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Abstract

This thesis has the purpose of analyzing the main problems that arise in dealing with
stochastic optimal control problems characterized by time-inconsistency, that is problems
for which Bellman’s principle of optimality does not hold. Three possible approaches to
solving this class of control problems are presented: pre-commitment, naive and sophisti-
cated. In particular, the thesis explores the last of the three, the sophisticated one, which
is based on a concept of optimality typical of game theory: the Nash equilibrium. For
the time-inconsistent problem the equilibrium control strategy is constructed through a
backward induction procedure, obtaining at the same time an equation characterizing the
equilibrium value function of the problem. Finally, we use the presented results to study

the generalized Merton’s portfolio problem.

Keywords: time-inconsistency, HJB equation, BSDE equilibrium HJB equation
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Abstract in lingua italiana

Questa tesi ha lo scopo di analizzare le principali problematiche che emergono nell’affrontare
problemi di controllo ottimo stocastico caratterizzati da inconsistenza temporale, ovvero
problemi per cui non vale il principio di ottimalita di Bellman. Vengono presentati tre
possibili approcci alla risoluzione di questa classe di problemi: pre-commitment, naive
e sofisticato. In particolare, la tesi approfondisce I'ultimo dei tre, quello sofisticato, il
quale si fonda su un concetto di ottimalita proprio della teoria dei giochi: 1’equilibrio di
Nash. Per il problema di controllo inconsistente nel tempo, viene costruita, attraverso
una procedura di induzione a ritroso, la strategia di controllo di equilibrio, ottenendo allo
stesso tempo un’equazione caratterizzante la funzione valore del problema all’equilibrio.
Infine, utilizziamo i risultati ottenuti per studiare il problema di portafoglio di Merton

generalizzato.

Parole chiave: inconsistenza temporale, equazione di HJB, BSDE, equazione di HJB

all” equilibrio
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Introduction

The aim of this thesis is to present and study a particular class of stochastic optimal control
problems, known in the literature as time-inconsistent problems. The analysis of time-
inconsistency goes back in time to the mid-nineties when Robert Strotz in [10] pointed out
that, in the context of time-discounting methods in economics, any choice of discounting
function, apart from the exponential case, leads to a dynamically inconsistent problem.
More generally, in order to achieve dynamic consistency one needs to make specific and
often restrictive assumptions about the objective functional the agent is minimizing (or
maximizing). If the agent’s objective does not satisfy these assumptions, time-consistency
fails to hold and the usual concept of optimality does not apply. In simple terms, this
means that the agent’s tastes change over time, so that a plan for some future period
considered optimal today is not necessarily optimal when that future period actually
arrives. The natural question that arises is therefore how to handle time-inconsistency.
In this work we present three different ways to deal with it that are commonly referred
to as pre-commitment, naive and sophisticated. The first two approaches are explained
but not treated in depth since they do not properly keep into account the time-changing
preferences of the agent. The work focuses instead on the last approach, the sophisticated,
which provides an actual solution to the time-inconsistency of the tastes of the decision-
maker, internalizing the incentives to deviate from a plan of action that is deemed optimal

today and treating them as a constraint.

We briefly describe how the dissertation will be organised.

In Chapter 1 we will describe first what is a standard time-consistent stochastic optimal
control problem, introducing the concepts of controlled state, control process and objective
functional and highlighting the role of all these elements in the definition of the problem.
For this class of optimisation problems we will derive, following [1], the Hamilton-Jacobi-
Bellman (HJB) equation, which is a non-linear partial differential equation (PDE) whose
solution gives the value function of the problem; in doing so we will remark the central

role of Bellman’s optimality principle in the construction of an optimal control law.

Then, we will point out what changes in the problem formulation lead to time-inconsistency,

explaining in an intuitive manner the meaning of time-inconsistency and showing that
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the basic tool for the solution of time-consistent control problems, namely the HJB equa-
tion, can not be applied to this new class of problems. Here we will introduce also the
pre-commitment and naive approaches to time-inconsistency. For this introduction to

time-inconsistency we refer mainly to [3].

We will conclude the chapter with an example of time-consistent control problem, i.e. the
Exponential Utility Maximisation, which will allow us to show how the HJB equation is
used in practise. After that we will make, for the same problem, a change in the model
assumptions in order to show how the formulation becomes time-inconsistent and and

how to solve it adopting the pre-commitment and naive approaches.

In Chapter 2 we formalize the dissertation, we state the hypothesis on the coefficients
of the state stochastic differential equation (SDE) and on the functions appearing in the
objective functional that make the time-inconsistent problem well-posed. We proceed by
illustrating the sophisticated approach to the control problem, which consists basically in
viewing the control problem as a non-cooperative game where the interaction among the
players is regulated by specific rules. Contextually, we will recall the notion of Nash equi-
librium of a non-cooperative game which will be used to define a new concept of optimal
control strategy. Moreover, following [4] and [8], it will be provided a very brief introduc-
tion to backward stochastic differential equation (BSDE) since some results regarding the
forward-backward system will be used in the solution of the differential game. Finally,
following [12], the backward induction solution of the game will be presented into details
and we will obtain the equilibrium HJB equation giving the equilibrium value function of

the time-inconsistent problem and the time-consistent equilibrium control strategy.

In Chapter 3 we examine the Generalized Merton’s portfolio problem, that is the op-
timal investment-consumption allocation problem, over a finite time horizon, when the
discounting functions have a very general form. This is generally a time-inconsistent prob-
lem, unless the discounting functions are exponential, hence a sophisticated solution is
desirable. We will look at the form of the equilibrium HJB equation derived in Chapter

2 and, for completeness, we will also show the pre-commitment and naive approaches.
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problems

1.1. Problem description

Optimal control theory is the branch of mathematical optimization that addresses the
problem of seeking a control for a dynamical system over a period of time, which might
be finite or infinite, so that a certain objective function is optimized. It arises in decision-
making problems and finds numerous and various applications in economics, management

and finance.

In this thesis we are concerned with the study of dynamical systems whose evolution
can be well described by means of a stochastic differential equation. Such representation
allows to incorporate in the state dynamics the effects of the random forces which perturb
the system. In particular, we will consider models in which the effects of the different
and independent sources of uncertainty are synthesized by a white noise, i.e. It6 diffusion
models. This description is very accurate for many phenomena such as unstable stock
prices or physical systems subject to thermal fluctuations. Moreover we consider systems
for which there is a controller who acts on the state taking his/her decisions (controls)
on the basis of the information generated through time and with the goal of achieving
the best expected result related to a final objective. Due to the fact that these systems
change over time, we expect the relevant decisions, which are made based on the most
updated information available, to be time dependent. Such optimization problems are
called stochastic optimal control problems and solving them means to find what are the

optimal value of the objective function and the optimal control which achieves it.

We introduce all the elements which take part to the definition of a stochastic optimal
control problem in continuous time with a finite horizon T. First we list and briefly explain

the essential features for the formulation:

e State equation: It is the equation which expresses the dynamics of the state

variable of the system under investigation i.e. how the quantities which describe
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the system evolve in time.

e Control: The evolution of the system is influenced by a controller who at every

time instant tries to steer the state on the basis of the available information.

e Cost criterion: The goal of the problem is to minimize (or maximize) a certain

cost functional

More formally, let us consider a complete filtered probability space (€2, F,F,P), where
the filtration F satisfies the usual conditions (i.e. right-continuous and complete). Let
W (-) be a d-dimensional standard Brownian motion defined on the aforementioned filtered

probability space.

The controlled dynamics of the n-dimensional state of the system is expressed through

the stochastic differential equation:

{dX(s) =b(s, X(s),u(s))ds + o(s, X(s),u(s)dW(s), seltT] 1)

X(t) =z,

where b : [0, T] x R" x R™ — R" and o : [0, T] x R® x R™ — R"*? are deterministic maps.

Notice that the initial pair (t,z) € [0,7] x R™ of the state equation is deterministic.

The process u : [0, 7] xQ — R™ which appears in the state equation is the control process.
Notice that, in general, the control acts on both the drift and diffusion of the state SDE.
Moreover, the control process can take values in a generic metric space; for the exposition

it has been chosen R™.

In order to evaluate the performance of the control process w : [0, 7] x € — R™ we use a
criterion based on a cost functional. The choice of the form of the cost functional turns out
to be crucial to determine the nature of the optimization problem, namely to determine

if it is time-consistent or time-inconsistent.

We start the dissertation introducing a functional which gives rise to a standard time-
consistent problem. This step will allow us to shed some light on the concept of time-
consistency and to present the PDE classical approach to stochastic control problems

which is based on the HJB equation.

Then we will change the form of the cost functional showing how time-consistency can be
lost and what are the consequences on the solution to the problem. Indeed this last class
of problems, i.e. time-inconsistent problems, is what we eventually aim to solve in this

thesis.
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1.2. Time-consistent problems

The objective is to minimize with respect to the control process a functional of the fol-

lowing form

EUO s, X (s), u(s))ds + G(X(T)) (12)

where the deterministic maps C': [0,7] x R* x R™ — R and G : R" — R are referred to

as the running cost and the terminal cost respectively.

In many concrete problems it is appropriate to require that the control process is adapted
to the state process, namely at time t it is allowed to depend only on past observed
values of X(-). In particular we restrict ourselves to consider adapted controls of the
form u(t) = u(t, X (t)) where u : [0,7] x R" — R™ is a deterministic function called the
feedback control law. From now on we will denote both the control stochastic process
and the deterministic control law by the letter u, the distinction will be clear from the

context.

Moreover in many optimisation problems the control process has to satisfy some con-
straints imposed by the problem and this is taken into account by requiring that
u(t, X(t)) € U CR™ for all t.

Definition 1.1. A control law is admissible if the following conditions hold
o u(t,x) € U for all timest > 0 and all x € R™.

e For every initial pair (t,x) the SDE (1.1) with u(s) = u(s, X(s)) has a unique

solution.
e The functional (1.2) is well defined and finite.

We denote by U the class of admissible control laws

Let us define the cost functional Jy : U — R as

Tolw) = E [/0 Cls, X (s), u(s))ds + G(X(T))

where X (+) is the solution to (1.1) with the initial pair (0,2(). The optimisation prob-
lem is therefore to minimize the cost functional J, over all admissible control laws in

U. The solution to the optimization problem is a control law u which tells what the
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strategy /decision should be, given any possible value of the state process X ().

We define the value function jo as

Jo = 3}25‘70(“)

If we can find an admissible control law @ such that Jy(a) = Jo then @ is an optimal

control law for the problem.

In order to solve the above optimisation problem we use the methodology of dynamic
programming which consists of investigating a wider family of optimisation problems
denoted by P(t, x) and to connect them together with a partial differential equation known
as Hamilton-Jacobi-Bellman equation. Solving the control problem is then equivalent to
solving the HJB equation.

To be precise, the family of problems P(¢,x) consists of the minimization of the cost
functional given that the initial pair relative to the state equation (1.1) is (£,z). An
intuitive interpretation of this class of problems is the following: the controller falls asleep
at time zero, when he/she weaks up at time ¢ the system is in state z and he/she tries
to control it optimally for the remaining window of time [t,T|. Notice that our original

problem corresponds to P(0, zg).

We introduce the notations for the cost functional and the value function relative to
problems P(t, x).

The cost functional J : [0,7] x R™ x U — R is defined as

Ttz u) = o [ /t (s, X (s), u(s))ds + G(X(T))

where the subscript relative to the expected value indicates that the state dynamics starts

from the initial pair (¢, ).

The value function V' : [0,7] x R" — R is defined as

V(t,x) = 11Lr61£ J(t,x,u)

Again, the control law @ such that J(t,z,4) = V(t,x) is the optimal control law for
P(t,x).

Our objective is to obtain the HJB partial differential equation for the value function.
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We make the following assumptions

Assumption 1.1. Assume that
1. There exists an optimal control law .
2. The value function is regular, namely V € C*2([0,T] x R™)

8. V. V(t, X (t)o(t, X (t),u(t)) € H*0,T)

We fix a pair (t,2) € (0,7) x R™ and we choose a real quantity h to be interpreted as
a small time increment such that t + h < T. Then we arbitrarily choose a control law

u:[0,T] x R™ — R™ and we define a second one as

" u(s,y), (s,y) €[t,t+h] x R"
u (87 Z/) = R .
U(S,y), (Say) € (t + h,T] x R
The controller who adopts u* uses the arbitrary control law u over the time interval

[t,t + h] and then switches to the optimal control law for the subsequent times.

The main property which allows us to build a control law like u* for problems with
an associated cost functional of the form (1.2) is Bellman’s principle of optimality.
According to this principle an optimal control law has the property that whatever the
initial state and the initial decision are, the remaining decisions must constitute the
optimal control law with regard to the state resulting from the first decision. Stated
differently, the optimal control law @ which solves the optimization problem P(¢,z) is
independent of the initial pair (¢, x). The control law @ which is the optimal solution for
P(t, x) is still optimal for the problem P(t+ h, X (¢ + h)) whatever control law has driven
the system up to time ¢t + h > t. This very strong property is called time-consistency of
the optimal solution. If it were not for the time consistency of the solution we would not
have any guarantee that the optimal control law starting from ¢ + h was the same as the

optimal control law starting from time ¢.

Before continuing the derivation of the HJB equation we give a proof of the Bellman’s

optimality principle

Proof (Bellman Optimality principle). Let @ be the optimal control law found by solving
the optimization problem P(0, zo). Suppose now that for some ¢ > 0 there exists a control
law @ on [t, T] such that
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E UtT C(s, X(s), als))ds + G(X(T)) | ]—"t} <E MT C(s, X(s), ils))ds + G(X(T)) | F,

P-a.s. and with strict inequality for a set of positive measure.

We can thus construct a control law on [0, 7| of the form

Then it follows that

=Eo /0 C(s, X(s),u(s))ds| + Eg, C(s,X(s),u(s))ds + G(X(T))}

= B, | [ €6 X6, 1) + Bov x|
|

-0 :
< Eon, / C(s, X(s), i(s))ds| + Eo, |E
LSO i
Lo _

=Eo 4, /o C(s, X(s),u(s))ds| + Eg, t C’(S,X(s),ﬁ(s))ds—I—G’(X(T))}

=Eo4, /0 C(s, X(s),a(s))ds + G(X(T))} = J(0,x0,0)

where the properties of the conditional expectation have been exploited along with the

initial assumption on the control law u. Therefore we have found the inequality

j(o,l'o,ﬁ) < j(O,JT(),lAI,)

which contradicts the optimality of the control law .

Let us go back to the formulation of the HJB equation. Starting from (¢, z) we consider

two different strategies over the interval [¢, T1:

Strategy 1. Use the optimal control law .
Strategy 2. Use the control law u*.
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For each one of these strategies we compute the associated cost functional and using
the fact that strategy 1. can not be worse than Strategy 2. and taking the limit as h
approaches zero we obtain the desired PDE.

The cost functional for Strategy 1. is easily obtained since by definition @ is the optimal
control law so J (t,z,0) = V (t, z).

For what concerns the cost functional associated to Strategy 2. J(t,z,u*) we evaluate
one at a time the contributions over the disjoint intervals [¢,¢ + h) and [t + h, T|. On the

first interval the cost functional is given by

. [ ™ (s X(5), u(s))ds

For the second interval we note that at time instant ¢t + h the system will be in the
(stochastic) state X (¢ + h) resulting from the control law u driving the dynamics over
[t,t + h] and that from that point on the optimal control law will be adopted. Hence at
time ¢ 4 h the cost functional will be given by V (¢t + h, X (t + h)). Given that we stand at
time ¢ when the state of the system is z the cost functional for the future interval [t+h, T

is given by

Ei. [V(t +h, X (t+ h))}

The total cost functional associated with Strategy 2. is therefore

E,, Vt”h C(s, X (s), u(s))ds + V(t+h, X (t + h))}

As we said before a comparison of the two strategies is straightforward giving us

t+h
V(t,z) <Eip [/ C(s, X(s),u(s))ds+ V(t+h, X(t+ h))} (1.3)

The inequality is given by the fact that the arbitrary control law u applied on the interval
[t,t + h] may not be the optimal one.

Remark 1.1. Inequality (1.3) becomes an equality when the control law is the optimal
one. This suggests us that the optimisation problem can be solved recursively, having

described the relation between the value functions over successive time periods.
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Using the assumption on the regularity of the value function we apply [t6 formula to
rewrite V (¢t + h, X(t + h)) as

ov

V(t+hX(t+h)=V(tz)+ /Hh(a

(5, X(s)) + A"V (s, X(s)))ds
(1.4)

o [ 9 X(wote, X6 e

In the above equation we have used the infinitesimal generator associated to the SDE
(1.1) defined as

2

R o & 9
A :;bz(tax7u>8_x2+ Zaij(t7xau)axiaxj

1,j=1

(1.5)
= (b(t,z,u), V) + tr[a(t, z,u) H,,|

where a(t, z,u) = %a(t, z,u)o(t,x,u)’, V, and H,, represent the gradient and the Hessian
respectively, (-, -) denotes the scalar product and ¢r[-] denotes the trace of a square matrix.

The superscript in A" highlights the dependence on the control law.

Now if we insert (1.4) into (1.3) the expectation of the stochastic integral disappears
thanks to the hypothesis of regularity of its argument and the terms V' (¢, ) cancel out,

leaving the inequality

| [ (00X w00+ 5. X60) + AV (X060 5] 20

We divide both sides by h, move h inside the expectation and let it tend to zero. Assuming
enough integrability it is possible to switch limit and expectation and by the fundamental

theorem of integral calculus we get

C(t,x,u) + %—Z(t,x} + AV (t,z) >0

In this inequality u represents the value of the control law u evaluated at (¢, ). Moreover
since the control law u was arbitrary the inequality holds for all v € U and it holds with

equality if and only if u = (¢, z), i.e. if the control law is the optimal one. We have thus

oV _ " B
E(t’ T) + 51615{0(75, z,u) + AV (t,x)} =0 (1.6)
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Notice that the point (¢,x) fixed at the beginning of the construction was arbitrary so
the equation must hold for all (¢,z) € [0,7] x R". Equation (1.6) is a non linear PDE
for which we have a boundary condition found by noticing that V(T,z) = G(z) for all
r e R"™

We can now state formally the derived result

Theorem 1.1. Let Assumption 1.1 hold then

1. The value function V satisfies the Hamilton-Jacobi-Bellman equation

%—‘;(tx) + irelth{C(t,x,u) + AV (t,x)} =0, (t,z)€[0,T] xR"

V(T,z) =G(z), xe€R"

2. For every (t,x) € [0,T] x R™ the infimum in the equation is attained by u = u(t, ).

It is important to remark that Theorem 1.1 constitutes only a necessary condition for the
optimisation problem. It only ensures that if V' is the enough regular value function and
@ the optimal control law, then the HJB equation is satisfied by V' and the infimum is

realized by u.
The next theorem we prove, called the Verification theorem shows that the Hamilton-
Jacobi-Bellman equation also acts as a sufficient condition for the optimisation problem.

Theorem 1.2. Let H(t,x) and g(t,x) be two functions such that

e H is enough regular (see Assumption 1.1) and solves the Hamilton-Jacobi-Bellman

equation

aa—}tl(t,x) + iIelrfJ{C'(t,x,u) + A“H(t,x)} =0, (t,z)€[0,7] xR"

H(T,z) =G(z), xe€R"

e g is an admissible control law.
o For every (t,z) € [0,T] x R™ the infimum is attained for u = g(t, z).

Then the value function of the problem is given by V = H(t,x) and there ezists an optimal

control law 4 given by 4 = g(t,x).

Proof. Take H and ¢ as above, choose an arbitrary admissible control law u and fix a

pair (t,z) € [0,7] x R". Let us define the state process X(-) controlled by the process
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u(s) = u(s, X(s)) over the time interval [t, T as the solution to the SDE:

dX(s) = b(s, X(s),u(s))ds + o(s, X(s),u(s))dW(s), se€][tT]
X(t) ==,

We insert the process X(-) into the function H and use Itd formula

H(T,X(T)) = H(t,z) +/t (aa—lj(s, X(s)) + A“H(S,X(s)))ds

_|_/t V.H(s,X(s))o(s, X(s),u(s))dW(s)

By hypothesis H solves the Hamilton-Jacobi-Bellman equation hence

C(t,x,u)+a—H

5 (t,z)+ A*H(t,z) >0

for every v € U and thus it holds for every s and P-a.s the inequality

OH

(5. X(5) + A"H (s, X(5)) 2 ~C(s.X(s), u(s))

From the boundary condition on H it follows that H(T, X (7)) = G(X(T)) P-a.s so we
obtain the inequality

T T
H(t,7) < G(X(T)) + / C(s, X (s),u(s)) — / VL H (s, X (5))(s, X(s), u(s))dW (s)
t t
Taking the expectation and by the assumption on the integrability of H we obtain

H(t,z) <E., [/t C(s, X(s),u(s))ds + G(X(T))} =J(t,x,u)

By the fact that the control law u was arbitrary we get

H(t,z) < 11}6115 J(t,z,u) =V(t,x) (1.7)

The reverse inequality is obtained by choosing the specif control law wu(t, z) = g(t,x) and

repeating the same computations as above but using the fact that this time we have
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C(t, . g) + %—if(t, 2) + ASH(t,7) = 0

which gives us the equality

H(t,x) =E;, {/t C(s,X(s),9(s)ds+ G(X(T))| = T(t,z,9) (1.8)

Exploiting the obvious inequality V (t,z) < J(t,z,¢g) and combining (1.7) and (1.8) we

obtain

H(t,x) <V(t,z) < J(t,x,g9) = H(t,x)

which shows that actually H(¢,z) = V (¢, z) and that the control law g is optimal.

We describe now how the Hamilton-Jacobi-Bellman equation is handled in practise. We
consider therefore our stochastic optimal control problem P(¢,z) and the corresponding

PDE previously derived.

aa—‘t/(t, x) + ig{f]{C(t,x,U) + AV (t,x)} =0, (t,x)€[0,T] xR"

V(T,z) =G(x), zeR"

We proceed as follow:

1. Consider the HJB equation as a partial differential equation where the function V

is the unknown.

2. Fix arbitrarily a point (t,z) € [0,7] x R™ and consider, for that fixed pair, the
optimization problem

inf [C(t, z,u) + A"V (t, x)]

uelU
In this problem w is the only variable while ¢ and = are viewed as fixed parameters.

Moreover, the functions C', b, 0 and V are considered as given.

3. The optimal value of u, denoted by @ depends obviously on the considered pair (¢, x)
but also on function V', which enters the optimization problem through its partial

derivatives hidden in the expression A“V (¢, x). Such dependence is highlighted by
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the expression
u=u(t,xz,V)

4. The function u(¢,z,V) is the candidate for the optimal control law. Of course we
do not know the precise form of function V' so this description is incomplete. Thus,
we proceed by substituting the expression for @ into the HJB partial differential

equation, obtaining the equation

%(t, D)+ Ot 2,8) + AV (L) =0, (t2) € [0,T] x R

V(T,z) =G(x), xe€R"

5. We solve the above PDE. Assuming this can be carried out, once obtained a solution
V' we substitute it into the expression u(t,x,V’) obtaining explicitly our candidate
optimal control. Finally, exploiting the Verification theorem we can identify V' as

the value function and u as the optimal control law.

It is important to remark that the hardest part of this procedure is point 5. since it
requires to solve a highly nonlinear PDE. There are no standard analytic methods
which can be used so very few optimal control problems can be solved analitically.
What is usually done is to make an educated guess on the form of the solution
function V. Such choice should be dictated by the observation that if an analytic
solution exists then it should inherit some properties from the boundary condition

function G and from the running cost C'.

1.3. Time-inconsistent problems

We have seen in the previous section that the big advantage of time-consistency is that
whatever the initial pair is, if an optimal control law can be constructed (for that initial
pair) then it will remain optimal from that point on. However, this property of the optimal
solution is indeed very ideal and we can expect that in real-life situations time-consistency
could be lost. As we briefly mentioned in the first section, the nature of the optimisation
problem is determined by the form of the cost functional. Problems with an associated
cost functional of the form (1.2) are time-consistent in the sense that they admit time-
consistent optimal control laws. Now we consider a new family of optimisation problems

of the form
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5215 E; . {/t C(t,x,s,X(s),u(s))ds + G(t,z, X(T)) (1.9)

with state dynamics given by

dX(s) =b(s, X(s),u(s))ds + o(s, X(s),u(s))dW(s), se€][tT]
X(t) ==,

We notice that in the cost functional appearing in (1.9) the running cost and the terminal
cost present a dependence on the initial pair (¢, x) that the cost functional (1.2) did not
present. This family of optimisation problems is much more complex and interesting
than the one considered in the previous section because it allows to model those decision-
making problems in which the perspective over the objective function varies as time flows

and as the state of the system changes.

It can be shown that Bellman’s principle of optimality does not hold for such collection
of optimisation problems. Intuitively this is due to the fact that as time goes on and the
state of the system evolves also the cost functional to optimize changes. If we interpret the
dependence on the initial condition as a particular preference of the controller regarding
the costs to be minimized, it is clear that at different times and states the decision maker
will have different perspectives on the optimization problem. The controller at time s > ¢
has to face a different optimization problem with respect to the one faced at time %, a
problem which is not simply the restriction of the latter on the interval [s, T'] but in which

his/her new perception of the costs is taken into account.

If we try to solve optimisation problem (1.9) for a given pair (¢,x) with the procedure
developed in the previous section, treating (¢,z) as fixed parameters, we come up with
a control law which explicitly depends on the initial pair (¢,2). In this case the optimal
solution is said to be time-inconsistent. Time-inconsistency of the optimal solution means
that the control law @ which is the optimal solution to the optimization problem for the
initial pair (¢,z) is no longer optimal at some later point (s, X(s)). In other words, the
restriction of the control law 4, optimal for the pair (¢,z), on a following time interval

[s, T] does not coincide with the control function «’ optimal for the pair (s, X(s)).

The optimization process is therefore less immediate and intuitive. The decision maker
believes that he/she should follow an optimal decision rule which he/she has derived at
time ¢ when the state process is equal to x, but after time ¢ his/her decision rule is no

longer optimal and he/she should switch to a different decision rule.
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The fact that Bellman’s principle of optimality does not hold when facing optimisation
problems of the kind (1.9) implies that the Hamilton-Jacobi-Bellman equation cannot
be derived. We recall that the starting point for the derivation of the Hamilton-Jacobi-
Bellman PDE was the recursive relation between the value functions over successive time
intervals expressed by (1.3). We show that, due to the changes in the cost functional,
that relation does not hold anymore. Let us denote by 4, the optimal control process
for problem (1.9) relative to the initial pair (¢,2). The corresponding value function can

therefore be expressed as

V(t,z) =E;, {/t C(t,z,s,X(s),u.(s))ds + G(t,z, X (T))

If we split the time integral inside the expectation over the disjoint intervals [t, ¢ + h] and

(t + h, T| we can rewrite the same equivalence as

t+h
V(t, z) =K, [ / Clt, 2,5, X(5), na(s))ds
t

+ /T C(t,x, s, X(s), U .(s))ds + G(t,z, X(T))
t+h

If the last two terms inside the expectation (conditioned on Fiy,) represented the value

function over the interval [t + h,T] we would obtain the desired recursive relation and

could proceed with the derivation of the HJB equation. Unfortunately this is not the

case since the value function over [t + h,T| depends now explicitly on the initial state

(t 4+ h, X(t 4+ h) and so does the relative optimal control process, which will be denoted

by tyyn x(4+n)- Hence we have

T
V(t+h X(t+h) =E [/ C(t+ h, X(t+ h), s, X(8), Usn,x(t+n)(8))ds
t+h

+ Gt +h, Xt +h), X(T))|Fsn

T

#E{ C(t,x,s,X(s), l(s))ds + G(t,z, X (T))| Firn

t+h

Remark 1.2. Notice that if the cost functional is independent of the initial state, that
18 if we are facing a time-consistent optimisation problem, the above equality is indeed
verified.

The fact that for the family of optimization problems (1.9) the principle of optimality
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does not hold poses the question of how to define the optimal control law. We analyze
now two distinct approaches to deal with time-inconsistency united by the fact that both

ignore the time-varying nature of the cost functional.

The first approach leads to the so called pre-commitment solution. We fix a point, for

instance (0,20) and try to find the control law g, which minimizes

T(0, 70, 1) = Eg.ay UO C(0, 20,5, X (5), uls))ds + G(0, o, X (T))

We accomplish this by solving the relative HJB equation with the running cost and the

terminal cost evaluated and fixed at (0, ), i.e. solving

oV
5 (59) + mE{C(0, 20, 5,9, u) + AV (s,9)} =0, (s5,9) € [0, T] xR

V(T,y) = G(0,z9,y), yeR"

and defining 4 4, as

foa(t,7) = argmin{ C(0, 20, 1,7, 0) + AV(t,2)} - (1,2) € [0,T] x R

Apparently this could seem in contradiction with what we have previously asserted,
namely that the Hamilton-Jacobi-Bellman equation cannot be derived for time-inconsistent
problems. However, as we anticipated before this approach completely disregards the fact
that the cost functional changes as time goes by. The optimisation problem, which is
actually time-varying, is frozen at the preferences of the controller at time ¢t = 0. In light
of this, the dependence of the costs C' and G on the initial conditions is taken out of
the equation and we simply interpret (0,zo) in the functional as fixed parameters. This
simplification allows us to obtain the classical HJB equation just as if we were facing a

standard time-consistent stochastic optimal control problem.

The optimal control law 1 ,, obtained with this method is hence optimal assuming that
the time-preferences of the decision-maker do not change. The controller decides on a
plan of action that is optimal today and commits to it, ignoring the incentives to revise it
in the future. Obviously this approach does not provide an actual solution to the problem

posed by time-inconsistency but rather tries to circumvent it.

The other approach we take into consideration provides a solution which is referred to
as naive solution. In this case at every time instant ¢ we view our problem as the

pre-committed problem and compute the optimal pre-committed control for today. At
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t + dt we look at a new pre-commited problem and so on. We are thus rolling over a
continuously updated sequence of pre-committed optimal controls. The naive agent fails
to recognize the time inconsistency issue and his/her strategies are myopic and constantly

changing.

In particular at time ¢, given that the state process is X (t) = x the decision-maker uses

Ut . (t, ) where 4, is the control law obtained by solving

oV
E(S’ y) + 7irellfj{C(t, z,s,y,u)+ A V(s,y)} =0, (s,y) €[0,7] x R"

V(T,y) =G(t,z,y), yeR"

and defining 4, , as

Ui (s,y) = argmin{C(t, z, 5,y u) + AV (s,y)}  (s,y) € [0, T] x R

This procedure is iterated at every time instant in the interval [0,7]. While the naive
solution may appear to take into account the time-varying nature of the cost functional
as the solution is constantly updated, this is not the case. Actually the naive solution to
the optimization problem for the initial pair (¢,z) is derived under the assumption that
all future controllers will use the same costs C(¢,x,-,-,-) and G(t,x,) as the controller
who search for the optimal decision rule at time ¢. Hence, future changes in the costs are
still not modelled.

1.4. Example: Exponential utility maximization

We present now an example of time-consistent stochastic optimal control problem, taken
from financial mathematics, to illustrate how Hamilton-Jacobi-Bellman equation is used
in practice to determine the value function and the optimal control law. In particular we
follow the steps presented at the end of section 1.2. After that we will change the form of
the utility functional, making it dependent on the initial state, i.e. time-inconsistent and
we will solve the problem exploiting the two methodologies explained above, namely the

pre-commitment and the naive.

We consider a financial market consisting of two assets: a risk free asset B = (B(t),0 <
t < T') which can be interpreted as the price of a bond, assuming the short rate on interest
r being a constant and a risky asset S = (S(¢),0 < ¢ < T'), interpreted as the price of a

stock. Furthermore, we assume that the value of the bond price is constant, B(t) = 1 for
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all t € [0, 7], i.e. we assume that the short rate of interest is zero.

We model the price of the risky stock with the geometric Brownian motion

dS(t) = S(t)udt + S(t)odW(t) te[0,T]

The problem we face is that one of an investor who, starting from an initial wealth of x,
needs to decide how to allocate it optimally among the two assets in order to maximize
his/her expected utility associated to the final wealth reached. Therefore, the investor sets
up a self-financing portfolio, without consumption, whose generated wealth is denoted by
X7, where 7 denotes the amount of money invested in the risky asset. The dynamics of

the wealth process is given by the following SDE

dX7(t) = n(t)(pudt + cdW(t)), se€l0,T]
X(O) = Xy,
The amount of money invested in the stock 7 is the control process through which the

decision-maker can steer the state process, i.e. the wealth process.

The goal of the investor is to maximize his/her expected exponential utility from the

terminal wealth so the optimization problem is
sup E {—e”XW(T)]
weld
where v denotes the risk aversion coefficient of the investor.

The Hamilton-Jacobi-Bellman equation for this optimization problem becomes

1% oV 1, ,0V2
—(t,x) +supirp—I(, ) + =m0 —} = )€ |0, T xR

V(T,y)=—e*, ze€R

To begin with, we tackle the static optimization problem. Assuming V as given we

maximize with respect to m the quantity

oV 1, 00
Wﬂg(t,l’) + 577' g 62_x

and assuming an interior solution, by the first order condition we find
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_vi(t7 ]7)

T V) = S

We see that in order to implement the optimal investment plan we need to know the value
function V. We therefore make an ansatz for V assuming V (¢, 2) = —e"®=+k®) For such

value function we have

‘/t — _<h/x+ k/)ehx+k, ‘/; — _heha?—l-k, ‘éuz — _h2€hx+k

where we have used the shorthand notation h = h(t),k = k(t) and the apex to denote
the time derivative. Now we can substitute the derivatives into the optimal control law

obtaining

L

™ (t, ) = YN

Inserting the above control law into the HJB equation we end up with

1 2
—(h’l‘ + k/)ethrk . ﬁu(_hehwrk) + §Ulfjh202(_h2€hx+k> -0

which can be written as )

hx+k _h/ o k/ ILL_ — 0
e (—=h'z + 202)
Taking into account the final condition for the value function we know that h(7T) = —v
and k(7") = 0, thus the functions h and k are the solutions to

{—h'sz [

WMT) =—v k(T)=0

which result in h(t) = —v and k(t) = -Q’fT—ZQ(t —T). The optimal control law is thus given

by 7% = 4.

a2y
The hypothesis of a constant risk aversion coefficient is however very strong and does
not fully represent the reality. Many observations suggest instead that the risk aversion
coefficient of an investor is greatly influenced by the conditions of the economy, see [5].
In a market that is on the rise and where the conditions of the economy are generally

favorable, i.e. a bull market, investors are willing to take more risk. For example, in the
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case of equity markets, a bull market denotes a context characterized by the rise in the
prices of companies’ shares. In such times, investors often have faith that the uptrend
will continue over the long term. This optimistic perspective should be modeled with a
lower risk aversion coefficient. On the other hand, in a market in decline, where share
prices are continuously dropping, investors are willing to take less risk, which should be

modeled with a higher risk aversion coefficient.

Also, empirical evidence suggests that the risk aversion attitude depends on prior gains
and losses and more generally on current wealth. Following a win on a previous bet
investors are more risk seeking than usual, while after a loss they become more risk
averse; see [11] for a deeper understanding of the effect. Consequently, for a description
more relevant to reality, we should investigate a portfolio selection problem for an investor

with risk aversion coefficient depending on the investor’s current wealth, that is

sup {_e—me”(T)}
Teu

where v : R +— (0,00) is a map on wealth. Clearly, the optimal control law for an
investor maximizing the expected exponential utility from terminal wealth is now time-
inconsistent since it depends on the risk aversion coefficient which varies with wealth.
The optimal control law for an investor who at time ¢ possesses a wealth x and has risk
aversion coefficient ~y(x) will not be optimal anymore when at time s > ¢ the wealth

process changes and the risk aversion coefficient becomes (X™(s)).

The pre-commitment solution for an investor starting at time ¢ = 0 with wealth z; is

given by 7*(t) = As explained earlier, this solution derives from the assumption

K
v(wo)o?*
that the investor freezes his/her risk aversion coefficient at the value v(xo) neglecting its

evolution as the wealth changes.

On the other side, the naive control law is given by 7* The naive solution

) = =@
tries to bond together the strategies which are optimal for all controllers.

The advantage of the pre-commitment and naive solution is that they are derived by solv-
ing classical HJB equations and are based on the notion of optimality described in Section
1.2. However, both the pre-commitment and the naive solution completely ignore the key
feature of time-inconsistent optimization problems which is the time-varying nature of

the cost /utility functional.
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2 ‘ Time-inconsistent optimal

controls

2.1. Problem formulation and hypotheses

As we have shown in the previous chapter and, in particular, in the example developed,
both the pre-commitment and naive approaches do not take properly into account the
time-changing feature of the cost functional. On the other hand we would like to find the
optimal strategy for the controller at time ¢, characterized by costs of the form C(¢, x, -, -, )
and G(t,x,-) assuming that he/she knows that the future controllers will have different
preferences, depending on the future state of the system and time and most likely will
apply different decision rules, according to their new costs. Such a solution is called
sophisticated and it requires a different concept of optimality which will be made clear
in the sequel. In this chapter we aim to find a sophisticated solution adopting a game-

theoretic approach to the stochastic optimization problem.

Before starting the actual description of the game-theoretic approach to the stochastic
optimal control problem let us describe briefly some changes in the modeling assumptions
required in order to produce a sophisticated solution. First, we consider from now on a
complete filtered probability space (€2, F,F,P) where F is the natural filtration generated
by the d-dimensional Brownian motion W(-). This choice is necessary because in the
following we will exploit some results on the existence of the solution to some BSDEs
which are based on the martingale representation theorem.

Moreover, we restrict the class of time-inconsistent problems that we are studying: in
section 1.3. of chapter 1 we have introduced time-inconsistent optimal control problems
in a very general form, considering a cost functional where the cost functions depends on

both initial time and initial state of the system, i.e. of the type:

J(t,x,u) =E;, {/t C(t,z,s,X(s),u(s))ds + G(t,z, X(T))
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where the state dynamics, which we report again for convenience, is the same introduced

in the first chapter

{dX(s) = b(s, X(s),u(s))ds + o(s, X(s),u(s))dW(s), seltT] 2.1)

X(t) ==,

From now on we will restrict ourselves to those optimisation problems in which the cost
functional is allowed to depend only on the initial time. Moreover we will adopt henceforth

the following formulation for the cost functional

J(t,x,u) =E, [/t C(t, s, X(s),u(s))ds + G(t, X(T)) (2.2)

where E,[ - | = E[ - | F.

Remark 2.1. It is important to remark that this new formulation of the cost functional
does not prevent us from using the results and theorems derived in the previous chapter,
all of which still apply to optimisation problems formulated in terms of functionals of
the form (2.2). Actually, the two formulations coincide. To be precise, given that the
coefficients b and o of the SDE (2.1) are deterministic functions of t,x and u we know
that the strong solution is adapted to the natural filtration and the Markov property holds.
Thanks to this property we know that for any Borelian bounded function g on R™ and for
allt <0 in [0,T] we have

E[guc(e» | ﬂ} — uolt, X (1)

where vy is the function over [0,T] x R™ defined by

ve(t, ) = By, {g(X(Q))]

where the subscripts in E; ,(-) denotes as usual that the state dynamics is the one given
by (2.1). Basically, when the state process is Markovian, conditioning with respect to the
information generated up to time t does not add information to the only knowledge of the

state of the system at time t.

Functionals of the form (2.2) frequently appear in optimisation problems in the field of

finance and insurance where the discounting functions for future cash flows enter the ob-
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jective functional. Traditionally, cash flows have always been discounted with exponential

functions with constant rate, giving rise to problems of the type

| [ L0 (), u(s))ds + TG

ueU

which are equivalent to

sup E, [ / L P O(X (s), u(s))ds + e”TG(X(T))]
ueld ¢

having factored out the ¢-term in the exponential function. Such discounted utilities do
not depend explicitly on the initial time, thus the optimal solution is time-consistent.
However, when we adopt an exponential function as discounting term we assume that the
investor assigns the same weighting factor at time ¢; and at time t5 > t; to value the cash
flow at time t3 > t5. As a consequence the optimal decision rule at time ¢ remains optimal
at a later time s > t. Such an assumption is quite strong and indeed experimental studies
have shown that people’s preferences over future cash flows are not constant but rather
time-varying. It is a well known fact that, for instance, people prefer two oranges in 21 days
to one orange in 20 days, but they also prefer one orange now to two oranges tomorrow; the
discount applied to the same delay of 1 day is different for different starting times. This
shall lead investors to be more patient in choices regarding distant future consumption but
impulsive when considering near-term consumption. Similarly, this attitude shall prevent
them to take advantage of very promising opportunities only because they require a small
delay in the near term, potentially regretting it in the future. Such a behaviour is called
the common difference effect and it can not be modelled with exponential discounting
functions. In the economic literature, see [6] and [7], we can find evidence that people
discount the future income with non-constant rates of time preferences and the real-life
rates of time preference tend to decline in time. In other words, people’s valuation tends
to decrease rapidly for short period delays and less rapidly for longer period delays. Such
feature can be described for example by hyperbolic discounting or other non-exponential
discounting functions. Generically, the discounting terms e =% and e might be

replaced by some functions A(¢,s) and v(t,7T) thus leading to the problem

sup E; [/t A(t, s)C(X(s),u(s))ds +v(t, T)G(X(T))

uel

for which the functional is of type (2.2) and the dependence of the discounted utilities on
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time ¢t cannot be removed leading to a time-inconsistent optimization problem.

In order to formulate as precisely as possible the time-inconsistent stochastic control
problem we want to make more explicit the class of admissible control processes that we
introduced in Chapter 1. This class of processes was described by Definition 1.1 in section
1.2 as the family of processes for which there exist a strong solution to the state SDE
(2.1). However, the existence of a strong solution to the controlled state equation can be
guaranteed by posing some measurability hypothesis on the class of control processes and
some hypothesis on the form of the drift and diffusion of the state SDE. We define the

class of admissible control processes as:

Ut, T) = {u [t,T] x QU CR™ | u(-) is F-progressively measurable,

E/tT u(s)[? < oo}

where U C R™ is a closed subset, which could be either bounded or unbounded. Then

we introduce the following assumption

(2.3)

Assumption 2.1. The maps b: [0,T] x R" x U — R", ¢ : [0,T] x R" x U — R™*¢ qre

continuous and there exist a constant L such that

‘b(t,x,U) - b<t7y7u)’ S L‘.T - y‘,
(t,u) €[0,T] x U, x,y € R" (2.4)
lo(t, z,u) —o(t,y,u)| < Llz —y|,
and
|b(t,0,u)| + |o(t,0,u)] < L(1+ |u|) (t,u) €[0,T] x U (2.5)

Condition (2.4) requires the coefficients b and o to be Lipschitz continuous in z uniformly
in t and u, whereas condition (2.5) combined with (2.4) requires that they have a sublinear

growth at infinity. Indeed,

b(t, z,u)| + |o(t,x,u)| = |b(t, z,u) £ b(t,0,u)| + |o(t, z,u) £ o(t,0,u)]

< |b(t, z,u) — b(t,0,u)| + |b(t,0,u)| + |o(t,z,u) — o(t,0,u)| + |o(t,0,u)]|
< Llz — 0]+ L|x — 0| + L(1 + |ul)

= L(1+ |z| + |u)
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The following standard result concerns the well-posedness of the system state equation
(2.1).

Proposition 2.1. Let Assumption 2.1 hold, then for any (t,z) € [0,T] x R™ and u(-) €
U[t, T, state equation (2.1) admits a unique strong solution X (-) = X (-,t,z,u(-)) and the

following estimate holds:

E|X(s,t,2, u(-)P < K(1+ |22 +]E/ w(r)2dr), s €[t T (2.6)
t
We proceed with an hypothesis on the functions which appear in the cost functional (2.2)
in order to have a functional which is finite for any admissible control process.

Remark 2.2. We will denote by D[0,T] the set of time pairs {(t,s) € [0,T]? | 0 <t <
s < T}. This notation is useful for the description of the domain of definition of the

running cost function C'.

Assumption 2.2. The maps C : D[0,T]| x R* x U — R and G : [0,T] x R* — R are

continuous and there exist a constant L such that

0<CO(r,t,z,u) < L(1+ |z|* + |[ul?),
{ ( ) (Lt fal™ - Jul) (1,t,z,u) € D[0,T] x R*" x U (2.7)

0 < G(r,z) < L(1+ |z,

Thanks to the a priori estimate (2.6) we see that for any (¢,z) € [0,7] x R™ and u(-) €
U[t, T it holds:

E|C(,5, X(s),u(s))| < L(1 + E[X(s)]* + Elu(s)|*)

< L1+ |z]* + Elu(s)]* + E/ts lu(r)|*dr)

and

E|G(r, X(T))] < LA+ E|X(T)]*) < L(1 + 2" + E/t Ju(r)[*dr)

so that the cost functional J (¢, z, u) is finite for any u(-) € U[t, T].

Before stating rigorously the time-inconsistent optimal control problem which we are going

to study in the subsequent sections let us introduce some notations which will be used
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extensively from now on. Let S" be the set of all (n X n) symmetric real matrices. We
recall that

1
a(t,z,u) = ga(t,x,u)a(t,x,u)T, (t,z,u) € [0,T] x R" x U

and define the Hamiltonian

H(7,t,z,u,p, P) = (b(t,x,u),p) +trla(t,z,u)P| + C(1,t, x,u), 2.8)
(1,t,2,u) € D[0,T] x R" x U x R" x S" '

where again we use the notation (-, -) to denote the scalar product and ¢r[-] to denote the

trace of a square matrix.

Remark 2.3. Notice that the HJB equation (Theorem 1.1) can be equivalently formulated

exploiting the Hamiltonian function. Indeed, since

.\ 0 - 92
A = ;bi(t,%u)@_% + aij(t,x,U)—axiaxj = (b(t,z,u),p) + trla(t,z,u)P]

1,j=1

the optimisation part in the equation can be written as

ing{C(t,x,u) + AV (t,x)} = inlf]]HI(t, xyu, Ve(t, o), Vo (t, )
ue ue

where we have used the same H defined in (2.8) ignoring T and where V,, and V., denote
respectively the Gradient and the Hessian of the value function. From now on we will

formulate the relevant HJB equations in terms of the Hamiltonian function.

As we showed at the end of Chapter 1. a fundamental step to tackle the HJB equation
consists of finding a candidate optimal control law by solving the optimisation part of the
equation. To make sure that this step can be carried out in the time-inconsistent context

in which we will operate we formulate the following assumption

Assumption 2.3. There exists a map ¢ : D[0,T] x R* x R* x §" + U with needed
reqularity such that
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W(r,t,x,p, P) € argminH(7,t, x,-, p, P)
= {a eU ‘ H(r,t,z,u,p, P) = mi[r}H(T,t,x,u,p, P)},
ue

(1,t,x,p, P) € D[0,T] x R" x R" x "

This hypothesis is needed since inf ey H(7, ¢, x,u, p, P) is not necessarily finite on the
whole space D[0,T] x R" x R" x §” when U is unbounded. Note that when U is bounded,
since it was assumed to be closed, it is also compact and the above infimum is finite over

the entire space.

We can now formally state the time-inconsistent optimal control problem that we will

analyze in details.

For any initial pair (¢,z) € [0,7") x R™, find a control process u(-) € U[t, T| such that

J(t,z,u) = inf J(t,z,u)
u€U|t,T]
with J defined in (2.2).
In the next section we will present the game theoretic-approach to time inconsistency
which will allow us to build a sophisticated solution to the above stochastic control prob-

lem.

2.2. Game-theoretic approach to time-inconsistency

Let us interpret the control problem as a game played by a continuum of agents over the
time interval [0,7]. The t-agent only chooses the strategy at time ¢. When the costs
are constant, i.e. independent of the specific state and time at which the optimization
process is performed, the future agents will simply solve the remaining part of the same
optimization problem faced by the agent at time ¢. This is what happens in a time-
consistent optimization problem. However, in a time-inconsistent problem where the
players’ costs are time-varying, the residual players will not solve the restriction of the
same optimization problem faced by the agent at time ¢, since the cost functional changes
constantly. In particular, the decision maker, given that at time ¢ the state is x, aims at

minimizing the cost functional:

T(t,u) = Fi [ /t Clt, 5, X(s),u(s))ds + G(t, X(T))
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In this game-theoretic framework, the value function of the problem at time ¢ depends
not only on the strategy chosen by the t-agent, but also on the strategies chosen by all
future agents. If the t-agent follows the naive approach and looks for the best strategy
according to his/her current preferences, i.e. solving the optimisation problem with fixed
costs C(t,-,-,-), G(t,-) exploiting dynamic programming, then his/her optimal strategy
will not be adopted by the future players. Consequently, the true value function of the
agent at time t will be higher than the one resulting from his/her naive optimisation.
What the t-agent should do is to sacrifice his/her short-term utility in favor of a longer-
term benefit. In light of this it seems reasonable to look for a control strategy which
constitutes a sub-game perfect Nash equilibrium.

In game theory a Nash equilibrium is a solution concept of a non cooperative game
involving multiple players in which each player knows the equilibrium strategies of the
other players, and every player does not benefit by changing only his/her own strategy. In
other words, if each player has chosen a strategy and no player can improve his/her reward
by changing the strategy while the other players keep their strategies unchanged, then the
current set of strategies constitutes the Nash equilibrium. A sub-game perfect equilibrium
is a refinement of a Nash equilibrium used in sequential games. A strategy profile is a
sub-game perfect equilibrium if it represents a Nash equilibrium of every sub-game of the
original game. Intuitively, this means that at any point in the game, the players’ behavior
from that point onward should represent a Nash equilibrium of the continuation game

(i.e. of the sub-game), no matter what happened before.

Now, starting from the description of the game theoretic approach to a discrete optimiza-
tion problem, which is a simpler situation, we arrive to a continuous time problem which
is the one of our interest. In a discrete time optimisation problem the controls are chosen
at discrete times 0 = tg,tq,...,txy_1 with £ty = T and kept fixed in between. The cost

functional in this case has the form of a summation instead of an integral

2
L

T(tm 1) = S Cltn b X (t), m,) + G(tn, X (T))

n

i

The Nash equilibrium is the best response to all other control strategies in that equilibrium

and it can be determined in a backward induction fashion.

e Let the last agent to take decision, i.e. the agent at time ty_1, optimize the cost
functional J (ty_1,x, m,_,) over the admissible controls 7, _, at time ty_; for every
xr € R".

e Let the agent at time ty_o optimize the cost functional J(ty_o, 2,7, _,) over the
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admissible controls 7, _, at time ty_y for every x € R", assuming that the agent at

time ty_; will adopt his/her optimal control determined at the previous step.
e Proceed recursively by induction

We can formalize the definition of a Nash equilibrium strategy in a discrete time optimi-

sation problem

Definition 2.1. Let us consider a control strateqy @ = (T, Tty oo, Tty_, ). Consider an
arbitrary point (tg,x) € {to,t1,....,tn_1} X R™ and an arbitrary control law m admissible

at time t,. Define a new strateqy

% { T, t= tk
I—
ﬁtu le {tk—‘rl? ‘“7tN—1}

If
inf J(t,x,7*) = J(t,x,7)

Tel

then 7 is called a Nash equilibrium control strategy and J (t,x,7) gives the Nash equilib-

rium value function of the optimization problem.

Clearly, we can not apply the above definition in a continuous time problem, since a change
in the control law at a single time ¢ does not affect neither the controlled state dynamics
neither the cost functional to be minimized. To deal with continuous time optimisation
problems we adopt the following approach: we introduce a sequence of differential games,
each one associated to a different partition of the interval [0, 7] in N sub-intervals, with

N arbitrary natural number. Formally, let II the partition defined by:

II:0=ty<ti1 <..<ty_1 <ty=T

with mesh size ||I1]| given by

ITT]| = 12}%35\[@1@ —th 1)

The differential game associated to partition II consists of N players, each one controlling
the system on a distinct time interval and with the goal of minimizing a sophisticated
cost functional built by using some properties of forward-backward stochastic differential

equations. In such differential game the interaction among the agents is the following:

e The pair (¢, X (t)), which is the terminal pair of player k£ who controls the system
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on [ty_1,1x), is the initial pair for player £+ 1 who controls the state on the following

time interval [tg, tx41)-

e All the players know that each player looks for an optimal control relative to his/her

own problem.

e Each player will maintain his/her own cost preferences even over the time intervals

in which the other players control the system.

Let us assume that each player has an optimal control process over his/her time interval

of influence, denoted by @* for all k € {1,2,..

., N} as well as his/her own value function

VE(.,.) defined on [ty_1,t;] x R". We can therefore define the Nash equilibrium control

u'(-) and the Nash equilibrium value function V(-,-) relative to the II-differential game

as follows:

and

(t,z) € [0,T) x R"

for some process u € U[0,7T] and for some function V' : [0,7] x R" — R we call them

time-consistent equilibrium control and time-consistent equilibrium value function of the

time-inconsistent optimisation problem.

In particular, we give the following definition:

Definition 2.2. A continuous map ¥ : [0, T| x R"™ — U is called a time-consistent equilib-

rium strategy of the time-inconsistent optimisation problem if for any (t,z) € [0,T] x R",

{

X(t) =,

dX(s) = b(s, X(s),¥(s, X(s)))ds + o(s

VX (), U(s, X (s))dW(s), s€[t,T)]
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admits a unique solution X (-) = X (-,t,z, W) such that for any partition 11 = {t;,0 < k <
N},

T (te-1, X (t—1,0,2, 0), ‘I"[%%T])
S j(tkz—laX(tk—lvama \D)auk S \Ijl[thT}) + R(HH”)>

a.s., Yu® € Uty 1, 1]

where R(||TI||) is a generic remainder term satisfying R(||1I||) — 0 as ||I1|| — 0, and

uF(t), t € [ty ts)

(u* @ \:[I’[tva])(t) B {q/(t,X’“(t)), t € [tr, T

with

dX*(s) = b(s, X*(s),u"(s))ds 4+ o (s, X*(s),u"(5))dW (s), s € [tp_1,tx)
dX*(s) = b(s, X*(s), (s, X¥(s)))ds + o (s, X" (s), U(s, X*(5)))dW (s), s € [ty, T]
Xk(tkfl) = X(tkfl, 0, Z, \I/)

In this case, the process X (-, 0, z, ¥) is called time-consistent equilibrium state pro-
cess, the control @(-) = ¥(-, X(+)) is called time-consistent equilibrium control for
the initial state = and as a pair (X(-),%(-)) is called a time-consistent equilibrium
pair. Moreover, the function V' : [0,7] x R — R is called the time-consistent equi-

librium value function of the time-inconsistent problem if:

V(t, X(t,0,z,9)) = J(t, X(t0,z,70), \If}[ a.s., t€0,7)

LT])’
Note that the definition of time-consistent equilibrium strategy we just gave is of closed
loop type, since the control function is a feedback law, i.e. at time t it depends only on

the value of the state at that time instant.

In words, what definition 2.2 tells us is that once a time-consistent equilibrium strategy is
found it is never convenient to deviate from it on any time interval of whatever partition of
[0, T]. Consequently, the value function at any time is obtained using the time-consistent

equilibrium control u, restricted from that instant onward.
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2.3. The forward-backward system

As we anticipated in the previous section, a key step in the game theoretical approach
to the optimal control problem consists of minimizing, for each player involved in the
N-game, a sophisticated cost functional built using some techniques of forward-backward
stochastic differential equations. In this section we provide a brief introduction to back-
ward stochastic differential equations and we present a result which will be exploited
extensively in the iterative procedure that we will adopt to solve the differential game

later on.

Let W = (W(s))o<s<r be the standard d-dimensional Brownian motion we considered so
far, defined on the filtered probability space (2, F,F,P) where F is the natural filtration
of W(-) and T is a finite time horizon.

We denote by S*(0,7') the set of all real-valued progressively measurable processes Y ()
such that

E[ sup |Y(s)’] < o0
0<s<T

and by HZ?(0,T)¢ the set of Ré-valued progressively measurable processes Z(-) such that

E{/OT]Z(s)lzds} <00

Given a pair (&, f) called the terminal condition and generator and the following hypoth-

esis
Assumption 2.4. Let (&, f) satisfy
o & is a real-valued random variable belonging to L*(Q), Fr,P).
o f:Qx[0,T] xR xR R such that:
— f(-,t,y, z) is progressively measurable for all y, z.
— f(-,t,0,0) € H*(0,T).
— f satisfies a uniform Lipschitz condition in (y, z), i.e. there exists a constant

C s.t

|f(t,y1,zl)—f(t,y2,22)| §0(|y1—y2|+|zl—zQ|), a.s. Vyi,y2, V21,2, Vit
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we consider the following backward stochastic differential equation

{dY(s) =—f(s,Y(s),Z(s))ds + Z(s)dW (s), s€[0,T] 2.9)

Y(T)=¢

Finding a solution to the above BSDE means to find a pair of processes (Y (-), Z()) €
S%(0,T) x H2(0,T)% which satisfy

Y(t):§+/t f(s,Y(s),Z(s))ds—/t 2()dW(s)  as., 0<t<T

The following standard theorem provides an existence and uniqueness result for the above
BSDE.

Theorem 2.1. Given a pair (§, f) satisfying Assumption 2.4, there exists a unique solu-
tion (Y(+),Z(+)) to the BSDE (2.9).

The proof, which makes use of a fixed point method, can be found in [9].

In the sequel we will deal with BSDE where the terminal condition and the generator
have a particular form, depending on another stochastic process X (-) given in advance.
In particular we suppose X (+) is a process with values on R™ and belonging to SP(0,T)

for every p € [1,00). We consider therefore the following BSDE

{dY(s) = u(s, X(s),Y(s), Z(s))ds + Z(s)dW (s), s €[0,T] (2.10)

Y(T) = ¢(X(T))
where v : [0, T] x R" x R x R? — R and ¢ : R" — R are given Borel-measurable functions.

Again we look for a solution pair (Y (+), Z(-)) € S*(0,T) x H?(0,T)¢. Let us assume the

following

Assumption 2.5. For every s € [0,T], x € R", y,9/ € R, 2,2/ € R, we have, for some
constants K > 0 and m > 0,

o |u(s,z,y,2) —v(s,z,y, 2" )| < K(ly — |+ |z — 2|
o [p(x)| + |v(s,2,0,0)] < K(1+ [z™)

Hence setting f(t,y,2) = v(t, X(t),y,2) and & = ¢(X(T)) we can check that & and f
satisfy the conditions of Assumption 2.4, thus there exists a unique solution (Y'(-), Z(-))
to (2.10).
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We will face the case in which X(-) is given as the solution to a stochastic differential

equation that will be called "forward". To be precise, let us consider the SDE

{dX(s) = b(s, X(s))ds + o (s, X(s))dW(s), s €[t,T] (2.11)

X(t)==x

where the functions b : [t,T] x R* + R"™ and o : [t,T] x R" — R™*¢ are continuous
functions satisfying the usual hypothesis of Lipschitz continuity with respect to x and

sublinear growth at infinity expressed by Assumption 2.1.

Choosing for (2.10) the process X (-) given by (2.11) we obtain the so called "forward-
backward" system (FBSDE):

=b(s, X(s))ds + o(s, X(s))dW (s), s € [t,T)

= (s, X(s),Y(5), Z(s))ds + Z(s)dW (s), s € [t,T] (2.12)

From the assumption on the coefficients of the SDE (2.11) and Assumption 2.5 it fol-
lows the existence of a unique strong solution to the FBSDE, which will be denoted
{X(s,t,2),Y(s,t,x), Z(s,t,x) s € [t,T]} to stress the dependence on the initial condi-

tion.

Notice that Y (¢,t,x) is deterministic. Given that a solution exists, since we require it
progressively measurable, in particular adapted, then Y (¢,¢, z) is F;-measurable. At the
same time the solution Y'(-,¢, ) is Fyp = o{ Wy — Wy, t < s < T'}-measurable due to its
dependence on the process X (-,¢,x). Since F; is independent of Fp, 7 and since Y'(¢,t, x)

is measurable with respect to both, the conclusion follows.

In solving the differential game it will be useful to represent the process Y'(+) of the solution

of a FBSDE in terms of an associated PDE. Therefore, let us consider the problem

—u(s, z) + Au(s,x) = v(s,z,u(s, ), u(s,x)o(s, x))

Js (2.13)
w(T, z) = ¢(x), selt,T], r€R"

where A is the infinitesimal operator (1.5) introduced in Chapter 1 and where the functions
v(-) and ¢(-) are the the coefficients of the BSDE in the forward-backward system (2.12).
We look for solutions w : [t,T] x R" — R in CY2([t, T] x R").
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Theorem 2.2. Let Assumption 2.1 and Assumption 2.5 hold. If u € CY2([t,T] x R") is
a solution to the PDE (2.13) then

u(t,z) =Y(t,t,x)

where (X,Y, Z) denote a solution to the forward-backward system eq. (2.12).

Proof. We apply It6 formula to the process {u(s, X(s)), s € [t,T]} obtaining

du(s, X(s)) = <%(s, X(s)) + Au(s, X(s))) ds + ug(s, X (s))o(s, X(s))dW (s)

since u solves the PDE, this can be written as

du(s, X(s)) = v(s, X(s),u(s, X(s)),us(s, X (s))o(s, X(s)))ds
+ uy(s, X(8))o(s, X(s))dW(s)

Setting Y'(s) = u(s, X(s)), Z'(s) = uy(s, X(s))o(s, X (s)), s € [t,T] we obtain

{dY’(s) =v(s,X(s),Y'(s),Z'(s))ds + Z'(s)dW (s), s€[t,T]
Y(T) = u(T, X(T)) = ¢(X(T))

Hence, both (Y, Z) and (Y’,Z’) solve the same BSDE and by uniqueness they must
coincide a.s. for every s € [t,T]. In particular, u(t,z) = u(t, X(t)) = Y'(t) = Y(¢t). By
the above proof we also have that the following hold

u(s, X(s)) =Y(s,t,x), a.s., s € [t,T]

2.4. Multi-person differential game

In this section we solve the differential game associated to the time-inconsistent control
problem for an arbitrary partition IT = {#; ’ 0 < k < N} of [0,7], obtaining the equi-
librium control and the equilibrium value function for that particular partition. Then we
will take the limit as the mesh of the partition goes to zero to obtain the time-consistent

equilibrium control and value function.

Let us consider first Player N who controls the system on [ty_1,ty). In details, for each
(t,x) € [ty_1,tn] X R™, consider the controlled SDE
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dX"N(s) = b(s, XV (s),uN(s))ds + o (s, XV (s),uN (5))dW(s), s €[t tn]
XN(t) =2z

with associated cost functional

tN
TNtz uN) = E, [/ Cty—_1,5 XN (s),u(s))ds + G(tn_1, XN(T))]
t
Notice that

TN (-1, z,u) = T(ty_1,z,u), r€R", u¥ €Uty 1, ty] (2.14)

In this way we have constructed a cost functional customized for player N, where his/her
cost preferences are synthetized by the time term t¢y_; in the costs C(tx_1,-,-,-) and
G(tn-1,-). Moreover, we notice that such preferences are fixed for every initial pair (¢, x)
belonging to the influence region of Player N, in other words, the functional J% is not
time varying on [tx_1,tn].

We pose the following problem for Player N:

Problem Py. For any (t,z) € [ty_1,tn) x R™, find a control @V = @V (-, t,2) € Ut,ty]
such that
TNt z,a™) = inf TNtz uN) =Vt 2)
ulN eUlttn]
The above defines the value function V(- -) on [ty_1,tx] x R™ and if we could find an

optimal control @ then by (2.14) we would get
T (tn—r, 2, ™) =V (ty_1,2), r e R"

As we highlighted before the cost functional 7% is independent of the initial time of the
optimisation procedure and this makes Problem Py time-consistent. Therefore, the value

function V(- -) is given by the classical solution of the following HJB equation

) T xx

VIt ) + inf Bty o, o, VI 2), V(L 2) =0, (1,0) € [tyo1,ty] < R”
) (2.15)
Vi(ty,z) = G(ty_1,2), z€R”

where we have used the notation with the Hamiltonian function (2.8). By the definition

of ¢ : D[0,T] x R" x R™ x S" + U in Assumption 2.3 we can write the above equation
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as follows

‘/;H(ta x) + H(tN—lata x>¢(tN—1a t7$’ V;H(t,x), ‘/gclg:(tx))’ ‘/zn<t7x)v V;g(t,l‘)) = O’

(t,x) € [tv—1,tn] X R” (2.16)
Vi(tn,z) = Glty_1,2), x€R"

With a solution V(-,-) to (2.15) (or (2.16)) let us assume that the following closed-loop
system admits a unique solution XV = XV (. ty_1,z), i.e. that ¢ is an admissible control
law

(d)_(N(s) =b(s, XN (s),(tn_1,8 XN (s), VI(s, XN (5)), VI(s, XN (s))))ds

+U(S,)_(N(s),¢<tN1,S,XN(S)aVxH(SaXN(;))a‘/;:Ec(‘]saXN(s))))dW<s)’ (2.17)
S € [IN-1,IN

\XN(tN_l) =T
then by Assumption 2.3 and Theorem 1.2 (Verification thm.), we have that an optimal

control process 4" (-) of Problem Py for the initial pair (ty_;,2) is given by

EN(S) = EN(SJN*MSU) = w(tN*hS?XN(S)? VxH(S>XN(5)) VH(‘S?XN(S)))

) T xx

= w(thlv S, XN(S7 tN*b l‘), ‘/:EH<57 XN(S7 tN*h x)) VH(Sa XN(Sa thla I’)))

’) T xx

and X7 (-) is the corresponding optimal controlled state process.

We move on now to consider the optimal control problem for Player N —1 on [tx_2,tn_1).
For any initial pair (¢,2) € [ty_2,tn_1] X R™ the state equation, controlled by such agent

is given by

dXVN 7 (s) = b(s, XN 7H(s), uN(s))ds + o (s, XV (s), uN T (s))dW (s),
S € [t,tN_l) (218)
XN M) =

To determine an appropriate cost functional for Player N —1 we rely on the knowledge that
this player can control the system only on the interval [t y_o,tx_1) and that Player N takes
over at time ¢y _; to control the system from that point on. In addition, Player N —1 knows
that the following player will play optimally based on the initial pair (ty_1, XN 1(ty_1))
which is Player N — 1’s terminal pair. Therefore, the sophisticated cost functional of
Player N — 1 should be
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tN—1
TNtz u ) = B, [ [ Cltwaes X5 s
t

tn B
+/ C(tN_Q,S7XN(S,tN_17XN_I(tN_l))7'aN(S,tN_1,XN_l(tN_l)))dS (219)

tN—1

+ G(tn_a, XN(tN, tn—1, XN_I(tN—l)))}

Notice that, as we anticipated in section 2.2., even if Player N — 1 knows that Player N

will control the system on [ty_1, x| he/she still maintain his/her own preferences on the

future costs (see the term ¢y_o appearing in the running cost C(-) on [ty_1,tx] and in

the terminal cost G(-) at tx). Let us denote

tn B
hN_l(x) =E,_, [/ C(ty_o, s,XN(s,tN,l,:U),ﬂN(s,tN,l,x))ds
tN—1

+ G(tn_2, XN (tn, tn_1, 93))]

then the cost functional (2.19) can be written as

tnN—1
TVt 0, ) = B { / Cltr—s, s, XN (s), a1 (s))ds
t

+ hN_l(XN_I(tN—l))]

(2.20)

The optimal control problem associated to the state equation (2.18) and to the cost

functional (2.20) has the form of a standard time-consistent problem. However, the map

x — hN71(x) seems too implicit, which is difficult for us to pass to the limits later on.

We now would like to make it more explicit in some sense. Exploiting the results for

FBSDE with deterministic coefficients presented in section 2.3. we proceed as follows.

For the optimal state process X~ = XN (-, ty_1,x) determined by (2.17) on [tx_1,tn] we

introduce the following BSDE

dYN(s) = —C(tn—a,5, XN (s),¥(ty_1, 5, XN (s), VI (s, XN (s)), VI(s, XN (s))))ds

+ ZN(s)dW (s), s € [ty-1,tN]
Y¥(tn) = Gltn—o, XN (tn))
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which is equivalent to the following

{dYN(s) = —C(ty-2,5,X"(s),a"(s))ds + Z¥(s)AW (s), s € [ty—1.tn] (2.21)

YN(ty) = G(ty—2, XV (tn))

Note that ty_5 appears both in the generator and in the terminal condition of the BSDE.
Moreover, the generator does not depend on Y(-) neither on Z(-) so it is a particular
case of the more general scenario presented in section 2.3. Nonetheless, both driver and
terminal condition satisfy Assumption 2.5 so that this BSDE admits a unique adapted
solution (YN, ZN) = (YN(- ty_1,2), ZY (-, tn_1, 7)) depending on the initial condition of
(2.17). Further, it holds

YN(tyo1) = Eiy {/t ’ Ctn—g, 8, XN (s),a™ (s))ds + Gty_o, XV (tn))| = BN (z)

It is seen that (2.17) and (2.21) form a forward-backward system for which we have the

following representation result derived in section 2.3.

YV(s) = 0N (s, XN (s)), a.s., s € [ty_1,tn]

as long as O (-, ) is a classical solution to the following PDE

(6 (s,2) + () (5,2), bls, @, (tn 1, 5,2, V] (s, 2), Vi (s, @)))
+tr(a(s,z, Y(ty_1, 5,2, VI (s, 2), V(s 2)))0ON (s, 7))
+ Clty_o, 8,2, 0(tn_1,5,2,VI(s,2),Vi(s,2))) =0, (s,2) € [tn_1,tn] x R"

) T xx

K@N(tN,JZ) = G(tN_2717), reR"

or more compactly, exploiting the Hamiltonian defined in (2.8)

@5(8,1’) + H(th% 87%1?(751\771, S, T, V:;:H<va)u V;nl;[p(s SC)) @iv(s,x), @i\;(s,l’)) =0,
(S,LL’) € [tN—I;tN] x R™
@N(tN,ZL‘) = G(tN_Q,I), reR"
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It is important to point out that in general
ON(ty_1,x) = YN (ty_1) = BN ()

_E,, [ /;N Clts s, XV (s), 8 (5))ds + Gltn—s, X N(T))}

s [ (2.22)

= VH(thl, $)

Cltn_1,5 XN (s),a" (s))ds + G(ty_1, X’N(T))}

tN—1

Thanks to the above representation ©V (-, -) of YV (-), we can formulate the cost functional
(2.20) as follows

tN—1
TNt 2,0 =, [ [ Cltnas X008 ()
! (2.23)
+ O (ty_1, XV N tno))

In other terms, the cost functional (2.23) separates the distinct contributions of the two
players. In particular, the first time integral represents the portion of costs which is under
direct control of Player N —1 while the contribution of Player N is enclosed in the function
O (-,+). Having expressed JV~! in a more easy way, we are now ready to formulate the

control problem relative to Player N — 1

Problem Py ;. For any (t,z) € [tx_2,ty-1) X R", find a aV71(:) = aV71(,t,2) €
U[t,tN_l] such that

VAR (R T = inf IVt 2, = V()
uNile[tﬂ&Nfl]
The above problem defines the value function V(- -) on [ty_o,ty_1) X R™. Again, we
see that cost functional (2.23) is independent on the initial time of the optimisation so
it gives rise to a time-consistent control problem for which, under proper conditions, the

value function V' is the classical solution to the following HJB equation

’ T xx

VI (L, z) + inlf]H(tN_g,t,x,u, VIt x), VE(t,2)) =0, (t,2) € [ty_o,tn_1) X R"
ue

VH(tN_l—O,[E) ZQN(tN_l,[E), x e R"
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Again, exploiting the map ¢ (-) defined in Assumption 2.3 we can write the above as

VIt @) + Hty o, t 2, (tn—a 1,2, Vo (1, 2), Vo (8, 2)), Vo (8, 2), Vig (£, 7)) = 0,

(t,x) < [tN727tN71) x R" (224)
Vi(ty 1 —0,2) =0 (ty_1,2), w€R"

From (2.22) we see that in general

VH(tN_l—O,ﬁ):G)N(tN_l, )#V (tN 1, )

Thus, the value function V(-, ) which is now defined on [ty _2, 5] x R™ may have a jump

at ty_1 (for whatever z € R™).

Now, suppose that the state dynamics driven by the control law 1) admits a unique solution
XN -1 ()

(AXN1(s) = b(s, XN71(s), d(ty_o, s, XV71(s), VI(s, XV7(s)), ..
VI (s, XNHs))))ds + (s, XN H(s), ¥ (tn_a, s,
LX), VI (s, XV (), Vi (s, XN 1(s))))dW (s), (2.25)

) T xx

s € [ty_2,tn-1)

\XN_I(tN_Q) =T

Then, again by Theorem 1.2 (the Verification thm.) we have an optimal control process

for Problem Py_; with initial pair (ty_o, ), given by

a7 (s) = @V (s, ty_g, 1)
w(tN 2737XN 1( >"/;H(87XN—1< )) VH(‘S XN 1( ))

» T xx

)
@ZJ(tN 2,8, X (S,tN_Q,.T),‘/Z,H(S,XN_ (S,tN_Q, )) V (S,XN_l(S,tN_Q,{L')))

Now, for the optimal pair (XV=1(-),aV (")) = (XM (-, tn_o, ), aVN (-, ty o, 7)) of

Problem Py_; we make a natural extension on [ty_1,ty] as follows

XN_l(s) = XN(S?tN—laXN_l(tN—l))7
S € [thth]

a" T (s) = aN (s, ty-1, XN (Eno1)),

So that the extended optimal pair (XV=1(.), uN=1()) satisfies
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(AXN Y (s) = b(s, XV (s), (tw o, 5, XN (s), VI (s, XN 7X(s)), ..
Vs, XNTH))))ds + o (s, XV TH(s), p(ty_a, s, ..
CXNTH(s), Vo (5, XV (9)), Vig (8, XV 7H(9))))dW (s),
S € [tn_a,tn_1)
dXN7(s) = b(s, XN 1(s), ¥(tn_1, 5, XV (s), VI (s, XN 71(s)), .. (2.26)
Vs, XNTHs))))ds + o (s, XN TH(s), ¢ (ty_1, s, ..
SXNTH(s), Vi (s, XVTH(9)), Vig (5, XN TH(s))))dW (s),

S € [tN—latN]

\XN_IGN_Q) =T

where we have highlighted with different colors the changes in the dynamics of the state

over the two distinct time intervals. Basically, over [ty _o,ty_1) the control process driving

the system is the optimal one for Player N — 1, namely 4~ ~!(-), while over [ty_1,ty] the

system is driven by the optimal control for Player N, that is 4" (-). From now on we refer

to the extended pair (XV=1(-),u"(-)) as a sophisticated equilibrium pair on [tx_»,tx].

Let us introduce the following notation
N
ln(s) = Ztk*l]l[tkfl»tk)<s)7 s € [O7T] (2'27>
k=1
for which it is easy to check that

0<s—"(s) <), se 0,7

Then, thanks to this notation it is possible to rewrite (2.26) in a more compact way as

(AXV1(s) = bls, XV (s), (1 (5), 5, XV (s), V] (s, XV 1(s)), -
V(s XN7H(s))))ds + o(s, XV L(s), (17 (s), s, ..
XN (), VI (s, KV (s)), ViL(s, XV (s))) AW (s), (2.28)

) T xx

s € [tn—2,tn]

\XN_l(tN_Q) =

where we have highlighted the usage of I!{(-).
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Also, it holds

tN-1
j(tN,g,x,ﬂN_l) =E; [/ C(tN,g,s,)_(N_l(s),ﬂN_l(s))ds

tN—2

+ / " Cltna, s, XNUs), @Y1 (s))ds + Gty s, XV1(T))

tN-1

- jN_l(tN—Qa X, ﬂN_l) = VH(tN—%x)

In general it can happen that

j(tN_g,[L',aN_l) > inf j(tN_g, ZL‘,U)
uEZ/{[tN,g,tN]

i.e. the sophisticated equilibrium pair might not be the optimal pair (for the given initial
conditions). This is not surprising, as a matter of fact 4"~ ~! is just the equilibrium
control relative to the sub-game (starting at ¢y_») associated to the specific TI-partition.
Intuition suggests that if we could solve the sub-game for a finer partition, that is adding
more players and restricting the time intervals on which they control the system, we would
obtain an equilibrium control which approaches closer the true optimal control. This is

why we will pass to the limit later on to obtain the time consistent equilibrium control.

In order to state an optimal control problem for Player N — 2 we consider, for any

(t,x) € [tn—3,tn—2) x R™, the state equation

dXN72(s) = b(s, XN 72(5), ™ 2(s))ds + o (s, XN 2(s), uN "2(s))dW (s),
S € [t,tN,2>
XNt =g

which expresses the dynamics of the system governed by Player N — 2.

Now, to move forward we have to construct a suitable cost functional for Player N — 2
and following what we already did for Player N — 1 we construct JV =2 on [ty_3,ty_2) X

R™ X Ulty_3,tn—_2o] as follows
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tnN—2
TNt 2, uV ) = E, [ [ s XN s
t

tn ~
+ / Cltn—s, s, XV (s, tn0, XN 2 (tn_2)), 0" (s, ty_a, XV 2 (tn_2)))ds

tN—2

t Gltna Xty XN?(tN_2>>>}

where, as before, the contributions to the cost functional coming from different players
have been separated. In particular, the part that is under the control of Player N —2 is the
first time integral while the second one and the terminal cost depend on the sophisticated
equilibrium pair (XV=1(), u¥=1(.)) for Players N — 1 and N on [ty_o,ty] which is not
influenced by Player N — 2. Again, notice that the cost preferences of Player N — 2 are

maintained also on the time intervals where he/she does not control the system.

Following the reasoning presented above we introduce the following BSDE on [ty_o, tx]:

dYN7Hs) = —Cltn_s,8, XV s),a" 1 (s))ds + ZV " (s)dW (s),
s € [ty_a,tN] (2.29)
Y(ty) = G(ty—s, X" '(tn))

Let (YN71(:),ZN7()) = (YN tn o, 2), ZVN 7Y, ty_o, 7)) be the adapted solution,
uniquely depending on the initial condition (ty_2,2). Then (2.28) and (2.29) form a
FBSDE. Again, we represent YV=1(.) as

YN7Hs) = 0N (s, XN T(s)), a.s., s € [ty_o,tn]

where ©V71(. ) is a classical solution to the following PDE

@ff—l(s, x) +H(tn_3,s,x, w(ln(s), s, x, Vxn(s, ), ng(s, x)), ..

"76571(57*%)763%71(57‘%)) = 07 (S,Q?) € [th27tN] x R"
@N71<tN,ZE) = G(tN,gg,x), reR"

This representation allows us to rewrite the cost functional JV~2 as follows
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tnN—2
TVt 2, uN ) = E, [ [ s XN s
t

+ Nt (tn—2, XN_Q(tN—2))

We can now pose the control problem for Player N — 2

Problem Py_,. Forany (t,z) € [ty_3,ty_o)xR", find a a2 = aN"2(- t,x) € U[t, tn_o]
such that

TNtz a2 = inf TNtz uN ) = VIt 2)

uN=2el[ttn_2]

This problem defines the value function V(-,-) on the interval [ty_3,ty_2) and together
with the previous definitions we see that the equilibrium value function is now defined
on [ty_3,tn] X R™ As for the other players above, Player N — 2 faces a time-consistent
control problem which, taking advantage of the map v (-) defined in Assumption 2.3 gives

the value function as the classical solution to the following HJB equation

VIt @) + Hty-s, t, 2, (tn_g, t, 2, V. (t, 2), Via (t,2)), Vo (t, x), Vor(t, @) = 0,

(t,%) < I:th?)’thQ) x R"
VH<tN_2 -0, JI) = @Nﬁl(t]v_g, l’), reR"

We point out that in general, similar to (2.22)

VH(tN_Q — O, LL') 7é VH(tN_Q, {L‘)

The procedure described so far for players N,N —1 and N —2 can be continued recursively.
By backward induction we can construct sophisticated cost functional J*(¢,z,u") for
Player k, k € {1,2,...,N} and

VIt 2) = inf Tt x,ub), (t,x) € [tp—1,tr) X R"
ukeU(t,ty]

with the equilibrium value function V(. -) satisfying the following HJB equations on the



48 2| Time-inconsistent optimal controls

time intervals associated to the partition II

VIt @) + H( (), 2, (10(2), 2, Vo (8 2), Vg (1, 2)), Vi (8, 2), Vig (7)) = 0,

(t,l’) € [tN—latN) x R"
VH(tN,ZE) = G(tN_l,I), reR"

and for k=1,2,.... N —1

VIt @) + F (), 2, (17(2), 2, Vot ), Vg (8, 2)), Vi (8 ), Vig (7)) = 0,

(t,l’) c [tk—latk) x R"
VIt —0,2) = 0 (1, 2), z€R"

where we have used the notation with ["(-). Notice that the difference between the HJB
equations relative to each player lies in the different control laws (I*(-),,..) and in the
final conditions. We recall that for k = 1,2,..., N — 1, ©*1(. .} is a classical solution to
the following PDE

O (s, x) + H(tp_1,s, 2,0 (1" (s), s, z, VI (s, ), Vil(s,z)), ..

L, O (s 1), 08 (s, 1)) =0, (s,x) € [ty, ty] X R™
@k+1(tN,ZL’) = G(tk_l, JI), reR"

Let us define now the function

Ut x) = (M8, t, 2, VIt x), VI 2),  (t,2) € ]0,T] x R" (2.30)

)’ T xx

which is just the link of the optimal control laws for the different players over the entire
interval [0, 7).

Then for any x € R", let X'(-) be the unique solution to the following stochastic differ-

ential equation driven by the feedback control law WI(. )

dX"(s) = b(s, X" (s), U(s, X"(5)))ds + (s, X" (s), U(s, X" (s)))dW (s), s€[0,T]
XM0) ==

and denote by
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the control process associated to W!(- -) appearing in the above SDE.

Then 4! = (u!,u?, ..., ") is a Nash equilibrium of the N-person non-cooperative differ-

ential game associated to partition II. In fact, according to our construction, we have

j(tk—bXH(tk—l)a \DH}[tk_l,T}) = j(tk—laXH(tk—l>7an‘[tk_hT})
= VT (tgo1, X" (te-1)) = T*(tre1, X" (te-1), ﬂn‘[tk_htk])
= inf T (o1, X (), 0") < TF (brmr, X (Ermr), )

ukeu[tk_l,tk]

=T (-1, X (thr), u" @ W ), as, Vol €Ut t], 1<K SN

(2.31)

where
uF(t), t € [tr1,t)

(v & v ‘[tk:T])(t) - {\pﬂ(t,X’“(t)), t € [ty, T

2.5. Limiting procedure

We now would like to examine the situation when ||II]] — 0. Let us recall that in the
previous section we presented a procedure to find the Nash equilibrium control strategy
and the equilibrium value function to the differential game associated to an arbitrary, but
fixed partition IT of [0, T]. Moreover, having adopted a backward induction construction,
we have guaranteed that the equilibrium control determined is optimal for any sub-game
of the complete sequential game. This means that the restriction of the equilibrium
strategy to a smaller section of the original partition is still optimal for the remaining
players involved in the game. However, as we have pointed out in the previous section, in
general for k =1,2,.., N — 1, it holds P-a.s.

T (tr—1, X" (tp-1), ﬂn‘[tk_hT]) > inf T (b1, XM (te1), u)

uEUlty_1,T]

which means that the control process that realizes the minimum of the cost functional
evaluated at the time instants that constitute the partition might differ from the equilib-
rium control process.

This is due to the fact that the the equilibrium strategy determined so far is optimal
only assuming that there are N players (or controller’s future selves) and they undertake
to solve the optimal control problem following the interaction rules that we explained in
section 2.2.

Nevertheless, the N-players differential game is just an approximation of the actual control
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problem which could be more realistically seen as a dynamic game played by a contin-
uum of agents, each one facing an optimisation problem with a particular cost preference.
This should give us the intuition that the finer is the partition II for which we solve
the differential game, the closer the equilibrium strategy will be to the optimal control

strategy.

Remark 2.4. It is interesting to notice that we can look at the differential game asso-
ciated to a time-inconsistent optimal control problem, as a succession of agents with a
naive approach, each one assuming that the future players will adopt his/her personal cost
preferences but with the additional knowledge that the future agents will adopt the control
strategy optimal for their specific problem.

Suppose now that we have the following

lim (\vﬂ(t,:c) —V(t, )|+ |Vt @) = Valt,2)| + | Vs — Vaal(t, 1’)\) =0

([1T][=0

uniformly for (¢,x) in any compact set, for some V(-,-). Under Assumption 2.3 we also
have

lim |U"(¢,2) — ¥(t,z)| =0

([T =0

uniformly for (¢, ) in any compact set, where U'(- ) has been defined in (2.30) and with

U(t,z) =(t, t,x, Vot z), Ve (t, ), (t,z)€[0,T] x R"

Then the following limit exists

lim || X"(:) = X(-)||s2(0,7)n

|ITT[|—0

for X (-) solving the following SDE

{d)?(s) = b(s, X(s),u(s))ds + o (s, X(s),u(s))dW (s), s¢€[0,T] (2.32)
X(0)=ua
with

u(s) =¥(s,X(s)), se€l0,T] (2.33)
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where we recall that

S*(0,T)" :{X : Qx [0,T] — R™ | X(-) is progressively measurable and

E{ sup \X@f] < oo}

s€[0,7T

also we have,
lim ||a"(-) — a(- =0
m [ (-) = () lleezomy

By (2.31) we have

T, X)), @) = V), X)), as., t€[0,T]

which passing to the limit shows that V(:,-) is the time-consistent equilibrium value

function of the time-inconsistent optimal control problem. Moreover we have the following:
j(tkfla X(hﬂ*l)) \Ij‘[tk,hT]) - j(tkfla X(tkfl% a‘ [tk,l,T])

=K, _, [/:1 Ctr1,s, X (s),u(s))ds + G(ty_1, X(T))}

T

< By, { C(ti-1,5, X"(s), 0" (s))ds + G(tx-1, X’H(T))} + R(|[1]])

tp—1
= VIt X (ten)) + RO = T, X ) a0+ RO
< T* (b1, XM (ti-),u™) + R(|IT])

=T (te-1, X(te—r), u* @ 0, o)+ RO, u® € Ulteor, til

Thus, by Definition 2.2, W(-,-) = @(-,-) is a time-consistent equilibrium strategy to our

original time-inconsistent optimal control problem.

In the remaining part of the section we will pass to the limit to find the equation that
can be used to characterize the equilibrium value function V'(,-).
In order to achieve this, let us explore the relationship between the equilibrium value

function of the N-person differential game V'(-,-) and the auxiliary functions ©%*1(.,.).
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First, let us write the equations for ©%1(-,.) in integral form

T
@kJrl(t,:E) — G(tkfl, :c) + /t H(tkfla S, x;wan(s)v S, Xy ‘/;:H<S,37), VZETQE(S :C)) (2.34)

L O5 (4,2), O8 (1)) ds, () € [t T] x R

Let us make a first observation; as we have explained in details in the previous section, the
function ©F1(.,.) is introduced to formulate Problem P, relative to the k-th player and
it represents the part of the cost functional that cannot be optimized by player k, since
it depends on the sophisticated equilibrium strategy determined by the following players.
Notice indeed that ©F1(. .) is defined on [ty,T] which is the time interval successive
to the one over which player k controls the system. However, once the k-th player has
solved the corresponding HJB equation and hence determined his/her optimal control law
Y(tg—1,-) defined on [tx_1,t;], we can extend (2.34) to the wider interval [tx_;,T] since
the equilibrium value function V(- -) and the sophisticated control law W'(.,-) defined

in (2.30) are now well defined also on [t;_1, tx].

We can now define

=

-1
o'(r,t,z) = OF L (t, ) Ly, (T), (1,t,x) € D[0,T] x R"
1

B
Il

and
( N-1
G tk 1, X ]l[tk 1 tk)(T) (7', LE’) € [O,T] x R"
k=1
N-1
C (1, s,z,u) Z Clte-1,s,x,u) Ly, 1)(7), (7,8,2,u) € D[0,T] x R" x U
\ kzl
then

@H(T,t,x) _ GH(T, ) _|_/t H(ZH(T),S,x,l/)(ln(s)?&x’vx (s, x),VEr:[E(S 7)) - (2.35)

.01, s,1),0 (7, 5,2))ds

where the presence of C'(+) is hidden in the Hamiltonian function.



2| Time-inconsistent optimal controls 53

Let us look at V(- -). For (¢,x) € [ty_1,tn] X R™, we have

T
Vn(t’{]j) = G(thbx) _'_/ H(thl,S,m,w(ln($>,s,]§',vxn($,$),V;,I;I:,(S l’))

V(s x), Vi (s, x))ds

and for (t,x) € [tp_1,t;) X R", k=1,2,..N — 1.

173
VIt 2) = 05 (ty, z) + / H(ti1, s, 2,9 (1"(s), 5,2,V (s,2), Vi (s,2)), .
t

Vs, x), Vi (s, x))ds

) T xx

On the other hand, for (t,z) € [tx_1,tx) X R™ we have

@H(tk_l,t,x) :@ (tp—1,ty, / H(tr_1,s,x,9¥(l ( ), s,x,V (s, m),‘/;g(s x)), ..

Ot 1, 8,2), 0 (th 1, 5,2))ds
so that we have

VIt z) = "' (t), t, ), (t,x) € [0,tny_1) x R" (2.36)

Let us assume now that

lim (‘@H(T,t,l’) —O(r,t,z)| + |0 (1, t,x) — Ou(7,t,2)|

([T =0

+ {@51(7',7571’) - @xx(Tatw'E){) = O, (T,S,ZE) S D[O,T] x R"

for some O(-, -, -).

Furthermore, let us assume that the derivative of the cost functions C(7, -, -, -) and G(r,-)
with respect to the first argument 7 are bounded for any (7,¢,x,u) € D[0,T] x R* x U
so that

N
i
= — < =
\\1111||120|G 7,2) -G (1,2)| = ”1111”1205 |G(7,2) = G(ty-1,2) |1y 40 (7) < lim K[| =0

([T =0



54 2| Time-inconsistent optimal controls

and similarly for the running cost we have

lim CH(T $,T Q/J(ZH( ) 5, T, VIH<8,:L’) VH<S I)))

» Yz
[IT1]|—0

C(T7 87 377 ¢(S7 87 x? V’L’(S’ 'I)7 ‘/:U$<S7 $>>)
As a consequence, we obtain the following integro-partial differential equation for ©(-, -, -)

T
O(r,t,x) = G(1,x) +/ H(7, s, z,%(s, s,2,0.(s,8,2),0..(s,8,2)), ..
t (2.37)

2 O4(7,8,x),0,,(7,s,2))ds

which is the limit of (2.35) where we have taken into account (2.36). Moreover, it holds

the relation

V(t,z) =0O(t,t,x), (t,x) € [0,T] x R" (2.38)
We can write equation (2.37) in differential form as

Ou(r, t,x) + H(r, t, 2, (t,t, 2, 0,(t,t,2),0p(t,t,2)),0,(7,t,2), 0 (7,t,2)) =0,
(1,t,z) € D[0,T] x R"

or more explicitly as

(Ou(7,t,x) + (bt 2, (t,t, 2, 0,(t, 1, 2), 04 (L, 1, 7)), On(T, 1, x))
+trla(t,z,Y(t, t,x,0,(t, t,x),0.(t, t,7)))Ou (7, t,2)] (2.39)
+ Ot a,)(t t, 2, 0,(t t,2), O,(t, t,2))) =0, (r,t,2) € D[0,T] xR*

L O(7, T, x) = G(7,2), (r,2) € [0,T] x R"

Such an equation is called the equilibrium Hamilton-Jacobi-Bellman equation of
the time-inconsistent optimal control problem. If a solution O(,-,-) to the above can be
found then the time-consistent equilibrium value function V'(-,-) can be determined by
(2.38) and the time-consistent equilibrium pair can be obtained by (2.32) and (2.33).

It is interesting to note that both ©(7,¢,x) and O(¢,¢,x) enter the equation where the
latter is the restriction of the former to 7 = t. Let us remark that (2.39) is fully non linear
and due to the fact that O(7,t,z) is different from O(t,¢, x) the existing theory for non
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linear parabolic equation cannot be applied. Notice however that if we could determine
O(t,t,z) in an independent way, then (2.39) would actually become linear in O(r,t,x),

considering 7 as a mere parameter.

In this work we will not analyze the problem of Well-Posedness of the equilibrium HJB
equation which, being technically hard, would require additional tools and assumptions
and, above all, would go beyond the scope of this thesis, that is to present a solution
to the time-inconsistency problem in stochastic optimal control theory emphasizing the

constructive part of the method and not all the downstream details.

What will be done in the next chapter is to illustrate a specific problem to which we
can apply the equilibrium HJB derived from the methodology presented in the previous

sections.
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3 Generalized Merton Problem

In this chapter we show how to apply the equilibrium HJB equation to a financial problem
known in the literature as the generalized Merton problem. We consider an investor who
possesses at time t the initial capital x and whose problem is to determine the optimal
investment and consumption strategies in order to maximize his/her utility function over
a fixed time horizon. For simplicity, especially in the notation of the resulting equations,

we will consider a market with only two assets:
e A bank account with the deterministic short rate of interest r, i.e. a risk free asset

B whose dynamics is given by

dB(t) = rB(t)dt.

e A risky asset with price process given by a standard Black-Scholes model

dS(t) = uS(t)dt + o S(t)dW ().

In the following we adopt the same formulation as in [12]| to describe the wealth process
of the investor who sets up a self-financing portfolio, investing in the two assets and

consuming part of his wealth

dX(t) = [rX(t)+ (n—1r)u(s) — c(s)]ds + ou(s)dW(s), se€[t,T]
X(t)==x

where we have denoted by u(-) the process representing the absolute wealth invested in

the stock and by ¢(-) the consumption rate process.

We consider a utility functional of power type, with a very general form for the discounting
factors so that it can include various types of non-exponential discounting functions, such

as hyperbolic discounting, quasi-exponential discounting and many more, all of which
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make the original Merton problem time-inconsistent.
T
J(t,x,u,c) =T [/ v(t,s)c(s)ds + p(t) X (T)"
t

where v : D[0,T] — (0,3] with 8 € (0,1) and p : [0,7] — (0,00) are the continuous
discounting functions associated to the consumption strategy and to the terminal wealth
respectively. Notice that both these functions present a dependence on the initial time of
the optimisation thus making the problem in general time-inconsistent.

In order to formulate a well posed problem we assume in addition that as soon as the
investor has no remaining wealth his/her activity terminates, with an associated value
function equal to zero. As a convention, we define 2° = —o00 if z < 0.

It is easy to check that both the coefficients of the wealth SDE and those of the utility
functional, satisfy Assumption 2.1 and Assumption 2.2 respectively. Therefore we are

working under the hypothesis which allowed us to obtain the equilibrium HJB equation.

Before turning to the actual application of the equilibrium HJB equation to our case study

we analyze the pre-commitment and naive solutions.

As we explained in section 1.3 a possibility for the investor is to commit to stick to
the same discounting functions that he/she applies at time ¢ even after that time instant.
Under this assumption the problem becomes time-consistent, with the time ¢ in the utility

functional interpreted as a fixed parameter.

The HJB equation associated to the problem of the pre-committed agent becomes

Ve+ sup H(s,z,u,¢, Ve, Vi) =0, (s,2) € [t,T] x (0,00)

>0, ueR
V(s,0) =0, sel[tT]
V(T,z) = p(t)z®, z € (0,00)

We look for the maximum of the Hamiltonian

1
H(s, z,u, ¢, Vi, Vig) = 12V + (p — r)uV, — eV, + 502u2‘/;x + v(t, s)

which, assuming an interior solution, is attained by the first order conditions, giving us

(s, z) = _% 5,) = (m‘(é,s))liﬁ
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Then, by looking at its final condition, we make the following ansatz on the form of the

value function

V(s,z) = a(s)z’ (3.1)

and substituting its explicit derivatives into u and ¢ we obtain the control laws

u _ e=n) x c(s,x) = vt 5) ﬁx
wo0) = g = (%) &

where «a(-) is given by the solution of the HJB equation where we have substituted the

explicit derivatives of V(-,-) and the optimal control laws @ and é.

Blp—r)?

a(s) + <rﬁ + (1= B)o

a(T) = p(t)

)a(s) 4 (1= Bt s)™Fa(s) 7 =0

The above ODE equation is known as a Bernoulli equation and it can be solved introducing

a new function y(s) = 04(5)17(7%) = a(s)ﬁ which satisfies the linear ODE

y'(s) + (17;55 + (51% ;)Ziz)y(s) + v(t, s)ﬁ =0

y(T) = plt) ™7

From the solution y(-) we can thus obtain «(-) and substituting in (3.1) and (3.2) we

obtain the value function and the optimal control laws.

Alternatively the investor can have a naive approach to the problem, in which case he/she
keeps updating the optimal control laws by rolling over the time the pre-commitment
strategies. Thus, to determine the optimal controls at time w > t he/she solves the HJB
equation

Vi+ sup H(s,z,u,c, Vi, Viz) =0, (s,2) € [w,T] x (0,00)

¢>0,ueR
V(s,0) =0, seltT]
V(T,z) = p(w)2?, =€ (0,00)
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where the Hamiltonian function has the following form

1
H(s, z,u,c, Vi, Vig) = raVy + (n — r)uV, — cV, + §O'QU2VM; + v(w, s)

Assuming the same assumption on the form of the cost functional, the optimal control

laws are then given by

dw,z) = L1 o ) = (”(w’w)ylﬁx (3.3)

v (W)

where «a,,(+) denotes a family of ODE indexed by w € [0,7] and «,,(w) is given by the

solution of

Bp—r)?

(1— 5)02>C“w(5) + (1= B)v(w,s)TPa,(s) 2 =0, sé€w,T]

evaluated at time s = w.

At last we consider the sophisticated approach which is the one that takes actually into
account the time-changing feature of the discounting functions. The investor must solve

the equilibrium HJB equation derived in the previous chapter

(@s(t, s,x) +H(t, s, (s, s,2,0,(8,5,x),04.(8,5,2)),0.(t,s,x),Ou(t,s,2)) =0,
(t,s,x) € D[0,T] x (0,00)

O(t,s,0) =0, (t,s)€ D[0,T]

O, T,r) = p(t)z?, (t,x) €[0,T] x (0,00)

where we recall that the function O(+, -, -) evaluated on the diagonal equals the value func-
tion of the problem O(s, s, x) = V(s,x) and the function 1) maximizes the Hamiltonian

function with respect to the control variables
Ly 3
H(t, s, z,u,c,p, P) = p[ra 4+ (u—r)u — ] + 30U P+ uv(t,s)c

where for simplicity we have used the letters p and P to denote ©,(t, s, x) and O,,(t, s, ).

respectively. Again, by the first order conditions we obtain

(=1 {ﬁV(t, s)} )

1/J(t,8,$,p,P):(a,é): (_ 2P p
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in particular

U(s,5,2,p, P) = (4, ) = (_

with p = O,(s,s,z) and P = O,,(s, s, r). and

_ — 2P [ p
B s, 0(s.5,0,. P)op. P) = rap+ VP (B0 )

#(V(T, s)p — Br(s,s)p)

so that the equilibrium HJB equation reads

( (1t —1)%0.(s,8,1)0..(7,5,7) { Ous,s,7) O,(T,s, )
Os(r,5,2) + 2020 ,,(s, s, 1) (@m(s, s, ) B 2G)M(T, S,x))
(BV(S,S))$
+r20,(7, s,x) + ———F—(v(7,5)O.(s,8,2) — Br(s,s)O,(T,s,2)) =0,

O.(s,s,x)T-F
(1,s,2) € D[0,T] x (0,00)
O(r,s,0) =0, (1,s) € D[0,T]
\@(T, T,x) = p(1)2”, (1,2) € [0,T] x (0,00)

Now we make the following guess on the form of the solution

O(r,s,x) = (1, s)2”, (1,8,2) € D[0,T] x (0,00)

which after some substitutions and rearrangements allows us to write the equilibrium HJB

equation in the form

1

(7, 8) + P _ 5(%87 @)1}@(77 g4 (l/(s, 5)

)%,3)_

(1,s) € D[0,T]

7 (3.4)

p(m,T) = p(7)

where \ = [2”2(;2’?1%5)%)215 is a constant.

We notice that, considering ¢(s, s) as a known function, (3.4) is a linear first order differ-

ential equation in the unknown ¢(7,s), thus



62 3| Generalized Merton Problem

1

_e)—g (T (»wy 1-B
o(r,5) = MT-00T (HB) ey o

[t () e o

In particular we obtain the following integral equation for the map s — (s, s):

T—s)-p [T (L )ﬁdl

©(s,8) = p(s) +
8 (3.5)

T 1 2
) ! (“m))”dw(”(l’l)> s, byl
e v(s, s € |0, T
/3 e(l,1) (50 0.7]

If equation (3.5) admits a unique solution then we can obtain the time-consistent equilib-

rium value function
V(t,x) = O(t,t,x) = p(t, t)a”,  (t,2) €[0,T] x (0,00)

and the time-consistent equilibrium optimal control

=) o (VDT
u(t)—az(l_mX(t), (t) (so(t,ﬂ) X@t), telo,T]

To evaluate the well-posedness of (3.5) we proceed as follows: first, we make a change of

variable introducing

so that we can rewrite (3.5) as
AT T (w)F T d T " a(w)FTd =
2(s) = AT=9)70) 2w)F=dw (g —l—/ A=) =B [ 2w A (BT Y (s, 7)dr, s € [0, T

For z(-) we have the following result, which the reader can find in [12].

Proposition 3.1. Suppose z : [0,T] — (0,00) is a solution to (3.6). Then

ePIT=9) 5 < 2(s) < M9 py s €0,T]
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with
= min p(t = t A= — <
po = min p(t), max p(t), S 00
Thanks to the above Proposition 3.1 it is possible to show that the operator
T:(C[0, T, - loc) = (C[0,TT, || - ||cc) defined by the right-hand side of (3.6), i.e.

T u(t) oy A0 0 ) 4 LB P iy (1) 5 1,
t
is a contraction, at least locally. This guarantees the existence of a local solution thanks
to contraction mapping theorem. Indeed, the operator 7' is a map on a complete metric
space into itself hence, being a contraction, it admits a unique fixed point belonging to the
space of continuous functions. Finally, exploiting a continuation argument the solution

can be extended to the whole interval [0, T7.
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4: ‘ Conclusions and future

developments

In this work we have confronted with the study of time inconsistency in stochastic optimal
control problems. Starting from a standard time-consistent problem we have analyzed
the complications that arise when we modify the cost functional of the control problem,
introducing an explicit dependence on the initial pair time-state of the optimisation, thus
making the problem time-inconsistent. We have shown how the HJB equation, which is
one of the most central results in the theory of stochastic optimal control, can not be
directly applied to problems that are time-inconsistent, since the principle of dynamic
programming does not apply to this family. Using the HJB equation to solve this class of
problems would in fact give rise to optimal control laws from which, as time goes by, the
controller himself/herself would be encouraged to depart. We have thus examined into
details a possible approach to deal with time-inconsistency, namely the game-theoretic
approach, which consists in interpreting the control problem as a differential game played
by a continuum of agents, each one trying to minimize his/her cost functional. This
new perspective on the control problem allowed us to introduce a new paradigm for the
optimal decision rules based on the concept of Nash equilibrium strategy of the game. In
particular, we have first discretized the original sequential game, introducing an arbitrary
N-partition of [0, 7] with N associated players, each one governing the system over the
relative sub-interval. Proceeding backward in time we have then constructed a Nash
equilibrium control strategy for the N-game, i.e. a strategy profile for which none of the
players has any incentives to unilaterally deviate from it. Next, we have considered the
limit as the mesh of the partition goes to zero in order to take us back to the situation
of a game played by a continuum of agents. This limiting procedure has allowed us to
obtain the equilibrium control strategy and an equation for the equilibrium value function
of our original time-inconsistent optimal control problem which is called equilibrium HJB
equation. To conclude the work we have shown an example of a time-inconsistent problem
which arises in finance and that can be dealt with exploiting the results presented in this

thesis.
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There are several possible developments and insights for this study of time-inconsistency
in stochastic optimal control problems which have not been treated in this work. First
of all, it could be carried out an analysis on the well-posedness of the equilibrium HJB
equation (2.39) in order to provide some strong analytical guarantees of the applicability
of the equation, at least to certain classes of problems. As suggested in [12] this is a very
difficult question to tackle in the general case while a viable path is to restrict to control
problems in which the control does not enter the diffusion term of the state equation. This
would indeed simplify the final form of the equilibrium HJB making it easier to assess its
well-posedness. Also, it would be interesting to study the connections between the results
presented in this work, in particular the equilibrium HJB equation, which we recall was
derived following [12] and other analogous results in the literature, such as those presented
in |2]| where the authors find a system of non-linear equations which is the counterpart
of the equilibrium HJB equation. Another line of development of this study of time-
inconsistency might be to deal with other kinds of problems such as time-inconsistent

stopping problems.
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