symmetric part of ¥;)
Vo= (3 + %)) +20] =252 +20/.

Taking a first-order condition to find the optimizer in the Hamiltonian H(t,x, Vo),
we find (assuming U is sufficiently large), we have

0=2u"R+2:"S+2Y +2(z'%; + ¥,)B
and hence the optimal strategy is of feedback form
u*(t,z) = —R! (STx +YT + BT (S + \IJ)) =: Kz + Hy.
Substituting into the Hamilton—Jacobi equation, we have
— Oz Sy + 20,z +T)
=2 Qu+ (Kyx + H) " R(Kyx + Hy) + 22" S(Kyx + Hy) + 2Wx
+2Y (K + Hy) + Z +2(2 "8 + V) (Ax + B(Kz + Hy) + O).
Matching coefficients of x, we find the matriz Riccati system of equations
—0;%; = Q+ K, RK; + 25K, + 2%,(A + BK,),
-0,9, = H'RK; + H'S" + W + YK, + V,(A+ BK;) + (BH, + C) "%,
—0,Ty = H'RH, + 2Y H, + Z 4+ 2V,(BH, + C),

with terminal values X7, Y and U'p specified. This can be simplified further if
desired. The optimal state dynamics can also be given in closed form,
dX;
dt
which is a linear ODE system (given the solutions X, Uy, Ty ).

While this equation is long, it is explicit, which makes it relatively easy to
work with numerically. Solving this system of matric ODEs, we get a smooth
solution to the Hamilton—Jacobi equation, and hence the optimal control and
value function. We can also check that the state process X does not get too
large, so we can take U bounded by a large constant (ensuring the growth bounds
in the derivation we have given are satisfied).

= f(t, X/, u*(t,X])) = (A+ BK;)X; + (BH; + C)
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6.3 Pontryagin’s principle

Just as we saw in discrete time, for deterministic control, there is another ele-
gant result that we can obtain. This is essentially the first-order condition for
the minimization problem, and we can either obtain it through a constrained
optimization argument, or from the Hamilton—Jacobi equation. This result is
commonly known as Pontryagin’s maximum principle (as Pontryagin derived it
for control problems where we maximize rewards, or through a change of sign
where we maximize a Hamiltonian), but for the sake of consistency we will give
a version for minimizing costs instead.

While it is only a necessary condition for optimality (like other first-order
conditions), it turns out that in many cases this is enough — in particular if
there is only one solution to the conditions, then that path must be optimal.
More generally, the first order condition will give us locally optimal or extremal
trajectories.

It turns out that it is then often possible to calculate this path by solving
an ODE, rather than solving a PDE as we did when computing the Hamilton—
Jacobi equation. We give only a derivation of this result (rather than stating
a theorem), assuming f and g are smooth and the Hamilton—Jacobi equation
admits a C? solution.

A naive approach to obtaining a first order condition, assuming the Hamilton—
Jacobi equation admits a sufficiently smooth solution, would be to say that, with
the notation H as in (6.5 , our optimal control U* should satisfy

O H (t, X7, Vou(t, X]),U;) = 0. (6.9)

However, this is not immediately useful, as it still requires us to find Vv, which
involves solving the PDE. The trick is to find a representation of Vu(t, X;)
which we can use directly. Particularly when the dimension of X is high, it may
be much more efficient to try and solve the resulting forward-backward system
of ODEs, rather than computing the solution to the PDE.

Theorem 6.3.1 (Pontryagin’s minimum principle). Consider a deterministic
control problem as described in Section[6.1] and assume that U is an open subset
of R™. Let Xo = xmg be the initial value of the controlled state process and
u* : T x X — U be a feedback control, with which we define the controlled
process X*. Suppose in addition that u* is differentiable at (t, X)) for allt € T,
and that there is a C1? solution to the Hamilton—Jacobi equation.

If the control U = u*(t, X}") is optimal, then it yields a fized point of the
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system of equations

d

&Xt* = f(t, X;,U;), with initial value X§ = xo;
d 7 * *
P = ppe = VH(LXE i UF)

-
= oo = Vgt X7, U7) = (Dof (6 X0,00)) s (6.10)
with terminal value pr = VO (X71);

Uy e argergin {g(tXt*,u) + <pt, ft, X7, u)>}

Proof. The first equation is the dynamics of X}, and the third states the fact
that the optimal control must minimize the Hamiltonian. We therefore focus
on the middle equation. We define the adjoint or costate process p : T — R™ by

Pt = V’U(t,Xt*).

We recall, for notational clarity, that we think of Vv as a column vector. There-
fore, as v : T x R® — R!, we can equivalently write this as Vv = (DI’U)T, as
the Jacobian D,v : T x R® — R'*" should be thought of as a row vector.
Differentiating in time, the multivariate chain rule for Jacobians shows that p
satisfies

:Dx(atv(t,Xt*)) + (D (t Xt))(f(tht*vUt*))'

As v satisfies the Hamilton—Jacobi equation, and u*(¢, x) is optimal for all ¢, x,
we know

—ow(t,x) = —pv(t,x) + g(t,z,u*(t,z)) + (va(t, x)) (f(t,x, u*(t,a:))).

At any point where u* is differentiable, in particular at (¢, X;'), differentiating
the Hamilton—Jacobi equation with respect to x we obtain,

—D,(0) = —p(Dyv) + (Dgg) + (Dug)(Dyu*)

+ ()T (D2,0) + (Do) (D2 f) + (Duf) (Do*) ) (6.12)

We pull out the terms depending on D,u*, which simplify as

(Dug)(Dow”) + (Do) (Duf) (Dow”)
= ((Dug) + (De) (D) ) (D)
=Dy (g+ (D20) (f) ) (D2w”)
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However, as we know that u*(¢, X;) is an optimal control, the first-order opti-
mality condition on the Hamiltonian ensures that, at (¢, X", U;),

Du(g+ (Dav)f ) (6, X7) = Dul (£, X7, (Doo(t, X)), U7 ) =0,
Therefore, we can omit these terms from (6.12), yielding
—-D, (atv) = —p(Dyv)+ D,g + fr (Dimv) + (Dwv)T(Dmf)

We now substitute this formula into (6.13]), to obtain the simplification (all
evaluated at (¢, X}, U;))

d
ap: = p(DzU) - D,g— (Dzv) (sz)

= pp; — Dzg—p/ (D.f)

Taking a transpose gives the desired dynamics. Clearly p(T) = Vo(T, X}) =
V®(X75), and we observe that this gives p; as the solution of a vector ODE
whose dynamics do not involve v, assuming we already know the value of U*
and hence X*. O

(6.13)

Remark 6.3.2. Numerous variations of this result exist, for different types of
boundary conditions. In many cases, this involves computing an additional
adjoint process, given by u; = (8tH ) (t, X7), which should satisfy certain ad-
ditional boundary conditions (often called transversality conditions), related to
what happens if the end point of our problem depends on the trajectory of X
(for example, if our problem stops whenever X hits a boundary).

Another variant is where (part of) the terminal state is required to be a
fixed value — this can be considered as a limiting case of the version considered
here, with a penalty K(x — z)?, which leads to an additional requirement on
the candidate X7, and the terminal condition pr = 0.

If you look in the literature you will often see these variants presented as

Pontryagin’s maximum principle.
Remark 6.3.3. Tt is slightly odd that our derivation depends on having a C12
solution to the Hamilton—Jacobi PDE, and a differentiable optimal control, but
we do not have the second spatial derivative appearing in the end result. This
suggests that this result can be extended to situations where the PDE only has
solutions in a weaker sense (e.g. in the viscosity sense). In fact this is completely
true, but proving it requires more care.

Example 6.3.4. Let T = [0, 3] and consider the problem of minimizing the cost
3
| wi - xtae x3,
0

where X is a scalar process following the controlled dynamics

d
EXt = Ut — Xt + Sln(t)
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and Xog = 1, where U € U = R. Observe that this gives a convex Hamiltonian, so
we believe that the optimal strategy should be unique, and should be determined
by Pontryagin’s minimum principle. Using Theorem the system becomes

d
&Xf =U — X[ +sin(t), X5 =1;
d
= 2X) + pe, p3 =2X3; (6.14)
U/ € argmin {u4 — (X,;“)2 +pe(u— X[+ sin(t)}.

ueU

To solve this, we use a variant of the ‘shooting method’, where we approxi-
mate the dynamics and use numerical optimization to identify the solution:

Observe that, if we knew the value of po = Vv(xo), we could implement a
numerical solution to the system that is forward in tz’mtﬁ More precisely, we
could discretise [0,3] in N equally spaced timesteps of size A = T/N, and let
0=ty <t <--- <ty =3 and with the values of pt, = po we compute

Uy, € argmin {u4 - (Xt0)2 + py (u— Xy + sin(to)}.
ueU

Then, using py,, X, , and Uy, , we compute py, , X{, using an Euler discretisation

of (6.14)), that is

X; — X7 . '
ﬁ ~ Uy, — X, +sin(to), = X, = XJ, + A (Uy, — X, +sin(to))
1%%2)(;} +pt0 :>pt1:pt0+A(2Xt*0+pt0).
1 — 0

Using the values of py, and X7, obtained from the Euler discretisation, we com-
pute Uf and iterate forward until time tn = 3. Then, we could compare the
final value p3 with 2 X3 and look for a starting point po such that ps = 2 X3.

Figure shows the discrepancy between ps and 2 X3 when computing a
forward-in-time Fuler discretization of the equations in Pontryagin’s minimum
principle, assuming a known value of py (x-axis).

A simple bisection algorithm shows that for the problem above the desired
value of po that makes ps = 2 X3 is po ~ —2.11.

Finally, in Figure[6.4 we compare the performance of the optimal strategy U}
(computed from the Pontryagin equations using po = —2.11) against constant
strategies, that is, Uy = ¢ for allt € [0,3] and ¢ € [0,1]. The left panel shows the
trajectory of X under each of the considered policies (we include X[ in red).
The right panel shows how the cost fOB(Ut4 — X?)dt + X3 accrues over time (we
include that from the optimal strategy in red). More precisely, for t € [0,3], we

show fg(U;1 — X2)dt + X3 14—z, when Uy = ¢ for c € [0,1].

6 An alternative approach is to start with a guess of a good policy Uy, use this to calculate
X¥ and then solve for pg backwards. This then yields a guess of the value of pg, which can
be used as the basis of the next iteration.
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Figure 6.1: Discrepancy between ps and 2 X3 for a range of starting values for

po (x-axis).
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Figure 6.2: Left panel: trajectory of X; when U; = c for a range of values
of ¢ € [0,3]. Right panel: accrued cost over time of each of the strategies
considered. In both panels, the trajectory produced by the optimal strategy U}

is in red.

Interestingly, when t approaches the end of the time horizon, the accrued
cost by some of the strategies goes below the red line (which corresponds to the
optimal strategqy). Of course, that happened at the expense of a higher terminal
cost (see markers at t = 3). Figure shows the total cost comparing the
constant strategies to the optimal. Here, the superiority of the optimal strategy

18 clear.
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Figure 6.3: Comparison of the cost of following each of the constant strategies
we consider against that of the optimal strategy U;.

Remark 6.3.5. Pontryagin’s principle can also be seen in terms of the Lagrange
multipliers/calculus of variations of a constrained optimization problem, with-
out reference to the Hamilton—Jacobi equation or dynamic programming. For
bimplicity7 set p = 0, and n = 1. We observe that We are trying to maximize
fo (t, Xt, Up)dt + ®(X7) subject to the constraint Xt = f(t, X+, U;) for al-
most all ¢, over possible choices of U and X. A Lagranglan for this problem is
given by

r dX
/ g(t,Xt,Ut)dt+(I)(XT) */ )\t( dtt f(taXt;Ut))dt
0 0

Integrating by parts, we see that

dX T ax
/Att& M&_&%—/gixm
0 d o dt

and so our Lagrangian becomes

T

d\

/ (g(thtv Up) + 1 X, + Aef(t, X, Ut))dt + ®(X7) = A X7 + Aozo.
0

Differentiating with respect to X; (or more formally, taking a variation X + en
for some smooth function 7 supported on a compact in (0,7) and using the
fundamental lemma of calculus of variations) we see that for almost all ¢ we
should have

dX;

azg(taXhUt) d

+ M0 f(t, Xy, Uy) =
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Differentiating with respect to Xp (or, formally, taking a variation with a
smooth function with support in [T'— ¢, TY]), we see that Ay = 9, ®(X7). There-
fore, \ satisfies the same differential equation as p did in our earlier derivation.

Finally, differentiating with respect to U; (by taking a measurable variation)
shows that for almost all ¢, with the notation of ,

0= aug(t7 Xta Ut) + )\tauf(ta Xtv Ut) = au-g(ta Xtv )\tv Ut)

so U is an extreme point of H (in particular, a minimum).

Remark 6.3.6. One of the most useful interpretations of Pontryagin’s minimum
principle is that the costate variable represents a shadow price: the marginal
value of relaxing a dynamic constraint. The next example develops that idea in
a simple resource allocation problem.

Example 6.3.7. Consider a firm which owns a finite stock of a non-renewable
resource X (t) > 0 (for example, oil in a well). The firm chooses an extraction
(or harvest) rate U(t) > 0. The stock dynamics are

AX(t) = ~Ut)dt,  X(0) =z >0,

and the planner wishes to maximize a quantity

T
—J(U) :/ e "' r(U())dt, p>0,
0
where the instantaneous profit function m: Ry — R satisfies
7' (u) > 0, 7’(u) <0  foru>0.

Note that here we are mazimizing —J(U), which of course is no different to
minimizing J(U), and simply changes the minimization to a mazimization in
the definition of the Hamiltonian and in Pontryagin’s principle.

We now use Pontryagin’s principle to characterise interior extrema. We
write the (unoptimized) Hamiltonian

ﬁ(a@u,p) = 7T(’U,) +p(_u)7

where p is the adjoint (costate) process. The Pontryagin necessary conditions
are:

(i) state equation

d * . * . .
&X (t) =-U"(t), X(0) = zo;

(it) costate equation

Sp(t) = pplt) — (1 X (0,17 (1) 26) = o),

since H has no explicit z-dependence;
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(ii5) U*(t) is a mazimizer of fI(X*(t), - p(t)); assuming we are looking for an
interior optimizer, this simplifies to

0= 8,0 = ' (U* (1) - p(t),

or equivalently

7' (U*(t)) = p(t).

From this setup, we can give an economic interpretation of the costate vari-
able: The equality 7' (u) = p equates the immediate marginal benefit of extracting
one extra unit now, ©' (u), with the (implicit) marginal value of keeping one ex-
tra unit of resource in the ground, p. Thus the costate p(t) is the shadow price
of the resource: it measures the marginal value to the controller of leaving an
additional unit in the ground. The first-order condition therefore reflects the
usual economic rule

marginal benefit of extracting now

= marginal cost (shadow price) of depleting stock.

We can do more with this relationship: solving the linear costate ODE gives
p(t) = p(0)ert. That is, the shadow price grows at the discount rate p. Intu-
itively, the opportunity cost of extracting today increases at the discount rate p.
By substituting in the first order condition, we derive Hotelling’s rule, which
says that the price of a non-renewable resource should grow at the discount rate

d
dt

(7 (u0)) = L0) = pplt) = ' (u(r).

Applying the chain rule, we obtain the following ODE for the extraction rate

%(t) =pn'(u(t)) or equivalently %(t) - p'(ult)

" (u(t))

Because the numerator is positive and w' < 0, we find that % < 0, that is,

typically the optimal extraction rate decreases over time as the shadow price of
remaining stock increases.

" (u(t))

6.4 Exercises

Exercise 6.4.1. Write down a deterministic control problem where there are
exactly two (distinct) trajectories for the optimally controlled state process X .

Exercise 6.4.2 (Ramsey—Cass—Koopmans problem of optimal saving). The
following exercise is based on [40, [15, [32]. Consider an economy in which the
labour force L is assumed to grow at a constant rate r, that is

dL
T;:TLt, L0>0
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Capital is denoted by K, aggregate production is Y, and aggregate consumption
1s C. We define the ‘per labour’ variables

Cy K,

-, ki = —.

L L

Denote total production by Y, and suppose that unconsumed production is in-

vested in capital. Simultaneously, the current capital stock depreciates at rate §.
Thus, the change in capital is given by

dK
- v, - L - K.
dt ~— ~ ——

production  consumption C  depreciation

Ct =

We model the relationship between aggregate production, capital stock, and labour
using a ‘Cobb—Douglas production function’

Y, = F(K;,L;) = AK}~® LY, (6.15)
with o € (0,1) and A > 0. It is easy to check that
F(Ky, Ly) = Ly F(Ky /Ly, 1) = Ly f(ke)

Jor f(z) = F(x,1).

(i) Show that

%:f(kt)—(r—i—é)kt—ct.

(ii) Suppose a social planner wishes to mazimise discounted utility of consump-
tion, that is

/ e_”tLt 7T(Ct) dt,,
0

for p > 0. Here the initial capital is strictly positive, p > r, and 7(c) is
strictly increasing, concave, and satisﬁeﬂ

lim 7’(¢) = oo.
i 7 (¢) =00

By treating k as a state variable, ¢ as a control, and applying Pontrya-
gin’s principle over an arbitrary horizon, show that the optimal rate of
consumption satisfies

def __ 7(c})
dt — 7"(c})

(f' (ki) =6 —p).

(#ii) Consider the resulting Ramsey—Cass—Koopmans dynamical system (which
describes the locally optimal trajectory of the economy from a given initial
state)

%:f(k:/t)—(r—&-é)k’t—ct
G = e (k) =3 =),

"These are related to the ‘Inada conditions’ commonly assumed in macroeconomic models.
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Find the three stationary solutions, that is, values of (ko,co) such that

dky _der _

e dt
Exercise 6.4.3 (Optimal stopping problem). Consider the optimization prob-
lem of finding T € [0,T] to minimize

/T G(s, X5)ds + @(X,),
0

when

d
—X; =F(t, X
dt t (; t)a

where X € R™, F is Lipschitz in x, and G is integrable.

(i) By interpreting this as an optimal control problem with controlled drift
ft, X, U) = F(t, Xy)Up and Uy € {0,1}, and similarly for g, write down
the Hamilton—Jacobi equation describing the minimal value of this problem.

(i1) Show that the Hamilton—Jacobi equation is equivalent to the linear com-
plementarity problem

0 = min {cb(a:) —o(t, z), 0 + G(t, z) + (Vv, F(t, x))}.

Exercise 6.4.4. Suppose the (un-minimized) Hamiltonian f{(t,x,p, u) is con-
vex with respect to u, where u takes values in U = R™, and H(t,z,p,u) — o0
as ||u|| — oo.

(i) Show that Pontryagin’s minimum principle can be expressed in the form:

d ~ d . .

&Xt* =0,H, &pz‘ = pp} — 0 H, 0=0,H.

(i1) Show that, if p = 0 and the Hamiltonian does not depend on time, and the
optimal strategy is differentiable with respect to time, then Pontryagin’s
minimum principle shows that, along the optimal path,

H(X],p;,u;) = constant.

(i4i) (Trickier) Suppose that the state dynamics f are Lipschitz continuous, the
Hamilton—Jacobi equation admits a C1 solution v with Lipschitz contin-
uous derivatives, and H is twice differentiable and strictly convex with
respect to u, in particular 83ufl(t,u,x,p) has all eigenvalues above €, for
all t,u,x,p.

Show that there exists an optimal control, and that this control is unique.

(iv) Ezplain why, in the setting above, Pontryagin’s minimum principle is both
necessary and sufficient for optimality.
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Exercise 6.4.5. Suppose we have controlled state dynamics f which satisfy (for
all z,u)
(@, f(z,u)) < C(+[|2[*?)

for some constant C.

(i) Using the comparison theorem for ODEs, show that for any control U, the
controlled trajectory satisfies | XY || < C(1+||xol|)(1+¢2), for some C > 0.

Hint: The process y; with yo = 1 and dynamics %yt = C’yél /2 may provide
a useful upper bound on || XY|2/(1 + ||zo]?)-

(i) Consider controlling this process over the horizon [0,T), where we assume
the cost process satisfies |g(t,x,u)| < C(1 + ||z||) and we have a discount
rate p > 0. Show that the total discounted cost of any control remains
bounded as T — oo.

(iii) Suppose the time-homogenous Hamilton—Jacobi equation
0=—pv+ H(z,Vv)

admits a bounded C* solution. Assuming the dynamic programming prin-
ciple holds, show that this must be the value function of the infinite hori-
zon discounted control problem. (Hint: Compare the behaviour over finite
horizons. )

Exercise 6.4.6. Consider a deterministic control problem with underlying state
dynamics satisfying the scalar second order controlled ODE

d? d
e =g

with initial values (XO,XO) = (1,0). Suppose we seek to minimize the value of

T
/ (X7 +UP)dt.
0

(i) Re-express this problem as a vector-valued first order equation, and hence
derive an equation for the value function in terms of a system of Riccati
equations, and for the optimal control in feedback form.

(i) Using a backwards Euler scheme, solve the system of Riccali equations
numerically, and hence state the value, and optimal control at time t = 0.

Exercise 6.4.7. Consider a deterministic optimal control problem, with optimal
state trajectory X*, and costs fOT g(t, XYV, Up)dt + &(XY).

(i) Show that X* is still optimal for the problem with costs defined by g(t, z,u) =
g(t,m,u) t ol xy| >y and () = @(2) +alyjexz>c}, for any a,e >
0.
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(ii) Show that X* may not be optimal for the problem with costs defined by
g(t,m,u) = g(t,z,u) — alge_x;|>ey and ®(z) = () — alg_xz|>c)
for some choices of a,e > 0.

(#ii) Suppose Pontryagin’s principle is satisfied for the original problem. Show
that it also holds for both of the variations above. What conclusion do you
draw?

Exercise 6.4.8. Consider a deterministic Mayer-form optimal control problem
on a finite horizon T = [0,T], that is we seek to minimize a terminal cost

J(U) = ®(X7).
Suppose we have linear state dynamics

where X; € R, Uy € U CR™, and A(+), B(+) are given continuous matriz-valued
functions. Assume U is compact and suppose that the terminal cost & : R™ — R
18 CONver.

The value function is

t,z) = inf &(X5"Y
v(t,x) in (X7"),
where XU denotes the state trajectory starting from (t,x).

(i) Show that for a fixed control U : T — U, the mapping x — Xf,l‘r’U is affine
mx.

(ii) Deduce that for fixzed U, the mapping x — @(X;’ac’U) is conver.

(i4i) Recall that the infimum of an arbitrary family of convex functions need not
be convex. Faxplain why this observation prevents one from immediately
concluding that v(t, x) is conver in x.

(iv) Suppose now that U is convex and observe that the control enters linearly
in the dynamics. Show that the set

Rir(z) = {X;w’U}UeU

of reachable terminal states is convex in x. (Hint: use convexr combinations
of controls.)

(v) Show that under these assumptions the value function satisfies the convex-
ity statement

v(t,0x1 + (1 — 0)x2) < Ov(t, z1) + (1 — O)v(t, x2), for 6 € [0,1].

(vi) Give an example showing that convexity may fail if either
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(a) the control set U is not convez, or

(b) the dynamics are nonlinear in x or u.

(vii) How does convexity of V relate to convexity of the Hamiltonian for this
problem?

Exercise 6.4.9. Let S? = {x € R? : ||z|| = 1} be the unit sphere in R3. Write
Px :=1— XX for the orthogonal projection onto the tangent plane Tx S? at
X. Consider the controlled system in the ambient space

d
aXt = Px,Uy, X, € 8% U eR?,

i.e. the control Uy is an unconstrained vector in R and only its projection Px,U;
impacts the motion on the sphere.
We seek to minimize the control energy

1 T
5mw=§Anwwm

over all admissible pairs (v, U) with v(0) = xo, v(T') = x1, and v = { Xt }rejo,1]
satisfying the dynamics above.

(i) Ezplain why the Hamiltonian for this problem is given by
H(z,p,u) = glull® +p- (Pxu),

where p(t) € R? is the costate with terminal value p(T) = 0 (as discussed,
as we will take the terminal value to be fized).

(ii) Compute the first-order condition OuH = 0 and solve for U* in terms of
p and X. Conclude that the optimal control is the (negative) projected
costate:

U* = —Pxp.
Hint: It may help to observe that Py = Px and P% = Px.

(iti) Express the costate dynamics in terms of X, p, %X.

(iv) Combine the expressions for %X and %p to show that an optimal trajec-
tory satisfies the second—order geodesic ODE

d2

2
@ Xt.

d
X= | 5%

(v) Consider the energy-minimizing trajectory from a fized target point x;.
Define v(x) = arccos(xy - ), which gives the geodesic distance between two
points on the surface of a sphere. Show that v solves the static Hamilton—
Jacobi equation for x € S?\ {1, —x1}:

|PxVu(x)| = 1.
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(vi) Let xg = —x1 be the antipode of x1. Show that every great circle through
x1 provides a minimizing trajectory starting at xqo, so there are infinitely
many minimizing geodesics between antipodes.

(vii) Explain how the value function v(x) = arccos(xy - ) exhibits a singularity
at the antipode: although v is continuous and attains value m at —x1, the
gradient Vv does not exist there. Comment on how this is reflected in the
non-uniqueness of geodesic paths between antipodes.

Exercise 6.4.10 (Deterministic optimal execution). An active field of research
is that of optimal execution of large orders in financial markets [2]. Here, the
goal is to unwind a large position in a given asset while minimising costs. The
costs are mainly from the impact of trades on future prices (i.e. the more quickly
you sell, the lower the price in the future all else being equal). One of the
classical examples (see Chapter 6.5 in [T]]) to study this problem can be reduced
to a deterministic continuous time control problem.
Consider the dynamics

dXt = —Ut dt, XO =29,

where xq is the initial number of shares that the agent wishes to liquidate, posi-
tive values of U, denote selling, and X, is the number of shares left to liquidate
at time t.

The classical temporary-and-permanent price impact control problem can be
expressed as minimizing

T
¢X%+/ (kU2 +bU Xy + a X7) dt.
0

Here T > 0 is the time horizon of the liquidation programme,

1. k > 0 is the temporary price impact, interpreted as the cost due to not be-
ing able to trade arbitrarily large quantities at the current price, so having
to accept a lower price in order to trade at a high rate;

2. b > 0 is the permanent price impact, interpreted as the cost due to your
trades affecting the price expectations of other participants in the market,
and hence reducing the notional value of your current share holdings;

3. ¢ > 0 is the terminal inventory penalty and o > 0 ¢s a running inventory
penalty, interpreted as an incentive to fully liquidate the position, and to
do so quickly, so as to avoid the risk of future (random) price changes.

We assume that ¢ —0.5b > 0.

(i) Write down the Hamilton—Jacobi equation for this problem, and solve the
PDE with a quadratic ansatz in X.

(i) Compute the solution to this problem using a Pontryagin minimum prin-
ciple approach.
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(iii) Discuss the behaviour of the optimal strategy as o — 00.

Exercise 6.4.11. LetT > 0 and fix a constant K € R with K < —T. Consider
the finite-horizon control problem on the interval [0,T] with state dynamics

dXt = Utdt, XO =9 > 0,

where controls U are taken from [n=1,n], for some n sufficiently large. The
objective is to minimise the cost

T
J(t,xz,U) = / e*p(sft)( —log(Us)) ds + e (Tt (— Klog(Xr)),
¢

with discount rate p > 0.
(i) Write down the Hamilton—Jacobi PDE for this problem.

(ii) We will seek a solution to the HJB equation of the separable logarithmic
form
v(t,z) = A(t) + B(t) log z, te€0,T], z >0,

with terminal conditions A(T) =0, B(T) = —K.

a. Show that, for a smooth v of the ansatz form, and assuming an interior
solution, the pointwise minimisation

inf {—logu+ 0yv(t,z)u}
u€n=t,m]

has first-order condition

1

YN T ta =Y
w(t7) + Opv(t,x) =0
and hence the candidate optimal control is determined by the feedback
function
“(t,2) = ——
u*(t, BlD):

b. Substitute the ansatz and the minimiser back into the HJB PDE, and
hence derive ODEs determining A and B. Give a condition on p such
that B(0) > 0.

c. Write X* for the state process obtained by following the feedback control
U =u*(t,X]). Show that $U; = —pUy, and hence find a condition
which ensures that the candidate control takes values in U = [n~t, 7).

(iii) Assume the function v defined by the formulas in (ii) is Cb! on [0,T) x
(0,00) and satisfies the HJIB PDE.

a. Apply the fundamental theorem of calculus to the function
S e*”(sft)v(s, Xﬁ’w’“*)

on [t,T] and hence show that U* = u*(t, X}°) attains the minimal cost.
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b. Show that for any admissible control U and the corresponding state
Xt,x,U}

T
v(t,z) < / e P(s—1) ( - log(Us)) ds + ef”(Tft)( - Klog(X;x’U)),
t

and so v is indeed the value function and U* = u*(t, X}) is optimal.

Exercise 6.4.12 (Optimal control of an SIR epidemic). Consider a population
of fized size N modelled by an SIR system, which is a standard basic model of
an epidemic. The state variables represent numbers of people of each type, and
are S(t) (susceptible), I(t) (infected), and R(t) (removed/recovered), with

S(t) + I(t) + R(t) = N.

We introduce a time-dependent control Uy € [0, umax] representing the intensity
of government policies (e.g. social distancing or contact reduction). The control
reduces the transmission rate multiplicatively.

The controlled state dynamics on a time horizon [0,T] are

50y = 0 vy 2O,
i) = 81— 1) S(tj)vj(t) A I(8),

R(t) = ~I(t),
with initial condition
(3(0)7 I(O)v R(O)) = (S()v IO7 R0)7

where > 0 is the infection rate and v > 0 is the recovery rate.
We penalize infections and control efforts. Consider the cost functional

J(u) = /OT (Al(t) +1B UE) dt + C I(T),

with constants A,B > 0, C > 0. Here A measures the running health cost
of infections, B the quadratic economic and social costs of control, and C a
terminal weight.

(i) Ezxplain why the control enters as B(1 — u) and why u is constrained to
[0, Umax|. What do the extremes u =0 and u = umax Tepresent?

(is) Write down the (unoptimized) Hamiltonian
H (t, z,p, u)

for this problem, where X = (S,I, R) is the state and p = Vu(t,z) € R?
is the adjoint (costate) variable. Write down the adjoint ODEs and the
terminal condition att =T from Pontryagin’s principle.
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(iii) Derive the first-order optimality condition for u(t) from Pontryagin’s prin-
ciple. Compute the unconstrained minimizer u"™°*(t) in terms of the
states and costates, and write the admissible optimal control in projected
form

u* (t) = Projjg ) (1" (1))

Give the explicit projection formula.
(iv) Ezplain how the parameter B influences whether the optimal control is
bang-bang (i.e. takes only values 0 and umax) or interior (takes interme-
diate values). Give an epidemiological interpretation.

(v) Implement a forward-backward search algorithm to approzimate the opti-
mal control for the parameter set
=06, =02 N=10° S;=N—100,

Ip =100, Ry =0,

A=1, B=10% C=1, umax =09, T =365.

Describe your numerical method, plot S(t),I(t), R(t) and u*(t), and report
the resulting value of J(u*).

Exercise 6.4.13 (Optimal control of an inverted pendulum). Consider a rigid
pendulum of length ¢ and mass m that is free to rotate in the vertical plane. We
control the pendulum by applying a torque u(t) at the pivot. Let 8(t) denote the
angle measured from the upright vertical position, so 0 = 0 is the unstable upright
equilibrium; small positive 8 means the pendulum has fallen slightly forward. The

dynamics are
2

d=6
2

or, written as a first-order system with state X = (X1, X3)T = (6,0)7,

= mglsin O(t) + u(t),

d

—X1(t) = Xoft

g -at) = Xa(b),

d g . 1
aXQ(t) = Z SlnXl(t) + Wu

We consider controls inU = R for the finite-horizon optimal control problem on
[0,T]:

T
min J(u) = /O (%Qlﬂh(t)Q +1Q20(t)* + %Ru(tf) dt + 35 21(T)?,

u(-)
with Q1,Q2, R, S > 0 (weights). The objective penalizes deviations from the
upright position and control effort; the terminal weight penalizes final angle
error.

(i) Write down the unoptimized Hamiltonian for the nonlinear problem and
derive Pontryagin’s necessary conditions.

[SC]g:would be nice to have a picture here



152 CHAPTER 6. CONTINUOUS-TIME DETERMINISTIC CONTROL

(i) Show that the first-order condition yields a candidate optimal control sat-

isfying
1
U(t) = ————= p2(1).
(t) Riml2 p2(t)
where p = [p1,p2] T is the costate process.

(i4i) Derive the two-point boundary-value problem that must be solved to obtain
an extremal control. Outline a numerical method to compute a candidate
optimal control.

(iv) For small-angle deviations, approzimate sin @ ~ 0 and derive the linearised
dynamics

X = AX + Bu, A:(g(;é (1)) B:(l/(ng)).

Write the corresponding finite-horizon Linear-Quadratic Regulator (LQR)
problem and show that the optimal state-feedback control has the form

u(t) = —K(t) 2(t),

where K(t) = R"*BT P(t) and P(t) solves the matriz Riccati differential
equation

~P(t)=A"P+PA—-PBR'B"P+Q, P(T)=S,

B OT
Q‘(O @2>'

(v) Discuss the relation between the nonlinear Pontryagin extremals and the
LQR solution: under what circumstances is the LQR feedback a good ap-
proximation?

with

Exercise 6.4.14 (Optimal control of a lunar lander). We consider a simpli-
fied one-dimensional model of the Apollo lunar lander during the final vertical
descent to the Moon’s surface.

The dynamics are

with initial conditions h(0) = hg > 0, v(0) = v9 < 0, m(0) = mg > 0 and
control bounds 0 < u(t) < umax. Here h is the height from the moon surface,
v is the lander velocity, and m is the total mass of the lander including fuel.
The parameter a > 0 is the fuel consumption of our control, and g > 0 is lunar
gravity.
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We minimise a cost that trades off fuel and terminal landing accuracy (both
in height and velocity):

/ Ut)dt + —h(T) v(T)?,

with penalty weights Ky, K, > 0.

(i) Write down the unoptimized Hamiltonian for this problem and derive the
adjoint (costate) equations in Pontryagin’s principle, together with their
terminal values.

(ii) Compute OH /Ou and characterise the pointwise minimiser of the Hamil-
tonian. FExplain why the control will typically be of bang—bang type (that
is, will only take the values 0 and Umax)-

(#i) Discuss qualitatively how the penalisation parameters Ky, K, influence the
terminal values of the costates and the optimal strategy. What happens in
the limits Ky, K, — 0 and Ky, K, — 0c0?

(i) (Numerical experiment) Using semi-realistic values for the physical param-
eters:

g=1.62m/s°, Umax =45000 N, mg = 15000 kg,
a=0.35x 1072 kg/N
and initial values hg = 2000 m, wvg = —50 m/s, for and with Ky, K,
large, stmulate the optimal policy and determine:
(a) the time at which the thrusters are used (i.e. when Uy > 0),
(b) the total fuel consumption,

(c) the touchdown time.
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Chapter 7

Continuous-time Stochastic
Control

In this chapter, we will consider the problem where our state process is stochas-
tic, and we are in continuous time. We will work under somewhat restrictive
assumptions on the class of problems that we consider — this will allow us to
establish some continuity estimates for the value function directly, which will
side-step the problem of proving measurability (which we really need, in order
to be able to use probability, and becomes really tricky in many cases).

7.1 Notation and problem formulation

Let T = [0,T], and let (2, F,{F:}teT, P) be a filtered probability space where
{F: }ter satisfies the usual conditions of completeness and right-continuity, and
our state (taking values in X = R?) follows the stochastic differential equation

dXt = f(w,t,Xt,Ut)dt+U(w,t,Xt,Ut)th (71)

where W is an R™-dimensional Brownian motion, f : @ x T x R x U — R¢,
0: QA xTxRYxU — R>¥™. As usual, we will often drop w in our notation.
The process U is an {]—"t}teqr—progressiveﬂ process in U (which we assume is a
subset of some topologicaﬂ space), that is, it can depend on all the information
available at each point in time. In order to guarantee our processes are well de-
fined, we may need to impose additional integrability assumptions on U (which
will naturally depend on the behaviour of f and o); we therefore write U for
the space of admissible controls (where the required assumptions are imposed).
We say U is of feedback form if there is a (Borel measurable) function u such

I Progressive measurability ensures that U is measurable in both time and in w, in a nice
way, see the appendix.

2This is again just so that we can talk about Borel maps to U, which needs a notion of an
open set.
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that U; = u(t, X;) at least dt x dP-a.e. (sometimes, the terminology of U being
Markov is used insteadﬂ but this is somewhat ambiguous, as u(¢, X;) is not a
Markov process, even if X is Markov.)

We interpret the state equation in an integral sense using It6’s integration
theory. In order to work with dynamic programming more easily, we will define
the familyﬁ of controlled processes

t t
x/vY :m+/t f(s,ijx’U,Us)ds+/t o(s, X2V U )dW, (7.2)

foreacht € T, x € X, and U € U.
Our agent wishes to choose U to minimize their expected costs, which are
given by J(0,xo,U), where J is the expected cost-to-go

T
J(t,z,U) = E[/ g(s, X"V U,)ds + @(X;»W)‘ft],
t

for cost functions g : Q@ X Tx X xU — Rand & : & x X - R. We can also
include a discount term, but this simply adds notational complexity.
We hope to define a value function

7
v(w, t,x) = es(,]selurjlf J(t,z,U).

This definition allows v to be a random function of t,z, as we’ve simply not
written the dependence on w in v and J. However, we will see later that in
many cases v is described by the solution (in some sense) to a PDE, and hence
is deterministic. However, for now, we don’t know this, and we just let v :
O xTxX — R. In fact, we will be a little more careful in our definition
(see later), as we need to make sure this is well defined simultaneously for all
t,z. This is an issue because conditional expectations and essential infima are
only defined almost everywhere, and we have uncountably many choices of ¢, z,
so things can go wrong - at this stage, this doesn’t even guarantee that v is
measurable with respect to (¢, x).

Example 7.1.1 (Merton portfolio problem). A classic financial example is as
follows. Consider a financial asset described by the SDE

dSt :/,Lstdt-i-O'Stth

for u,o > 0. An investor has wealth x, and they choose an investment policy
u® determining the fraction of their wealth to invest. They also choose a con-
sumption policy u® > 0, determining how much of their wealth to consume at

3In fact, some authors say U is feedback if it is adapted to the filtration generated by X,
and Markov if it is a function of (¢, X¢). However, this is inconsistent with the common use
of the term in deterministic control theory, and usage seems to vary in practice.

41t turns out to be remarkably not obvious to guarantee that X:}I‘U satisfies a flow

t,x, U S,X?z’qu / . .
property of the type Xy =X for all t < s < t/, due to measurability issues. For

this reason, we will avoid explicitly using such an assumption.
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each time. Their wealth (assuming a zero interest rate) then is modelled by the
SDE

dXt = —’U,tCXtdt +’U,tSXt(/,Ldt + O'th) .
——
consumption gains from trading

and we model their costs as
T
- / u(u X,)dt — u(X7)
0

where u is the utility they obtain from consumption, commonly of the form
u(c) = c'=7/(1 —7) for somey > 0. We can assume u® and u® are bounded by
some large constant (and with extensions of the results below, can show this is
optimal).

We have already seen a version of the martingale optimality property in dis-
crete time (Theorem . We will prove a version of this result in Corollary
once we have constructed the value function carefully (which proves more
difficult than one might expect!). Here, however, we will state a useful result
which allows us to characterize optimal controls in cases where we are able to
‘guess’ what the value function is. In particular, this will apply with relatively
few assumptions on the problem, which means we will have the option of using
our results below to construct what we believe is the value function (even if we
don’t satisfy all the assumptions), and then check (using this result) that what
we have constructed is, in fact, correct!

Theorem 7.1.2 (Martingale verification). Consider a random ﬁel(ﬂ v QX
T x X — R which is adapted and right-continuous with respect to (w,t), Borel
measurable with respect to x, and satisfies

v(w, T,x) = ®(w,x) for all z, almost surely.

Assume that, for each (t,x) € T x X and each admissible control U € U, the
controlled SDE has a unique stmnﬂ solution X“®Y. For each (t,z,U) €
T x X x U, define the process

t/
MY (w) = / g(w, 5, X022V UL)ds + v(w, t', X"V,
t
Suppose that, for every (t,z,U) € T x X x U, the process M*®V is a sub-

martingale (when restricted to [t,T]). Suppose also that for each (t,x) there

exists some Ut®) € U such that Mb*U"" s q martingale. Then

T
_ . t,x,U t,x,U
v(w,t,x) = e%selurjlf {E{/O g(t, X0, Up)dt + (X7 )‘}"t} }

50f course, a function w : T x X — R is a special case of a random field, so this case is
immediately included in this result.

6Tf we restrict v to being a function (rather than a random field), and assume g and & do
not have direct dependance on w (cf. Assumption , then it’s fairly easy to give a version
of this result assuming only that XU has a weak solution which is unique in law.
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(so v is a version of the value function), and U®®) s an optimal control for the
problem started at (t,x).

Proof. The proof is almost identical to that in discrete time (Theorem [2.2.5)).
For any U € U, as M»*U is a submartingale, we know that

v(w, t,x) = MY

T
<EMF"Y|F] = E[/ g(s, X0"Y Ug)ds + @(X;“U)‘ft]
t
On the other hand, we know that there exists U**) € U such that
(t,2) T ) ()
v(w,t,x) = MU = E{/ g(s, XbmU Uta)yds + @(Xélw’U Y )‘]—}]
t

It follows immediately that v is a version of the desired essential infimum, and
that U®®) achieves at least as low an expected cost (given F3, almost surely)
as any other admissible policy, and hence is optimal for the problem started at
(t,x). O

Remark 7.1.3. If we replace our terminal horizon T" with an almost-surely finite
stopping time, the above argument does not change.

7.2 Dynamic programming

Our next goal is to construct the value function, and show that it satisfies a
dynamic programming equation. Essentially, this involves two closely related
problems: finding a sufficiently regular (with respect to (¢, z)) definition of the
value that our problems started at different times interact well, and constructing
a near-optimal control at each point in time, which allows us to determine
dynamic properties of the value function from those of the cost-to-go.

7.2A A first set of assumptions

In order for all of this to be well posed, we will make the following (somewhat
restrictive) assumptions, which allow us to give bounds on the controlled process.

Assumption 7.2.1. There exists a constant K < oo such that

(i) f and o are Lipschitz continuous with respect to x (uniformly in w, t, u),
that is,

||f(t,x,u) - f(tvxl’u)” + ||a(t,;v,u) - U(t7x/7u)|| < KH'T - xI”;

(ii) f and o are continuous in t, Borel measurable in U, and satisfy (for all
t,u)
1£ (2,0, w)|* + llo (2, 0,u)||* < K;
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(1ii) g and ® satisfy the bounds, for some k > 1 and all t,z,2', u,

lg(t, z,u) — g(t, 2, u)| + |®(z) — (2')] < K|z — 2/[|(1 + ||lz||* + [|2']%),
lg(t,0,u)|> + [@(0)]° < K.

(iv) The space of admissible controls U is equal to the whole space of all {F; }1>0-
progressive processes taking values in U.

Remark 7.2.2. These bounds immediately imply that, for some K’ < oo,
£t 2, w)l* < 20 f(t 2, u) = f(£,0,u)[* + 2] f(¢,0,w)[|* < K'(1+ [|«]*),

and similarly for o and g (with a power ||z||**! for g). We usually don’t need
to think about the exact value of K, so we are free to assume this also holds
with K = K’, for notational simplicity.

Remark 7.2.3. The assumption that controls have only a bounded impact on
costs, and the strong Lipschitz assumptions on our dynamics, are somewhat
restrictive, but we will lift them in what follows.

Remark 7.2.4. The key property of U, guaranteed by (iv) above, that we will use
is that it is closed under (countable) pastings. In particular, for any stopping
time 7, if {A;};en C Fr is a countable partition of , then for any Uy, Uy, ... € U,
we know that U, := U%1,<, + Yienlesr14,Ul € UL

7.2B Useful estimates

We want to define the value function by minimizing J(¢,z,U) with respect to
U € U. The problem with this is that this involves taking an infimum over an
uncountable set, which can lead to non-measurable functions. To avoid this,
the classic method is to do a fairly careful analysis of how to do the selection of
minimizers, in some sense similarly to what we did for the strong formulation
in discrete time.

We will present an alternative (somewhat non-standard) approach, where
we first show that J has very strong continuity properties. This will allow us to
obtain the standard results, but in a slightly different order to what is usual.

Lemma 7.2.5. Under Assumption we have the following standard prop-
erties:

(i) For every (t,z,U) € T x X x U there exists a unique solution X-®U to
the state equation, which is continuous in s > t.

(ii) For each p > 2, there exists K > 0 such that, for all (t,z,U), the process
XLoU satisfies the bound,

E| sup [[XL™7|P
s€t,T]

Fi) < K+ J2]).
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(i1i) There exists a constant K < oo such that, for all (t,z,U), (', 2, U) €
TxXxU, witht <t,

E[[lxpY = X7 VP17 < KO+ el (1t - ¢+ llz - o)1),

In particular, for each choice of U, there exists a version of X5%U which is
continuous with respect to (t,z) (i.e. a function X with X(w,t,z,5) = XLoU
almost surely, for all t,x,s).

Proof. The core of these results is presented in Appendix[A.2A] which gives the
more general case of SDEs with stochastic dynamics — this can be applied here
by setting u(w, t,z) = f(w,t, z, Ui(w)), and similarly for o, from which Theorem
yields the existence of the unique solution.

To see the stated bounds, set p(w, r, &) = f(w,r, &, Up(w))li<r<r and f(w, r, &) =
flw,r, & Ur(w))ly<r<T, and similarly for o and 6. Then applying Lemma
gives the growth bound on X. Applying Lemma with 8 = 0 implies that
(for some constant C’ depending on K), for ¢t < ¢/,

E[I1xX5" - X0 V12|
<O/l =P+ [ Bl (X)X
B[l (XE2Y) = 5, (XERY) |2 Fdr
<0l =1+ [ KO + o (X PIRar),
which we further bound as

E[lxgY - X517

<Ol — a2+ sup (B[llun(XEV) 2+ log (X020 2| 7] )t - #1)

re(t,T)
<C(lo =o'l + sup (B[IAn X0 U + lotr Xy UDIE| 7] ) 6= ¢1)
SC”(Hx 2+ K sup (1+]1«: [ x5 |2 \]—}])|t—t\)

relt,T

The main result follows as E[[| X1V ||2|F,] < C(1+ ||z[|?). The existence of the
continuous version X follows from the Kolmogorov continuity criteriorﬂ O

"This is usually stated for random processes X : Q x T — R, but the proof extends
reasonably easily to random fields J : Q x T x R® — R, for any finite n. See [41l Theorem
25.2, p59] for a proof. Essentially, you fix J to equal of J(¢,z,U) on the dyadic rationals, and
then use Borel-Cantelli to show that taking limits in J is valid, as there are not ‘too many’
dyadic rationals in a small set.
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Lemma 7.2.6. Under Assumption for any K > 0, the set of random
variables

t/
{ecxt)., [ gt xt20,0)as)
t

s uniformly P-integrable.

VU<t |z <K

Proof. Our assumptions guarantee that shown that ® and g are of polynomial
growth. Applying Jensen’s inequality, we see that there exists C,p > 0 such
that

E[(@(X;W))Q + (/tt g(s, X550 Us)ds)Q}

[( X”U) +T/ttl (g(s,Xf,lx’U,Us))zds}

CELSEPT] |xe=v)e).

Our bounds in Lemma ii) show that this quantity is uniformly bounded for
llz|]| < K. Applying the de la Vallée Poussin criterion for uniform integrability,
the result follows. O

Using these bounds, we can obtain a continuity estimate on the cost-to-go,
and hence establish the existence of the value function simultaneously for all

(t, ).

Theorem 7.2.7. Under Assumption there exists a (deterministic) con-
stant K < oo such that, with k > 1 from the growth bound on g and ®, for
every U € U we have the almost sure (crude) inequality, for all t,t’ € T and
z, 7' € X,

E[1J(t,2,0) = J(¢, @', U)|F] < K+ 2l + |/ 12) (1t = 172 + lo = 2']),

Consequently, for each U € U, we can find a single function J(--- ,U) : @ x T x
X — R, which is continuous in t,x, and agrees with J(t,x,U) almost surely for
every (t,x).

Furthermore, there exists a function v : QxTx X — R such that v(w,t,x) =
essinfyey J(w, t,x,U) almost surely for each t,x (where the essential infimum is
taken in the Fi-measurable random variables), and for allt,t' € T and z, 2’ € X,
with t < t,

E[lot, @) = o(t', )| Fe] < K(1+ [l + /24 (1t ¢1/2 + [}z = o/]).

Proof. Using our bounds and applying Cauchy—Schwarz, for K a constant which
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can vary from line to line,

E[|J(t,2,0) - I, o/, U)]| ]

t/
<B[ [ lgts. X070, 0)las
t

7] +E[leccm) - e(xp V)| 7]
T
5[ [ gl X050 ,0) = gl X200 5| 7]
t/

tl
< E[/ K14 [|X55Y]*1)ds
t

ft}
FE[KXG — X0V X+ x| A

T
+B[ [ KIXEY = XU X X0 s 7]
0

t/
<K / (1 + E[| X0V || 7] )ds
t

'’ 1/2 ’ 1/2
+RE[ = xp AR ) 7
T 7 ’ 1/2
+K [E[IxiV - xte 0 e
0
’ ’ 1/2
(L XU X2 F] s

< K1+ [z - ¢
(U 2 (1 ]+ = /1) 0+l 2172
FRT((+ )= ¢+ o= a')2) (0 ol 4 )2
< K(1+ ol + 1212 (1t = 172 4 12— o)),

where we have repeatedly used the inequality (x + y)1/2 < 22 4 y1/2 and the
fact (t —t')1/2 < TV/2.

These results are valid for each value of (¢,z) and (¢, 2’), and we need to be
careful, as the bound only holds almost surely, and we have uncountably many
points to consider. However, by the Kolmogorov continuity criterion, we can
find a single function J(--- ,U) : @ x T x X — R which is continuous in (¢, z),
and agrees with these conditional expectations with probability one at every
point. It’s then easy to check (by inspecting a dense set and using continuity),
that J satisfies the continuity bounds we have just established for J.

We now seek to define v. For fixed values of ¢, x, define

o(t,x) = essUinf J(t,z,U)

(which we don’t expect to have good properties in ¢,2). Observe that for each
(t,z),(t',a’) € T x X, there exists a sequence U™ such that J(t',2',U"™) —
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o(t',2"). Tt follows that we have the almost sure inequality
o(t,z) —o(t',2") <lm J(t,z,U"™) — o(t', 2")

= lim (J(t, 2, U™) — J(t, 2, U”))

n

< KL+ [l + 12 125) (1t = 12 + [l = 2'))).

Exchanging the roles of (¢,2) and (¢',2’) gives the lower bound. As for J, this
inequality only holds almost surely for each choice of (¢,2) and (¥, 2’), and we
use Kolmogorov’s continuity criterion to find a single function v : @ xTx X — R
which is continuous in (¢, z), agrees with 0(t, z) almost surely for each (¢, x), and
satisfies the above continuity bounds. O

Given this theorem, we will simply assume that J = J in what follows, and
always take this continuous version of the essential infimum v.

The following lemma may seem obvious from the definition, but the com-
plexity is that on the left we are evaluating the random function J at the point
7(w), X1* U (w), while on the right we are computing the conditional expectation
of a random variable given the o-algebra F,.

Lemma 7.2.8. For any (t,z,U) € T x X x U and any stopping time T > t, the
cost-to-go function J satisfies

T
J(r, X02V V) = B / g(s,X;vva,US)ds+<1>(X;“”’U)‘IT} P-a.s.

T

Proof. We begin by considering a fixed deterministic time ¢ > ¢. We will first
consider how much error is introduced if we were to re-start our process at time
t', starting at an approximation of Xtt,’w’U.

For arbitrary e > 0, and take a countable partition {AS },en of X such that
maxg e ac { ||z —'||*} <. Chooseﬁa point ,, € A¢ for each n. We now define
an approximation process

A ’
XU =N "1 ww gy XU
s {XI,’T’ €A} s
n

which is well defined for all s > ¢'. As this involves only countably many points

Zn, we know that this is well defined and measurable, and )A(E,J’U’e =z, on Af.

We now consider the difference between X%®V and X§7w’U’€; by a variation
of the bounds we showed above, we know that there exists K such that, almost

8For example, take the points with rational coordinates (which is a countable set) under
your favourite ordering, and let x; be the first point in A§. This can be done without using
the axiom of choice!
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surely,

B[|xte0 - Ktove|?| 7,
= S Ly B0 = X0 |
n

t,x,U
‘Xt,’ Y-,

)

SK(l_'_llthU (Zl{xtIUeA(

< K1+ [IX5Y]?)e.

In particular, as L? convergence implies convergence of a subsequence almost
everywhere, there is a sequence €, — 0 such that

XtoUer _, xtat (ds + ds=71) x dP-a.e.

where §;_r is a point mass at T, and we look only on the interval [¢', T]. From
our assumed continuity of g and ®, together with uniform integrability, it follows
that

lim Z 1{XI;I’U€AZ,’“}J(t/’ Tn, U)

6)6*)0

T
lim 1{Xt~m~UeA‘k}E[/ g(s, X5V Us)ds + ‘I’(XtT’w"’U)’ftf]
€l t/ n t

T
= lim E[/ g(s, XEmmUer Ug)ds + S(XpmUer)
t/

er—0

7ol

T
:E[/ lim g(s, X! #nUek U,)ds + hm <I)(Xt Tty }-t}
t

’ ek—)O

T
_ E[/ g(s, XtV U )ds + @(X%”’U)‘]-},}.
t

’

On the other hand, from continuity of J we know that

J(tl,X:,’a:’U7U) = lim 1{Xi;sz€A;k}J(t,,mnaU)~

er—0

Combining these results, as ¢ was arbitrary, we see that for each ¢’ € [¢, T,
T
J(, X5 U) = ]E[/ g(s, XU U,)ds + @(X%”’U)‘]-}/} P-a.e.
tl

From standard stochastic analysis results, for any integrable random vari-
able, its conditional expectations define a uniformly integrable martingale, and
under the usual conditions this martingale will admit a right continuous mod-
ification. Therefore, we define a (right continuous, uniformly integrable) mar-
tingale M by

T
My = E[/ g(s, Xz’x’U, Us)ds + @(X;Z’U)
t

ft,]
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Using our earlier representation of J, almost surely, for each t', we know
t/
My = / (s, X05U U )ds + J(t', X545V 1),
t

Now observe that both sides of this equality are right continuous in ¢', so this
equality holds up to a null set independent of time (and the right hand side is
continuous in ¢', which implies M is also continuous). The martingale optional
stopping theorem implies that

/ g(s, Xb=U U)ds + J(r, X2V 1)
t

T
= Mr :E[/ g(SaXz}z’UaUS)ds+®(X;:I7U) ‘F"'}
t

The result then follows by rearrangement and standard properties of the condi-
tional expectation. O

7.2C Describing the value function

In order to obtain a dynamic programming equation, we need to consider the
value function, rather than the cost-to-go. This will involve a similar approxi-
mation as in the previous lemma, but now including time, and approximating
the controls, rather than just the value of X.

Theorem 7.2.9. The value function v satisfies the dynamic programming equa-
tion

v(t,z) = essinf E [/ g(s, X0V Ug)ds + v(r, XL™U) ’]-'t]
Ueu ‘

for any stopping time T witht <7 < T.

Proof. By construction, we know that v(t,z) < J(t,z,U) for all U € U. Fix ¢,z
and 7. Using the previous lemma,

T T
I, 0) = B[ [ gl X050, Uds+ [ gls, X0mY Vs + 257 0)|7].
t T

= ]E[/ g(s, Xp0Y, Ug)ds + J (1, X0V, U)‘ft]
t
2 B[ [ gl XV U)ds + olr, X207,
t
Taking the essential infimum with respect to U, we obtain

v(t,z) > egsi[{}fE[/ g(s, X0™Y, U,)ds + v(r, Xﬁ’va)‘ft]
€ t
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Conversely, fix € > 0 and observe that we can find a countable partition
of T x X into rectangles of the form (t;,¢;41] X 4; (with A; € B(R™) having
nonempty interior), such that

max {4+ 2l + 12|12 (1t = 12 + o = 2')) } < e

(t,), (¢ 2’

Associated with each A; we again choose a point x; € A; For each i, we take a
sequence U™ C U such that J(t;,z;, U*™) — v(t;,x;) as n — oo. Define the
pasted strategy

Uu" = 1t<TU + 1{t27} Z 1{(T,X$‘”*U)e(t7¢,ti+1]xAi}Ulm'
€N

As this is based on a countable pasting, it is still admissible. Furthermore, from
the continuity estimates above, writing K; = K(1 + 2| X2®UV||2* + ||2;]|%% + ¢€)
for K as in Theorem [7.2.7]

lim sup J (7, X4V 0™)
SHMSUD Y L 1t t)er i, (st 0)
1€N
+ Rillr = 62+ X2V — )

= Z L XtV e (bt X Ay (H%n J(ti, i, U™™) + f(zf)

i€N
- Z 1(T,X7t-'w’U)€(ti’ti+1]><Ai (v(ti’ i) + Kie)

1€EN

t,x,U g
<wv(r, XE"Y) + 262 1(T7X¢,I,U)E(ti,tiﬂ]XAiKZ .
ieN

By definition, we know that

o(t,z) < E[/ g(s, Xt®Y U)ds + J(r, X0=U O™
t

ft].

Therefore, taking the lim sup as n — oo (by uniform integrability), we see that,
for some K’ (depending on the moment bounds on X*#U and hence on (t, 1)),

v(t,x) < limsup]E[/ g(s, Xt®V Uds + J(r, X2V, 0™
n t

7|
< ]E[/T (s, X0V U,)ds + (T, Xif»U)\ft} +K'e
t
Finally, taking € — 0, we see that for any U € U, we have
v(t,z) < IE{/T g(s, X0V U, )ds + v(r, Xﬁw’U)‘]-}]
t

Taking the essential infimum with respect to U completes the proof. O



7.3. HAMILTON-JACOBI-BELLMAN EQUATIONS 167

We can now give the Martingale Optimality principle, which forms a converse
(in this restrictive setting) to our earlier verification result (Theorem [7.1.2)).

Corollary 7.2.10 (Martingale Optimality Principle). For any control U € U,
the process defined by
tl
MY =t X57Y) +/ g(s, XH=U U, )ds
0
is a submartingale (when restricted to t' € [t,T]), and is a martingale if and
only if U is optimal.

Proof. For fixed t < t/, we know that, almost surely,

t
MU = o(t, X270V +/ g(s, X2V 17,)ds
0

t 0,20.U 77/ 0,20,U
= ess ianE[/ g(s, XL W LUNds + o(t X:,’Xt ’
¢

U’
U’eU )

ft}
t
+ / g(s, X%%U U,)ds
0

t’ t

SE[/ g(s,Xg’xO’U,Us)ds+v(t,X?,’$°’U)‘}}} +/ g(s, X070V 17,)ds
t 0

= E[Mﬂ}—t]

so M is a submartingale. If (and only if) U is optimal, then this is an equality,
in which case M is a martingale. O

This result tells us various things about our problem. From a modelling
perspective, this is enough to ensure that a variant of Theorem holds,
with the natural defintion of ‘optimal at time ¢’ (and indeed, at a stopping
time). However, as we are working in a general filtration, and all our costs and
dynamics are allowed to depend on w, and the value is only given as a random
field, we cannot generally conclude that we have a feedback control policy, as
the optimizers we construct are only guaranteed to be adapted (or more pre-
cisely, progressively measurable). In order to prove this, we need to consider the
interaction between the state at time ¢ and the conditional probability, which
is most naturally done using variations of the Fokker—Planck equation.

7.3 Hamilton—Jacobi—Bellman equations

Given we know our value function v satisifes the dynamic programming equa-
tion, the natural next step is to derive a PDE which we expect it to satisfy. To
do this, we need to avoid having additional direct dependence on w in our costs
or dynamics.
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Assumption 7.3.1. In addition to Assumption the dynamics and costs
are given by functions f,o, g with domain T x X xU and ® with domain X. In
particular, the dynamics and costs do not depend on w.

As we did in the deterministic setting, we first give a heuristic derivation of
the result.

Suppose v is smooth and independent of w. Itd’s lemma tells us that, for
any process X = XU of the form we are considering,

: ‘ oo Tax. s b [ el (p g A0
ot Xe) = o(t, Xe)+ [ Dpwds+ [ (Do) dX 43 Tr[(Dmu) - }ds
¢ ¢ ¢
where D,v = Vv and D2, v is the Hessian of v, and all derivatives are evaluated
at (s, Xs). We know that dX, = f(s, X, Us)dt + o (s, X, Us)dW, and dg?t =
(o0 ")(s, X,,Us), so, dropping the s, X, arguments for simplicity,

’[)(tl7Xt/) = ’U(t, Xt) + /t at’U + (Da:U)Tf(Us)
t

+ %Tr [(D?H’U)((O’OT)(US))}dS + /tt/ (D) o (U,)dW,.

Taking an expectation, we drop the dW term (as this is a martingale), and so
find

o(t,z) = E[o(t', X5"Y) f/t By + (Do) F(U,) + %Tr[(Dixv)((oaT)(Us))}ds}.

At the same time, from the dynamic programming principle, we know

t/
ofte) = b E[ [ o, X050 Uds ol X5
t

so by substitution, we get the equation (with all terms evaluated at X%*V)

0= e[ [ C s / " B (D) FW)+ ST (02,0 (00T (0)] 01

UeU

As this must hold for all ¢, ¢, we divide by ¢ —t and take ¢’ \, ¢. Approximating
Us =~ u and X?““Us ~ x, so there is no randomness left in our equation, we
simply have

0= 5161{{ {&v(t,x) +g(t,z,u) + (va(t,m))—rf(t,x, w)

L (R )}

or equivalently
—0w = H(t,x, Dyv, D2 v)
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where H : T x X x R% x R4%4 5 R is the Hamiltonian

H(t,z,p,q) = {g(t,x,u) +p' f(t,z,u)+ %Tr [q ((UUT)(t,:c,u))] } )

inf
ueld

H(t,z,p,q,u)

This equation is known as the Hamilton—Jacobi-Bellman (or HIJB) equation, as
it is a second-order extension of the Hamilton—Jacobi equation we have previ-
ously seen. We immediately notice that in the case ¢ = 0, where our dynamics
do not have any stochastic term, we recover the Hamilton—Jacobi equation we
studied in the previous chapter.

We now verify that this PDE is the ‘right’ representation of our value process.
We give a slightly more delicate version than we had in the deterministic case.
For simplicity, we will do this under the strong Assumption[7.2.1] By comparing
with the assumptions in the martingale verification result in we see that
the key challenge is to use our PDE to construct a (near) optimal control, for
which the state process is well defined.

Theorem 7.3.2 (HJB Verification). Assume that Assumptionm holds. Let
v be the value function, and w : [0,T)xR? — R a C*2([0,T) x RY) NC°([0, T] x
Rd) function satisfying the polynomial growth condition that there exists p, K >
0 such that

lw(t, )] < K(1+ ||z||P) for all (t,z) € [0,T] x R%.
(i) Suppose that
H(t,x, Dyw(t,z), D2 w(t,x)) for all (t,z) € [0,T) x RY,
®(x) for all x € RY.

—Orw(t,x) <
w(T,z) <
Then w(t,z) < v(t,z) almost surely, for all (t,z) € [0,T] x R%.
(ii) Suppose that
—dyw(t,z) > H(t,z, Dyw(t,z), D2 w(t,x)) for all (t,x) € [0,T) x RY,
w(T,z) > ®(x) for all z € RY.
Then w(t,x) > v(t,x) almost surely, for all (t,x) € [0,T] x R,

(#ii) Suppose that both (i) and (i) hold (so w satisfies the HIB equation, and
w = v almost surely), and there exists a Borel measurable function u :
[0,T) x RY — U such that the SDE

dXt = f(t, Xt, u(t, Xt))dt + O'(t, Xt, U(t, Xt))th, XO =X
admits a unique (strong) solution, and u achieves the minimization
H(t,x, Dyw(t,z), D2 w(t,z)) = H(t,z, Dyw(t,z), D? w(t, ), u(t,z))

for all (t,z) € [0,T) x R%. Then U; = u(t, X;) is an optimal control (and
is of feedback type).
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Proof. Ezrpanding the PDE. To begin, choose an arbitrary control U € U. We
know that for any stopping time 7 € [t,T] we can apply It6’s formula

t'AT
Wt AT, X5V = w(t,z) + / (Daw(s, X4V T (s, X020 U7,)dW,
t

t'AT
" / Bew(s, XU 4 (Dyw(t, 2) T f(t, 2, )
t

T [(D2, 0t 2) (00 ") 0, 0)) | s,

Choose 7, = inf{t/ > t: f: |(Dyw(s, Xt U)) Ta(s, X0V Uy)||?ds > n} AT,
so that we know that the dW term in the above formula has finite quadratic
variation on [0,7,], and is therefore a true martingale (in particular with ex-
pected value zero). We also notice that 7, /T as n — oo, as the integrands

are continuous. Hence, for any stopping time 7 < T, with 7 A 7,, = min{7, 7, }
we have

E [w(r ATn, X55U) ‘]—}}
TNATn
—uita) +B| [ ol XE) — gl X0
¢

+ H(s, XtV Dw, D? w, Us)ds‘]-"t] .

by rearrangment, we can write this in the same form as the dynamic program-
ming equation

TNATn
w(t,z) =F [w(T A Tn, Xifng) + / g(s, XHoU, Us)dsl]:t]
¢

TNATn ~
- E[/ Byw(s, X0¥UY + H(t, X4®U | Dyw, D2, w, Uy)ds
t

ft].

As we know that |w(¢, z)| < K (14 ||z||?) and our costs are uniformly integrable,
we can take n — oo, and thus

w(t,a) =E[u(r,X0=) 4 [ g(s, X050, U.)ds| 7]
t

TNATn B
— lim E[/ Buw(s, X05U) + A (s, XtU, Dyw, D?,w, Uy )ds ft]
n— o0 t
(7.3)

Step 2: Case (i). Now suppose the conditions of (i) hold. Then

—dw(s, Xb®Y) < H(s, XtV Dyw, D? w) < H(s, XtV Dyw, D? w, U,),
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so the second line of ([7.3)) is negative. Therefore, with 7 =T,

T
w(t,x) < IE[w(T7 er,lx’U) —|—/ g(s,Xﬁ’m’U, Us)ds‘}"t]

t

T
<B[o0m) + [ gls, Xm0 ds| 7]
t
and as U € U is arbitrary, by taking an infimum we see that w < v.
Step 3: Case (ii). Now suppose the conditions of (ii) hold. In order to
establish the bound, we first need to find a control U € U such that, for some
fixed € > 0,

H(s, X"V D,w, D% w,U,) < H(s, X>®Y, Dyw, D? w) + e.

For notational simplicity, write h(t,z,u) = f[(t7x,wa,Dgww,u). We know
that h is continuous with respect to (¢, x), and in particular is uniformly contin-
uous on [0, 7"] x Xk, uniformly in w € U, for all 7" < T and X = {z : ||z|| < K}
with K < oo.

Using this uniform continuity, we partition [0, 7] x X into countably many
pieces of the form [t;,t;11) X A;, such that

[h(t, z,u) — h(t, 2’ ,u)| <6 for all (¢,z), (t',2") € [ti,tiv1) X A;

for all v € U and all i. We fix some x; € A;, and find u; € U such that
h(ti, xi,u;) <infy h(t;, x;,u) + €/2. We define

w(t,x) = uolimo + D Uil ayelti i) Ar

K3

and observe that u®: T x X — U is Borel measurable.
Now, for a given xg, we define X€ to be the solution of the state dynamics
started at xg, with constant control Uf := u(0, ), up to the stopping time

p1 = min { inf{t : ||h(t, XE,U) — h(t, 20, US| > €/2}, T}.
With this definition, we know
h(t, X;,Uf) <infh(t, X;,u) +€ fort < p;.

We now iterate this construction, by defining the piecewise constant control
Uf = u(pn, X;,) for t € (pn, pn+1], where X¢ is the controlled state and

pri1 = min { inf{t : |h(t, X§, US) — h(t, X5, US| > ¢/2}, T}.

As U€ only depends on past values of X, it is easy to check that U*€ is progressive,
that the state dynamics admit a unique continuous solution with control U*€,
and that, from condition (ii),

h(t, X5, Uf) <infh(t, X{,u) + € < —0ww(t, X;) + € fort < p,.
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As X ¢ has non-explosive paths, we also know that p,, — T as n — oo, almost
surely.
We now compare with ([7.3]), to observe that

P
w(t,z) = E[w(pn,X;n) +/t g(s, Xg, U;)ds)]:t}

Pn

_ E[ drw(s, X) + h(t, X¢, Ue)ds’ft}

7 —E[/tp” eds| 7]

We now take n — 0o, so by uniform integrability (as in Step 1)

7] -&[ [ ]

> E[cp(x;) v /Tg(s,xg, U;)ds’]-"t] (T —1)

t

Pn
t

T
w(t,z) > E[w(ﬂ X5) —|—/ g(s, X, US)ds
t

>o(t,x) —e(T —t).

Finally, we conclude by taking € N\, 0.
Step 4. Describing an optimizer. Under condition (iii), we see from ((7.3))
that, with Us; = u(t, X;) and X the solution to the state dynamics,

w(t,z) = o(t, ) = ]E[@(XT) + /tTg(s,Xs, Us)ds‘]—'t}.

Therefore U is an optimal control, as stated.
O

Remark 7.3.3. We'’ve actually shown quite a bit more in this proof than it seems.
We know that the value function exists and is continuous, and this theorem tells
us that it lies above every smooth subsolution of the PDE (Case (i)), and below
every smooth supersolution of the PDE (Case (ii)). This is closely related to
the fact that it is a wviscosity solution of the HJIB equation.

We will return to this in more detail in the coming chapters, where we will
study the theory of viscosity solutions to these PDEs.

Remark 7.3.4. The HJB equation usually admits C':2 solutions, at least under
the ‘uniform ellipticity’ condition that there exists a constant § > 0 such that
INTa(t,z,u)| > d||A|| for all A € R™. This is a result due to Evans and Krylov,
see Krylov [33, Chapter 4] for details in this direction.

Remark 7.3.5. The approach we took (based on piecewise constant controls)
is easy to work with, but a nicer result is that in many cases, there exists an
e-optimal feedback control (with enough smoothness to guarantee that the state
dynamics admit a unique solution). Indeed, given a smooth solution to the HJB
equation, and sufficient smooth invertibility of the Hamiltonian, we expect that
this will be the case. See Exercise [[.4.13]
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Remark 7.3.6. While we have derived all our existence results under the as-
sumption that controls have a bounded impact, and Lipschitz continuity of our
dynamics, we could now consider relaxing this condition. In particular, suppose
we can find a smooth solution v to the HJB equation, together with a candi-
date optimal feedback control u* which gives the minimum in the Hamiltonian.
Fixing a starting point (¢, ), and assuming the state process Xt s well de-
fined, the HJB equation will guarantee that the corresponding process M%u”
in Theorem is a local martingale (by applying Ito’s lemma), and that the
processes M»*U are local submartingales for all U € U. Hence, it remains to
check v has enough growth bounds that our processes are a true martingale and
submartingales respectively. For example, if we restrict the admissible controls
to those where IE[supS |M§wU|] < oo (by imposing sufficent integrability and
growth conditions on our controls and cost processes), then the optimality of
U* at (t,z) follows whenever U* € U.

Example 7.3.7. Consider the control problem with state dynamics
dX; = (a+bUp)dt + (c+ fU)dW,

where W is a one-dimensional Brownian motion, a,b € R and U = R. Suppose
that the costs are given by

g(t,z,u) = qz? + ru® + 2szu; ®(z) = 2°

with r > 0, and q,s € R, and X7 > 0.

Given the quadratic structure of g and ®, we guess that the value function
is of the form v(t,x) = Sya? + 2W,x + Ty, for some functions ¥, ¥, and T'. It
follows that the spatial derivatives are

D,yv = 2%,z + 2, D2 v =2%,.
Substituting in the Hamiltonian, we have

H(t,z,Dyv, Dyyv)

2
= inf {me + ru? + 2szu + (282 + 2V,)(a + bu) + (c—&—qu)(ta)}
u

Taking a first order condition (this gives a minimizer assuming r + f23; > 0,
which holds when t is close enough to T') we have

0 =2ru+ 2sz + b(2%x + 2¥¢) + 2f (c + fu)>,

which simplifies to give the optimal control,

1
u = —Tm((s + bZt)x + b\Ijt + szt) — Ktx + Ht;

where
S + bZt

_ s+bXE _ bW+ cf3
T+ 28

K, = .
¢ T‘+f22t

and H; =
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We substitute this back into the HJB equation to get

— 0y (Sa? + 2Wy + 1)
= H(t,z, Dyv, Dyyv)
= qz? + (K + Hy)? + 2sx(Kx + Hy)
+ (2% +29,)(a + b(Kx + Hy)) + (¢ + f(Kix + Hy))2(Z0).

Matching coefficients, we get Xp =1, ¥ =T'pr =0, and

—0;%¢ = q+rK? 4+ 25K + 205, K, + X fP K7,
—8t\Ilt = 'I’Kth + SHt + Et(a + th) + \I/tbKt + Etht(th + C),
—0 Ty = rH} + 2V (a + bHy) + (c + fH)*Y,.

Figure [71) shows how the solution to the system changes as b changes. The
values of the parameters b and f modulate how much Uy controls the drift and
the volatility of X;. The remainder of model parameters are a = 0.1,¢ = 0.5,q =
1.0,r=1.0,s=0.0, Xg=1, and T = 1.
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Figure 7.1: State X; and optimal control U;, when b = 1 (left panels), b = 2
(middle panels), and b = 5 (right panels). Top panels are for f = 0.5 and
bottom panels are for f = 1.0. Both processes (X and U) are accompanied by
the running quantiles (5% and 95%) across time.

The condition r + f2 %, > 0 is satisfied for t € [0, T] with the parameters we
employ.
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7.4 Exercises

Exercise 7.4.1. Prove the following extension of the martingale verification
theorem (Theorem : Let all notation be as given in Theorem and
also assume the stated regularity properties of v and the existence of strong
solutions. As before, write

t/
M"Y (w) = / g(w, s, X2V U )ds + v(w, t', XY,
t

Suppose that, for every (t,z) € T x X,
o for every U € U, we know M“®Y) is a submartingale on [t,T);

e for every € > 0, there exists a control Ut%¢) € U such that the process
defined by (w,s) — Mst’”:’U(t’w’e) (w) — €s is a supermartingale on [t,T).

Show that, under these conditions, v is a version of the value function.

Exercise 7.4.2. Consider a stochastic control problem on a fixed horizon where
we discount costs at a rate p > 0.

(i) Show that the martingale verification principle applies when we consider
the process

tl
M) = [ e (s, XU U oot X,
t

(ii) Show that the result will also hold over infinite horizons, given v satisfies
the transversality condition

e_pt,v(t’,Xtt,’x’U) — 0 almost surely and in L* ast' — oo, for allU € U
replaces the terminal value condition for v, and we assume costs are bounded.

Exercise 7.4.3. By considering the martingale verification theorem in the case
o =0, give a direct verification result for deterministic control problems (your
final answer should not mention any stochastic results).

Exercise 7.4.4. Consider the control problem with one-dimensional state dy-
namics given by

1
dXt = gUtdt + th,

where W is a one-dimensional Brownian motion, Uy is a control process taking
values in the set [0,1], the horizon is T =1 and the costs are given by

2
g(t,w,u) = Jur(l—t) —t+3z+1, &) = —a’.

Show that the value function is given by v(t,x) = —2%(x + 1 —t), and describe
the optimal control.
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Exercise 7.4.5. Consider a controlled diffusion with drift f and volatility o.
For a given feedback control U, we define the linear differential operator

LU = g(t, 2,U,) + f(t,2,0)T (Do) + %Tr [(D2,0)(007) (1.2, U)

(i) Assuming all relevant equations admit sufficiently smooth solutions, and
all stochastic integrals with respect to martingales are martingales, show
that the value of the control J(-,-,U) satisfies the PDE

—8,J=LYJ.

(ii) The (classical) comparison principle states that if w and w' are C*' and
satisfy
—oww > LYV w; —9w' < LYW

and w(T,-) > w'(T,-), then w > w' for all (t,x).

Design a policy iteration scheme to solve the Hamilton—Jacobi-Bellman
equation, assuming you are able to solve linear PDFEs. For your scheme,
assuming the comparison theorem holds, prove the policy improvement
lemma.

Exercise 7.4.6. Consider the Merton problem, where an investor has nonneg-
ative wealth X, invests a fraction U® of their wealth into a risky asset following
a geometric Brownian motion, and consumes a fraction U¢ of their wealth per
unit time. This means that their wealth satisfies

dXt = —UCXtdt + Uth(Mdt + O'th)
for p,o >0, and costs

c\1—v 1—~
%; O(z) = _r
I—v I—v

g(tv'rau) ==

where u®,u® > 0 and v > 0, v # 1. Show that the optimal strategy is to
invest a constant proportion of wealth U® in the risky asset, and consume at a
deterministic time-dependent rate U, determined by the solution to an ODE.

You may wish to use an ansatz of the form v(t,x2) = —w(t)
positive function w.

1—v
&—, for some
-

Exercise 7.4.7. In this question, we consider finite difference approrimations
of the Hamilton—Jacobi—Bellman equation. We will consider the problem where
the state variable is in one dimension, and the Hamiltonian is given by

H(t,x,q,a) = uei[IEf1,1] {uq + a} = ueiﬁﬁ,u H(t,x,q,a,u).

For N € N, consider a discrete grid {0, ¢, 20, ..., Nos} in time, and

{=N6y, (=N +1)6;, ..., 0, ..., (N — 1)8,, N6, }
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in space, where 6, = T/N and 6, = 1//N.
We assume the problem stops when we hit the numerical boundary (sov(t,x) =

O(z) for allt and allx € {£NJ,}). We assign a terminal value ®(x) = 1—

(1)

(ii)

(iii)

(i)

(vi)

ljiw‘1 .
If v is a CY? function, show that (as N — o0o), with k chosen such that
t € [(k—1)dt,kdy],

v(kds, x) — v((k — 1)d, )
0

and, with k chosen such that x € [(k — 1)04, (k + 1)),

= Ow(t,x) +o(1)

v(t, (k+ 1)) — v(t, kdy)
O

= D,v(t, ko) + o(1)

and

o(t, (k + 1)8,) — 20(t, ko) + v(t, (k — 1)d,)

52 = D2 v(t,kd,) +o(1).

Using this finite difference scheme, write down an approximation of
Vp—1,j = v((k — 1)d¢, j6s)
in terms of Uk j,Vk j+1,Vk,j—1, when v satisfies the HJB equation.

Show that vi_1 ; is a componentwise monotone increasing function of vy, e
(where vy, o represents the vector [vy ;] for j = =N, —N+1,..., N ), provided
364/62 < 1. (This is known as being a monotone scheme.) How does this
compare with the discrete-time discrete-state control problem?

Now consider the deterministic problem with Hamiltonian

H(t,z,q) = inf { }
(t, 2, q) L
Is the basic finite difference numerical scheme for this problem typically
monotone?

For the deterministic problem in the previous part, consider the modified
scheme

_ Yk, jTVk,j—1

x

Vk,j+1 " Vk,j - . )
Jfl(t T Uk ) = 61 Zf ’Uk},_]-‘rl < vk’]’
T if Vkj1 2 Vg

Show that using f[(v) in the place of H(t,x,q) in our numerical approx-
imation gives a monotone scheme, provided 6;/0, < 1. (Approximations
of this type are commonly known as upwind schemes, and are important
in order to prove numerical stability).

Implement the three numerical schemes considered above, for various choices
of T and N, and observe the behaviour of the numerical approximations.
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Exercise 7.4.8. Let T >0, 79 € R, and let b € L'([0,T];R) be a deterministic
function. Consider the controlled SDE

dXt :btdt+Utth, X() = Xy,

where W is a one—dimensional Brownian motion on a filtered probability space
(Q, F,{F:},P) satisfying the usual conditions. Let ® : R — R be a twice con-
tinuously differentiable convex function (i.e. ®” > 0) with polynomial growth.
Consider the Mayer control problem of minimizing

J(t,x,U) := E[®(X"Y)]
over U € U.

(i) Show, using Jensen’s inequality, that if 0 € U then the control Uy = 0 is an
optimal control, and is unique up to equality dP x dt-almost everywhere.

(i) By applying Ité’s lemma to compute the cost of a policy U, show that
for any U, any admissible control minimizing the accumulated variance
fOT U2 ds almost surely is optimal.

Hint: treat the term depending on b as a deterministic constant

Exercise 7.4.9 (Cole-Hopf transformation). Let W be a one—dimensional Brow-
nian motion and consider the controlled SDE

dXt :Utdt+Uth, X() =,

where o > 0 is constant and U is progressively measurable. The objective is to
minimize
T
/ %UE dt + ePXr | |
0

where B > 0 is a constant. Assume throughout that the value function v is suffi-
ciently smooth, and that admissible controls are restricted to guarantee uniform
integrability of costs.

J(U)=E

(i) For an arbitrary admissible control U, define
t
MU = v(t, X;) +/ 1U2ds.
0

a. Using It6’s formula, write down the drift of MY in terms of the deriva-
tives of v.

b. By minimizing the drift pointwise in U, show formally that the optimal
control is given by
Ut* = —DIU(t,Xt),

and deduce that the value function should satisfy the Hamilton—Jacobi—
Bellman equation

—Op(t,x) = —3(Dyv(t,x))* + 20 D2 v(t, 2), o(T, x) = eP*.
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(i) Consider the Cole—Hopf transformation

o(1,2) = exp (L;T’x))

g

Show that ¢ satisfies the linear heat equation
0, ¢(r,x) = D2 b(r,x),  B(0,2) = exp( — €7 [0?).

(#ii) Show that ¢ has the Green’s function representation

o(r,x) = /R Goer(z — y) exp( — €%/0%) dy.

where G4(2) = \/2173 exp( — g—z) Hence write down the value function in
closed form.

(iv) Show that the optimal control has the feedback form

Uf = 0?0, log (T — t, Xy).

Exercise 7.4.10. Let T > 0. Define the annular domain
D:={xeR?:1<|z| <2}
Let W be a two-dimensional Brownian motion. Consider the controlled diffusion
dX, = b(t, X;, Uy) dt + o(t, Xy, U;) dW;,  Xo = € R?,

where Uy takes values in a compact setU, and the coefficients satisfy the standing
reqularity assumptions of the chapter. Define the exit time

™V =inf{t >0: X' ¢ D},
and consider the objective of mazimizing P(7Y > T)).

(i) Show that the desired probability can be expressed in terms of a standard
minimization control problem with b = o = 0 for x &€ D and terminal value
O(z) = —1zep).

(i1) Write down a Hamilton—Jacobi-Bellman equation describing the value func-
tion for this equivalent control problem. FExplain why this can be seen either
on the whole space x € R?, or by considering only the behaviour on D to-
gether with an additional boundary condition.

(iii) Consider the special case where

U

—thdt + U, th, Useld = [1, 2]
t

X, =
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(a) Write down the dynamics of Y; = || X|| and hence give a one-dimensional
problem equivalent to the control of X considered previously.

(b) Identify the optimal control, and hence show that the optimal proba-
bility of not hitting the boundary has Fourier series expansion

i ﬁ sin (Qk + ([ Xoll = 1)7r) exp ( — 7T;(% + 1)2T).

k=0

Exercise 7.4.11. Let T > 0 and fiz parameters a,b,r > 0 and a control bound
Umax > 0. Consider the one—dimensional controlled diffusion on [0,T],

dX, = f(Us)ds + o(Us) dWs, X, =u,

where the control Us takes values in the compact set U := [0, Upnax], the drift
and volatility are given by

flu)=a(l—e") (concave in u), o(u) =bu (increasing in u),

and W is a one—dimensional Brownian motion.
Define the cost functional with a quadratic control penalty

J(t,x;U) :=E

T
/t (9Cxtm7) +5U2) ds + @(X%””’Uﬂ ,

and the value function
v(t,x) == &Ié% J(t,z;U).

Take the running and terminal state costs to be

1 1
d P(x) :=
an (x) T2

g(z)

= 1+

both defined for x > —1 (so that derivatives below are well-defined). Note that
g and ® are decreasing and convex functions on (—1,00).

(i) Briefly explain why for any admissible U the SDE above admits a unique
strong solution and J(t,x;U) is finite for x > —1.

(i) a. Fix an admissible control U. Show that the map x — J(t,z;U) is de-
creasing and convex on x > —1. (Hint: use the affine dependence of
X5®U on the initial condition: XU = x4+ M, where M; is indepen-
dent of x; then use that expectation preserves convexity and monotonic-
ity.)

b. Deduce that the value function v(t,x) = infy J(¢, z; U) is also decreasing
and convez in x.
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Assume v is sufficiently smooth and write the (unoptimized) Hamiltonian
H(t,2,p,9) = g(x) + p f(u) + 3q0(u)” + 5u?,

where p = Dyv(t, ) and ¢ = D2 v(t,x). Show that H is strictly convex
in u for every (t,z), given that r > 0. (Recall from part (ii) that p < 0
and ¢ > 0.) Conclude that for each (t,x) there is a unique minimizer
u*(t,x) €U.

a. Show that the first—order condition for the minimizer can be written as
(r + qb*)u+pf'(u) = 0.

b. Explain why, since f'(u) = ae™ > 0 and p < 0, this equation admits
a unique solution u € (0,Umnax) when Umnax is large enough; and why,
when the solution lies outside [0, Upmax|, the minimizer is the projected
value onto the interval U.

Substitute the closed form of u* into the HJB equation to show that
—Op(t,x) = glw) + 3qb*(u*)? + pf(u*) + 5(u*)?,

where p = Dyv, ¢ = D2,v and u* = u*(t,x) is the unique minimizer
determined implicitly above.

Suppose a classical solution v € CH2([0,T] x (—1,00)) exists with the
properties Dyv < 0 and D%, v > 0. Define
MY = v(s, XboV) —|—/ (g(X}f’I’U) + %Uf) dr.
t

Use Ito’s formula to show that for any U,
dMsU = (nonnegative drz'ft) ds + martingale term,
and that the drift vanishes if and only if Us = UZ := u*(s, X\®Y) a.s.

Conclude that MY is a submartingale and, assuming u* is sufficiently
regular that MV" is well defined, U? is optimal.

Exercise 7.4.12. Let W be a one—dimensional Brownian motion W. Fixo > 0
and consider the controlled diffusion

AX, = Uydt + o dW,,  Xg=z € (-1,1),

where the control takes values in the discrete set U, € {—1,1}. Let

T:=inf{t >0: |X;| =1}

be the exit time from the interval (—1,1). Consider the problem of minimizing
the expected exit time, that is, we take

v (x) = ir{}f E.[7].

You may assume that v is a Lipschitz continuous function.
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(i) By considering an appropriate control problem with ® = v’ over some
horizon, show that v° should satisfy

o2
inf {14+ uD,0% (@) + T D207 ()} = ~1,1
MG%EM} +uDv%(x) + 5 Deav (x) 0, xz € (—1,1),

with boundary conditions v°(£1) = 0.

(i1) Show that, at any point where v° is smooth, the minimizing feedback control
is given by

u*(z) = —sign (D07 (2)).

(#ii) Using symmetry, argue that v° is even, and why we expect it to be concave,
and hence the optimal feedback control should be u*(x) = sign(z).

(iv) Supposing that v° is also differentiable at x = 0, show that v° should also
be represented by the linear ODFE

2
1+ Do (z) + %Dfmva(x) =0, z€(0,1),
with the boundary conditions v° (1) = 0, Dyv?(0) = 0. Hence derive the

explicit formula

2 2
vi(z)= 14 %6_2/02 - %6_2‘””“2 —|z|.

(v) Verify directly that the function above is C? on (—1,1) and satisfies the
Hamilton—Jacobi-Bellman equation.

(vi) Compute the pointwise limit of v(x) as 0 — 0 for x € (—1,1). Show that
limv7(z) =1 — ||
lim »° () Ed

and compare with the result of Example|6.1.1].

Exercise 7.4.13. Consider a stochastic control problem satisfying Assumption
7.3.1, where the control domain is a convexr compact subset U C R™. Let v €
CY2([0,T] x RY) be a classical solution of the HJB equation on [0,T) x R%.
Suppose that

e For each fized (t,z,p,q), the map u+— f[(t,@p,q;u) is C? in u.

e (Uniform strong convexity) There exists X > 0 such that for all (t,z,p,q)
and all u € R™, 3
D2 H(t, @,p, q;u) > Mo

For all (t,2,p,q), H(t,z,p,q;u) = 00 as u — OU;

are locally Lipschitz.

The maps (t, z,p,q,u) — 8uﬁ(t, x,p,q;u) and (t, 2, p, q,u) — Dﬁuf{(t, x,p,q;u)
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(i) Show that for each (t,x) there exists a unique minimizer u*(t,z) € R™

of u — H(t,r, Dyw(t,x), D2, w(t,x);u). which satisfies the first-order
condition R
8UH(t, x, Dyw(t,z), D2 w(t, x);u*(t, m)) =0.

(ii) Using the implicit function theorem, or otherwise, show that the mapping

(t,z) — u*(t,x)

1s locally Lipschitz.

(iti) Assume that f(t,x,u) and o(t,z,u) are globally Lipschitz in x uniformly

in u. Show that the closed-loop SDE
dX; = f(t, Xe,u™(t, Xy)) dt + o (¢, Xy, u* (¢, X¢)) AW,
admits a unique strong solution, and conclude that the feedback control
Up = u*(t, X3)

is admissible.

Exercise 7.4.14 (Polynomial closure and linear—quadratic structure). Consider
the controlled diffusion

dX, = f(¢, Xy, Up) dt + o (t, Xy, Up) AW,

with value function v(t,x) solving the Hamilton—Jacobi—Bellman equation

—0w = Hel{l {g(t, z,u) + Dy f(t,x,u) + 1T D2, v oo’ (t,z, u)] }

Assume all coefficients are smooth and polynomial in (z,u).

(i) Suppose that for some fized integer n > 2 the following ‘polynomial closure’

(ii)

property holds:

For every polynomial terminal cost ®(x) of degree < n, the corresponding

value function v(t,z) remains a polynomial in x of degree < n for all
te€0,T).

a. Show that Dyv has degree <n — 1 and Dfmv has degree < mn — 2.

b. Deduce that the HJB operator must map polynomials of degree < n into
polynomials of degree < n.

Assume f(t,x,u) is polynomial in x. Show that if f contains terms non-
linear in x (degree > 2), then D,v' f generically produces monomials of
degree > n + 1. Deduce that polynomial closure forces

ft,x,u) = At)x + B(t, u),

that is, the drift must be at most linear in x.



184

(iii)

(i)

(v)

CHAPTER 7. CONTINUOUS-TIME STOCHASTIC CONTROL

Assume oo ' (t,,u) is polynomial in x. Show that if it contains terms of
degree > 2 in x, then
Tr(Diwv O'O'T)

generically produces degree > n+ 1. Deduce that polynomial closure forces

UUT(t, x,u) to be at most quadratic in x.

Assume the Hamiltonian is polynomial in w. Show that if g(t,z,u) is not
quadratic in u, then either:

o the minimizer u*(t,x) is non-polynomial in D,v, or

o substituting u* into the Hamiltonian raises the degree in x beyond n.

Deduce that polynomial closure forces
g(t,z,u) = g(t, @) +u'h(t,z) + ju' R(t)u,  R(t) >0,
that is, the running cost must be quadratic in the control.

Conclude that if polynomial closure holds for arbitrary degree n, then the
control problem must be of linear—quadratic type:

flt,z,u) = A(t)x + B(t)u + a(t),

o(t,z,u) =X(t)x + T(t)u+ oo(t),

g(t,x,u) = %xTQ(t)m + 2" S(t)u + %uTR(t)u +0(t) T

In particular, polynomial families are closed under the HJB operator only
in the linear—quadratic setting.



Appendix A

Some useful basic theory

We here give a summary of additional results in probability theory which we
make use of in the course. Some of these we simply state without proof, other
less familiar results we reproduce in full. While we reproduce the key definitions
below, it would be much better (if you're not familiar with the material) to try
and learn it from a more developed text, for example [12].

A.1 Filtrations, Conditional Expectations, and
Martingales

The basic structure we will use in order to understand stochastic processes is
that of a filtered probability space. This is an abstract axiomatization (essen-
tially due to Kolmogorov) of probability theory, which enables us to study the
flow of information through time.

Definition A.1.1. A measurable space is a set S, together with a o-algebra
F (that is, a family of subsets of S which is closed under taking complements
and countable unions, and contains S). The elements of F are called events (in
probabilistic language).

A measure p is a map F — [0,00] with the properties that u(@) = 0 and
1 is additive with respect to countable disjoint unions, that is, for disjoint sets
Ay, Ay, ..., we know p(UpAy) =, w(An). A measure p is called a probability
measure if u(S) = 1, and by convention, we write S = € in this case. A
measurable space with a probability measure is called a probability space.

We say a measure space is complete if for every A € F with u(A) =0, we
know B € F for oall B C A.

Definition A.1.2. A filtration on a measurable space is an increasing collection
of sub-c-algebras of F, that is, a family {Fi}ier such that Fy C Fy C F for all
t < t'. This provides a precise way to model the events which are determined
by time t — any such event is included in F;, and we assume that this is still

185

[SC]7:some of this is too basic. | say we cut everything
which is explained in Capinski and Kopp, and only high-
light the slightly more unusual bits.
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a o-algebra. A measurable space with a filtration is called a filtered space (and
hence filtered probability spaces are defined).

Definition A.1.3. The Borel o-algebra on a topological space Y is the smallest
o-algebra containing all open sets, and is written B())

Definition A.1.4. A function f: S — Y, where Y is a topological spaceﬂ and
(S, F) is a measurable space, is said to be measurable if for all sets A € B()),
we know X 1(A) € F. If S is also a topological space, we say X is Borel

measurable if X ~1(A) € B(S9).

Every continuous function is Borel measurable.

Remark A.1.5. If S is the set of random seeds 2, we often call measurable
functions by the name random variables.

Understanding o-algebras is made somewhat easier by taking a concrete
example, which is provided by the o-algebra generated by a function f

Definition A.1.6. Given a function f, the o-algebra generated by f is the
smallest o-algebra on Q) such that f is measurable.

This definition leads to the following basic result:

Theorem A.1.7 (Doob-Dynkin Lemma). Let f be a function from S to a
topological space YV, and let o(f) denote the o-algebra generated by f. Let g :
S — R be a measurable function. Then g is o(f)-measurable if and only if there
exists a Borel measurable function h:) — R such that

g(s) = ho f(s).

In order to work with families of random variables, it is convenient to be
able to take limits of them. A useful fact is that, for any countable sequence
of measurable functions f,, the pointwise limit lim,, f,, is also a measurable
function (provided it exists). Similarly for sup,, f, and inf,, f,. Unfortunately
this does not extend directly to the suprema/infima of uncountable families, see
Theorem [A.1.24] below.

Once we have a measure u on a measurable space, we can define integrals.
We will assume that p is o-finite, that is, there is a sequence of sets A,, € F
with UpenA, = S, such that u(A,) < oo for all n.

Definition A.1.8. For a function f : S — R, the integral of f is writtﬂﬂ
[ f(@)u(dz).

For simple functions, that is functions of the form ¢(x) =3 yanla, ()
such that the A, € F are disjoint, and a; € RT, the integral is given by

[ #@nta) = ¥ aunan).

1One can generalize this to having ) a measure space with an arbitrary o-algebra, but
this is not so interesting
2The notation [ f(z)du(z) is also common.
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For nonnegative functions fT, the integral is the supremum of the integrals of
all simple functions bounded above by f. For general functions, the integral is
given by

[ futde) = [max(f.0putds) - [ max{-.0}u(da),

provided at least one of these terms is finite.
In the case where we have a probability measure p =P, and S = ), we often
write B[f] = [, f(w)P(dw), and call this the expectation.

Once we have an integral, we quickly obtain a topology over functions.

Definition A.1.9. We define the metric spaces LP, which are (equivalence
classes of ) measurable functions S — R, with the metric

1=l = ( [ 11@) = st@)Puta)

This is a metric provided we identify functions where || f—g|| = 0. Such functions
are said to be the same almost everywhere. We say functions are in LP provided

1Fllp < oo

Using this, we now have various notions of convergence of sequences of func-
tions. We say f, — f pointwise if f,(z) — f(x) for all x. Weakening this
slightly, we say f, — f almost everywhere (or almost surely, if we are working
with probability spaces), if the set A = {z : f,(z) 4 f(z) satisfies u(A) = 0. It
is possible to check that this agrees with the terminology above, and we often
abbreviate it to writing a.e. or a.s. We say that f, — f in L? if || f, — f]l, — O.
Generally speaking, LP and almost everywhere convergence do not imply each

other (but see Theorem [A.1.19).

Definition A.1.10. Let (S, F) be a measurable space. Let p,v be measures
on (S, F). The measure v is said to be absolutely continuous with respect to p,
written as v < p, if p(A) = 0 implies v(A) =0 for all A€ F. If v < p and
w <K v, then u and v are equivalent measures.

The terminology comes from the fact that v < p if and only if for all € > 0
there exists 6 > 0 such that v¥(A) < e whenever u(A4) <6 (A € F).

Theorem A.1.11 (Radon-Nikodym Theorem). Let p and v be two o-finite
measures on the measurable space (S, F). If v < p, there exists a unique (up
to equality p-a.e.) non-negative measurable function f : S — [0,00] such that

o) = [ 7.

for all A € F. This f is called the Radon-Nikodym derivative of v with respect
to pu and it is often written as
dv

f=g
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The key insight of Kolmogorov’s axiomatization of probability in terms of
measure theory was the definition of the conditional expecation (and the exis-
tence of certain continuous processes as a consequence).

Definition A.1.12. Take a random variable X € L' on a probability space
(Q, F,P). Given a sub-c-algebra G of F, we define the conditional expectation
Y = E[X]|G] to be the unique (Q,G) random wvariable (up to equality almost
everywhere) such that, for all A € G, we know E[14Y] = E[14X].

The existence of the conditional expectation follows from the Riesz repre-
sentation theorem in Hilbert spaces (for random variables in L?), along with a
convergence theorem for the integral, for example Vitali’s convergence theorem
below. We should note that the conditional expectation depends on the choice
of probability measure P, and is only uniquely defined P-almost everywhere.

The key property of the conditional expectation that is satisfied is the fol-
lowing:

Lemma A.1.13 (The tower law of conditional expectation). Let {F;}ier be a
filtration on a probability space. Then for any random variable X € L', and
any t < t', we know

E[X|7/] = E[E[X|F/]

7
up to equality almost everywhere.

Lemma A.1.14 (Bayes’ rule). Let Q be equivalent to P. Let the Radon-
Nikodym derivative of Q with respect to P be %. It follows that for all Q-
integrable Z,

dQ dQ
EQZ|F) =EF | —=Z EF | —|FA|.
[Z|F] [dIE” ‘ft}/ {dIED ‘ft]
Proof. We need to show that for any A € F;, the F; random variable
dQ dQ
R ) . FP| =
Y, =E {dpz‘ft}/@, L =E {dP‘ﬂ],

satisfies that
EQ[1,Y;] =E%1, Z].

The proof follows from the following equalities

dQ dQ
E¥[14Z]=E [d]P’lAZ} E" |E {dplAZ}'t}
dQ - dQ
E" [14E [d]P’Z}—t} E¥[14L;, E [de‘}}}

=E%1,Y;].
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In the above, we used that for any F; random variable X we have that

dQ dQ dQ

Qv _ WP _ P | P _ P P _ P

EQ[X] =E [X dIP] —E lIE [X o 7-}” —E [XE [dIP Fi|| =B [X L.
See Proposition 1.7.1.1 in [30] for further details about L. O

The following inequality is one of the most useful inequalities in this area
(together with Cauchy—Schwarz).

Lemma A.1.15 (Jensen’s Inequality). Suppose ¢ is a convex map of R into R
and suppose X is an integrable random variable such that ¢ o X is integrable.
Let G be any sub-o-algebra of F. Then

o(EIX|G)) <El¢poX|G] as.
Proof. Note that ¢ is the upper envelope of a countable family of affine functions
(@) =apz+f,, xR, neN,
that is, ¢(z) = sup,,{A\n(z)}. The random variables A, o X are integrable and
An 0 E[X]|G] = E[\, 0 X|G] < E[¢po X|G] as.
Taking the supremum with respect to n, the result follows. O

As convergence almost surely does not usually imply convergence in L' (or
any other LP), it is helpful to study cases where this does hold. The required
condition is uniform integrability.

Definition A.1.16. Suppose K is a set of random variables. Then K is said
to be a P-uniformly integrable set if

/ X ()] dP(w) = E[1jx/5 X[]
{IX[>c}

converges to 0 uniformly in X € K as ¢ — +o0.

A convenient reformulation is given be the following result, see [16, Theorem
2.5.4] for a proof.

Theorem A.1.17. Suppose K is a subset of L*. Then K is uniformly integrable
if and only if both

(i) there is a number k < oo such that for all X € K, E[|X|] <k, and

(ii) for any e > 0 there is a 6 > 0 such that, for all A € F with P(A) < §, we
have E[14|X (w)|] <€ for all X € K.

Lemma A.1.18 (de la Vallée Poussin criterion). Let K be a set of random
variables. Suppose there is a positive function ¢ defined on [0,00) such that
limy, 00 t 1 @(t) = 400 and supxcx E[¢(|X])] < co. (Common examples are
o(x) =aP forp>1, or ¢(x) = xlogx.) Then K is uniformly integrable.
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Proof. Write A = supycx E[¢(|X|)] and fix € > 0. Put a = ¢ ')\ and choose ¢
large enough that t=1¢(t) > a if t > c. Then, for z > ¢, we have z < a~1¢(z),
SO

sup E[1x(sc/X]] < a™" sup E[1jxp5c0(1X])] <a" sup E[p(IX])] <.
XeK XeK XeK

Taking ¢ — oo we see that

limsup sup E[1|x|5.|X]|] <
XeK

cC— 00

and as € was arbitrary we conclude K is uniformly integrable. 0

The power of the uniform integrability condition is due to the following
result, which generalizes the dominated convergence theorem. (See [16, Theorem
2.5.8] for a proof.)

Theorem A.1.19 (Vitali convergence theorem). Suppose {X,}nen is a se-
quence of integrable random variables which converge in probability to a random
variable X. Then the following are equivalent:
(i) Xy converges to X in L* that is E[| X, — X|] — 0 (which easily implies
E[Xn] = E[X]),

(ii) the collection K = { X, }nen is uniformly integrable.
In either case, the limit X is also integrable.

A key property we make use of is that uniform integrability is not changed
by taking conditional expectations.

Theorem A.1.20. Let K be a uniformly integrable set, and & be a (possibly
uncountable) family of sub-c-algebras of F. Then the family of random variables
{E[X|G]} xek.ges is uniformly integrable.

Proof. We prove this using Theorem From Jensen’s inequality, we know
that for any A € G,

E[14[E[X|G]]] <E[14]X]|] forall X € K,G € &.

Setting A = €2, we obtain a uniform bound on E[|E[X|G]|]. For each § > 0, let
As(G) be the largest set of the form {|E[X|G]| > k} such that P(As(G)) < 4,
that is,
A5(G) = U {w: [E[X|G]| > k}.
{k:P(IE[X|G][>k)<d}

Note that As5(G) € G and by construction, for A € F with P(A) < §, we have
E[14|E[X|G]|] < E[la,g)[E[X]|G]|]. For any € > 0, we can find a § > 0 such
that E[14,7)|X]|] < ¢, and hence, for any A € F with P(4) <4,

E[14[E[X|G)]] < E[la;g)|E[XIG]]] < E[layg)lX]]
SEla,m)|X|] <€
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forall X € K,G € ®. By Theorem we see that the family {E[X|G]} xek ges
is uniformly integrable. O

Given this structure, we can define some useful types of processes.

Definition A.1.21. We call functions X : Q x T — Y (for Y a topological
space), random processes. We write Xi(w) = X (w,t) and often simplify to X;.
We say X is adapted if w — X (w,t) is Fy-measurable for all t. This is a fairly
weak condition though, as it doesn’t tell us anything about the reqularity of X
m time.

We say X is progressive if for all t € T, the restricted map Q x [0,t] —
Vi (s,w) = Xs(w) is B([0,t]) @ Fr-measurable. This ensures regularity with
respect to time, as well as w. If X has continuous paths, that is, t — X (t,w) is
continuous for all w, and X is adapted, then X is progressively measurable (but
this is only sufficient, for example having right-continuous or left-continuous
paths is also enough).

Definition A.1.22. We say an process X is a submartingale if, for all t < t/,
we have Xy < E[Xy|F], and Xy € L*. We say X is a supermartingale if —X
s a submartingale, and a martingale if it is both a sub- and super-martingale.

There are many beautiful properties of these processes.
Kolmogorov continuity theorem (for random fields, as in Rogers+Williams)

[SC]g:need to decide which of these things is important
to include

Lemma A.1.23. Let Y be an adapted right-continuous process. Then Y is @ [SChomnot surewe use this in the end
submartingale if and only if, for all stopping times 7 < 7/, we know E[Y;] <

E[Y;/]. In particular, Y is a martingale if and only if E[Y;] is constant for all

T

Proof. If Y is a submartingale, this is an immediate consequence of the Doob—
Meyer decomposition and optional stopping. We prove the converse. Let ¢ < t/,
and define the set

A= {]E[Yt/|./—"t] < Y;f} € F;.

Then 7 = 14t + 1act’ < ' is a stopping time, and Yy — Y, = 14(Yy — Y3).
Therefore,

0 <EYy - ;] = E[Lu(Yy - ¥7)] = E[La (E[Yy|F] - )] < 0.

<0

Therefore, A is a null set and
Y; < E[Yy|F)

that is, Y is a submartingale. The martingale statement follows by considering
Y and —Y. O
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A.1A Existence of essential suprema

Theorem A.1.24. [[16], Theorem 1.3.40] Let (S,%, 1) be a o-finite measure
space. Let F be a (possibly uncountable) collection of Y-measurable functions.
Then there exists a YX-measurable function f* such that

(i) f* > f p-a.e. foral feF,
(ii) f* < g p-a.e. for all measurable g satisfying ‘g > f p-a.e. for all f € F’.

Suppose in addition that F is directed upwards, that is, for f, f' € F there
exists f € F with f > fV [ p-a.e. Then there exists an increasing sequence
{fu}nen C F such that f* =lim, f, p-a.e.

We call the function f* the essential supremum of F, and write f* =
esssup F. Similarly essinf F = —esssup{—F}. If we need to specify the sets
involved, we will say that the essential infimum is taken over F, in the X-
measurable functions, and defined p-a.e.

Proof. First assume that the functions in F are uniformly bounded above and
p is finite. If F is countable, then f*(z) := sup;cx f(z) is measurable, and
satisfies the requirements. Now consider the quantity

¢ = sup {/S <?élg)f(x)>dﬂ ‘ GCF countable} < 0.

Let G, be a sequence of countable subsets of F approaching the outer supremum,
that is, [ (supfeg" f(x))du 1 ¢. Then G* = U,G, is a countable subset of
F which attains the supremum, that is, f(supfeg* f(x))du = ¢. Now let
f*(x) := supjeg-{f(z)} for every z, and note that f* is ¥-measurable.

To show this f* satisfies the requirements of the theorem, observe that if we
have f' € F with p({f’ > f*}) > 0 then {f'} UG* is a countable subset of F
and

/s( op ﬂx))‘“‘:/s(f’(x>Vf*(x>)du>c

fe{fyug

giving a contradiction. Furthermore, if g satisfies g > f p-a.e. for all f € F,
then g(x) > supeg- f(x) = f*. Finally, if F is upward directed, then G* can
be replaced by an increasing sequence of functions, and the result follows.

If the functions are not uniformly bounded, then the monotonic transforma-
tion f(z) — arctan(f(x)) gives a uniformly bounded family. Using this,

f* = tan(esssup{arctanof)}
feF

gives the essential supremum of the original unbounded family. If 4 is not finite
but o-finite, then decomposing into finite sections and constructing the essential
supremum on each gives the result. O

[SC]1 1 :keep this
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A.1B Almost supermartingales and stochastic approxima-
tion

Here we prove some useful results related to stochastic approximation theory.

Definition A.1.25. An adapted process X is called an almost supermartingale
if there exist nonnegative adapted integrable processes A, B,C such that

EXiq|F] < Xi(1+By) + A = Cy.

Theorem A.1.26 (Robbins-Siegmund convergence theorem). Let X be a non-
negative almost supermartingale. Then lim; .., X; exists and is finite, and
>, Ci < 00, on the event {w: Y, (A, + B;) < 0o}.

Proof. We will rearrange X to construct a supermartingale bounded below, and
then apply Doob’s convergence theorem. Define

t—1
Xi=x,[[a+B.)"
n=1
and
t t
= H1+B Ci=cC J[a+B.)™"

n=1
and then, for some S8 > 0,

t—1

Ut:Xt’—Z(A;L—C,’L), T:min{tEN:ZA;>B}.

n=1 n<t

We claim that U™ := {Uiar }ten is a supermartingale bounded below. To show
this, observe that 7 is a stopping time, so U7 is adapted. As X, A, C are all
integrable, and 0 < Z’ < Z for Z € {X, A,C}, we see that U is integrable. We
also know that, as X is an almost supermartingale,

t
]E[X£+1|ft] = Xt+1|]:t H

t
< (X 4B+ 4 -C) [J0+ B = X[+ 41— €
n=1
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and hence

E[U] | F]
t

= U‘rltz-r + E[Ut+1|]:t]1t<7' = U‘rltZ‘r + E[X£+1 - Z(An - Cn)

n=1

:|1t<‘r

t

=Urli>r + (E[ 41— A+ G| F] - Z(A" B C”)) licr

n=1

t
< Urlizr + (X7 = Y (An = Co) ) licr = Urlizr + Uilier

n=1

:UtT

It follows that U" is a supermartingale. We also know that X', A’, C’ are non-

negative, so
Uf>U7 - Y Cl=X{— > A >-8

t<t—1 t<t—1

Therefore, as U” is a supermartingale bounded below, by Doob’s convergence
theorem it must converge to a finite limit a.s. In other words, U converges a.s. to
a finite limit on the event {7 = co}.

As 8 > 0 was arbitrary (and each defines a corresponding 73), we now see
that we have convergence of U on the event

U{Tg—oo}—{ZA'<oo}

B>0

On this event, as X’ is nonnegative, we know

t—1
d o - ZA’<X’ Z(A’H—C’;L):U”éoo,
n=1

n=1

so we must also have ), C} < oo, and also that X' is convergent to a finite
limit.
Finally, observe that

t

li[ 1+ By) <exp<ZBn)

On the event {Zt(At +B;) < oo} C {}, By < oo} this remains finite, and hence
X; = X[ (1 + By,) is convergent and 3>, Cy = 3, (C/ [1L_, (1 + Bn)) < oo,
as desired. O

This allows us to easily prove the following version of the Robbins—Monro
result (essentially due to Dvoretsky (1956)):
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Lemma A.1.27. Consider an adapted random process Y with values in R™,
with dynamics (for each i an index in {1,...,n})

Vg1 (1) = (1= o(2)) B (0)Ye (i) 4 e (i)er41(4)
where ay(2), B (i) € [0,1] are adapted, and for all i,
(i) Bleva (D F] = 0
(it) Vie«(d)|F] < e(1+ [[Vil[3,) for ¢ > 0.
Then'Y — 0 a.s. on the event
{Zat( =00 and Zat < oo for allz}
teN teN

Proof. Let 7 = min{t : ||Y;|lco > k} for some k > 0, and consider the stopped
process Y;” = 1, Y;: + 1i>,Y;. We know that, omitting the argument 7 for
clarity,

E[(Y1)?[Fe) < (1= )2 B2 (Y7)? + 2(1 — ) Be| (V)| Ele 1] F]
+ atV[EtJrl']:t] + atE[5t+1|]:t]
< (1= an)* (V) + afV[ef 1| F]
< (L =a)*(Y7)? + afe(t + I(Y7)]%)
< (1 +ad)(Y7)? + ade(1+ k) — 204 (Y772
That is, (Y7 (i))? is a nonnegative almost supermartingale, with
A= ()1 + k%), Be=(au(0)?,  Cp=2(c(0)) (Y] (1))

We immediately see that, on the event of interest, Y, (A;+ B;) < 0o, so (Y7 (i))?
converges to a finite limit, as does

> G =2> (i) (Y/ (i)

But as Y, a;(i) = oo, this implies that (Y;7(i))? — 0, and so is bounded for all
t. As this holds for all ¢ (and ¢ takes finitely many values), it must be the case
that ||Y:||oc is a.s. bounded. Therefore, taking the union over all k > 0 we have
the result. O

In order to prove the convergence of QQ-learning and related algorithms, a
slightly more involved version (due to Jaakkola, Jordan and Singh [29], whose
proof is a variant of the approach below) is useful.

Lemma A.1.28 (cf. Lemma [5.1.3). Consider an adapted random process Y
with values in R™, with dynamics (for each i an index in {1,...,n})

Yipa (i) = (L= o (2)) Y2 (4) + e (i) Zeq1 (4)

where, for all i,
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(i) (i) € [0,1], 3oyepy (i) = 00, 35,y 07 (i) < o0,
(i) |E[Ze11(0)|F5]] < AVl oo, with v <1,
(iii) V[Zy(i)| Fi] < e(1+ [[Yil%) for e > 0.
Then ||Yilloo — 0 a.s. as t — 0.
Proof. We consider the rescaled process defined by
Upr(i) = (1 — e (0)) BeUe (i) + (1) Be Zi11(i); Uo = Yo

where 8, = min{1,1/||U;||oc}, which has the property that 5,U; < 1. Observe

that Uy = ([To<ser Bs)Ye-
We write e; = Z; —E[Z;|Fi—1]. We can then decompose Uy = Ay +T';, where

Ao—Uo, I‘of()and

Api1(i) = (1 — (i) B A (i) + e (§) BIE[ Zy 41 (4) | F],
Li1(d) = (1= a(4) Bele(4) + e (4) Brer1(4).

In particular, applying Lemma to I', we see that I', B — 0 a.s.
In order to bound A;, we again fix k > 0, and T' > 0, and define

. 1-
pri=min{t =T+ Ty > va or Al > K}

Observe that we can write (using our assumption to bound E[Z;41|F;])

|A¢1(8)] < (1 — e (d) Be| Ae ()] + e (1) V]| Be Ut o
< (1= (4))[A¢(3)] + e (1) Bey (| At oo + IT¢ ]| oo )-

Define the event

Ay, = {||rt||oo < 12;7% for all ¢ > T} N {HATHOO < k}

On Apy, for T < t < pry, by the triangle inequality we know (||A¢|lec +
IT¢loo) < nk, where n =1+ 12;7 < % Thus, as 8; < 1,

[Aeia(i)] = 3k < (1= au(@) (18:00)] - wk)

t t

< (1ar(@) = k) T (0 = @) < (b —mkyexp (= 3 (@),
= A

This must hold for all 4, which implies that
1Ai+1lco < kon Apy, for all T <t < pr .

However, if pp ;(w) < oo for some w € Apy, taking t = pp i — 1 it follows that

Apry <kand T, , < %k‘, which gives a contradiction. Therefore prj = 0o
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on Ary, for all T > 0. Coupled with the convergence of I' and Se, we conclude
that the sets

Ure{prr =00} C{||Hiet]loo + IT¢tl|cc = 0} C UrAr i C Urp{pr i = oo}

are equal and have probability one.
Going back to (A.1)), on UpArp  we can take t — oo to see that

limsup [[A¢fjec <k < k.
t—o00

But, as [|[I't|lcc = 0 on UpAg, this implies that Up Az, € UpAg ymk. Con-
versely, as yn < 1, we know Ur A D Ur A7 ynk. Therefore,

{limsup HAtHoo < OO} = UT7kAT,k = Ng>o Ur AT,k = {limsup ||At||oo = 0}
t—o00 t—00

To finish, we observe that we now have shown that ||A¢|loe + [|T¢]|cc — O,
and therefore ||U|lcc — 0. However, this means that 5; # 1 for a.s. only
finitely many ¢, and so ([],.,Bs) converges a.s. to a strictly positive value.
Consequently, as U; = (I, ., Bs)Y:, we conclude that ||V;]|oc — 0 a.s. O

A.2 A summary of stochastic calculus

progressive measurability
continuity of integral paths
It0’s lemma
BDG inequality

[SC]1 2 :need to decide which of these to include in detail,
and which to state the result

A.2A Lipschitz SDEs

This appendix is taken, with slight modification, from [16], Chapter 16]. Con-

[SC]1 3! think it makes sense to keep a good amount of

sider an SDE of the form this, along with a statement of Ito and BDG but no proof
X =Xo —|—/ w(w, s, Xs)ds —|—/ o(w,s, Xs)dWs, (A.2)
[0,¢] 0,2]
for W a Brownian motion. Throughout this section, we write || - || for the

Euclidean norm and, by extension, for a matrix ||A||? = > Aij

Theorem A.2.1. Let p and o be uniformly Lipschitz stochastic functions (that
is, maps 2 2 x [0,T] x R* — R and o : Q x [0,7] x R — RIX™ with
it @) — gt )| < K& — . Suppose

/ B[O+ ow(0)]7]ds < o0

)
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Then (A.2)) has a um’queﬂ (strong) solution X, with the predetermined Brownian
motion.

Our method of proof depends on establishing a useful stability result for this
equation, under some additional assumptions.

Lemma A.2.2. Let X be a solution of (A.2) with u,o functions satisfying the
linear growth condition

s (@) < fos + Kllzll,  los(@)]| <65 + K],

for some constant K and some processes i and &. (Note that if p and o are
uniformly Lipschitz, then i = ||p(0)]] and & = ||o(0)|| satisfy these requirements,
with K the Lipschitz constant of the functions.)

Then X is continuous and for any deterministic time T and any p > 2, there
exists a real constant C' depending on T, K and p such that

B[ swp [X07]7] < o(1xlP + [ ElllP + 0.7 7] ds).
[t,T]

t<s<T

Proof. Continuity of X follows immediately from the continuity of the integrals
in . If || Xe||P —|—f[t 7] E(llis|P + ||U||p’.7-"t]ds = 00, then the result is trivial,
so we can assume this quantity is finite. In the following, C' denotes a constant
which can depend on T, K and p, and may vary from line to line. We observe,
fort <t <T,

E[ sup | X ||p‘.7:t}

t<t'<

:]E Sup XtJr/ s)ds + 0s(Xs) ]
[t,t'] tr] [t,r]
p
<C||Xt\|P+C/ ||M8 S)||p‘}‘t]ds+C]E[( sup / aS(XS)dWS) ‘J—}}
relt,t’] [t,r]
<alxlr+0 [ Blinor|Flas cE[( [ e jas)”"| 7]
<X +0 [ B+ KRIXIP |l +0 / B[|517 + KP1X. 7| 7] s

gc(\|Xt||P+/ E[||gs\\17+||5||p]ft]ds +C/ E[sup | X,["[F¢]ds
[t,t'] [t,t] s<t

where on the third and fifth lines we have used Jensen’s inequality, and on the
fourth we have used the Burkholder-Davis—Gundy inequality. By Gronwall’s
inequality, this implies that

sup [Xel? < C(IXl? + [ E[InlP + [o17|7]ds)eCT < o
T [t,T]

t'eft

3Here and elsewhere, when stating that an equation has a unique solution, we mean both
that a solution exists and that the solution is unique. By a unique strong solution, we mean
that it is the only solution adapted to the predetermined filtration in which we pose our
problem
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Replacing C by Ce®T gives the result. O O

One approach to solving SDEs is to apply the above argument to the differ-
ence of two SDEs, and then use the resulting estimate to solve the SDE over a
short time interval. The existence of a solution for all time follows by pasting.
In this setting, we can instead give a more elegant approach using the following,
more careful, estimate, which we will also use elsewhere.

Lemma A.2.3. Let p,fi,0,6 be uniformly Lipschitz functions satisfying the
conditions of Theorem|A.2.1. Let X and X be solutions of with coefficients
(u,0) and (i1, 0) respectively. For any § > 0,

]E[eiﬁTHXT - )N(T”2 |]:t]

<RI (1, - T+ [ 2 B[ (X) - (X))

(t,T]

+2¢7 20 E[|loy (X,) - 3,(X,)|*| Filds).

Proof. Write Y, = e~#%|| X, — X,|?>. As our processes are continuous, using the
1t6 product rule we see

Yr = || X; — XtHQ — 6/ e‘BsHXS - Xs||2ds
[t,T]
+2 / e (X, — X0)T (1a(Xa) — fia( X)) ds
[t.T) (A.3)

+2/ eiﬁs(Xs *XS)T(JS(XS) 755(X5))dw5
[t.T]
+/ e 2P%)|04(X,) — 64(X,)|?ds.
[t.T]
Calculating the quadratic variation of Y, we have

(V) < 4/ 2| X = X[ Pllo(w, 5, Xs) — 6w, s, X, )|[Pds.
(¢, 7]

From Lemmam we see that E[sup,ep; 7 | Xs — X,||?] < o0, s0 E[f[t 7 I1Xs —
X,|?ds] < oo and

iy 17) < 48[ sup 1%~ Kl) ([ (oI + K1~ Kof?)as) 7]

<E[( swp X, - %)’ / (s + K2, — X, |?)ds| 7]
sE[t,T) [£,T]

< 00.

By the BDG inequality we see that the ‘dW’ term in (A.3) is a true martingale.
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Write 0ps = ps(Xs) — fis(Xs) and dog = 04(Xs) — 65(Xs). Taking an
expectation and applying the Cauchy—Schwarz inequality to (A.3)), we know
that

EYr B <Yi— 8 [ EY.Flds+ / E[Y,|F]ds
[t,T] [0,t]

+ / ¢ B[l pa(X.) = is(Xo) |*| Fi)ds
[t,T)

+ / e P E[loy(X,) - 5(X,)*| Filds
[t,T]

th—(ﬂ—l)/

E[Y,|Fi)ds + / (2E[15s|1217:] + 2KE[Y, | F])ds
[t,T] [t,T]

+/ (¢~ P52E[||60, % F] + 2K>E[Y;| F,])ds
[t,T]

<Y~ (B-1-4K?) / E[Y,|F]ds
[t,T]

b [ (e PRI P + o2 oo P17,
[t,T
Applying Gronwall’s inequality, we conclude
EYy|F] < (Yi+ / 2¢" P[0 |21 Fi)+e 272|602 FJds ) (P14,
[t.7)

O

Using this estimate, we now prove existence and uniqueness of the solution.

Proof of Theorem[A.2.1] Fix the initial condition X = z¢. Consider the map
F' defined by

,us(Xs)ds—l—/ 0s(Xs)dWs.
[0,2]

F(X): :x0+/

[0,¢]

The process F'(X) then satisfies an SDE of the form (A.2)), with @ and o which
do not depend on F'(X). From Lemma|A.2.3] taking an expectation we can see
that, for any X, X and any 8 > 0,

Bl | F(X): — F(X)?)
< 26_(ﬂ_1)t e_ﬂSE S XS - S X«S 2
< [, (Bl ) = 1P
+ e o, (X.) — 0u(X.)] ) ds

< 4em (A K?Ele™P%|| X, — X,|?]ds.
[0,
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and hence, by Fubini’s theorem,

/ Ele™ || F(X), — F(X),[?)dt
[0,T]

</ 4e*<ﬁ*1>t/ K?Ele %8| X, — X,||*]ds dt
[0,7] [0,]

4K? .
< / E[e=?*|| X, — X,||*]ds
o] 8—1

Therefore, for 3 > 4K? 4+ 1, F is a contraction on the space of progressive
processes X : ) x [0,7] — R, under the norm

1X 5 = / Efe~5" X, ?]dz.

s

As this is simply a weighted L? norm, the space is complete. By Banach’s fixed
point theorem for contractions, we know that there is a unique process which
satisfies (A.2)), up to equality in this norm. By continuity of the integrals, F/(X)
is continuous, which implies the solution satisfies (A.2)), and is unique, up to
indistinguishability. O

The following lemma is sometimes useful when building approximations.
Lemma A.2.4. Let X be the solution of an SDE
dXt = ILLt(Xf)dt + Ut(Xt)th

where W is a Brownian motion, and p and o are random Lipschitz functions,
as above. For any 0 > 0, define a sequence of stopping times by 7o = 0 and

>5},7’n—|—6,T}.

Tn41 = min { inf{t: || X — X,
Then 1, — T almost surely.

Proof. As X has continuous solutions which do not explode (with probability
one), its paths are uniformly continuous on [0,7]. Therefore, there exists a
random variable € such that 7,41 — 7, > €17, ., <7}. The result follows. O

A.3 Properties of Viscosity solutions

In this appendix, we collect additional proofs and results which appear in the
theory of viscosity solutions.

Proof of Proposition 7?7. We restrict ourselves to the superjet J2Tw*(tg, xo);
the other case follows analogously. By definition of the superjet, we already
know that

(8vp(to, o), Dap(to, m0), D2, 0(to, z0)) € I Tw*(to, x0)
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whenever ¢ € C12([0,T) x X) satisfies ¢ > w* and (tg, z0) = w*(to, o). So
it remains to show that if (¢,p, M) € J*>FTw*(to,x0), there exists a function
p € CH2([0,T) x X) such that ¢ > w*, p(ty, o) = w*(tg, z0), and

(Q7pa M) = (aﬂp(tOv x0)7 DIQO(th 'TO)’ Diax@(tb) 1’0)) .

Step 1. Construction of ¢. For r > 0, define

max{((t,z),0} :
V(t—=t0)? + [l — ao*
(t,x) € [0,T) x X, /(t —to)2 + ||z — zo||* < 7“},

h(r) = sup{

where ¢ : [0,T] x X — R is defined by
¢(t,2) = w(t, ) — w(to, x0) — q(t —to) —p' (x — o)
1
- Q(I —x0) M(z — x0).

Clearly, h is non-decreasing and continuous on (0, c0). Moreover, since (¢, p, M) €
J2Fw* (tg, z0), we have

¢(t, @) < o[t — to] + [l — o),

and

) = tol + = P
im sup

[t—to|+le—zoll2—0 v/ (t — t0)2 + |l — x|
so that h(0) = lim, o h(r) = 0. Now define

)

p(t,z) = F(r(t,z)) + w*(to,z0) + q(t — to) +p' (z — o)
+ %(x —x0) M(x —x0), (t,x)€[0,T)x X,

with

r(t,z) = v/(t —t0)? + [l — wol|4,

o o2
Fir)= 2 / h(p)dpde, >0,
3T r 5
F(0) = 0.

We claim that ¢ is the desired function, i.e., ¢ € CY2([0,T) x &), ¢ > w*,
p(to, xo) = w*(to, o), and

((]7]9, M) = (8t(p(t07 IL'()), DI(P(tov xO)v Dgz‘ﬁ(t()? 51,‘0)) (A4)

Step 2. Verifying the properties of . By monotonicity of h, we have h(p) <
h(4r) for all p € [0, 4r], so

0 < F(r) < rh(4r),
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and hence F' is continuous at 0 with F'(0) = 0. For r > 0, we also compute
4 4r 2 2r 1
F'(r)y=— h(€)dé — — h(§)dé — —F
)= | wOd=3 [ neds—1Fe),
2 2
F'(r)= 3 (8h(4r) — 6h(2r) + h(r)) — ;F’(r).

r

Using monotonicity and non-negativity of h, it follows that there exists a con-
stant C' > 0 (which we subsequently allow to grow from line to line) such that

|F'(r)] < Ch(4r) and [F"(r)| < gh(élr).

In particular, this implies that F’(r) and F”(r) both tend to 0 as r | 0. For
(t,x) # (to, o) we have

OF(r(t,z)) = :(; io) F'(r(t,z)),
2(z — o) ||z — xo?

D F(r(t,z)) =

"t 2) a (r(t,x)),

and since [t — to|, |z — zo||* < r(t,2), it follows that

lim OF(r(t,x)) =0 and lim D F(r(t,z)) =0.

(t,z)—(to,x0) (t,x)—(to,z0)

Regarding the Hessian, we have

02,0, F(r(t.) = D=5 ) (o = o0l (1)
e ol Al — (w0))a; — (o))t~ )
(T bt Rt YV F (r(t, ),

where §; ; = 1 if i = j, and 0 otherwise. Since [t — tol, ||z — zo[|* < r(t, z), it
follows that
|02, F(r(t,x))| < Ch(4r(t,z)),

TiTyj

and so
D2, F(r(t,z)) =0.

(t,z)—=(to,®o)
Therefore, F(r(t,z)) € C12([0,T) x X) with
O F (r(to,z0)) =0, DyF(r(to,z0)) =0, D2, F(r(to,z0)) =0,

implying that ¢ € CY2([0,T) x X) and (A.4) holds. Finally, we show that
o > w*. From monotonicity of h, we get:

F(r) > rh(r). (A.5)

[CK]1 4 Terrible notation...

[SC]1 5:I've seen worse..
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Define
n(t, ) = w*(to, 7o) + q(t — to) +p' (x — o) + %(33 —x0) M (x — x0),
so that p(t,x) = F(r(t,z)) + n(t,z). By definition of A,
w*(t,z) — n(t,z) < r(t,z)h(r(t, z)).
Using (A.5)), we conclude
ot ) = F(r(t,2)) +n(t,2) > r(t, 0)h(r(t,2)) + n(t, 2) = w* (¢, 2),

which completes the proof. O
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Notation

U set of admissible controls. 35

U set in which controls take values. [35]

X state process. [10} [I23]
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