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Introduction

These lecture notes are an abridged version of the book written for a course in
the 27th Brazilian Mathematics Colloquium, and correspond to the lectures given

at the Universidade Federal Fluminense, Niterdi, Brazil in 2011.

This course covered basic notions in viscosity solutions and its applications to
deterministic optimal control and differential games. This books is partially based
on a course on Calculus of Variations and Partial Differential Equations that I
have taught over the years at the Mathematics Department of Instituto Superior
Técnico. I would like to thank my students: Tiago Alcaria, Patricia Engréacia, Silvia
Guerra, Igor Kravchenko, Anabela Pelicano, Ana Rita Pires, Verénica Quitalo, Lu-
cian Radu, Joana Santos, Ana Santos, and Vitor Saraiva, which took my courses
and suggested me several corrections and improvements. Also my post-docs An-
drey Byriuk, Filippo Cagnetti, and Milena Chermisi, and my colleagues Pedro
Girdo, Claudia Nunes Philipart, and Anténio Serra have suggested numerous im-
provements on the original text. I would like to thank Artur Lopes that challenged
me to present the proposal of the original course at IMPA. I would like to thank
Max Souza for the invitation to give these lectures to a very interested and engaging

audience.

The structure of this text is the following: we start with a survey of classical
mechanics and classical calculus of variations. Then we present the basic tools in
classical optimal control. We continue with a discussion of viscosity solutions for the
terminal value problem. We follow with a brief discussion of zero sum differential
games. We ended the course with an introduction to games based upon the author’s
joint work with Joana Mohr and Rafael Souza from the Universidade Federal do
Rio Grande do Sul.

For additional material, the reader should consult the bibliographical refer-
ences. In each chapter we have a section on bibliographical notes that lists the

main references on the material of that chapter.






Classical calculus of variations

This chapter is dedicated to the study of classical mechanics and calculus of
variations. We start by discussing the minimum action principle, Euler-Lagrange
equations and some applications to Classical Mechanics. In section 2 we establish
further necessary conditions for minimizers. The following section is dedicated to

the Hamiltonian formalism. We end the chapter with some bibliographical notes.

1. Euler-Lagrange Equations

In classical mechanics, the trajectories x : [0, 7] — R™ of a mechanical system
are determined by a variational principle called the minimal action principle. This
principle asserts that the trajectories are minimizers (or at least critical points) of
an integral functional. In this section we study this problem and discuss several

examples.

Consider a mechanical system on R™ with kinetic energy K (z,v) and potential
energy U(x,v). We define the Lagrangian, L(z,v) : R™ x R® — R to be difference
between the kinetic energy K and potential energy U of the system, that is, L =
K — U. The variational formulation of classical mechanics asserts that trajectories
of this mechanical system minimize (or are at least critical points) of the action
functional

T
Sfx] = /0 L(x(t), x(t))dt,

under fixed boundary conditions. More precisely, a C* trajectory x : [0, T] — R™ is
a minimizer S under fixed boundary conditions if for any C* trajectory y : [0,T] —
R™ such that x(0) = y(0) and x(T") = y(T') we have

Slx] < Slyl.

In particular, for any C* function ¢ : [0,T] — R"™ with compact support in (0,7),
and any € € R we have

i(e) = S[x + ep] > S[x] =i(0).

9



10 2. CLASSICAL CALCULUS OF VARIATIONS

Thus i(e) has a minimum at € = 0. So, if ¢ is differentiable, i'(0) = 0. A trajectory
X is a critical point of S, if for any C! function ¢ : [0,7] — R"™ with compact
support in (0,7") we have

d
'/ = —_— p—
i'(0) = deS[X + €] . 0.

The critical points of the action which are of class C? are solutions to an
ordinary differential equation, the Euler-Lagrange equation, that we derive in what
follows. Any minimizer of the action functional satisfies further necessary conditions
which will be discussed in section 2.

THEOREM 1 (Euler-Lagrange equation). Let L(z,v) : R® x R® — R be a C?
function. Suppose that x : [0,T] — R™ is a C? critical point of the action S under
fized boundary conditions x(0) and x(T). Then

(1) %DUL(X, X) — Dy L(x,%) = 0.

PROOF. Let x be as in the statement. Then for any ¢ : [0,7] — R"™ with
compact support on (0,7), the function
i(€) = Sp + e

has a minimum at ¢ = 0. Thus

that is,
T
/ D, L(x,%)p + D,L(x,%)p = 0.
0
Integrating by parts, we conclude that
Tra
/ |:DUL<X,X) — D, L(x,%x)| ¢ =0,
o |dt
for all ¢ : [0,T] — R™ with compact support in (0,7). This implies (1) and ends
the proof of the theorem. O

EXAMPLE 1. In classical mechanics, the kinetic energy K of a particle with
mass m with trajectory x(t) is:
%[
K=m—m-.
2
Suppose that the potential energy U(x) depends only on the position x. Assume
also that U is smooth. Then the Lagrangian for this mechanical system is then
L=K-U.
and the corresponding Fuler-Lagrange equation is

mx = —U'(x),
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which is the Newton’s law. <

EXERCISE 1. Let P € R™, and consider the Lagrangian L(z,v) : R* x R — R
defined by L(z,v) = g(z)[v|> + P -v — U(z), where g and U are C? functions.
Determine the Euler-Lagrange equation and show that it does not depend on P.

EXERCISE 2. Suppose we form a surface of revolution by connecting a point
(z0,y0) with a point (x1,y1) by a curve (z,y(x)), € [0,1], and then revolving it
around the y axis. The area of this surface is

/ 1 x\/1+ y2dx.

4]

Compute the Fuler-Lagrange equation and study its solutions.

To understand the behavior of the Euler-Lagrange equation it is sometimes

useful to change coordinates. The following proposition shows how this is achieved:

PROPOSITION 2. Let x : [0,T] — R™ be a critical point of the action

/OT L(x,%)dt.

Let g : R® — R™ be a C? diffeomorphism and L given by

L(y,w) = L(g(y), Dg(y)w).

Lo x is a critical point of

Theny =g~

/OT L(y,y)dt.

PRrOOF. This is a simple computation and is left as an exercise to the reader.
|

Before proceeding, we will discuss some applications of variational methods to
classical mechanics. As mentioned before, the trajectories of a mechanical system
with kinetic energy K and potential energy U are critical points of the action
corresponding to the Lagrangian L = K — U. In the following examples we use this
variational principle to study the motion of a particle in a central field, and the
planar two body problem.

EXAMPLE 2 (Central field motion). Consider the Lagrangian of a particle in
the plane subjected to a radial potential field.

o X +y? 55
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Consider polar coordinates, (r,0), that is (x,y) = (rcosf,rsin€) = g(r,0), We
can change coordinates (see proposition 2) and obtain the Lagragian in these new

coordinates )
A ) 202 4 2
L(r,0,5,0) = % ~U(r).
Then the Euler-Lagrange equations can be written as
%rQé =0 %i« = —U'(r) + rf%

The first equation implies that r2f = 7 is conserved. Therefore, rf? = Z—:, Multi-

plying the second equation by r we get

d [r? n?
— | —=—4+U —| =0.
i |3 U5
Consequently
I"2 772
En = 5 + U(I‘) + F

is a conserved quantity. Thus, we can solve for © as a function of r (given the
values of the conserved quantities F, and 7) and so obtain a first-order differential

equation for the trajectories. <

ExAMPLE 3 (Planar two-body problem). Consider now the problem of two
point bodies in the plane, with trajectories (x1,y1) and (x2,y2). Suppose that the

interaction potential energy U depends only on the distance \/(xl —x9)2 4 (y1 — y2)?
between them. We will show how to reduce this problem to the one of a single body

under a radial field.

The Lagrangian of this system is

2 | o2 22 | o2
X7+ X5+
L= mllTyl mQQTW — UV (x1 —%x2)2 + (y1 — y2)2).
Consider new coordinates (X,Y,z,y), where (X,Y") is the center of mass

- M + szz, y = My + may2
my + mo my + mo

and (x,y) the relative position of the two bodies
T =21 — X2, Y=Y —Y2.

In these new coordinates the Lagrangian, using proposition 2, is
L=Li(X,Y)+ La(x,y,%,¥).

Therefore, the equations for the variables X and Y are decoupled from the ones for

x,y. Elementary computations show that

d? d?
—X=—=Y=0.
dt? dt? 0
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Thus X(t) = Xo+ Vxt and Y (t) = Yy + Vi t, for suitable constants Xo, Yy, Vx and
Vy.

Since
I mimeso 5(2 + y2 U( 2 T 2)
= - U(v/x
2 my + mo D) y°)
the problem now is reduced to the previous example. <

EXERCISE 3 (Two body problem). Consider a system of two point bodies in
R3 with masses m1 and ms, whose relative location is given by the vector r € R3.
Assume that the interaction depends only on the distance between the bodies. Show

that by choosing appropriate coordinates, the motion can be reduced to the one of

mi1ma2
mi+ma

proving that r X ¥ is conserved, that the orbit of a particle under a radial field lies

a single point particle with mass M = under a radial potential. Show, by

in a fized plane for all times.

EXERCISE 4. Let x : [0,T] — R™ be a solution to the Euler-Lagrange equation
associated to a C? Lagrangian L : R® x R" — R. Show that

E(t) = —L(x,%) + % - D,L(x, %)

is constant in time. For mechanical systems this is simply the conservation of
energy. Occasionally, the identity %E(t) = 0 is also called the Beltrami identity.

EXERCISE 5. Consider a system of n point bodies of mass m;, and positions

r; € R3, 1 <i < n. Suppose the kinetic energy is T = > ¥|? and the potential

energy is U= =32, 5 2\?7% Let I =3, m;|r;|*. Show that

d2
—1 =4T + 2U
dt? +2

which is strictly positive if the energy T + U is positive. What implications does
this identity have for the stability of planetary systems?

EXERCISE 6 (Jacobi metric). Let L(z,v) : R® x R® — R be a C? Lagrangian.

Let x : [0,T] — R™ be a solution to the corresponding Euler-Lagrange

d
2 —D,L—-D,L =0,
(2) g
for the Lagrangian
[v]?
L(z,v) = 5 (z).

Let B(t) = EOL 4 y(x(1)).

1. Show that E = 0.
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2. Let Eg = E(0). Show that x is a solution to the Fuler-Lagrange equation

d
3 = DyL;—D,L;=0
() dt J J

associated to Ly = \/Eg — V (x)|%].
3. Show that any reparametrization in time of x is also a solution to (3) and

observe that the functional

T
/0 VB V)|

represents the lenght of the path between x(0) and x(T) using the Jacobi
metric g = \/Ey — V().
4. Show that the solutions to the Euler-Lagrange (3) when reparametrized in

time in such a way that the energy of the reparametrized trajectory is Ey
satisfy (2).

EXERCISE 7 (Braquistochrone problem). Let (z1,y1) be a point in a (vertical)
plane. Show that the curve y = u(z) that connects (0,0) to (x1,y1) in such a way
that a particle with unit mass moving under the influence a unit gravity field reaches

(z1,y1) in the minimum amount of time minimizes

1 1 12
/ 1/ +tu dx.
0 —2u

Hint: use the fact that the sum of kinetic and potential energy is constant.

Determine the FEuler-Lagrange equation and study its solutions, using exercise

EXERCISE 8. Consider a second-order variational problem:

X

(4) min /OT L(x,%,%)

where the minimum is taken over all trajectories x : [0, T] — R™ with fized boundary
data x(0),x(T),x(0),%(T). Determine the Euler-Lagrange equation corresponding
to .

2. Further necessary conditions

A classical strategy in the study of variational problems consists in establishing
necessary conditions for minimizers. If there exists a minimizer and if the necessary
conditions have a unique solution, then this solution has to be the unique minimizer
and thus the problem is solved. In addition to Euler-Lagrange equations, several

other necessary conditions can be derived. In this section we discuss boundary
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conditions which arise, for instance when the end-points are not fixed, and second-
order conditions.

2.1. Boundary conditions. In certain problems, the boundary conditions,
such as end point values are not prescribed a-priori. In this case, it is possible to
prove that the minimizers satisfy certain boundary conditions automatically. These

are called natural boundary conditions.

ExXAMPLE 4. Consider the problem of minimizing the integral

(5) /O L(x,%)dt,

over all C? curves x : [0,T] — R™. Note that the boundary values for the trajectory

x at t = 0,7 are not prescribed a-priori.

Let x be a minimizer of (5) (with free endpoints). Then for all ¢ : [0,7] — R",

not necessarily compactly supported,
T
/ D,L(x,%x)p + D, L(x,%x)¢dt = 0.
0

Integrating by parts and using the fact that x is a solution to the Euler-Lagrange
equation, we conclude that

D, L(x(0), %(0)) = D, L(x(T), X(T)) = 0.

EXERCISE 9. Consider the problem of minimizing the integral

T
/ L(x,%)dt,
0

over all C? curves x : [0,T] — R™ such that x(0) = x(T). Deduce that
D, L(x(0),%(0)) = Dy L(x(T),%(T)).

Use the previous identity to show that any periodic (smooth) minimizer is in fact a

periodic solutions to the Fuler-Lagrange equations.

EXERCISE 10. Consider the problem of minimizing

T
AAM&@ﬁ+¢&0W,

with x(0) fized and x(T') free. Derive a boundary condition att =T for the mini-

mizers.

EXERCISE 11 (Free boundary).
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Consider the problem of minimizing

/ e

over all terminal times T and all C? curves x : [0,T] — R"™. Show that x is a

solution to the Fuler-Lagrange equation and that
L(x(T),%(T)) = 0,
D, L(x(T),%(T)%(T) + D, L(x(T),%(T))%(T) > 0,
D,L(x(T),%x(T)) = 0.
Let ¢ € R and L : R? — R given by
2 2

L(x,v):%+?fl

If possible, determine T and x : [0,T] — R that are (local) minimizers of

T
/ L(x,%)ds,
0

with x(0) = 0.

2.2. Second-order conditions. If f : R — R is a C? function which has a
minimum at a point x¢ then f'(z¢) = 0 and f”(zp) > 0. For the minimal action
problem, the analog of the vanishing of the first derivative is the Euler-Lagrange
equation. We will now consider the analog to the second derivative being non-

negative.

The next theorem concerns second-order conditions for minimizers:

THEOREM 3 (Jacobi’s test). Let L(z,v) : R"xR™ — R be a C? Lagrangian. Let
x : [0,T] — R™ be a C* minimizer of the action under fized boundary conditions.

Then, for each n : [0, T] — R™, with compact support in (0,T), we have

T
L 1
(6) / 517TD32mL(x, x)n +n" D2, L(x,%X)n + iﬁTngL(X’ )i > 0.
0

PROOF. If x is a minimizer, the function € — I[x+en] has a minimum at € = 0.

By computing j—;[[x + en] at € = 0 we obtain (6). O

A corollary of the previous theorem is Lagrange’s test that we state next:

COROLLARY 4 (Lagrange’s test). Let L(x,v) : R® x R® — R be a C? La-
grangian. Suppose x : [0,T] — R™ is a C' minimizer of the action under fived
boundary conditions. Then

D?, L(x,%) > 0.
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PROOF. Use Theorem 3 with 1 = e£(t)sin £, for £ : [0,T] — R™, with compact
support in (0,7, and let € — 0. O

EXERCISE 12. Let L : R?*" — R be a continuous Lagrangian and let x : [0,T] —
R™ be a continuous piecewise C' trajectory. Show that for each § > 0 there exists

a trajectory ys : [0,T] — R™ of class C such that

/OTL(XJ'C) - /OT L(ys.ys)

As a corollary, show that the value of the infimum of the action over piecewise C!

< 4.

trajectories is the same as the infimum over trajectories globally C'. Note, however,

that a minimizer may not be C1.

EXERCISE 13 (Weierstrass test). Let x : [0,7] — R™ be a C* minimum of the
action corresponding to a Lagrangian L. Let v,w € R™ and 0 < X\ <1 be such that
Av+ (1 — Nw = 0. Show that

AL(x,x 4+ v) + (1 = M) L(x,x + w) > L(x,X%).
Hint: To prove the inequality at a point ty, choose n such that

v if to<t<t+Xe
n(t) = qw if t+Xde<t<to+e
0

otherwise

and consider I[x +n], as ¢ — 0.

3. Hamiltonian dynamics

In this section we introduce the Hamiltonian formalism of Classical Mechanics.
We start by discussing the main properties of the Legendre transform. Then we
derive Hamilton’s equations. Afterwards we discuss briefly the classical theory
of canonical transformations. The section ends with a discussion of additional
variational principles.

3.1. Legendre transform. Before we proceed, we need to discuss the Le-
gendre transform of convex functions. The Legendre transform is used to define
the Hamiltonian of a mechanical system and it plays an essential role in many
problems in calculus of variations. Additionally, it illustrates many of the tools
associated with convexity.
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Let L(v) : R™ — R be a convex function, satisfying the following superlinear
growth condition:
L
lim ﬂ = +o00.
|[v]—o00 |U‘
The Legendre transform L* of L is

L*(p) = sup [~v-p— L(v)].

This is the usual definition of Legendre transform in optimal control, see [FS06] or
[BCD97]. However, it differs by a sign from the Legendre transform traditionally
used in classical mechanics:

L¥(p) = sup [v-p—L(v)],

as it is defined, for instance, in [AKN97] or [Eva98]. They are related by the

elementary identity

L*(p) = L¥(—p).
We will frequently denote L*(p) by H(p). The Legendre transform of H is denoted
by H* and is

H*(v) = sup [-p-v— H(p)].

pER™

In classical mechanics, the Lagrangian L can depend also on a position coor-
dinate x € R™, L(z,v), but for purposes of the Legendre transform =z is taken as a

fixed parameter. In this case we write also H(p,x) = L*(p, z).

PROPOSITION 5. Let L(z,v) be a C? function, which for each x fized is strictly

convex and superlinear in v. Let H = L*. Then

1. H(p,x) is convez in p;
2. H* = L;

)

3. for each x
H(p,z) _

lpl—o0  Ip| ;

4. let v* be defined by p = —D,L(x,v*), then
H(p,z) = —v*-p— L(z,v");

5. in a similar way, let p* be given by v = —D,H (p*, ), then
L(z,v)=—v-p" — H(p", z);

6. if p=—D,L(z,v) orv=—D,H(p,x), then

D,L(z,v) = =D, H(p, ).
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PROOF. The first statement follows from the fact that the supremum of convex

functions is a convex function. To prove the second point, observe that

H* (z,w) = Sl;p [~w-p—H(p,z)]

= Sl;p irq}f [(v—w) -p+ L(z,v)].

For v = w we conclude that

H*(z,w) < L(z,w).

The opposite inequality is obtained by observing, since L is convex in v, that for
each w € R™ there exists s € R™ such that

L(z,v) > L(z,w) + s - (v —w).
Therefore,
H* (z,w) > st;p i]gf [(p+3s) (v—w)+ L{xz,w)] > L(z,w),

by letting p = —s.

To prove the third point observe that
2
Hp.z) L@ -Ag)

[l |
by choosing v = —)\‘%‘. Thus, we conclude
H
lim inf M >\
pl=oe P
Since A is arbitrary, we have
H
lim inf (p. ) =0
lpl=oe  |p|

To establish the fourth point, note that for fixed p the function
v v-p+ Lz, v)

is differentiable and strictly convex. Consequently, its minimum, which exists by

coercivity and is unique by the strict convexity, is achieved for
—p— Dy L(z,v) =0.

Note also that v as function of p is a differentiable function by the inverse function
theorem.

The proof of the fifth point is similar.

Finally, to prove the last item, observe that for

p($,v) = *DUL(ZL',U),
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we have
H(p(z,v),z) = —v-p(z,v) — L(z, v).
Differentiating this last equation with respect to x and using

v = =D, H(p(z,v),2),

we obtain

EXERCISE 14. Compute the Legendre transform of the following functions:

L(z,v) = %aij (x)vvj + hi(x)v; — Ulz),

where a;; is a positive definite matriz and h(x) an arbitrary vector field.

L(z,v) = y/a;;(z)vv;,

where a;; is a positive definite matriz.

1
L(z,v) = §|v|)‘ —U(x),
with A > 1.

EXERCISE 15. By allowing the Lagrangian and its Legendre transform to as-

sume the values 0o comute the Legendre transforms of

1. forw eR"
0 if v=w
Ly ={°" 7
+o00 otherwise.
2. forw e R™ set
L(v) =w-wv.
3. forR>0
0 i |v|<R
e L ATE

+o0o  otherwise.
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3.2. Hamiltonian formalism. To motivate the Hamiltonian formalism, we
consider the following alternative problem. Rather than looking for curves x :
[0,T] — R™, which minimize the action

/OT L(x,x)dt

we can consider extended curves (x,v) : [0,7] — R?" which minimize the action

T
(7) /0 L(x,v)dt

and that satisfy the additional constraint x = v. Obviously, this problem is equiva-
lent to the original one, however it motivates the introduction of a Lagrange multi-

plier p in order to enforce the constraint. Therefore, we will look for critical points
of

(8) /0 L, v) +p- (v — X)dt.

PROPOSITION 6. Let L : R™ x R® — R be a smooth Lagrangian. Let (x,v) :
[0,T] — R be a critical point of (7) under fized boundary conditions and under
the constraint X = v (the choice of p is irrelevant since the corresponding term
always vanishes). Let

p=—-D,L(x,v).

Then the curve (x,v,p) is a critical point of (8) under fized boundary conditions.
Additionally, any critical point (x,v,p) of (8) satisfies

X=V
p=—-D,L(x,v)
p = D,L(x,v).

In particular, x is a critical point of (7). Furthermore, the Euler-Lagrange equation

can be rewritten as

p:DzH(va) X = _DPH(p’X)

PROOF. Let ¢, v and n be C%([0, T],R™) with compact support in (0, 7). Then,
ate=20
d (T ) )
de ), Lix+ep,v+ep)+(p+en) (v—x)+elp+en): (v—9)
T .
~ [ DeLtx®o+ DuLv+p- =)+ (v %)

T
:/O [D,L(x,%) + | ¢ = 0.
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If p= —D,L(x,v), then v maximizes

—p-v— L(z,v).

Let
H(p,z) = max [-p-v— L(z,v)].
By proposition 5 we have
D,H(p,z) = —D,L(x,v)

whenever

p=—D,L(z,v).
Additionally, we also have

v=—D,H(p,z).
Therefore, the Euler-Lagrange equation can be rewritten as

p=D:H(p,x) *x=-D,H(p,x)

These are the Hamilton equations. (Il

EXERCISE 16. Suppose H(p,z) : R® x R® — R is a C' function. Show that the

energy, which coincides with H, is conserved by the Hamiltonian flow since

d
ZH —0.
7 (p,x) =0

4. Bibliographical notes

There is a very large literature on the topics of this chapter. The main references
we have used were [Arn95] and [AKN97]. Two classical physics books on this
subject are [Gol80] and [LL76]. On the more geometrical perspective, the reader
may want to look at [dC92] (see also [dC79]) and [0li02]. Additional material
on classical calculus of variations can be found in [Dac09] and the classical book

[Bol61]. A very good reference in Portuguese is [Lop06].



4. BIBLIOGRAPHICAL NOTES

23






Classical optimal control

In this chapter we consider deterministic optimal control problems and its con-
nection with Hamilton-Jacobi equations. We start the discussion, in the next sec-
tion, with the set up of the problem. Then we present some elementary properties
and examples. The dynamic programming principle and Pontryangin maximum
principles are discussed in sections 3 and 5, respectively. The Pontryagin max-
imum principle is the analog of the Euler-Lagrange equation for optimal control
problems. Then, in section 6 we will show that if the value function V is differen-

tiable, it satisfies the Hamilton-Jacobi partial differential equation
*‘/t +H(DIV,ZE7t) = 05

in which H(p,x), the Hamiltonian, is the (generalized) Legendre transform of the
Lagrangian L
(9) H(p,z,t) = sup —p - f(z,v) — L(z,v,t).

velU
We end this chapter with a verification theorem, section 7 that establishes that a
sufficiently smooth solution to the Hamilton-Jacobi equation is the value function.

1. Optimal Control

A typical problem in optimal control, whose study we begin now is the terminal
value optimal control problem. For that let the control space be a closed convex
subset U of R™. A control on an interval I C R is a measurable functionu : I — U.
Let f:R™ x U — R™ be a continuous function, Lipschitz in z. For each control u
we can consider the controlled dynamics

(10) x = f(x,u).

We could of course consider control laws depending on time without any problem
whatsoever. We consider integral solutions of (10), i.e., x is a solution of (10) with

initial condition x(t) = xg if

x(T) = zo —|—/t f(x(s),u(s))ds,
25
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for all T > t. It is well known from ODE theory that, at least locally in time,

equation (10) admits a unique integral solution, for any (bounded) control u.

We are given a running cost L : R™ x U — R and a terminal cost ¢ : R” — R.
To avoid technical problems we assume that both L and 1 are bounded below and,
without loss of generality (by adding suitable constants), we suppose for definite-
ness, L,¢ > 0. Furthermore, we require ¥ € L*> and L to satisfy the following

bound: there exists ug € U and a constant C' such that
(11) L(z,up) < C.

Given a terminal time T, the terminal value optimal control problem consists in

determining the optimal trajectories x(-) which minimize

T
J[u; z, t] :/t L(x,u)ds + ¥ (x(t1)),

among all bounded controls u(-) : [¢,¢;] — R™ and all solutions x of (10) satisfying

the initial condition x(t) = .

The value function V is
(12) V(z,t) = inf J[u; z, ]

in which the infimum is taken over all controls on [¢, T.

An important example is the ”calculus of variations setting”, where, f(z,u) =
u, and the optimal trajectories x(-), as we have shown, are solutions to the Euler-

Lagrange equation

doL, .. OL, .
%%(x,x) - %(x,x) =0.

Furthermore, p = —D, L(x, X) is a solution of Hamilton’s equations:
k:_DpH(p7X)7 p:DIH(pvx)

In the next chapter we will consider this problem under the light of optimal control

and generalize the previous results.

In section 4, before considering the ”calculus of variations setting”, we study
a simpler but important situation, the bounded control case. In this the control

space U is a compact convex set.

Furthermore, in that section we suppose additionally that L(z,u) is a bounded
continuous function, convex in u. We assume further that the function f(x,u)

satisfies the following Lipschitz condition

|f (@, u) = fy,u)| < Clz —yl.
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To establish existence of optimal solutions we simplify even more by assuming that
f(z,u) has the form

(13) f(z,u) = A(z)u+ B(z),

where A and B are Lipschitz continuous functions.

2. Elementary properties

In this section we establish some elementary properties of the terminal value

problem.
PROPOSITION 7. The value function V' satisfies the following inequalities

—[Yllee <V < T =t + [[¢]|o-

PROOF. The first inequality follows from L > 0. To obtain the second inequal-
ity it is enough to observe that

V< J(x,t0) < ci|T =t + |9 0o
U

ExXAMPLE 5 (Lax-Hopf formula). Suppose that L(z,v) = L(v), L convex in v

and coercive. Assume further that f(x,v) = v. By Jensen’s inequality

. tTL(x(s)) > 1 (Tl_t /fﬂs)) =L (Z%__i) :

where y = x(T'). Therefore, to solve the terminal value optimal control problem, it

is enough to consider constant controls of the form u(s) = ¥=. Thus

V(z,t) = inf [(T— 1L <H> +¢(y)] :

yeR™ T—t
and, consequently, the infimum is a minimum. Thus Lax-Hopf formula gives an

explicit solution to the optimal control problem. <

EXERCISE 17. Let Q and A be n X n constant, positive definite, matrices. Let
L(v) = %UTQ’U and Y(y) = %yTAy. Use Laz-Hopf formula to determine V (z,t).

PROPOSITION 8. Let ¢1(x) and a(x) be continuous functions such that

1 < .
Let Vi(z,t) and Va(z,t) be the corresponding value functions. Then

Vi(z,t) < Va(a, t).
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PROOF. Fix € > 0. Then there exists an almost optimal control u® and corre-

sponding trajectory x¢ such that

T
Va(z,t) > /t L(x%(s),u‘(s), s)ds + 12 (x°(T)) — e.
Clearly
T
Vi(z,t) < /t L(x%(s),u‘(s), s)ds + 1 (x°(T)),
and therefore
Vi, ) — Va(a, 1) < 1 (x°(11)) — ta(x(01) + € < e

Since € is arbitrary, this ends the proof. [l

An important corollary is the continuity of the value function on the terminal

value, with respect to the L*>° norm.

COROLLARY 9. Let 91(x) and va(z) be continuous functions and Vi(x,t) and

Va(z,t) the corresponding value functions. Then

sup | Vi (z,t) — Va(z, t)| < sup |1 (x) — o ().

ProOOF. Note that
Y1 <y =1y + sup [1(y) — ()]
Let V5 be the value function corresponding to 1;2. Clearly,
Vo =Vs+ sup [1(y) — 2 (y)]-

By the previous proposition,
‘/1 - VZ < 07

which implies
Vi = Va <sup ¥ (y) — ¢2(y)l.
Yy

By reverting the roles of Vi and V5 we obtain the other inequality. [

3. Dynamic programming principle

The dynamic programming principle, that we prove in the next theorem, is

simply a semigroup property that the evolution of the value function satisfies.
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THEOREM 10 (Dynamic programming principle). Suppose that t < t' < T.
Then

(14) V(x,t) = inf l/t L(x(s),u(s),s)ds + V(y,t") |,

u

where x(t) = z and X = f(x,u).

PROOF. Denote by V(z,t) the right hand side of (14). For fixed ¢ > 0, let u
be an almost optimal control for V(z,t). Let x°(s) be the corresponding trajectory

trajectory, i.e., assume that
J(z,t;u®) < V(x,t) +e

We claim that V(z,t) < V(z,t) +e. To check this, let x(-) = x¢(-) and y = x(¢).
Then

V(x,t) < /t L(x(s),u(s), s)ds + V(y,t").

Additionally,
Viy,t') < J(y, t'suf).

Therefore
V(w,t) < J(x,t;u) < V(z,t)+e
and, since e is arbitrary, V(z,t) < V(x,t).

To prove the opposite inequality, we will proceed by contradiction. Therefore,
if V(x,t) < V(z,t), we could choose € > 0 and a control u? such that

t/
/ L(x(s), u(s), s)ds + V(y, ') < V(1) — e,
¢
where x* = f(x*,ut), x*(t) = 2, and y = x*(¢'). Choose u” such that

J(y, t';0) < V(y,t') + =

2

Define u* as

u*(s) = uf(s) for s < ¢/

u*(s) (s) for t' < s.
So, we would have

t/

>/ L(xH(s), b (5), 8)ds + V(. t)) >
t

Y
h

(s),8)ds + J(y,t'; u)

|
<
—_
E
“H

u)——>V(xt) ;

which is a contradiction. O
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4. Optimal controls - bounded control space

We now give a proof of the existence of optimal controls for bounded control

space. The unbounded case will be addressed in §3.

LEMMA 11. Let f is as in (13) a linear control law. Then J is weakly lower
semicontinuous, with respect to weak-* convergence in L.

PROOF. Let u, be a sequence of controls such that u,—u in L[t,#;]. Then,
by using Ascoli-Arzela theorem, we can extract a subsequence of x,,(-) converging

uniformly to x(-). Furthermore, because the control law (13) is linear we have

x = f(x,u).
We have

(b u,) = /t L0 (), un (), 8) — L(x(s), tun(s), 8)] ds-+

_|_/t1L(X(S),un(s),s)dS‘F¢(Xn(t1))'

The first term, ft Xn (s
ilarly, 1 (x,(t1)) — ( (t
L(x(s),un(s),s) >

Since u,, — u,

n(8),8) — L(x(s),un(s), s)] ds, converges to zero. Sim-

),u
1)). Finally, the convexity of L implies
L(x

(s),u(s),8) + Dy L(x(s), u(s), s) (un(s) — u(s)).

/f 1 D,L(x(s),u(s), s)(u,(s) —u(s))ds — 0.
Hence /
liminf J(z, t;u,) > J(x,t;u),

that is, J is weakly lower semicontinuous. (I

Using the previous result we can now state and prove our first existence result.

LEMMA 12. Suppose the control set U is bounded, closed and conver. There
exists a minimizer u* of J.

PRrROOF. Let u, be a minimizing sequence, that is, such that
J(z,t;uy) — inf J(z,t;u).
uclr

Because this sequence is bounded in L>°, by Banach-Alaoglu theorem we can extract
a sequence u,—u*. Clearly, we have u* € U, by closeness and convexity. We claim
now that

J(x,t;u*) = inf J(z,t;u).

u
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This just follows from the weak lower semicontinuity:
iIlllf J(z,t;u) < J(z,t;0*) <liminf J(x,t;u,) = iIlllf J(z, t;u),
which ends the proof. (I

EXAMPLE 6 (Bang-Bang principle). Consider the case of a bounded closed con-
vex control space U and suppose the Lagrangian L is constant. Suppose f(z,u) =
Au + B, for suitable constant matrices A and B, and that the terminal value v is

convex.

In this setting we first observe that the set of all optimal controls is convex. As

such it admits an extreme point u*. We claim that u* takes values on oU.

To see this, choose a time r and suppose that for some e there is a set of positive
measure in [r,r + €] for which u* is in the interior of U. Then there exists an L
function v supported on this set such that f:“ dv = 0, and such that u* + v is
an admissible control. By our assumptions it is also an optimal control. It is clear

then that u* is not an extreme point, which is a contradiction. <

5. Pontryagin maximum principle

In this section we assume the control space U is bounded and that we can apply
the results of the previous section to establish existence of an optimal control u*
and corresponding optimal trajectory x*. We assume also that the terminal data
1 is differentiable.

Let r € [t,t1) be a point where u* is strongly approximately continuous, i.e.,

r+0
ol (r) = lim 5 [ el (5)ds,

for all continuous functions ¢ (note that in the limit § can take both positive and
negative values). Note that almost any r is a point of approximate continuity, see
[EG92]. Denote by Z( the fundamental solution of

(15) o = D, f(x*, u*)&,

Let p* be given by

(16) P*(r) = Datp(xr(t1))E0(t1) +/ 1 Dy L(x"(s),u"(s), 5)Z0(s)ds.



32 3. CLASSICAL OPTIMAL CONTROL

LEMMA 13 (Pontryagin maximum principle). Suppose that v is differentiable.
Let u* be an optimal control for initial data (x,t) and x* the corresponding optimal

trajectory. Then, for almost all r € (t,T),

(17) fOE(r), 0 (r) - p*(r) + L (r), u"(r), 7)
= {,Iél(rjl [f(x",v) - p*(r) + L(x"(r),v,7)].

PRrROOF. Let v € U. For almost all » € (¢,T) u* is strongly approximately
continuous (see [EG92]). Let r be one of these points. Let § > 0 Define

(s) v if r=d<s<r
uts S) =
u*(s) otherwise.

Let
x*(s) if t<s<r—94
xs(s) = {x*(r) + [T 5 f(x5,0) if r—d<s<r
x*(s) +0&5(s) if r—0<s<T,
where

() = 5 [ 170(9).0) = 6 (s) (o)) s,

and ys5 = x*(s) + 6&5(s) solves, for r < s < 11,
ys = f(ys,u").
Observe that
(18) §o(r) = lim & (r +0) = f(x7(r),v) — f(x7(r), u’(r)).
By a standard ODE result we have that & converges, as 6 — 0, to a solution &y of
(15) with initial data given by (18). Thus &o(s) = Eo(s) (f(x*(r),v) — f(x*(r),u*(r))).

Clearly

T
J(t,x;u*)g/t L(xs(s),us(s),s)ds + (x*(T) + 6&5).

This last inequality implies
1 " * *
5 /7»75 [L(xs(s),v,s) — L(x*(s),u”(s), s)] ds+
1 (T
b [ 6 ) +06,u(5),9) — LG (5) (), 5)] s+
1

+5 WD) + 665) — p(x*(T))] 2 0.

When 6 — 0, the first term converges to

L(x*(r),v,r) — L(x*(r),u*(r),r),
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since u* is strongly approximately continuous. The second term converges to

[ Dt 61w, 92051,
whereas the third one has the following limit:
Dy p(xpr(T)) - &o(T)).
This implies that for almost all 7 € (¢, T),
L (), 0,7) — LG (), (1), 7)
FPY) - (), v) = £ ()™ (r) > 0.

Consequently
fFOE(r),u(r) - p*(r) + L(x*(r), u"(r),7)
= min [£(x"(r),v) - p* (1) + Lixa(r),v.7)],
as required. ([l

6. The Hamilton-Jacobi equation

We now show that if the value function is differentiable then it is a solution to

the Hamilton-Jacobi equation.

THEOREM 14. Let V be the value function to the terminal value problem. Sup-

pose V is C1. Then it solves the Hamilton-Jacobi equation

—V; + H(D,V,z) = 0.

Proor. Fix any constant control u*. Then, by the dynamic programming
principle

Vi) < /Hh L(x(s), u*) + V(x(t + h), ¢ + h).
By using Taylor’s formula, dtividing by h we obtain, as h — 0,
0<V;+ L(z,u*) + f(z,u*) - D,V
<Vi—H(D,V,x),
that is
Vi + H(D,V,z) <0.

Suppose now that in fact the previous inequality were strict at a point (zo, tg), that
is

7W(xo,t0) + H(DIV(xo,to), zo) =-§<0.
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Then in a neighborhood N of (xg,ty) we have

5

—Vi(z,t) + H(D,V (x,t),2) < —3

Let u* be an optimal control, and let 7 be the exit time of N of the corresponding
trajectory. Then, by Taylor’s formula,

V(x(7),T) = V(x0,t0) = ' Vi+ f-D,V

to

and, by the dynamic programming principle

V(zo,t0) = /T L(x,u")dt + V(x(1),7).

to
Thus
0= / L(x,u") + Vi + f- D, Vdt
to
T )
> Vi — H(D,V(x,t),x) > 5(7’—750),
to
which is a contradiction. O

EXERCISE 18. Let M(t), N(t) be n X n matrices with time-differentiable coeffi-
cients. Suppose that is N invertible. Let D be a n X n constant matriz. Consider

the Lagrangian
1 1
L(z,v) = izTM(t):v + §vTN(t)v
and the terminal condition ¢ = %IETDLC. Show that there exists a solution to the

Hamilton-Jacobi with terminal condition ¢ at t =T (at least for t close to T) of
the form

1
V= izTP(t)x,
where P(t) satisfies the Ricatti equation
P=P'N'P-M

and P(T) = D.

7. Verification theorem

Now we will show that any sufficiently smooth solution to the Hamilton-Jacobi

equation is the value function and it can be used to compute an optimal control.

THEOREM 15. Let L(x,v) be a C' Lagrangian, strictly convex in v, and let
f(z,u) be a linear control law as in (13), and H be the generalized Legendre trans-
form (9) of L. Let ®(x,t) be a classical solution to the Hamilton-Jacobi equation

(19) —®, + H(D,®,2) = 0
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on the time interval [0,T], with terminal data ®(x,T) = (x). Then, for all 0 <
t<T,
O(z,t) = V(x,t),

where V' is the value function.

PROOF. Let u be a control on [t,T] and x be the corresponding solution to

X = f(X, u)v
with x(¢) = . Then, using ®(x(7T"),T) = ¥(x(T")) we have
d
V(D) = (x(0).1) = [ La(x(s).5)ds

T
:/t D, ®(x(s),s) - f(x,u) + Dy(x(s), s)ds.

Adding ftT L(x(s),u(s))ds+®(x(t),t) to the above equality and taking the infimum

over all controls u, we obtain

inf (/t L(x(s),u(s))ds + ’(/J(X(T))>

= (x(t),1)

T
+ inf (/t D, (x(s),s) + L(x(s),u(s)) + D, P(x(s), s) - f(x, u)ds) .
Now recall that for any v,
—H(p,z) < L(z,v) +p- f(z,v),

therefore

V(z,t) = inf (/t L(x(s),x(s))ds + go(x(T)))

T
> ®(x(t),t) + inf (/ (®s(x(s),5) — H(Dy®(x(s), s),x(s)))ds)
t
= O(x(t),1).
Let r(x,t) be uniquely defined (uniqueness follows from convexity) as
(20) r(z,t) € argmin, ; L(z,v) + D ®(x,t) - f(z,v).

A simple argument shows that r is a continuous function.

Now consider the trajectory x obtained by solving the following differential

equation
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with initial condition x(¢) = x. Note that since the right-hand side is continuous
there is a solution, although it may not be unique. Then

V(z,t) = inf (/t L(x(s),%(s))ds + 1/)(X(T))>

T
< ®(x(t),1) +/t (@S(x(s),s) —H(qu)(x(s),s),x(s))>ds
= ®(x(t),1),
which ends the proof. (I

We should observe from the proof that (20) gives an optimal feedback law
for the optimal control, provided we can find a solution to the Hamilton-Jacobi
equation (19).

8. Bibliographical notes

The main references we have used on optimal control are [BCD97], [FS06],
[Lio82], [Bar94]|, and [Eva98].



Viscosity solutions

In this chapter we build upon the theory developed previously to study the
terminal value problem. In section 2 we give some technical results concerning
subdifferentials and semiconcavity. Then, in section 3 we consider the issue of
existence of controls and regularity of the value function in the calculus of variations
setting. It is well known that first order partial differential equations such as the
Hamilton-Jacobi equation may not admit classical solutions. Using the method
of characteristics, the next exercise gives an example of non-existence of smooth
solutions:

EXERCISE 19. Solve, using the method of characteristics, the equation

ur +u =0 rzeR,t>0
u(x,0) = £z

It is therefore necessary to consider weak solutions to the Hamilton-Jacobi
equation: viscosity solutions. In section §4 we develop the theory of viscosity
solutions for Hamilton-Jacobi equations, and show that the value function is the

unique viscosity solution of the Hamilton-Jacobi equation.

1. Viscosity Solutions

A bounded uniformly continuous function V' is a wviscosity subsolution (resp.
supersolution) of the Hamilton-Jacobi equation (27) if for any C* function ¢ and
any interior point (z,t) € argmax V — ¢ (resp. argmin) then

*Dt(b‘i’ H(DI¢,$,t) S 0

(resp. > 0) at (z,t). A bounded uniformly continuous function V' is a wiscosity

solution of the Hamilton-Jacobi equation if it is both a sub and supersolution.

The value function is a viscosity solution of (27), although it may not be a
classical solution. The motivation behind the definition of viscosity solution is
the following: if V is differentiable and (x,t) € argmazV — ¢ (or argmin) then

37
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D,V = D,¢ and D;V = D,¢, therefore we should have both inequalities. The
specific choice of inequalities is related with the following parabolic approximation

of the Hamilton-Jacobi equation
(21) —Dyu + H(Dyuf, x,t) = eAu.

This equation arises naturally in optimal stochastic control. The limit € — 0
corresponds to the case in which the diffusion coefficient vanishes.

PROPOSITION 16. Let u® be a family of solutions of (21) such that, as e — 0,

the sequence u® — u uniformly. Then u is a viscosity solution of (27).

PROOF. Suppose that ¢(z,t) is a C? function such that u — ¢ has a strict local
maximum at (Z,t). We must show that

By hypothesis, u¢ — u uniformly. Therefore we can find sequences (T, t.) — (T, )
such that u® — ¢ has a local maximum at (Z.,t.). Therefore,

Duf(T.,t) = Do(Te, te)

and
Auf(Te, te) < AP(Te, te).
Consequently,
—Dy§(Te, Te) + H(Dp(Te, Te), Te, Te) < eAG(Te, Le).
It is therefore enough to take ¢ — 0 to end the proof. O

THEOREM 17. Assume we are in the bounded control case. The value function

is a viscosity solution to
—Vi+ H(DV,z) =0.

PROOF. Let ¢(x,t) be a smooth function and let (xg,tg) € argminV — .
Without loss of generality we may assume V' (zo,%) = ¢(xo,to), and so V(x,t) >
o(z,t) for all (z,t).

By the dynamic programming principle, there exists u” and x" such that

to+h
(20, t0) = V (20, t0) > / L(x", uh)dt + V(xh (t + h), to + h) — B

to

to+h
> / L(x", u™)dt + o(x"(to + h), to + h) — h2.

to
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Using Taylor’s formula we then conclude that

to+h
0> / (L(x,u) + o1 + fDy) dt — 2

to

to+h
> [ (o= HDp(0), )t~ 1,

to

Dividing by h and sending h — 0, we conclude that
—pi(wo,to) + H(Dzp(z0,t0),20) > 0,

since supy, < < 4n |X"(s) — 0| — 0, since we are in the bounded control setting.

To obtain the second inequality, suppose (zg,t) € argmaxV — ¢. As before,
without loss of generality we may assume V(zg,tg) = ¢(xo,t0), and so V(z,t) <
o(x,t) for all (x,t).

Let u* be a constant control. Then, by the dynamic programming principle

to+h
(p(.’L'07 to) = V(:L‘m t()) < / L(X7 u*)dt + V(X(t() + h), to + h)

to

to+h
g/ L, w)dt + p(x(to + ), to + h).

to
This then implies, by sending h — 0,
0 < L(zo,u*) + ¢t + fDypdt,

and so

_@t(xO? to) + H(DIQO(CE(), tO)a xO) S 0.

2. Sub and superdifferentials

Before proceeding with the general case of unbounded control spaces we will
need to discuss some technical results concerning sub-differentials and semiconcav-
ity.

Let 9 : R®™ — R be a continuous function. The superdifferential D} )(x) of o

at x is the set of vectors p € R™ such that

i sup P+ V(@) —p-
|v|—0 v

<0.

Consequently, p € D}(z) if and only if

Pz +v) <P(@) +p-v+o(v]),
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as [v| — 0. Similarly, the subdifferential, D (x), of ¢ at = is the set of vectors p

such that
f o V) — @) —p-w

> 0.
lu]—0 v

EXERCISE 20. Show that if u : R™ — R has a mazimum (resp. minimum) at
xo then 0 € DVu(zo) (resp. D™ u(xo)).

We can regard these sets as one-sided derivatives. In fact, ¢ is differentiable
then

Dy ¥(x) = Df(z) = { Dyt ()}

More precisely,
PROPOSITION 18. If both D (z) and D} (z) are non-empty then
D (x) = Df(z) = {p},

furthermore v is differentiable at x with Dy = p. Conversely, if 1 is differentiable
at x then

D, ¥(x) = Df(z) = { Dt ()}

PROOF. Suppose that Djv(x) and D+ (z) are both non-empty. Then we
claim that these two sets agree and have a single point p. To see this, take p~ €
D3 ¢(x) and pt € Df¢(z). Then

Pz +v) —gx) —p” v

lim inf >0
[v]—0 ]
_ —_pt.
lim sup vlaty) - —ptv
|v]—0 |U|
By subtracting these two identities
+ ).
liming &P )Y 5,
|v]—0 |v|
In particular, by choosing v = felgt_f’;;l, we obtain
—lp~ =p*l =0,
which implies p~ = p* = p. Consequently
lm Y@V v@ mpe
|[v|—0 ‘Ul

and so D,y = p.

To prove the converse it suffices to observe that if v is differentiable then

(2 +v) = ¥(x) + Datp(x) - v + o(|v]).
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EXERCISE 21. Let v be a continuous function. Show that if xq is a local maz-
imum of v then 0 € DT1)(xg).

PROPOSITION 19. Let
P:R" =R
be a continuous function. Then, if
p € Di(zo) (resp. p € Dy (o)),
there exists a C' function ¢ such that
¥(z) — ¢(x)
has a local strict mazimum (resp. minimum) at xy and such that
p= ngﬁ(iﬂo)
On the other hand, if ¢ is a C' function such that
¥(z) — ¢(x)
has a local mazimum (resp. minimum) at xo then

Do¢(x0) € D p(xo) (resp. Dy ().

PROOF. By subtracting p- (z — zg) + 1 (x0) to 1, we can assume, without loss
of generality, that ¥(z¢) = 0 and p = 0. By changing coordinates, if necessary, we
can also assume that 2o = 0. Because 0 € D} ¢(0) we have

lim sup ¥(@)
|z|—0 ‘l‘l

<0.

Therefore there exists a continuous function p(z), with p(0) = 0, such that

P(z) < |zfp(z).

More precisely we can choose
()
p(z) = max{ -, 0}.
||
Let n(r) = max|;<,{p(z)}. Then n is continuous, non decreasing and 7(0) = 0.
Let
2|z| )
o) = [ )i+ lal
The function ¢ is C! and satisfies ¢(0) = D,¢(0) = 0. Additionally, if z # 0,

2|z|

() — () < |lp(z) — / n(r)dr — |zf? <0.

||

Thus ¥ — ¢ has a strict local maximum at 0.
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To prove the second part of the proposition, suppose that the difference ¢ (z) —
¢(x) has a strict local maximum at 0. Without loss of generality, we can assume
¥(0) — ¢(0) = 0 and ¢(0) = 0. Then (x) — ¢(z) < 0 or, equivalently,

(@) <p-x+(d(z) —p-2)
Thus, by setting p = D,¢(0), and using the fact that

lim ¢(x) —p-x
|z[—0 |z|

we conclude that D,¢(0) € D}1(0). The case of a minimum is similar. O

:0’

A continuous function f is semiconcave if there exists C such that
fla+y) + flz —y) —2f (z) < Cly*.
Similarly, a function f is semiconver if there exists a constant such that
fla+y)+ flz —y) - 2f (x) = ~Cly*.

PRrOPOSITION 20. The following statements are equivalent:

1. f is semiconcave;
2. f(z) = f(z) — %\x|2 is concave;

3. forall \, 0 <A <1, and any y, z such that Ay + (1 — X\)z = 0 we have

C
Mz+y)+ (1= Nf@+2) = fz) < SOl + 1= 2.
Additionally, if f is semiconcave, then

a. D f(z) £ 0;
b. if D f(z) # 0 then f is differentiable at x;
c. there exists C such that, for each p; € D} f(z;) (i =0,1),

(zo — 1) - (po — p1) < Clag — 21|
REMARK. Of course analogous results hold for semiconvex functions.

PRrROOF. Clearly 2 = 3 = 1. Therefore, to prove the equivalence, it is
enough to show that 1 == 2. Subtracting C|z|? to f, we may assume C = 0.
Also, by changing coordinates if necessary, it suffices to prove that for all z,y such
that Az + (1 — A)y = 0, for some A € [0, 1], we have:

(22) AMf(@) + (1 =) f(y) - £(0) 0.

We claim now that the previous equation holds for each A = %, with 0 < k < 27.

Clearly (22) holds for j = 1. We will proceed by induction on j. Suppose that
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(22) if valid for A = 2. We will show that it also holds for A = 55+. If k is even,
we can reduce the fraction and, therefore, we assume that k is odd, A = QJ% and
Az + (1 — A)y = 0. Note that

o L[k-1 L k-1 1[k+1 k1
oyttt \t g )Y Ty gttt U T oY) |-
consequently,
1 k—1 k—1
10) 25/ (WH (1_2j+1> y>+

1,(k+1 ) kE+1
+§f TSR ey e al

but, since k — 1 and k+ 1 are even, ko = % and k; = % are integers. Therefore

f(0)22f<22x+<122>y> +;f<2;x+ <12J1>y>

From I;:O + 1%1 = k we obtain
0 > k 1 k

Since the function f is continuous and the rationals of the form 2% are dense in R,

we conclude that

fQ0) = Af(z) + (1= A)f(y),
for each real A\, with 0 < A < 1.

To prove the second part of the proposition, observe that by proposition 18,
a = b. To check a, i.e., that D} f(x) # (), it is enough to observe that if f is
concave then D} f(x) # (). By subtracting C|z|? to f, we can reduce the problem
to concave functions. Finally, if p; € D} f(x;) (i = 0,1) then

Fleo) = S ol < Fan) = Sl + (o1 — Ca) - (20— ),

and
Flan) = Sl < Flao) = S laol? + (po — Co) - (1 — o).
Therefore,
0 < (p1 —po) - (w0 — x1) + Clwg — 21|,
and so (po — p1) - (w0 — 21) < Clzo — 21| ]

EXERCISE 22. Let f: R™ — R be a continuous function. Show that if x¢ is a
local mazimum then 0 € DT f(xq).



44 4. VISCOSITY SOLUTIONS

3. Calculus of variations setting

We now consider the calculus of variations setting and prove the existence of
optimal controls. The main technical issue is the fact that the control space U = R"
is unbounded and therefore compactness arguments do not work directly. We will
consider the calculus of variations setting, that is f(z,u) = u and we will work

under the following assumptions:
L(z,v) : R*™ — R,

r € R*, v € R, is a C° function, strictly convex em v, i.e., D? L is positive
definite, and satisfying the coercivity condition
L(xz,v,t
lim 7( ) = 00,
|[v]— o0 ‘UI
for each (z,t); without loss of generality, we may also assume that L(x,v,t) > 0,

by adding a constant if necessary. We will also assume that
L(ZL’,O,t)SCl, |D:CL‘ S62L+83a

for suitable constants ¢y, cs and cg; finally we assume that there exists a function
C(R) such that

DLl < C(R), |DyL| < C(R)
whenever |v| < R. The terminal cost, 1), is assumed to be a bounded Lipschitz

function.

ExAMPLE 7. Although the conditions on L are quite technical, they are fulfilled

by a wide class of Lagrangians, for instance
1
L(z,v) = ivTA(x)v —V(z),

where A and V' are C*° bounded with bounded derivatives, and A(x) is positive
definite. |

Fortunately, the coercivity of the Lagrangian is enough to establish the exis-

tence of a-priori bounds on optimal controls.

THEOREM 21. Letx € R™ andtg <t < t;. Suppose that the Lagrangian L(x,v)
satisfies:

2
VU

A. L is O, strictly convezr inv (i.e., D2 L is positive definite), and satisfying

the coercivity condition
L(z,v) _

|v|—o00 "Ul

uniformly in (x,t);
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B. L is bounded by below (without loss of generality we assume L(xz,v) > 0);
C. L satisfies the inequalities

L(x,0) < ¢, |D.L| < coL +c3

for suitable ¢y, co, and c3;
D. there exist functions Co(R),C1(R) : RT — RT such that

|D,L| < Co(R),  |D2,L| < Ci(R)

whenever |v] < R.
Then, if ¥ is a bounded Lipschitz function,

1. There exists u* € L™[t,t1] such that its corresponding trajectory x*, given
by
x*(s) = u(s) x*(t) = z,

s optimal, that is it satisfies

Vet = [ L0650 (s + 00 (1)

2. There exists C, depending only on L, ¢ and ty — t but not on x or t such
that [u(s)| < C fort < s < t;. The optimal trajectory x*(-) is a C?[t,t]
solution of the Fuler-Lagrange equation

d
23 ZDyL —D,L=0
(23) p

with initial condition x*(t) = x.
3. The adjoint variable p, defined by

satisfies the differential equation

p(S) = DxH(p(s)a X*(S))

x*(s) = =DpH(p(s),x*(s))
with terminal condition

p(t1) € Dy yh(x"(t1)).
Additionally,
(p(s), H(p(s),x"(s))) € D"V (x*(s), s)

fort <s<t.
4. The value function V' is Lipschitz, and so almost everywhere differentiable.
5. If D% L is uniformly bounded, then for each t < t1, V(z,t) is semiconcave

m x.
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6. Fort<s<t;

(p(s), H(p(s),x"(s))) € DTV (x(5), 5)

and, therefore, DV (x*(s), s) exists fort < s < t.

ProoF. We will divide the proof into several auxiliary lemmas.

For R > 0, define Ur = {u €U : ||ul]|c < R}. From lemma 12 there exists
a minimizer ug of J in Ur. Then we will show that the minimizer ugr satisfies

uniform estimates in R. Finally, we will let R — oc.

Let pr be the adjoint variable given by the Pontryagin maximum principle.
We now will try to estimate the optimal control ug uniformly in R, in order to

send R — oo.

LEMMA 22. Suppose ¢ is differentiable. Then there exists a constant C, inde-
pendent on R, such that

lpr| < C.

PROOF. Since 1 is Lipschitz and differentiable we have
|Datp| < | Dathlloo < 00.
Therefore .
IPr(s)| < /S ' IDuL(xr(r), un(r)ldr + D

Let Vg be the value function for the terminal value problem with the additional
constraint of bounded control: |v| < R. From |D,L| < ¢oL + c3, it follows

|pR(S)‘ < C(VR(ta (E) + 1)7

for an appropriate constant C'. Proposition 7, shows that there exists a constant
C, which does not depend on R, such that Vi < C. Therefore

lpr| < C.

As we will see, the uniform estimates for pg yield uniform estimates for ug.

LEMMA 23. Let ) be differentiable. Then there exists Ry > 0 such that, for all
R,
[ugllse < Ry
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PROOF. Suppose |p| < C. Then, for each ¢, the coercivity condition on L
implies that there exists Ry such that, if

v-p+ L(z,v) <a
then |v| < Ry. But then,
ur(s) - Pr(s) + L(xr(s), ur(s)) < L(xr(s),0) < e,

that is, |[uglle < Ri1. O

Since ug is bounded independently of R, we have
V =J(z,t;ug,),
for Rp > Ry. Let u* =up, and p = pg,.

LEMMA 24 (Pontryagin maximum principle - II). If ¢ is differentiable, the

optimal control u* satisfies
u*-p+ L(x*,u") = mvin [v-p+ L(x*,v)] = —H(p,x"),
for almost all s and, therefore,
p=—-D,L(x* u") and u* = —-D,H(p,x"),
where H = L*. Additionally, p satisfies the terminal condition
p(t1) = Dyh(x"(t1))-

PrOOF. Clearly it is enough to choose R sufficiently large. (]

LEMMA 25. Let ¢ be differentiable. The minimizing trajectory x(-) is C* and
satisfies the Euler-Lagrange equation (23). Furthermore,

p=D:H(p,x") %x=-D,H(p,x").

PrOOF. By its definition p is continuous. We know that
X*(s) = =DpH(p(s), x"(s)),

almost everywhere. Since the right hand side of the previous identity is continuous,
the identity holds everywhere and, therefore, we conclude that x* is C'. Because

p is given by the integral of a continuous function (16),

ty
p(r) = Dato(x*(t1)) +/ D, L(x*(s),u”(s))ds,
we conclude that p is C'. Additionally,
X" =—-D,H(p,x")



48 4. VISCOSITY SOLUTIONS

and, therefore, x* is C!, which implies that x is C2. We have also
p = —D,L(x*,x%) p=-D,L(x* x"),
from which it follows

(25) %DUL(X*,X*) — D, L(x*,%*) = 0.

Thus, since D, L(x*,x*) = —D, H(p,x*), we conclude that
p:DmH(pv)(*) X" = _DPH(p7X*)7

as required. ([

In the case in which 4 is only Lipschitz and not C!, we can consider a sequence

of C! functions, 1),, — 1 uniformly, such that

D2t lloc < DY Loe
for each 1,,. Let

Tn(, tu) = / L (5), n(5))ds -+ thn (30 (11)),

and x*

», u, are, respectively, the corresponding optimal trajectory and optimal

control. Similarly, let p,, be the corresponding adjoint variable. Passing to a subse-
quence, if necessary, the boundary values x,(t1) and p,(t1) converge, respectively,
for some xp and pg. The optimal trajectories x}, and corresponding optimal controls
u; converge uniformly, by using Ascoli-Arzela theorem, to optimal trajectories and

controls of the limit problem. Let

p(s) = lim p,(s).

n—oo

Then, for almost every s,
u” - p(s) + L(x"(s),u™(s)) = inf [v- p(s) + L(x"(s), )],
which implies
p(s) = =Dy L(x*(s), X" (s)),

for almost all s. But, in the previous equation both terms are continuous functions
thus the identity holds for all s.

LEMMA 26. Fort < s <t we have

(p(s), H(p(s),x"(s))) € D™V (x*(s), 5).

ProOOF. Let x* be an optimal trajectory and u* the corresponding optimal
control. For r < ¢; and y € R", define z, = x*(r) and consider the sub-optimal

control

o
wh(s) = w'(s) + 2,
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whose trajectory we denote by x!, x#(t) = x. Note that x(r) = .

We have .
Vix,t) = /t L(x*(7),u"(7))dr + V(x*(s), s)

and, by the sub-optimality of zf,
™

V(X*(t),t)ﬁ/ L(x*(r),u?(1))dr + V(y,7).

This implies |
V(x*(s),s) = V(y,r) < o(y,r),
with . s
,T) = LﬁT,ﬁTdT— L(x*(7),u*(7))dr.
o) = [ LOE ) = [ L6 (7))
Since ¢ is differentiable at y and r,
(=Dyd(x*(s),8), =Drp(x"(s),8)) € D™V (x*(s), 5).

Observe that

x*(1) = x*(1) + yr__ir (t—1),

and, therefore,

° — 1
Dyt ().9) = [ |27+ Dup o
t

S — S —

Integrating by parts and using (25), we obtain

D,6(x"(s),5) = Dy L(x" (5),%"(s)) = —p(s).

Similarly,
D,6t0r) = L) + [ [-DeL 0
—u*(r) Y — T —u’(r)
+D@L (’r’ _ t) (T — t) — DUL (7" — t)2 + DuLﬁ dr.

Integrating by parts and evaluating at y = x*(s), r = s, we obtain

Dyp(x7(s),s) = L(x"(s), X" (s)) — u”(s) Dy L(x"(5), X" (s))
= —H(p(s),x"(s)),

as we needed. O

LEMMA 27. The value function V is Lipschitz.

PROOF. Let t < t; be fixed and x, y arbitrary. We suppose first that t; —t < 1.
Then

Viy,t) = V(1) < J(y, t;u%) = V(z,1),
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where V(x,t) = J(x,t;u*). Therefore, there exists a constant C, depending only
on the Lipschitz constant of ¢ and of the supremum of |D,L|, such that

Suppose that t; — ¢t > 1. Let

a(s)=u "+ (x—y)ift<s<t+1
u*(s)ift+1<s<t.

o
—
»
=
I

Then

where the constant C' depends only on D, L and on D, L, and not on the Lipschitz

constant of ¥. Reverting the roles of z and y we conclude
V(y,t) = V(z,t)| < Clo —yl.

Without loss of generality we can suppose that ¢t < . Note that

\V(2,t) — V(x*(t),1)] < C|t — 1.
To prove that V is Lipschitz in t it is enough to check that
(26) \V(x*(£),t) — V(x,1)| < C|t — 1.
But since x* is uniformly bounded

x*(t) — = < Ot — 1

thus, the previous Lipschitz estimate implies (26). (Il

LEMMA 28. V' s differentiable almost everywhere.

PrROOF. Since V is Lipschitz, the almost everywhere differentiability follows
from Rademacher theorem. O

In general, the value function is Lipschitz and not C' or C2. However we can

prove an one-side estimate for second derivatives, i.e. that V is semiconcave.

LEMMA 29. Suppose that |D2,L|,|D?,L| < C(R) whenever |v| < R. Then, for

each t < t1, V(x,t) is semiconcave in x.

ProOF. Fix t and z. Choose y € R™ arbitrary. We claim that

Viz+y,t)+V(z—y,t) <2V(z,t)+ Cly?,



3. CALCULUS OF VARIATIONS SETTING 51
for some constant C. Clearly,

V(z+y,t)+V(z—y,t)—2V(x,t)

< /ttl [Lx*+y,x"+y)+ L(x" —y,x* —y) — 2L(x",%x")] ds,
where

- tl—S
_ytl—t'

y(s)

Since |D2,L| < C1(R),

L(x" +y, %" +y) < L(x", %" +¥) + D, L(x", X" +y)y + Cly|”
and, in a similar way for the other term. We also have

L(x*, %" +y) + L(x",x" —y) < 2L(x",%") + Cly|* + Clylly|-
Thus

L(x* +y, %" +y) + L(x* —y,x* —y) < 2L(x*,x*) + Cly|* + Cly|*.
This inequality implies the lemma. [
LEMMA 30. We have
(p(s), H(p(s),x"(s))) € DTV (x*(s), 5)

fort < s <ty. Therefore DV (x*(s),s) exists fort < s < tj.

PROOF. Let u* be an optimal control at (x, s) and let p be the corresponding
adjoint variable. Define W by

Wiy,r)=J (y,r;u* y 2
Hence, for each y € R™ and t < r < tq,
Viy,r) = V(z,s) <W(y,r),
with equality at (y,r) = (x,s). Since W is C!, it is enough to check that
DyW(x*(s),s) = p(s),

and
D, W(x*(s),s) = H(p(s),x"(s)).

The first identity follows from
ty1

D, W (s,x"(s)) = D,Ly+ D,L

S

dy

d
dr i

t1—7
tl—S °

where (1) = Using the Euler-Lagrange equation

iDvL —-D,L=0
dt



52 4. VISCOSITY SOLUTIONS
and integration by parts we obtain

DyW(s,x%(s)) = =Dy L(x"(s),X"(s)) = p(s).
On the other hand,

t1
DW (33" ()) = ~L(x"(8). % () + [ DL+ DL %ar,
where p
T—1 .
o) = T s),

Using again the Euler-Lagrange equation and integration by parts, we obtain
D W (s,x%(s)) = —=L(x"(s),X"(s), ) + Do L(x"(s), X" (s)) %" (s),
or equivalently
D, W (s,x"(s)) = H(p(s),x"(s))-

The last part of the lemma follows from proposition 18. (]
This ends the proof of the theorem. ([l

In what follows we prove that the value function is differentiable at points of

uniqueness of optimal trajectory.

A point (z,t) is regular if there exists a unique optimal trajectory x*(s) such
that x*(t) = « and

vwn=[luf@x%mw+wfm»

THEOREM 31. V is differentiable with respect to x at (x,t) if and only if (z,t)

is a reqular point.

PROOF. The next lemma shows that differentiability at a point x implies that

x is a regular point:

LEMMA 32. IfV is differentiable with respect to x at a point (x,t), then there

erists a unique optimal trajectory

PRrROOF. Since V is differentiable with respect to x at (z,t), then any optimal
trajectory satisfies
X*(t) = =Dy H(p(t), x*(1)),
since p(t) = D,V (z). Therefore, once D,V (x*(t),t) is given, the velocity x*(t) is
uniquely determined. The solution of the Euler-Lagrange equation (23) is deter-
mined by the initial condition and velocity: x*(¢) and x*(¢). Thus, the optimal

trajectory is unique. ([
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To prove the other implication we need an auxiliary lemma:
LEMMA 33. Let p such that
D2V (-, 1) = pll Lo (B(z,2¢)) = 0

when € — 0. Then V is differentiable with respect to x at (x,t) and D,V (x,t) = p.

PrROOF. Since V is Lipschitz, it is differentiable almost everywhere. By Fubinni
theorem, for almost every point with respect to the Lebesgue measure induced in
Sl V is differentiable y = x + Mk, with respect to the Lebesgue measure in R.
For these directions

V(y’t) — V(I7t) — D (yi‘r)
[z —yl

S.

/1 (DoV(@ +sy—x)t) —p) - (y—2x) ,
0 \x—y|

Suppose 0 < |z —y| < €. Then

’V(x,t)—V(y,t)—p-(:c—y)‘
|z —yl

<DV (-, 1) = Pl (B(z.e))-

In principle, the last identity only holds almost everywhere. However, for y # x, the
left-hand side is continuous in y. consequently, the inequality holds for all y # x.

Therefore, when y — x,
‘V(x,t) ~V(yt)—p-(x —y)‘ 0
|z =yl ’
which implies D,V (z,t) = p. |

Suppose that V is not differentiable at (z,t). We claim that (x,t) is not regular.
By contradiction, suppose that (z,t) is regular. Then if V fails to be differentiable,

the previous lemma implies that for each p,

D2V (-,t) = pllL=(B(z,e)) * 0

1

L and 22 such that zf, — x but whose

Thus, we could choose two sequences x

corresponding optimal trajectories x¢, satisfy
lim %, () # lim %2 (¢).

However, this shows that (z,t) is not regular. Indeed if (x,t) were regular, and z,,
were any sequence converging to x, and x (-) the corresponding optimal trajectory
then

“ () — X (1).
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If this were not true, by Ascoli-Arzela theorem, we could extract a convergent

subsequence Xy, () — y(-), and for which

X, (1) — v #X"(1).

Let y(+) be the solution to the Euler-Lagrange equation with initial condition y(¢) =
x(t) and y(t) = v. Note that x}(-) — y(:) and X% (-) — y(-), uniformly in compact
sets, and, therefore,

V(z,t) = lim V(z,,t) = lim J(x,,t;%,)

= J(z,t;y) > J(z,t:X%) = V(x, 1),

since the trajectory y cannot be optimal, by regularity, which is a contradiction. [

REMARK. This theorem implies that all points of the form (x*(s), s), in which x*

is and optimal trajectory are regular for t < s < t;.

EXERCISE 23. Show that in the optimal control “bounded control space” set-
ting, the value function is Lipschitz continuous if the terminal cost is Lipschitz

continuous.

EXERCISE 24. In the optimal control “bounded control space” setting, show that
if v is Lipschitz, for any (x,t) there exists p such that

(p(s), H(p(s),x"(s))) € D"V (x"(s),s)
fort < s <ty and
(p(s), H(p(s),x"(s))) € DV (x*(s), )

fort < s <t.

4. Viscosity solutions - the calculus of variations setting

In this section we discuss the viscosity solutions in the calculus of variations
setting.

THEOREM 34. Consider the calculus of variations setting for the optimal control
problem. Suppose that the value function V is differentiable at (x,t). Then, at this
point, V' satisfies the Hamilton-Jacobi equation

(27) Vi + H(D,V,z,t) = 0.

Proor. If V is differentiable at (x,t) then the result follows by using statement
6 in theorem 21. ]
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Note that that (27) also holds in the "bounded control case” setting, by Theo-
rem 14.

COROLLARY 35. Consider the calculus of variations setting for the optimal
control problem. Then the value function V satisfies the Hamilton-Jacobi equation
almost everywhere.

PROOF. Since the value function V is differentiable almost everywhere, by
theorem 21, theorem 34 implies this result. (]

EXERCISE 25. Show that the previous corollary also holds in the “bounded con-
trol case” setting.

However, it is not true that a Lipschitz function satisfying the Hamilton-Jacobi
equation almost everywhere is the value function of the terminal value problem, as

shown in the next example.
ExAMPLE 8. Consider the Hamilton-Jacobi equation
~Vi+ D, V> =0

with terminal data V(z,1) = 0. The value function is V' = 0, which is a (smooth)
solution of the Hamilton-Jacobi equation However, there are other solutions, for
instance,

0 if |z[>1—t

Vz,t) = _
] —1+¢ if |z|<1—t¢

which satisfy the same terminal condition ¢ = 1 and is solution almost everywhere.
<

An useful characterization of viscosity solutions is given in the next proposition:

PROPOSITION 36. Let V' be a bounded uniformly continuous function. Then V'
is a viscosity subsolution of (27) if and only if for each (p,q) € DYV (z,t),

Similarly, V is a viscosity supersolution if and only if for each (p,q) € D~V (x,t),

—q+ H(p,z,t) > 0.

ProOF. This result is an immediate corollary of proposition 19. ]
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ExXAMPLE 9. In example 8 we have found two different almost everywhere
solutions to
~Vi+|DV]*=0
satisfying V' (z,T) = 0.
It is easy to check that the value function V' = 0 is viscosity solution (it is
smooth, satisfies the equation and the terminal condition) and it agrees with the

value function of the corresponding optimal control problem. The other solution,

which is an almost everywhere solution is not a viscosity solution (check!).

Now we will show that the definition of viscosity solution is consistent with

classical solutions.

PROPOSITION 37. Let V be a C* viscosity solution of (27). ThenV is a classical

solution.

ProoF. If V is differentiable then
DYV =DV ={(D,V,D;V)}.
Since V' is a viscosity solution, we obtain immediately
-D/,V+H(D,V,z,t) <0, and — D,V + H(D,V,z,t)>0,
therefore —D,V + H(D,V,xz,t) = 0. |

THEOREM 38. Let V be the value function of the terminal value problem. Then

V is a wviscosity solution to

—V, + H(D,V,z) = 0.

PROOF. Let ¢ : R x R — R, o(x,t), be a C™ function, and let (zg,t) €
argmax(V — ¢). We must show that

—pi(wo,to) + H(Dzp(z0,t0),z0) <0,
or equivalently, that for all v € R? we have
—pt(zo,to) — v+ Dap(20,to) — L(zo,v) < 0.

Fix v € RY. Let x = xg + v(t — to). Then, for any h > 0

to+h
/ ot + vDp(x(s), 8)ds = @(x(to + h), o + h) — (0, o)

to

to+h
> V(x(to + ), to + ) — Vo, to) > —/ L(, %)dt.

to

Dividing by h and letting A — 0 we obtain the result.
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Now let (zo,to) € argmin(V — ¢). We must show that
—@¢(xo,to) + H(Dyp(xo,t0), o) > 0,
that is, there exists v € R? such that
—pi(x0,t0) — v - Dyp(xo,to) — L(x0,v) > 0.
By contradiction assume that there exists 6 > 0 such that
—pi(x0,t0) — v+ Dypp(xg,to) — L(xo,v) < —0,

for all v. Because the mapping v — L is superlinear and ¢ is O, there exists a R > 0
and 71 > 0 such that for all (z,t) € B, (z0,t0) and all v € B%(0) = R\ Br(0) we
have

0
_th(xat) - v Dat(p(xat) - L(Z‘,U) < _5

By continuity, for some 0 < 7 < r; and all (z,t) € B,(zo, %) we have
0
—pe(x,t) —v- Dyp(x,t) — L(z,v) < —5

for all v € Br(0).

Therefore, for any trajectory x with x(0) = z¢ and any T > 0 such that the
trajectory x stays near xg on [to, to+ 7, i.e., (x(t),t) € B.(xo,to) for t € [tg, to+T]

we have

V(X(to + T),to + T) — V(J?o,to) > (p(X(to + T),to + T) — (p(.ﬁo,to)

to+T
= [ b)) + (1) Dasolx(e))

to
0 to+T to+T
> f/ dt—/ L(x,%)dt.
2 to to
This yields

9 to+T
V (20, to) §—§T+/ Lix, %)dt + V(x(to + T),to + T)

to

Choose € < %. Let x¢ be such that:

to+T
V(.’Eo,to) 2 / L(XE,XE)dt+V(X€(tO+T),t0+T) — €

to

This then yields a contradiction.

O

EXERCISE 26. Show that the function V(x,t) given by the Laz-Hopf formula
is Lipschitz in x for each t < t1, regardless of the smoothness of the terminal data

(note, however that the constant depends on t).
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EXERCISE 27. Use the Lax-Hopf formula to determine the viscosity solution of
—uy +uZ =0,
para t <0 and u(z,0) = +a? — 2x.
EXERCISE 28. Use the Lax-Hopf formula to determine the viscosity solution of
—uy + ui =0,

fort <0 and
0ifx<O
u(z,0) =<qz? if0<z<1
2 —1ifz> 1.

5. Uniqueness of viscosity solutions

To establish uniqueness of viscosity solutions we need the following technical

lemmas:
LEMMA 39. Let V be a viscosity solution of
Vi, + H(D,V,z) =0

in [0,T] x R™ and ¢ a C function. If V — ¢ has a mazimum (resp. minimum) at
(wo,t0) € R x [0,T) then

(28) —p¢(wo,to) + H(Dyg(x0,t0),70) <0 (resp. >0) at (xo,t0).

REMARK: The important point is that the inequality is valid even for some non-

interior points (tp = 0).

PROOF. Only the case ty = 0 requires proof since in the other case the maxi-
mum is interior and then the viscosity property (the definition of viscosity solution)
yields the inequality. So suppose (zg,0) is a strict maximum point. Consider

~ €

Then V — ¢ has an interior local maximum at (e, te) with t¢ > 0. Furthermore,
(e, te) — (20,0), as € — 0. At the point (z,t.) we have

~6u(@e,t) + 35 + H(Dab(ae,to), x) <0,

that is, since t% >0,

—¢¢(w0,0) + H(Dz¢(20,0),70) < 0.
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Analogously we obtain the opposite inequality for the case of local minimum, using

b=0-% O

Finally we establish uniqueness of viscosity solutions:
THEOREM 40 (Uniqueness). Suppose H satisfies

|H(p,z) — H(q,2)| < C(|p| + lal)|p — 4l
[H (p,z) — H(p,y)| < Clz —y|(C + H(p, z))
Then there exits a unique viscosity solution to the Hamilton-Jacobi equation
Vi +H(DTV,ZE) =0

that satisfies the terminal condition V(z,T) = ¥(x).

PROOF. Let V and V be two viscosity solutions with

sup V — V=0>0.
0<t<T

For 0 < €, A < 1 we define
w(mvyvt7 S) :V(x,t) - V(ya S) - >‘(2T —t— S)
1
— a2z = yI? + 1t —sl*) — eln(1 + [z]* + [y[?).
When ¢, A are sufficiently small there exists points x¢ x, ¥e x, te 2, and s¢ x such that

o
maxw(x7y7t7 S) = w(fl;e,/hye,)\yte,)\a Se,)\) > 5

Since ¥(Ze,x, Yer, te s Se,n) > (0,0, =T, —T'), and both V' and V are bounded, we
have

|xe,)\ - ye7x\|2 + |te,/\ - Se,)\|2 < 062

and

eln(1+ \x&)\|2 + [Ye,n 2) <C.

Observe that
(e n, Te s tensten) = V(Ten, Yers te,xs Se,n)

Thus from the fact that V and V are continuous, it then follows that

— 2 4|ty — 2
[Zer = Vel J;|e»A Sedl” _ 1),

€

as € — 0.
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Denote by w and & the modulus of continuity of V and V. Then

% <V (@earten) = V(Yers Sen)
=V(@en,ten) = V(zer,T) + V(wen, T) = V(zenr, T)+
+V(@ex T) = V(@ens sen) + V(Ten 5ex) = V(ers sen) <
<w(T —ter) +0(T — sen) +@(o(e)).

Therefore, if € is sufficiently small 7" — t. x > p > 0, uniformly in e.

Let ¢ be given by

¢($7 t) = V(y67x\a 56,)\) + )\(QT —t— 86,A>+
1
+ 5 (lz - Yerl? + [t = senl?) +eln(l +[zf* + |yeal?).
Then, the difference
V($7t) - ¢($7t)
achieves a maximum at (x, x, te, ).

Similarly, for ¢ given by

¢(y? S) = V(Z‘E,)\a te,/\) - A(2T - te,)\ - 8)_

1
- ?(hff,z\ - y|2 —+ |te,>\ - S|2) - 6111(1 + |l‘5,)\|2 + |y|2)a

the difference

V(ya S) - (b(yv S)

has a minimum at (ye x, Sez)-

Therefore
—0t(Tensten) + H(Dpp(Tenster), Ten) <0,
and
—0s(Yers Sen) + H(Dyd(Yex, 5e.0): Yer) = 0.
Simplifying, we have
Ted = Se

Te X — Ye, A Le, N

29 A—2 H(2 2 ,Ten) <0,
(29) €2 +H( €2 + q + e a2 + [Yen|? Tea)
and

te)\_se)\ Te X — Ye,x Ye, X
30 “A—2—== -2 4+ H(2—= = -2 : s Yer) > 0.
(30) 2 + H( 2 61 ol + 9ol Ye,x)
From (29) we gather that

Te X — Ye,\ Te N 0(1)
31 H(2— = 4 2¢ 2 JTen) < —A 4+ —.
(31) ( €2 14+ e n? + [Yen|? ) €
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By subtracting (29) to (30) we have

2\ < H(Qme”\ ~ Ye, X _9 Ye, A )7H(2x67>\ — Y, i Ten

€ € T
= T+ el + [genl? P e NPT
Te X — Ye, X Ye, X Te X — Ye,x Ye, X
< H(2— = — 2e : , —H(2— = — 2¢ ’ , X
< HE T o +lpea Y ~HE™ 5 T ol + gl ")
Te X — Ye,x Ye, X Te X — Ye, X Te X
+ H(2— = — 2€ . , T — H(2—= = 4 2 : , T
( 62 1+ ‘xe,)\|2 + |ye,)\‘2 67/\) ( 62 1+ ‘xe)\|2 + |ye,)\‘2 67/\)
Te X — Ye,x Ye A
<|C+CH(2— : 2¢ . , Le Tex — Ye
Te X — Ye, X Te N Te X — Ye, X Ye, X
+Ce | |2—= =+ 2€ : + 12— = — 2€ d Ty —
(‘ ¢ Lot [z + [yenl? €2 Lt [z + [yenl? ) [7es = genl
o(1
S <(6) + C) ‘xe,k - ye,)\l i Oa
when € — 0, which is a contradiction. ([l

6. Bibliographical notes

The main references for this section are [FS06], [Lio82], [BCD97], [Bar94].
Introductory material can be found in [Eva98]. A very nice introduction to viscos-
ity solutions written in Portuguese is the book [LLF].






Differential Games

This chapter is a brief introduction to deterministic differential games and its

connection with viscosity solutions of Hamilton-Jacobi equations.

1. Dynamic programming principle

Consider a problem where two players have conflicting objectives. Each of them
partially controls a dynamical system, and one of the players wants to maximize
a pay-off functional, whereas the other one wishes to minimize the same pay-off
functional. To set-up this problem, let U and U~ be two convex closed subsets of,
respectively, R™+ and R™~. The + sign stands for the controls or variables available

for the maximizing player, whereas the — sign corresponds to the minimizing player.

Consider a differential equation

(32) )'(:f(x,uﬂu*),

* are controls for the two players taking values on U*. To simplify, we

where u
suppose that U* are compact sets, that f is globally bounded and satisfies the

Lipschitz estimate

‘f('rvqu’ui) - f(yau+7u7)‘ < C|JC - y|'

Let T be a terminal time. To each pair of controls (u™,u™) on (¢,T), consider
the corresponding solution to (32) with initial condition x(t) = x. We are given
a running cost L(z,u",u”) and a terminal cost ¥ (z). Associated to the controls
and these costs we define the cost

T
J[m,t;u"',u_]:/f L(x,u,u™)ds + ¢(x(T)),

where x solves (32) with the initial condition x(¢t) = z. The objective of the +
player is to maximize this cost, whereas the — player wishes to minimize this cost.
Of course the players are not allowed to foresee the future and we must therefore

discuss the appropriate strategies.

63
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Denote by UE([t,T]) the set of all mappings from [t,T] into U*. A non-
anticipating strategy pu* is a mapping

P UT ([, T]) — U ([t 1))
such that for any u™, at € UT([t,T]) and any t < s < T such that, forallt <7 < s,
ut(r)=u"(r)
we have
p* () (r) = p(@)(r),

for all t < 7 < s. Denote by A* the set of all non-anticipating strategies.

The upper VT value functions are defined to be

Vt(z,t) = sup inf J(z, t;pT(u),u),
(=) preA+([¢,T]) v~ €U ([t,T]) ( () )

whereas the lower value function is

V7 (z,t) = inf sup J(z, t;ut, u (uh)).
(&1) wm €A ([6TD) wt cut+ ([¢,T)) ( ()

THEOREM 41 (Dynamic programming principle). For any t’ < T we have

VT (z,t)
t/
= sup inf / L(x, pT(u™),u™)ds + VT (x(t),t).
pteAE((t]) v U ([LE']) Jy

Note that a similar result holds for the lower value, with a identical proof.

PROOF. Define

V(z,t)

t/
=  sup inf / L(x,ut(u™),u”)ds + VT (x(t),t).
preA+([t,e]) wm €U ([EE]) St

Fix € > 0 and choose u € A*([t,#]) so that

tl
V(x,t) < inf / L(x,pf (u7),u”)ds + VT (x(t), ) +e
u= e ([t,t']) J¢

Choose now af € A+ ([t/,T]) so that

,
Vo) < nt [ L () s+ 0(x(T) e
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By considering the concatenation of the non-anticipating strategies puf and it we

obtain a non-anticipating strategy pt such that

Viz,t) <

/t L(x, i (u™),u)ds + (x(T)) + 2¢

< V*t(z,t) + 2e.

inf
u— €U~ ([t,T])

Sending € — 0 we obtain V < V.

To obtain the opposite inequality, fix again € > 0 and choose a non-anticipating

strategy il so that

T
V¥(z,t) < inf / L(x, pf (u™),u™)ds + ¢(x(T)) + €.
@<, int [ L ) )ds + 6(x(T)

Note that
T
inf Lx, it (u™),u)d ) < VHxt),t).
it [ L () s 0(T) < V().
Therefore

t/
Vt(z,t) < inf / L(x, i (u™),u”)ds + VT (x(t),t") + ¢
<ot [ s V)

2. Viscosity solutions

We define the upper and lower Hamiltonians to be, respectively,

H (p,x)= inf sup —p- f(ut,u",2)— L(z,u",u"),
uteUt ey~

and

H+(p7x): sup inf —p-f(qu,u*,a:)—L(m,u+,u7).
u—ey—uteuvt

Note that in general H+ < H~ and the inequality may be strict. When equality

holds we say that the Isaac’s condition holds.

Before stating and proving the main result of this section, we will prove two

auxiliary results.
LEMMA 42. Suppose ¢ satisfies

—ot + H" (D, ) < -0,



66 5. DIFFERENTIAL GAMES

at a point (x,t) and for some 6 > 0. Then, for all h sufficiently small there exists
pt e AT([t,t + h)) such that for allu= € U™ ([t,t + h]) we have

t+h
/t [L(x, (™), um) + £ 1t (), u™) Do (x(s), 5)

+oi(x(s), 8)] ds > hg.

PROOF. It is clear by the compactness assumption on UT that there exists a
compact Kj, such that x(s) € K, for all t < s < ¢t + h. Furthermore, for h small

enough we can assume that

3
—pu(y:8) + H' (Dap(y, 5),9) < =70,
for all y € Kj, and t < s <t + h. Define

+ +

@(ya 53 ’U,+,’LL7) = 7@t(y7 S) - Dﬂw(y’ 5) : f(U ,Ui,y) - L(yvu 7U7).
Then, for any u* € UT and (y,s) € Kp x (t,t + h) there exists 87 (u™,y,s) such
that 5

@(ya 53 u+a 67 (u+7 Y, S)) < _10
By the compactness of U* and uniform continuity we conclude that for all there
exists r > 0 such that

1
9(:&7 g;vvﬁ_ ('U,:lj, §)) S _59
if |§—y|+|5—s|+ v —uT| <r. By compactness we can find a finite cover of
K x [t,t + h] x U* by "balls”, B; of the form |§ — y;| + [ — 85| + [v — u;| < 7y,
1 < i < n. We now define a non-anticipating strategy in the following way: if
(z,s,u=(s)) € B; N U;—;llB]C we set ut(u7)(s) = B(u=(s),4,5). Then it is clear
that for any strategy u™ and for x satisfying
x = f(x,p"(u”),u”)
we have
L(x, p(u™),u”) + f(x, 1 (07),u7) Dap(x(s), 5) + @e(x(s), 5) <
h O

| D

We should observe that an analogous results for H~ can be established in

exactly the same way.

THEOREM 43. The upper and lower values are viscosity solutions to the Isaacs-

Bellman-Hamilton-Jacobi equation
-VE+ HY D,V z) =0,

with the terminal value V(z,T) = ¢(z).
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Proor. We will do the proof for the upper value V' as the case of the lower
value is similar. Suppose VT — ¢ has a strict local maximum at (xg,%g) but, by

contradiction, there exists # > 0 such that
—¢f + HT(Dypt, ) > 6.

Using the dynamic programming principle we have

to+h
V(xo,tg) = sup inf / L(x,pt(u™),u")ds
( ) ptEAE([to,to+h]) v €U ([to,to+h]) to ( ( )

+ V(X(to —+ h), t() + h)

Choose ;7 such that

to+h
V (o, to) < inf /L,+—,—d
(2o, to) fufeuj(f[lto’tﬁh]) " (%, (07),u”)ds

+ V(x(to + h), to + h) + h?.

Then the local maximum property, we have

inf
u—€eUuU— ([to,to-‘rh])

to+h
/ L(x, pf (u7),u”)ds + @(x(to + h), to + h) — @(x0,to) + h* > 0.
to
Thus

inf
u~ €U ([to,to+h])

to+h
/ L(x, i (w™),u”) + f(x, pf (u7),u”) Do + prds + h* > 0.
to

As before, is clear by the compactness assumption on U* that there exists a
compact Kj such that x(s) € Kj, for all ¢ < s <t + h. Furthermore, for A small

enough we can assume that

0,

=~ w

—1(y,8) + H" (Dap(y, s),y) >

forall y € K and t < s <t + h. Define

+

@(ya S;quaui) = 7(Pt(yas) - Dz@(yvs) : f(u auivy) - L(y7u+7u7)'

Then in K} we have

3
S inf O(y,s;u™,u”) > =6.
S S st 2 g
Hence we can choose v~ (y, s) such that in K}
1
inf © cut,vT > —0.
A0 Oy, s;u™, v (y,9)) 2 5
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And so

Oy, 510", v (3,5) > 56,

for any ut € UT. Therefore for u™(s) = v~ (x(s), s) we have

to+h 1
[ L))+ S (w) ) D+ o < 500

to

But then this gives a contradiction.

Now suppose VT — has a strict local minimum at (zg, o) but, by contradiction,
there exists § > 0 such that

—of + HY (Do, ) < —6.

Using the dynamic programming principle and the local maximum property, we

have
sup inf
utEAE([to, to+h]) v~ EUT ([to,to+h])
to+h
/ L(x, p*(u™),u”)ds + (x(to + h), to + h) — ¢(zo, to) < 0.
to
This then contradicts lemma 42. O

3. Bibliographical notes

The main reference for this chapter is the book [BCD97]. The reader may also
want to consult [FS06] (the second edition of the book) for additional material.



An introduction to mean field games

This introduction to mean field games based upon the author’s joint work with
Joana Mohr and Rafael Souza from the Universidade Federal do Rio Grande do
Sul.

Mean field games is a recent area of research started by Pierre Louis Lions and
Jean Michel Lasry [LLO6a, LLO6b, LL0O7a, LLO7b] which attempts to understand
the limiting behavior of systems involving very large numbers of rational agents
which play dynamic games under partial information and symmetry assumptions.
Inspired by ideas in statistical physics, Lions and Lasry introduced a class of models
in which the individual player contribution is encoded in a mean field that contains
only statistical properties about the ensemble. A key question is how to derive
such effective or mean field equations that drive the system as well as to show
convergence as the number of agents increases to infinity. The literature on mean
field games and its applications is growing fast, for a recent survey see [LLG10b]
and reference therein. Applications of mean field games arise in the study of growth
theory in economics [LLG10a] or environmental policy [ALT], for instance, and
it is likely that in the future they will play an important réle in economics and
population models. There is also a growing interest in numerical methods for these
problems [ALT], [AD10]. In [GMS10] was studied the discrete time, finite state

problem.

In this paper we consider the mean field limit of games between a large number
of players that are allowed to switch between two states. We are particularly
interested in understanding the limit as the number of players increases to infinity.
We should stress the the fact that we are considering only two states plays no special

role and we could easily generalize our results to any finite number of states.

In his PhD thesis, [Gue09], O. Guéant considered a problem with two states,
modeling the labor market. In this work he considered a continuum of individuals
and a labor market consisting of 2 sectors. Each individual has to decide on which
sector he or she is going to work. This model consists in a coupled systems of

ordinary differential equations of the type that will be derived in section 2. Another
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possible application of our models concerns the adoption or change of a technology
or services. For instance, a single agent faced with different social networks will
have a incentive to move to the network with more potential contacts, however
other effects play a role in this player decision, such as the level of services, trouble
of changing network, loss of contacts and so on. Another similar example concerns

switching between cell phone companies.

We start in Section 1 to model the N 4 1 player problem as a Markov decision
process. We assume that N of the players have a fixed Markov switching strategy 3
and then look at a reference player which looks to minimize a certain performance
criterion by choosing a suitable switching strategy «(3). This is a well know Markov
decision problem. The key novelty in this section consists in showing the existence of
a Nash equilibrium such that «(8) = 8 and its characterization through a non-linear
ordinary differential equation. In fact, this is a continuous time, partial information,
symmetric version of the Markov perfect equilibrium notion that has been studied
(mostly in discrete time or stationary setting) in [PS09, Liv02, MTO01, Str93],
and references therein. In [PMO01, Sle01] symmetric Markov perfect equilibrium
are also considered, and in the last paper the case with an infinite number of
players is studied. In [Kap95] the passage from discrete time to continuous time

is considered for N players in a war of attrition problem.

In Section 2 we derive a mean field model for the optimal switching policy
of a reference player given the fraction 6(t) of players in one of the states. This
model turns out to be a coupled system of ordinary differential equations, where one
equation governs the evolution of 4, and is subjected to initial conditions, whereas
the other equation models the evolution of the value function and has terminal
data. We call this problem the initial-terminal value problem. Initial terminal
value problems are in fact a general feature in many mean field game problems,
see for instance [LL06a, LLO6b, LLO7a]. Of course, existence and uniqueness of
solutions is not immediate from the general ODE theory but, adapting the methods

of Lions and Lasry we were successful in establishing both.

Our main result, theorem 57, is discussed in Section 3 where we prove the

convergence as the number of players N — oo to a mean field model.

1. The N + 1 player game

In this section we consider symmetric games between N + 1 players under a
symmetric partial information pattern. We start by discussing the framework of this

problem, namely controlled Markov Dynamics, §1.1, admissible controls §1.3, and
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the individual player problem §1.4. Then in §1.5 we discuss the main assumptions
on running and terminal cost that allow us to use Hamilton-Jacobi ODE methods,
in §1.6 to solve the N + 1 player problem. Maximum principle type estimates are
considered in §1.7 which are then applied to establishing the existence of Nash

equilibrium solutions, §1.8. This section ends with an example §1.9.

1.1. Controlled Markov Dynamics. We consider a dynamic game between
N + 1 players that are allowed to switch between two states denoted by 0 and 1.
‘We suppose that all players are identical and so the game is symmetric with respect
to permutation of the players. To describe the game we will use a reference player,

which could be chosen as any one of the players.

If we fix any player as the reference player, we will suppose that he knows his
own state at time ¢, given by i(¢), and also knows the number n(t) of remaining
players that are in state 0. i(t) and n(t) are stochastic processes that we will describe
in the following. No further information is available to the reference player. Because
the game is symmetric, the identity of the reference player is not important, and
all other players have access to the same kind of information, i.e., its own state and

the fraction of other players in state 0.

We suppose the process (n(t),i(t)) is a continuous time Markov process: the
reference player follows a controlled Markov process i(t) with transition rates from
state i to the other state 1 — 4 given by 8 = (i, n,t). More precisely we have

]P’(i(t +h) =1 —i|n(t) = n,i(t) = z) = B(i,n,t).h+ o(h),

where lim OT}L) = 0 when h — 0. Because of the symmetry of the game, all other
players follow their own Markov process controlled by the same transition rate
function 5 : {0,1} x {0,...,N} x [0,4+00) — [0,+00). Note that the rate function
0 is a deterministic time-dependent function, which makes (n(t),i(t)) a non-time
homogeneous Markov process. We will suppose that § is bounded and continuous
as a function of time. We will refer to any Markov control with rate function which

is bounded and continuous on time, as an admissible control.

The transition rates of the process n(t) are given by
(33) 75 (int) = (N =n)B(Ln+1—1it),
’Yﬁ_(zv n’t) = nﬂ(oan - iat) )

where 7; stands for the transition rate from n to n +1, and 74 is the transition
rate from n to n — 1. Note that n + 1 — ¢ is the total number of players in state

0, as seen by a player (distinct from the reference player) in state 1 whereas n — i
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is the number of players in state 0 as seen by a player (distinct from the reference
player) in state 0.

More precisely, we have

]P’(n(t +h) =n+1n(t) = n,i(t) z) — 3} (i, n.t)h+ o(h)

z) =75 (i,n,t).h + o(h),

]P’(n(t Y h) =n—1n(t) = n,i(t)
where lim %7) = 0 when A — 0.

We assume further that the state transitions of the different players are in-
dependent, conditioned on ¢ and n. Note that no information is available to any
player concerning the state of any other individual player. All each player knows
is its position and the number of other players in state 0, which mean, the fraction

of other players in each one of the states 0 and 1.

1.2. A control problem. Let now 7' > 0, and let ¢ : {0,1} x [0,1] x R — R
and ¢ : {0,1} x [0,1] — R be two (non-negative) functions. We will discuss the
precise hypothesis on ¢ and % in section 1.5. We suppose c (i, N 6) represents
a running cost incurred by the reference player when he is in state i, n of the
remaining N players are in state 0 and this player has a transition rate g from i to
1 —1¢. We also suppose (i, %) represents a terminal cost incurred by the reference
player at the terminal time 7', if he ends up at time 7" in state ¢ and at that time

n of the other players are in state 0.

If A;(i,n) denotes the event i(t) = ¢ and n(t) = n, the expected total cost of
the reference player, giving the control 8 and conditioned on the event A;(i,n), will
be

VA(i,n,t) =B ;0 VtT ¢ (z’(s), %S),ﬂ(s)) ds + 1) (i(T)7 ”EVT)>

We could be interested in finding an admissible control § that minimizes, for
each (i,n,t), the function V defined above. This however would require a coopera-
tive behavior between players and it would be an usual stochastic optimal control
problem. Instead, we are interested in finding an admissible control 3 that is a

symmetric Nash equilibria for the game which we will soon describe.

1.3. The Dynkin formula. Given two admissible controls # and «, we can

define a non-time homogeneous Markov process (n(t),i(t)) where the transition
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rates for n are given by (33) and the transition rate for 7 is given by « as
IP’(i(t +h)=1—i|n(t) = n,i(t) = z) = a(i,n, t).h +o(h),

o

where lim }f' ) = 0 when h — 0. The idea here is that, while other players use the

control 3, the reference player can choose another control a.

Furthermore, we have that, for any function ¢ : {0,1} x {0,1,2,..., N} X
[0,400) — R, smooth in the last variable, and any s > t,

(34) B [pi(),n(s), 8) — 9li,n, )

— P Tdp B (s
(35) =B in [/t E( s, 1)+ AP (i n,r)dr|
where A;(i,n) still denotes the event i(t) = ¢ and n(t) = n, and
(36)

Aﬁ’aw(iv n,r) = a(i,n,r)(@ — ¢)(i,n,r)+
+ 5 (6, 1) (@@, n + 1,7) = @(i,n, 1)) + 75 (6,0, 1) (0(i,n — 1,7) = @(i,n,7))
where 7; and v, are defined by (33), and p(i,n,t) = (1 —i,n,1).

We call A%# the generator of the process and (34) the Dynkin’s formula in

analogy to the Dynkin’s formula in stochastic calculus.

1.4. Individual player point of view - introducing the game. Now we
suppose the reference player decides unilaterally to use a different control, trying

to improve its value function.

We will suppose the other players continue to follow the Markov Chain with
transition rate (¢, n, t), bounded and continuous on time. Therefore n(t), the num-
ber of such players that are in state 0, is a process to which correspond transition

rates ’y; and 5 as in (33).

The reference player looks for an admissible control «, possibly different from

[, that minimizes

u(i,n,t, B,a) = Eiﬁim) VET ‘ (i(8)7 %7 (s)) ds + 1 (i(T), ”§VT)>

That is, reference player looks for the control a which is a solution to the mini-

mization problem
u(i7n7 t; ) = infu(i7n7 t,/87 a)?
(a7

where the minimization is performed over the set of all admissible controls a. We

will call the function u(i,n,t; 3) above the value function for the reference player
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associated to the strategy [ of the remaining N players. The control « that attains

the minimum above can be called the best response of any player to a control 3.

1.5. Assumptions on running and terminal cost. We discuss now the hy-
pothesis used in this paper concerning the running and terminal costs. We suppose
that both the running cost ¢ = ¢(i, 0, ) : {0,1} x [0,1] x R — R and the terminal
cost ¢ = (4,0) : {0,1} x [0,1] — R are non-negative functions, as mentioned in
the previous section, and also that they are Lipschitz continuous in 6. Of course,
our results would still be valid without any change if ¢ and 1 are simply bounded

below, instead of being non-negative.

We assume that ¢(i,0, ) is uniformly convex on a > 0 and superlinear. We

assume further that c is differentiable, and ¢’(6, ) is Lipschitz in the variable 6.

For p € R we define
h(p,0,i) = m>ir(} [e(i, 0, @) + ap) .

Note that h is an increasing concave function of p, Lipschitz in 6, and, hence,
bounded below by

min h(0,0,1).
0€[0,1],:€{0,1}

Because of the uniform convexity the minimum is achieved at a single point, and

the function
a*(p,0,1) = argmin, > [c(i,0, o) + ap] .

is well defined. Furthermore we have

PROPOSITION 44. The function o* is locally Lipschitz in p, uniformly in 6 €

[0,1]. Furthermore it is uniformly Lipschitz in 6.

Proor. We will use the following inequalities, which are consequence of the

uniform convexity of ¢: for all #,a’, o, p and p’, we have
37)  c(0,)+a'p’ > c(0,a)+ap’ +(¢'(0,0) +p) (' —a) +1]a —af?,
and because a*(p, ) is a minimizer,

(38) (¢'(0,a"(p,0)) +p)( —a*(p)) > 0.

We will first prove that a* is uniformly Lipschitz in p : for that, we suppose
that 6 is fixed. By the definition of o* and equation (37) we have

c(a*(p)) + a*(p)p" > c(a*(p")) + a*(p")p" >

> c(a’(p)) +a*(p)p’ + (c'(a”(p) +p") (" (p") = o™ (p)) + 1" (p") — " (D),
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hence

0> (c'(a(p) +p)(a*(p") —a*(p) + (" —p)(@*(p) — a*(p)) +7la* (p") — a* (p)*.

Now using equation (38) we obtain

02 (p' —p)@*(p') = a*(p)) +7la*(p") —a* () >
Therefore
p' —plla* (') —a* ()| 21l (p") —a* (),
which implies
0" (0') =" () < ~p" ~pl.

This shows that o* is uniformly Lipschitz in p.

Now we prove that a* is Lipschitz in 6: for that, we suppose that p is fixed.
Again by the definition of a* and by equation (37) we have
c(0',a”(9)) +a"(0)p = c(0",a7(0")) + " (0)p
> c(0',a(0)) + " (O)p+c'(0",a7(0)) (" (0") — a™(6)) +]a”(0") — a” (0],
and then
0>¢'(0",a%(0)(a”(0) — a”(0)) +1la”(0) — a”(0) .
Using equation (38) we get
0> [e"(0",a%(6)) — c'(6,a"(0)](a"(0") — a™(0)) +yla™(0") — o™ ().

As ¢’(0, «) is Lipschitz in the variable 6 we have

0> —KI[0"—0][a*(8) — a*(0")] + v[e*(0") — *(0)]*.
Therefore

K
[ (0) =™ (0")| < —|0 0],
v
which implies that o* is Lipschitz in 6. (|
In section 2.3 we will present and discuss monotonicity assumptions on ¢ and

h, namely conditions (50) and (52), which will be necessary to prove uniqueness of

solutions of the mean field model that will be presented in section 2.
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1.6. The Hamilton-Jacobi ODE. Fix a admissible control 3. Consider the
system of ODE 's indexed by ¢ and n given by

~ 92ty = (i, ) (94 1,8) — (i) + v (D)0 — 1,8) — ol 1))

dt
_/. . n .
+ h (@(Zanﬂt) - @(%nat)y Naz) )

where @g(i,n,t) = pg(1l—i,n,t), and 7; and vy are given by (33). Since v (4,0,t) =
0 and *yg(i, N, t) = 0, the evaluation of ¢ at n+1 and n—1 does not cause problems
outside the range, resp. when n = N or n = 0). By setting ¢, (i,t) = ¢(i,n,t) we

write the previous ODE in compact notation:

(39) —% =75 (Pn+1 = 9n) + 75 (Pn-1— ) + h (% ~ Pn; %Z) :

This system of ODE is called the Hamilton-Jacobi (HJ) ODE for player N + 1
associated to the strategy [ of the remaining NV players. We start by proving a ver-
ification theorem, which is completely analogous to the optimal control verification

theorem, see [FS06] for instance.

THEOREM 45. Let g be a solution to (39) satisfying the terminal condition
wp(i,n,T) =19 (i, %) Then

Also, the control

aZ)v

(40) d(ﬁ)(i>n’t) =a" (@ﬁ(ia nvt) - @g(i,n,t),

=l =

is admissible and satisfies

u(i,n, t; B) = u(i,n, t,3,a(0)) .

Thus a classical solution to the HJ equation associated to 3 is the value function
corresponding to 8 and determines an optimal admissible control @(f3), for the

reference player.

PROOF. Let a be an admissible control. By (34) we have
8 5 " dig
]EA;OEzyn) [Lpg(i(T), n(T), T)]_‘pﬁ (i,m,t) = EA)tDZi,n) /t W(L n,r) + Aﬁ’aapﬁ(i, n,r)dr| ,
where A% is given by (36). Adding

B [ [ e (10,2000 ) ar | + i,




1. THE N +1 PLAYER GAME s

to both sides of the previous identity, where a(r) = a(i(r),n(r),r), and using the
definition of A%*pgs(i,n,r), we have

u(i,m, t; B, ) =

m(thEAM)V 28 (i, m, 1) 4 G, )00+ 1,7) = 93, m,1)

. . . . n _ .
+ 75 (i, n,7) (pp(i,n — 1,7) — p(i,n, 7)) +c (z, N a) +a(r)(@sg — ¢p) (3, n,r)dr] )
The equation above is valid for all admissible controls . Now we can define
_ . (- /. . n .
a(ﬁ)(z, n, T') =« (@B(Za n, T) - 905(27 n, 7”), N, Z) s
which is a bounded continuous Markov control and therefore admissible. We have

u(i,n, t; B) <u(i,n,t,B,a") = @g(i,n,t)

d |
+EAt<m>[/ %28 iy, ) 4 )9+ 1,7) = 9300, ,7)
t

+ 75 (n, 1) (pp(i,n — 1,7) — pp(i,n,7)) + h (@5(i,n, r) —g(i,n,r), %,z) dr] .

Now, we see that the integrand vanishes since ¢g is a solution to HJ, and therefore
we have u(i,n,t; 8) < pg(i,n,t).

Now we prove the other inequality:

u(i, n, t; 8) = inf u(i,n, t, B, ) = ¢g(i,n,t)

. a d .
—&-mfﬂﬁlﬁt(z n)[ Z’B (i,m,7) —i—'yﬁ (4,n,7)(pg(i,n+ 1,7) — pa(i,n,r))
t

95 (6 (i n = 1,7) = palisn,m) + ¢ (i, 10.0) + a(r)(@s - w)(i,n,r)dr]
> palisn.t) + B () [/ 08 (5, m, ) 4 i, )i+ 1,7) — (i, 7))

95 (10.7) (palin = L) = @a(im,) + b (@a(imr) = alim,r), 12.1) dr]

= @B(Zana t) )

where the last equation holds because the integrand vanishes since ¢ is a solution
to HJ.

Thus we have proved that u(i,n,t; 8) = pg(i,n,t). a
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1.7. Maximum principle. Here we prove that the solutions to the Hamilton-
Jacobi equations are uniformly bounded independently on the control 3. We denote
by

[[u(t)]l o = max |un (i, t)],
ni
and

= max |h(0,0,7)].
(4,0)€{0,1}x1[0,1]

PROPOSITION 46. Let u be a solution to (39). For all 0 <t <T we have

[u(@) oo < [[(T)llco + 2M(T —1).

PROOF. Let u be a solution to (39). Let & = u + p(T —t). Then

—% = p+ 95 (lng1 — @n) + 75 (Tno1 — @n) + I (ﬁn i, %z) .
Let (i,n,t) be a minimum point of @ on {0,1} x {0,1,--- , N} x [0,7]. We have
Un (i, t) < Up—1(i,t) and uy,(i,t) < wpy1(i,t). This implies fyﬁ_(ﬁn_l —Uy,) >0 and
vg(ﬂnﬂ — @,) > 0. We also have 1, (i,t) < @,(1 —i,t) = ,(i,t), which implies

(i, — Up)(3,t) > 0. Hence

diy, . - _ ,
- Z;t (th) 2 h (un *uny%,l> +p > h (O, %,Z) +p,
because h(p, 0, 1) is monotone increasing in p. Furthermore, if we take M < p < 2M
we get
duy,
——(2,t) > 0.
g (1) >

This shows that the minimum of % is achieved at T hence

un(t, 1) 2 =[[u(T)]loc = 2M(T —t).

Similarly, let (i,n,t) be a maximum point of @ on {0,1} x{0,1,--- , N} x[0,T].
We have 1y, (i) > tp—1(i,t) and un(i,t) > upt1(i, t), and this implies v5 (4p—1 —
in) < 0 and g (lnt1 — Gn) < 0. We also have t(i,t) > @n(1 —i,t) = G (i 1),
which implies (t, — @y)(%,t) < 0. Hence

di, , . - o on n
_ditn(zat) <h (un _unyﬁﬂ) +p<h (0, N,Z) +p,
because h(p,0,4) is monotone increasing in p. Furthermore, if we take —2M < p <
—M we get
duy,
——(%,1) <O0.
dt (27 )

This shows that the maximum of @ is achieved at T hence

un (t,4) < [|u(T)]loo +2M (T —1).
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1.8. Equilibrium solutions. We now consider the equilibrium situation in

which the best response of any player to a control 3 is 3 itself.

DEFINITION 1. Let 3 be an admissible control. This control 8 is a Nash equi-

librium of a(B) = B.

THEOREM 47. There exists a Nash equilibrium, i.e, an admissible Markov con-

trol B, which satisfies a(B) = Bx. Moreover, the Nash equilibrium is unique.

PRrROOF. It suffices to observe that, by (40)
ﬂ*(i7n7t) = Oé* <¢ﬂ* - 305*7 %a 7’) )

and hence the Markov control can be obtained by solving the system of nonlinear

differential equations

duy, .
(A1) =T = (e = ) + % (s = wn) + b (B =ty 1027
with terminal condition u(i,n,T) = ¢ (i, &), where v are given by
L
(42) ’YI(’L', t) = (N — ’I’L)O(* (un+1_i — Un+1—iy %, 1)

. [ - n—1
¥, (i, 1) = na <un_i ~ Un—is 3 O) .

Note that (41) is well posed because u, is bounded and the righthand side is

Lipschitz. Hence it follows the existence and uniqueness of a Nash equilibrium. O

For the record we give here some properties of t:
| < CN,

and
"Yer:Jrl - ’)’rjztl < C+CON|[tns1 — tnloo-

1.9. An example. Let f: {0,1} x [0,1] - Rand ¢g: {0,1} x [0,1] — R be

two continuous function. We take

c(i,0,a) = f(i,0) + %2 —ayg(i,0).

This example could model, for instance, the marketshare of cellular companies
where there are only two competitors and N individual costumers. If the state of
the player represents the company he uses, we can think of g(i,6) as a bonus the
company ¢ offers customers of company 1 — 1 in case they decide to switch. If there

are no such bonus, we set g = 0.
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Then

. 0,4) = mine(i. 0, o) + ap] = 15, 0) — (DD
and

a*(p,0,i) = argmin,~q [c(4, 0, ) + ap)] = (g(i,0) —-p)t.

Therefore (41) becomes

(43)
— 3 +)2
A D N ) i) 1) () 1),

By the results of section 1.7 we know that any solution to (43) is bounded
a-priori. Hence, if f and g are Lipschitz, (43) has a unique solution u. Therefore,

there exists a unique Nash equilibrium.

2. A mean field model

This section is dedicated to a mean field model which, as we will see in the next
section, corresponds to the limit as the number of players N + 1 — oco. We start
in §2.1 by discussing the model and its derivation under the mean field hypothesis.
Then, in §2.2 we address existence of solutions. Uniqueness of solutions (under a
monotonicity hypothesis similar to the ones in [LL06a, LL0O6b]) is established in
§2.3. Finally, in §2.4, we continue the study of the model problem from §1.9.

2.1. The control problem in the mean field model and Nash equilib-
ria. If the number of players is very large, we expect their distribution between
the two states to be a deterministic function of the time ¢, as it would happen if
we could somehow apply the law of large numbers. So, we suppose the fraction of
players in state 0 is given by a deterministic function 6(t). If all players use the
same Markovian control 8 = ((i,t), which now only depends on ¢ and ¢, then 6 is
a solution to
do
i

where 3; denotes the function ¢ — 3(i,t), and 0 < < 1 is given and represents

(44) (1—0)81 - 00 0(0) =9,

the initial distribution. We suppose here that (3; are continuous and bounded, for
i =0 and 7 =1, and call such controls admissible controls.

We can now consider the optimization problem from a single player point of

view. As before, we fix an individual player as the reference player and assume
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he can choose any admissible control «, while other players have a probability
distribution among states determined by (44). Let

T
u(i,t,0) = B, _, V (i(5),0(s), a(i(s), 8))ds + B(i(T), 6(T) | |

where i(t) is a controlled Markov chain switching between state 0 and 1 with rate

a. We assume this player looks for an admissible control av which solves
u(i, t) = inf u(i, t, ).
(0%

Note that the situation is now simpler than in the N + 1-player game, because
0 is deterministic and the only stochastic process is i(t) whose switching rate is
controlled by a. We call u(i,t) the value function associated to the mean field
distribution 6.

Consider the following HJ equation:

d
(45) -5 = h(a—u.0,i).
As in the verification theorem of §1.6, any solution u to the equation above, with
the terminal condition wu(i,T) = v¥(i,6(T)), is the value function associated to 6.

Furthermore, the optimal control is o*(u — u, 0, 7).

Under the symmetry hypothesis, all players must use the same control when
the Nash equilibria is attained. In other words, Nash equilibria is the fixed point to
the operator described above, i.e., the operator that uses the control 3 to calculate
6 as a solution to (44), and after that determines the control o*(@ — u, 6,4) where
u is the solution to the HJ equation (45) determined by 6, making the control
o* (@ — u,0,1) the image of 8 under this operator.

This leads then to the following system of ordinary differential equations

= (1 —0)a*(u(0,t) —u(l,t),0,1) — Ba*(u(l,t) — u(0,t),0,0),

with the boundary data

(47)

Note that from the ODE point of view this problem is somewhat non-standard
as some of the variables have initial conditions whereas other variables have pre-

scribed terminal data. We call this the initial-terminal value problem.
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2.2. Existence of Nash Equilibria in the MFG. We now address the
existence of solutions to (46) satisfying the initial-terminal conditions (47). The
proof of existence will be based upon a fixed point argument, using the operator
& described in the following, which is the analogous of the operator acting on the

controls described in the last section, but now acting on distributions.

PROPOSITION 48. There exists a solution to (46) satisfying the initial-terminal
conditions (47).

PRrROOF. We need to solve (46) and (47) which can be rewritten as

do

(48) i (1—0)ay — Oy 6(0) =0
(49) —% = h(a —u,0,1) u(i, T) = (4, 0(T))

a=a"(a—u,b,i).

Let F be the set of continuous functions defined on [0,7] and taking values
in [0, 1], with the C° norm. Consider the function ¢ : F — F that is obtained
in the following way: given 6 € F, let u’ be the solution of equation (49). Let
pe = a*(ﬁej u?,0,1), and then let £(9) be the solution to % = (1 — )¢ — 63§
and 6(0) = 6.

From standard ODE theory we know £ is a continuous function from F to F.
Moreover, as (3 is bounded, £(0) is Lipschitz, with Lipschitz constant A independent
of 6.

Now consider the set C of all Lipschitz continuous function in F with Lipschitz
constant bounded by A. This is a set of uniformly bounded and equicontinuous
functions. Thus, by Arzela-Ascoli, it is a relatively compact set. It is also clear
that it is a convex set. Hence, by Brouwer fixed point theorem, £ has a fixed point
in C. (Il

2.3. Uniqueness of Equilibria. To establish uniqueness we need to use the
monotonicity method of [LL06a, LLO6b].

We will suppose the following monotonicity hypothesis on ¥:

(50) (z = y)[¥(0,2) — (0, y)] + (y — z)[v(1,2) —¥(1,y)] >0,
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for any x and y in [0, 1]. This hypothesis holds, for instance, if we suppose that
is differentiable on its second variable, and

dip dip
@(079) - @(179) > 07

or if we suppose that (0, 0) is non-decreasing as function of § and (1, 6) is non-
increasing as function of 6, which could be interpreted as a penalization on crowded
states.

Now, from the concavity of h in p we have, for all p,q,0 and 7

because o*(p, 0,i) € 81‘," h(p,0,i). We suppose the additional monotonicity property
+(1=0)(h(=,0.1) = h(=4,6.1)) + (1 = 6) (h(=p.6,1) = h(~p,0.1) ) < 16 = B,
for all p,q € R, for some « > 0. This property will hold, for instance, if

with f satisfying

(54) (0 6)(J(0,0) — F(0,0)) + (6 O)(f(1,0) — [(1,0)) < —10 — 6"

Note that the example of section 1.9 easily fits the previous conditions (53) and
(54) provided we suppose g is a constant function and the functions 6 — f(0, )
and 6 — f(1,0) satisfy

(0 —0)(£(0,0) — f(0,0)) > =|0 — 6]

N2

and
(6—0)(F(1,0) - £(1,6) < =0 - 6P,
which could be seen as a consequence of the fact that the running cost is greater
when the reference player is in the more crowded state (i.e. when § = 1if i =0
and when 0 =0 if i = 1).
Then , using (51) and (52) we obtain
(55)

+ (1 - é) (h(*p, 07 1) - h(f(b éa 1) - Ol*(*q, éa 1)((] - p)) < 77|0 - é|2
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THEOREM 49. Under the monotonicity hypothesis (50) and (52), the system
(48) and (49) has a unique solution (0, u).

PROOF. To establish uniqueness we will use monotonicity argument from [LLO06a,
LLO6Db].

Suppose (#,u) and (6, @) are solutions of (48) and (49). At the initial point
t = 0 we have that (# — 0)(u — @) = 0 and ((1 —6) — (1 — 0))(@ — @) = 0, where
u(t) = u(0,t) and @ = u(1,t), and similarly for 4. Then

(0 —0)(u— 1)y = (0 — 0)[—h(a —u,0,0) + h(a — @,0,0)],
and
(1=0) = (1=0)(a—a) = ((1-0) = (1—-0)[~h(u—1u,0,1) + h(@ — @0,1)].

Furthermore,

Hence,
(0= Du—a)+ (-0~ (- b)) =
:0(—h(u—u 8,0) + h(i —@,0,0) + (@ — @) — (u_a)}a*(a—u,e,()))
0

+0(h( —u,0,0) — h(ii — ,0,0) + [~ (@ — @) + (u — @))a* (@ — @, 6,

+
—
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Then, by using (55), with p = @ — u and ¢ = @ — 1, we obtain

(66) (0B + (1)~ (-0 a-0) < o0

Integrating the previous equation between 0 and 7', and using the terminal condi-
tions, we have that

(O(T)—6(T))[(0,6(T))~(0, 8(T)}+(B(T)~0(T)) [ (1, 6(T)) ~(1,6(T))] < —7/0 16(s)—0(s)|*ds.
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Hence by the monotonicity condition (50) we get
T ~
0< —’7/0 10(s) — 0(s)|*ds,

which implies that 6(s) = 6(s) for all s € [0,T]. Therefore, we have the uniqueness
for . Then, once # is known to be unique, we obtain by a standard ODE argument
that v = 4. ]

2.4. Back to the example. Just to illustrate, equations (46), in the special

case of the example of section 1.9, and supposing ¢ is a constant function, becomes

%:(1_9)@—@){—9@—@)3»
and

du _ oo (u—itg)*)?

—E—f(lve)_f

As we have already seen, provided the condition (54) holds and given the initial-
terminal condition
0(0) =0, u(i,T)=1(i,0(T))

the system above has a unique solution.

3. Convergence

This last section addresses the convergence as the number of players tends to

infinity to the mean field model derived in the previous section.

We start this section by discussing some preliminary estimates in §3.1. Then,
in §3.2 we establish uniform estimates for |u,11 — u,|, which are essential to prove
our main result, theorem 57, which is discussed in §3.3. This theorem shows that
the model derived in the previous section can be obtained as an appropriate limit
of the model with N + 1 players discussed in section 1.

3.1. Preliminary results. Consider the system of ordinary differential equa-

tions

(57) —Zn = an(t)(2n+1 = 2n) + bn(t)(2n—1 = 2n) + pin(t)(Zn — 20),

with an(t), bn(t), un(t) > 0. Here z, = (22,21), a, = (a¥,al), etc. We assume
further that ay = 0 and by = 0.

We write (57) in compact form as

(58) —5(t) = M(t)2(t).
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The solution to this equation with terminal data z(7T) can be written as
(59) 2(t) = K(t,T)2(T),
where K(t,T) is the fundamental solution to (58) with K(T,T) = I. Note that
equations (58) and (59) imply
(60) %K(t,T) =—-M@t)K(t,T).
LEMMA 50. Fort < T we have

lzllos < [12(T)]loo-

Furthermore, if z(T) < 0 then z(t) < 0.

PROOF. Let z be a solution of (58), and fix € > 0. We define 2 = z +€(t — T).

Hence z satisfies
_’én =—e+ an(t)(’gnJrl - gn) + bn(t)(énfl - 271) + Nn(t)(gn - Zn)
Let (i,n,t) be a maximum point of Z on {0,1} x {0,1,--- , N} x [0,T]. We have
Zn(iyt) > Zp_1(i,t) and 2, (i, 1) > 2p11(i, 1), also 2, (i,t) > Z,(1—i,t) = Z,(i, t), this
implies by, (t)(Zn—1 — Zn) < 0 and ap,(t)(Znr1 — Zn) < 0 and g, (8) (2, — 20) (i, ) < 0.
Hence
dzy .

7@(1715) S —E€.

This shows that the maximum of Z is achieved at T. Therefore, for all (j,m,t),
Letting € — 0, we get

Zm(jv t) < maxzn(Z,T)

n,i
From this equation we have the following conclusions:

1. if 2(T) < 0, we then have z,,(j,t) <0, for all (j,m,t), and so z(t) < 0;
2. for all (j,m,t),

2m (1) < [12(T) | oo

Now we define Z = z + ¢(T — t). Hence Z satisfies

—in =€+ an(t)Zng1 — ) + bn(t)Bnot — Zn) + () (Zn — Zn).

Let (i,7n,t) be a minimum point of Z on {0,1} x{0,1,--- , N} x [0,T]. We have
Zn(iyt) < Zp_1(i,t) and 2, (i,t) < 2p41(i,1), also Z,(i,t) < Z,(1 —i,t) = Z,(i,1).
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This implies by () (Zn—1—Zn) = 0, and ap (£) Gnp1—3n) = 0 and pn () (Ge—3a) (6, ) >

0. Therefore we have
g
_%(L t) > €.

This shows that the minimum of Z is also achieved at T', hence for all (j,m,t)
2m(§,1) + €(T = 1) = Zn(J,t) 2 200, T) = 2a (3, T).

Letting e — 0, we get
Zm(J,t) > min z, (¢, 7).
n,i

Hence
2m(4,1) 2 =[12(T)]|oo-
Therefore we have ||z(t)|lco < [|2(T)]|o- O

Note: let z(t) = K(t,s)z(s) be a solution of (58) with terminal data z(s) = b,
then lemma 50 implies that ||z(¢)|leco < ||2(5)]|00, and therefore

(61) 1K (2, 5)blloc < [|bllos, Vb

From the previous lemma we also conclude
LEMMA 51. If p1 < po, and t < s, then we have

K(ta S)pl S K(t7 S)p2~
PROOF. Observe that if p; —ps < 0 then K (¢, s)(p1 —p2) < 0, by lemma 50. O

We note now that if ¢t < s < T we have K(t,s)K(s,T) = K(t,T), which implies

% <K(t, $)K (s, T)) = 0.

Hence, using equation (60) we get

—K(t,s)M(s)K(s,T) + (;;K(t, s)) K(s,T)=0,

and therefore, by taking T' = s we conclude that
d

(62) K (t,5) = K(t,5)M(s).

We now prove the main technical lemma:
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LEMMA 52. Suppose z is a solution to

(63) —2(s) < M(s)z(s) + f(2(s)).
Then

2(t) < [2(T)]oo +/t [1£(z(s)) oo ds.

PROOF. Multiplying (63) by the order preserving operator K (¢, s), we have
—K(t,5)2(s) < K(t,s)M(s)z(s) + K(t,5)f(2(s))
using the identity

%K(t7 s)z(s) = K(t,s)2(s) + K(t,s)M(s)z(s),

which follows from (62), we get

_%(K(t, s)z(s)> + K(t,s)M(s)z(s) < K(t, s)M(s)z(s) + K(, ) f(2(s)).

Thus, integrating between t and T', we have

z(t) — K(t,T)2(T) < /t K(t,s)f(z(s))ds.

So, using equation (61),

2() < [12(T) oo + / 1 £((3))l|sodls.

3.2. Uniform estimates. In this section we prove ”gradient estimates” for

the N + 1 player game, that is, we assume that the difference wu, 11 — u, is of the

order % at time T and show that it remains so for 0 < t < T, as long as T is

sufficiently small.

We start by establishing an auxiliary result:

LEMMA 53. Suppose v = v(s) is a solution to the ODE with terminal condition

—& — Cv+CONv? + £
v(T) < &

= N>

(64)

where N is a natural number, and C' > 0. Then, there exists T* > 0, which does
not depend on N, such that T < T* implies v(s) < % forall0 <s<T.
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PROOF. Note that (64) implies that v is a monotone decreasing function of s

and is equivalent to
ds —1

dv — CotCONv*1 &
s(G)<T.

This implies by direct integration that

(9<2C><T—/2NC dv
N /)~ ¢ Cv+CONv? +

2la

Now
2C

¥ dv Ea N 1
/ ol 2/ dv = .
g Cv+CNv?+§ — Jg 202+4C°+C 2C +4C? +1

Therefore if we define T* = m, we have that s (%) <0if T <T*. Hence
this implies v(0) < %, which yields the desired result when we take into account
that v is a decreasing function of s. O

PROPOSITION 54. Suppose that

(65) [tnt1(T) = un(T)lloo < 57

for C > 0. Let u be a solution of (41). Then there exists T* > 0 such that, for

0<T<T* ,we have

2C
[uns1(t) = un(t)lloe < —7

forall0<t<T.

PROOF. Let
Zp = Up41 — Up-

Note that, as usual, z, = (22, z1). We have

—Zn = 'y:{Jrlszrl—v;zn—’y;rlzn—l—'y;zn,l—l—h (n;\;l, 1, Upy1 — un+1) —h (%,Z Up,
We can write
'VrJLr-i-lZnJrl_'V:Zn — Vnt1%n T Vn Zn—1
:7:-4-1;‘ T (Zni1 — 2n) + ’Y:Lr+12_ o (2ns1 + 2n)
+ w(z’“l — )+ ﬁ%m(znq + 2p).
We must now observe that
T "It < 04 ON 2]

).



90 6. AN INTRODUCTION TO MEAN FIELD GAMES

as well as
+ +
’7n+1 —Tn

5 < C+ CON|2]ce-

Furthermore, we have

n+1 . _ no.
h <Naz7un+1 - un+1) —h (Nal Un _un)

n+1 . _ n . _
N y U Upg1 —Upg1 | — R (N,Z,un-i-l - un+1)

>

+h (%,i,aml - un+1) —h (%mn _ un)
< Sty (o = ) (s~ 1) = (i — )
< % + bn(Zn — 2n),

where p, = hy, (%,i, Up — un) > 0.

At this point we are in position to apply lemma 52 from the previous section.
We obtain

T
C
2n(t) = (Unt1 — un)(t) < [|2(T)]|oo +/ Cll2()lloo + Cll2(s)ll5 + N -
t
We can also use the same argument applied to

Zn = Up — Upy1 -

Finally, if we set w = ||tp4+1 — Unlloo We conclude that

T
w(t) < w(T) + / Cu(s) + CNw(s)? + %ds.
t
Now we define
T C
n(t) = w(T) —|—/ Cw(s) + CNw(s)? + Nds.
t
We have that
(66) w(t) < n(t),
and also that

W) = —gw(t),

where g is the nondecreasing function g(w) = Cw + CNw? + <. Thus

(1) > —g(n(t))
n(T) = w(T).



3. CONVERGENCE 91

A standard argument from the basic theory of differential inequalities can now be
used to prove that n(t) < v(t) for 0 < ¢ < T if v(t) is the solution of

(1) = —g(v(t))
o(T) = w(T).

This last result can be combined with lemma 53, the hypothesis w(T") < < and the
inequality (66), to prove that w(t) < % for all 0 <t < T, which ends the proof of
the proposition. O

3.3. Convergence. In this section we prove theorem 57, which implies the
convergence of both distribution and value function of the N + 1-player game to

the mean field game, for small times.

We start by assuming that at the initial time the N players distinct from
the reference player distribute themselves between states 0 and 1 according to a
Bernoulli distribution with probability @ of being in state 0.

Let
Vy(t)=E {("}Vﬂ = 9(15))2] :
Wi (t) = E [ ((0,1) = un(0.)°]
(67)

Qn(t) =Wy (t) + Wy(t),

where 0(t) is the solution of (44), 0 < n(t) < N is the number of players (distinct
from the reference player) which are in state 0 at time ¢, and v = u(4,t) and u,, =
un (i,t) are respectively the solution of the HJ equation and terminal conditions for
the MFG (46) and N + 1 player game (41).

‘We have

Vi (0) = Var {"](\?q = 6(1]\; o

because n(0) is the sum of N iid rv with Bernoulli distribution.

In this section a = a(i,t) is the optimal control for the MFG, while oV =
a™N(i,n,t) is the optimal control for the N + 1 player game. We know from sections
1.5, 1.6 and 2.1 that o™ = a* (ﬂn — Up, %,z) and a = o*(a — u, 0,1).
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LEMMA 55. There exists C7 > 0 such that

Vir(t) < / Cu(Vn () + Qu(e))ds + 5L

2
PRrROOF. Using Dynkin’s Formula (34) with ¢(i,n,s) = (% - 9(5)) , we have

Vn(t) = w = ]E/OtWN(S) +n(s)ds

where

(55t ) -G o (52 -]

N * [ — n—1
ay =« (uni_uni770) ;

N

«f = n+1—1
ay =« (Un+1i ~ Untl—is T 1) ,
Un = UN(i, n7t) )
and p
@ . n
-2 (5 0) 0=
CN(S) dt (Zv n, 7’) N 0 (( 0)0[1 00&0)
We have

2n+1 n 2n—1
wN(s)z(l—;z/_)oz{V<nN —29>—Nozév< I —29)

N
where 7 (s) = T + 3= (g —«a

wn(s)+sn(s) =2 (% — 9) [a{v (1 — 1) Noo (1-0)a; — 9040)} + 7N (s)

N) YN
=2 (% - 9) [(a{v +ad) (—%) + (a1 + ap)f + (o —al)} +7n(s)
—2 (% —0) | +ad) (0 - %) + (a1 = adl + ag — a9 + (aff — )] + 7 (s)
— —2(ad +al) (% —9)2+2(% = 0) (a1 = ol + ag — af)0 + (' = a1)) + 7 (s).
Then
VN(t)—w:—Q]E Uot(aguaf) (Z—@)st]

—HE[/(:Z(;—H) (01 —ad + a0 —ad )0+ (af — 1)) ds

+E Uotm(s)ds].
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Now we see that

|O[0 - aévl = a*(a - u79’0) - CY* (uni - u’ﬂ*i, "1];270)‘

n—1

N

<K( 0 — —|—|u—un_i|—|—|u—un_i|>

1
<K( 0Z’+|ﬂﬂn|+ﬂn_iﬂn|+uun|+|un_iun|+N>

3
<K( 9—Z’+|u—un|+u—un|+N>,

where we used that a* is Lipschitz in both variables, and v and u~ are bounded,

and the uniform bounds on |u,,4+1 —u,| obtained in proposition 54 of §3.2. Similarly

3
|a1—a{V<K(‘9—;‘+|u—un|+|u—un|+N>.

Thus
V(t)<K/tV()d +2E/t )k ‘9 Q‘H’ lin| + | I+ 2 )gs 4+ B2
v =Ky | N (s)ds A\ | T8 = Ul = un] + 5 )ds + =
t t n 3 K2
< o Ty _ el 22
_(K1+2K)/0 VN(S)dS+2E/O (N 0)K<|u U | + |u un|+N>ds+ N

<(K: + 2K) /Ot Vi (s)ds + 2K /Ot 2Vi(s) + (Wi (5) + Wi (s))ds + =250

t Ky +6T
=/ K3V (s) + 2KQn(s)ds + 2T
0

S/O C1(Vn(s) + Qn(s))ds + % :

LEMMA 56. There exists Cy > 0 such that

T
QN(t)S/t CQ(VN(S)—FQN(S))dS—F%.

PROOF. In this proof, u,(s) or simply w, will denote the expected minimum
cost of player N + 1 conditioned on its state being equal to 0 at time s, i.e.,
Un(s)(0, ). We will also use, here, u(s) or simply u to denote (0, s).
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Using Dynkin formula (34) with ¢(i,n, s) = (un(s) (0, s) — u(0, s))2, and equa-
tions (41) and (45), we have

W () = W (T) = —E[(un(t) — u(£))2] + E[(un(T) — u(T))?
T
:E/t 2(uy — u)%(un —u)ds
T
LE / o [t — 0% — (i — 2] + 75 [(tnr — 0)% — (i — w)?] ds
T
:E/t 2(up —u) (—vi(unﬂ —Up) — Yy, (Up—1 — Up) — h(un — Uy, %, 0) + h(a —u,8, O)) ds
T
{E / o [(tmgs — ) — (tn —w)?] 7 [(tner — w)? — (tn — w)?] ds

T
:IE/ Yo (g1 — un)? 4+ v (Un—1 — up)® —2 (h (ﬂn — Up, %, 0) — h(a— u,0,0)) (upn, — u)ds,
¢
where ;& = vF(0,n(s),s). In the last equation we used the fact that
=2(un — w7y (Uns1 — Un) + 75 [(un+1 —u)? = (up — u)Q] =T (Unt1 — Un)2 )

and a similar calculation for v, .

Now, using results from §3.2, proposition 54, we have that v, (un+1 — u,)?,
Yo (Un—1 — u,)? and Wy (T') are bounded by &2, which implies
0) —h(a— u,9,0)) (tuy, — u)ds.

Kg T n
W < — Uy — —
N(t) S = + QE/t (h (Un U, N’

Using the fact that h is Lipschitz in both variables, we have

n

_ _ n _
’h (un—un,N,O) —h(u—u,G,O)‘ <K<‘0—N‘+u—un|+|u—un|>.

Thus

WN(t) < % + K7/ Vn(s) + WN(S) + V_VN(S)dS.

With a similar calculation we have a analogous inequality for Wy (t), which ends
the proof. O

Now we can state and prove our main result that establishes the convergence

of the N + 1 player game to the mean field model as N — oc.

THEOREM 57. If p=TC < 1, where C = max{Cy,Cs}, and Qn(t) + Vn(t) is
given in (67) then

c 1
Qn(t)+ Vn(t) < TN vt € 10,7].
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ProoOF. Adding both inequalities given in the two last lemmas, we have
T C
Qx(0)+ V()< C [ (Vo) + Quls))ds + 5
0
Now suppose p =TC < 1. Defining

Qn +Vn = oD Qn(t) + Vn(),

we have o
Qv+ Wy SP(QN-FVN)-FN,

which proves the theorem. [l

4. Bibliographical notes

Mean field games is a recent area of research started by Pierre Louis Lions
and Jean Michel Lasry in a series of seminal papers [LL06a, LL0O6b, LLO07a,
LLO7b]. The literature on mean field games and its applications is growing fast,
for a recent survey see [LLG10b] and reference therein. Applications of mean field
games arise in the study of growth theory in economics [LLG10a] or environmental
policy [ALT]. Two references on numerical methods for these problems are [ALT],
[AD10]. The discrete time, finite state problem was studied in [GMS10].
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