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Chapter 1

Introduction

Differential game theory investigates conflict problems in systems which are driven by differential equations.
This topic lies at the intersection of game theory (several players are involved) and of controlled systems
(the differential equations are controlled by the players).

The scope of these notes is to review some basic results in the area: we will start with some insight of
Isaacs’ Theory, then will introduce the notion of strategies. The main part of these notes will be devoted
to the existence of a value for two-player zerosum differential games and its characterization as the unique
viscosity solution of some partial differential equation. Then we will analyze the notion of Nash equilibrium
payoff with delay (or memory) strategies. The last part will be devoted to differential games with incomplete
information.

This chapter is mainly dedicated with the more basic aspects of Isaacs’ theory. We start with a simple
game, through which we introduce a first notion of strategy. Then we discuss a verification Theorem, which
is typical of Isaacs’ approach.

Before this, let us fix some notations used throughout the text:
Some notations :

(x,y) is the usual scalar product between two vectors z and y of a finite dimensional space and |- | the
associated euclidean norm.

e B,.(z) is the closed ball of center 2 and of radius r
e If £ is a set, then 1 is the indicator function of E (equal to 1 if E and to 0 outside of E).
e Sy is the set of N x N symmetric matrices.

e If O is an open subset of RY and V : O — R, then DV(z) and D?*V(z) respectively denote the
gradient and the Hessian matrix of V at x whenever they exist.

e In the same way, if O is an open subset of R x RY and V = V(¢,2) : O — R depends on time and
space, we denote by 0;V(t,z) the time derivative of V and by DV (t,x) and D*V(t,x) the spatial
gradient and spatial Hessian matrix of V at a point (¢, z).

1.1 A simple game as an appetizer

Let us start the description of differential games with a very popular exemple: the game “Lion and Man”.
The story goes as follows: a lion and a man are enclosed in a closed circular arena. The lion is famished
and—most surprizingly—the man is not so keen to be used as breakfast. Several questions arise then:

1. How long (at least) can the man escape the lion?

2. If he manages to escape all the time, what is the minimal distance he can put between him and the
lion?

These questions are formulated from the man’s viewpoint. For the lion they become:
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1. How long (at most) does it take for the lion to catch the man?
2. If he does not succeed in catching the man, how close to him can he go?

These questions are typical of game theory: the lion try to minimize some quantity (capture time or distance
to the man) while the man aims at maximizing such quantities.

What is unusual for game theory here is that we are dealing with a continuous time problem. Dynamics
can be expressed in terms of instantaneous speeds for the lion and the man, which choose it at each time to
realize their goal. This kind of problem is typical from control theory.

Let us try to formalize a little bit these ideas. We assume that the lion can run with a maximal speed
denoted by L > 0 and that the man can run at a maximal speed M > 0. Let y(t) € R? be the position of
the man at time ¢ and 2(¢) € R? be the position of the lion at time #. Then the man chooses at each time its
velocity /(t) in the set of possible velocities U = {u € R? | |u| < M} while the lion chooses its velocity 2'(t)
in the set V= {v € R? | |v| < L}. The sets U and V are called control sets of the man and lion respectively.

The dynamics of the problem is:
y'(t) = u(t) where u(t) € U, and /() = v(t) where v(t) € V .
Since man and lion have to stay in the arena, we also have to add to these equations the state constraints
ly(t)] < Rand |z(t)| < R  Vt>0.

Let us now try to formulate, in quite a naive way, some ideas to solve this game. This will oblige us to think
about a key notion in differential game theory: the notion of strategies.

First case : L > M This is the worse situation for the man. Obviously if the lion runs directly in the
man’s direction, capture will occur in a finite time. Mathematically this means that lion chooses at each

time the speed
L)~ =(t)

ly(t) = 2(8)]

So the lion will solve at each time the differential equation

(1.1) 2 (t) =o(y(t), 2(1)) -

Since the man always stay in the arena (|y(t)| < R for all ¢), it is an easy exercise to show that the solution
z(t) of the above equation also remains in the arena. The map ¥ is a strategy, i.e., a decision rule which
allows to the lion to decide at each time what control to play. One can also check that this is a good strategy,
in the sense that it garanties the capture in controlled time whatever the man does: assume that the man
chooses at each time the control u(t) in U, then

Fly®) — 2O = 2(y(t) — 2(1),y'(t) — 2'(t))
= 2y(t) —2(t), ' (1)) — 2(y(t) — 2(2),0(y(?), 2(1)))
< 2Mly(t) = 2(4)] = 2L|y(t) — 2(1)]

v(y(t), 2(t)) =

since the man runs with a maximal speed of M (i.e., |u(t)| < M) and 2'(t) is given by (1.1). So

which implies that
d
S1y(t) — 2(0)] < — (L M)

Therefore capture holds before |y(0) — z(0)|/(L — M), even if the man knows that the lion plays the strategy
v.

Note that there is no reason why this strategy would be “optimal” for the lion, since it does not take
into account the fact that that the man is constrained to stay in the arena.
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Second case : L < M This case is much more auspicious for the man, although it is not completely
obvious that he can avoid the capture, since he is constrained to remain in the arena. We are going to show
that this is actually the case and, moreover, that he can stay at some fixed distance from the lion.

Let us assume, to fix the ideas and simplify the computation that the radius of the arena is R = 1 and
that the man starts from the boundary of the arena (Exercice : show that the man can indeed ensure to be in
this situation after a while by enlarging the initial distance between him and the lion). We now work in polar
coordonates. Let (par,0rr) and (pr,0r) the polar coordonates of the man and the lion. The constraints on
the speed become

(Par)? + par(03)% < M? and (p)? + p7(07,)° < L*.
In order to avoid cumbersome technicalities, we just define the man’s strategy in a neighbourhood of the
“bad set” ppr = pr and 6y = 0, (mod. 27). The man is going to stay of the boundary of the arena:

pu(t) =1 for all t. So p);, = 0(t) and one can choose |0},(t)| = M. The man also chooses his radial speed
in feedback form, i.e.,

(1.2) O (t) = S (Oar (1), 0.(1))

where 5) in the following way:

M ifHM—HLZOand|t9M70L|<

510 (8o, 63 = mod. 27
SMUUM,TL) =\ _p if Opy — 0, <0and |0y — 01| <

T
2
g mod. 27

This is a “strategy”, meaning that it depends on the current position of 8y, and 6,. Let € € (0,1) such that
022(0) = 0 (0)] + 1 — pL(0) > €

1 1/2

This is possible since the positions of lion and man are distinct at the initial time and L < M. We claim
that, whatever speed (p7.(t), 6% (¢)) the lion plays, one always has

and such that

p(t) = 10ar(t) = OL(B)[ + 1= pL(t) > €/2,

which just means that the distance between lion and man is bounded from below by a positive constant.
Note that, since the strategy sy, is discontinuous, there could be an issue in defining the solution of equation
(1.2). This is however not the case because, if 05;(t) = 01 (¢t) (mod. 27) for some t and pr,(t) is sufficiently
close to 1, then |07 (t)] < M = |0),(t)], so that 6, is well-defined and €); # 61 on some small interval
(t,t + h).

Let us now argue by contradiction and suppose that there is a first time ¢; > 0 such that p(t1) = €/2.
Then there is a nonempty interval (tg,t1) on which p(t) € (¢/2,¢) for t € (tg,t1). Let us show that p is
nondecreasing on this interval, which clearly yields to a contradiction. Note that, on this interval, we have
1 — pam(t) <€, which implies that pas(t) > 1—¢€> 0.

We have, for almost all ¢ € (¢, t1), using the Cauchy-Schwarz inequality and the fact that 07 (¢) # 01 (t)
for an coutable number of ¢,

%P(t) = sgn(bar(t) — 0.(1)) (0 (1) — O1.(2)) — P (1)

1/2
— (o ()2 + (,OL(If)@;:(?f))Z)l/2 <1 + 115))2) i

1 1/2
—L(1—|— ) +M >0
€

v

v

thanks to the choice of e.

Third case : L = M This problem has been a mathematical challenge for some time. The solution is due
to Berkovitz (see the historical comments in Hajek’s monograph [124]).

The result is the following: the lion can get as close as he wants to the man, but the man can always
avoid the capture. In other words, capture never occurs, but the minimal distance between lion and man
becomes arbitrarily small.
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Let us show that the lion can get as close as he wants to the man. For this, we will assume to simplify
the computations that at time O the lion is at the center of the arena. His strategy will be the following:
he is going to move as fast as possible in the man’s direction while always remaining on the same radius as
him, that is, by ensuring that z(t) remains on the segment [0,y(¢)]. In polar coordinates this means that
0r(t) = Op(t) for all t. So ?lL = 6),. Since pr(t) < pap(t), the lion maximises p; under the constraint
?lL = 9/1\/[- We get

1

2

. _9 ,~/
L= |M? —pL(0))

The pair (EI, pL’) is again a “strategy”, i.e., a decision rule for the lion. Let us underline that it now depends
on his opponent’s speed.

Let us check that the distance between the lion and the man goes to 0. Let us again argue by contradiction
and suppose that it is bounded from below by a positive constant € > 0. Then

pM(t)ZpL(t)-i-E Vi>0.
Note that
(p() + L] < par ()04 (8)] < M

so that

1

Pt = a2 = 2 @] 2 [M? -

P2M? 1% Me
“1+4e€

—_— >
(e+pL)?

since 0 < ppr(t) < 1. But the above inequality implies that p is increasing with a speed not smaller than
Me/(1 + €), which contradicts the fact that pas(¢) < 1. O

Let us finally show that the man can avoid the capture. In order to make our life simpler we are going
to assume that the lion plays the strategy described above, the general case being much more involved.

Without loss of generality (why ?) we can assume that the man’s initial position is in the interior of the
arena ( ppr(0) € (0,1)). Then he is going to spiral up to the boundary. More precisely he plays

Nl

Ohr = M2 (2 ;;M> and plyy = (M — (par63)?)

This choice is possible because
M — (pmbyr)? = M(1 = 2par + p3y) = M(1 = par)?
which gives pf; = M2 (1 — pp;) and so
VE >0, par(t) =1 — (1= par(0))e VM
Let us now check that the capture does not occur in finite time: we have

Ly(t) — 2(t)] = L(pa(t) — pr(t)) = phy(t) = pl(t) ) )
(M = (pm03)%)? — (M — (pL03)?)?
=002 (0ar — L)/ [P (8) + 07, (1)

> =2(00)*(pm — pr) /120 ()]
> —(04)2" ™ (par — pr)/ (1 = pas(0))
Gronwall’s Lemma then implies that pa(t) — pr(t) > 0 for all ¢ > 0. O

The above approach is very naive: indeed we did not define rigourously the problem, nor what kind of
strategies the player are allowed to play. We have argued as if the order in which the players play did not
influence the solution, etc... One of the aims of differential game theory is to make rigourous the analysis
of such games. However, in order to better understand the difficulties, it is convenient to start with a more
computational aspect of the theory: Isaacs approach.
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1.2 A verification theorem for pursuit-evasion games

In this section we start the analysis of two-player zero-sum differential games by presenting some ideas due to
Isaacs and his followers. Although most of these ideas rely on regularity assumptions (on the value function)
that do not hold in general, they shed a precious light on the problem by revealing—in an idealized and
simplified framework—many phenomena that will be encountered in a more technical setting throughout the
other chapters. Another interesting aspect of these techniques is that they allow to solve explicitely several
games, in contrast with the subsequent theories which are mainly concerned with theoretical issues.

We restrict ourselves to present the very basic aspects of this theory, a deeper analysis exceeding largely
the scope of these notes. The interested reader can find significant developments in the monographs by
Isaacs himself [133], Blaqui¢re, Gérard and Leitman [35], Bagsar and Olsder [15], Bernhard [40], Lewin [151]
and Melikyan [162].

1.2.1 A general framework

A pursuit-evasion differential game is given by a dynamics and a target: the dynamics is an (ordinary)
differential equation controlled by two controllers:

X{ = [(X¢,ug,v)

where u; belongs for any ¢ to some control set U and is chosen at each time by the first Player and v; belongs
to some control set V and is chosen by the second Player. The state of the system X, lies in RV and we
will always assume that f : RV x U x V — R¥ is smooth and bounded, so that the solution of the above
differential equation will be defined on [0, +00).

The target C is a subset of RV, In the pursuit-evasion game we investigate a game in which the first
Player tries to maintain the state of the system as long as possible outside of the target C' while the second
Player aims at reaching C' as soon as possible.

We now have to explain the nature of information the Players are allowed to use in order to choose
their control all along the play. This is our first attempt to rigourously formalize the fondamental notion of
strategies.

Definition 1.1 (Feedback strategies) A feedback strategy for the first Player (resp. for the second Player)
is a map 4 : RT x RN = U (resp. v:RT xRN = V).

This means that each Player chooses at each time ¢ its control as a function of ¢ and of the current
position of the system. As will be extensively explained later on, other definitions of strategies are possible
(and in fact more appropriate to prove existence of the value).

The main issue here is that, given two arbitrary strategies @ : Rt x RV — U and v : Rt x RN — V and
an initial position zo € RV, the system

X! = f(X,,a(t, X,), 5(t, X0)
(1.3) { O,

does not necessarily have a solution. Hence we have to restrict the choice of strategies for the Players.
Definition 1.2 A pair (U, V) of sets of strategies is admissible if:
1. all the Lebesque measurable maps u : [0, +o0o[— U (resp. v : [0, +00[— V) belong to U (resp. V).
2. for any pair (u,v) of (U,V) and any initial position xq, equation (1.8) has a unique solution.
3. (concatenation property) if uy and o belong to U, then for any time T > 0 the strategy usz defined by
as(t,x) = a1 (t,x) if t € [0, 7] and us(t, ) = Ua(t, ) otherwise
also belongs to U (and symmetrically for V).

4. (shift property) if u belongs to U and 7 > 0, then u1(t,z) = @(t+7,x) belongs to U (and symmetrically
for V).
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Notation: From now on we fix a given admissble pair U x V of set of strategies. For any (u,v) € U xV
we denote by X;"" the unique solution of (1.3).

Let us explain what means reaching the target: for given a trajectory X : [0, +00) — R¥ let
Oc(X):=inf{t >0| X, € C}.
We set 0c(X) := +oo if X; ¢ C for all t > 0. For 29 ¢ C, 4 € U and ¥ € V we define
T (w0, 1, 1) = B (X™057) .
Definition 1.3 For a fived admissible pair (U, V) of sets of strategies the lower value function is given by

V™ (z) := sup inf J(xo,d,?)
acU veV

while the upper value function is

V1 (20) := inf sup J(xo,u, )
veV geU

We say that the game has a value if VT = V™. In this case we say that the map V := VT =V~ is the
value of the game. We say that a strategy u* € U (resp. v* € V') is optimal for the first Player (resp. the
second Player) if

V™ (z9) = jlel‘f/J(xo, ", v) (resp. VT (zg) := supgep J (20, @, 0%))

Let us note that upper and lower value functions a priori depend on the admissible sets of strategies
(U, V). In fact, with this definition of value function, the existence of a value is completely open. This is
the reason why we will be forced to give up this approach to obtain a more general result. However we shall
now see that it is nevertheless useful to understand some basic facts on the problem.

1.2.2 A verification Theorem

The following verification Theorem—Ilargely due to Isaacs—allows to show that a given function is indeed
the value function of the game. For this, it will be enough to check that this (supposedly smooth) function
is the solution of a Partial Differential Equation (P.D.E.) called Hamilton-Jacobi-Isaacs equation (in short
Isaacs’equation).

Let us associate with the dynamics of the game

X/(t) = f(Xtv Ut, Ut)
two functions called Hamiltonians of the system:

H™(x,p) = sup inf (p, f(z,u,v)) and H* (z,p) := inf sup(p, f(z,u,v)) .
welU VEV veV ueU

Obviously
H™ (z,p) < H'(z,p)  Y(z,p) e RV xRV,

We work here under Isaacs’condition, which suppose the equality between these two quantities:
(1.4) H™(z,p) = H(z,p)  V(z,p) e RV xRV,

In this case we set
H(z,p) = H (x,p) = H" (z,p) .

Let us recall that the argument of an optimization problem is the set of optimizers (if any) of this problem. Let
us denote by 4(z, p) and 9(zx, p) elements of arg max,, ¢y mi‘r}(p, f(z,u,v)) and of arg min, v maéi(p, flz,u,v)):
ve ue

a(x,p) € arg max, c;; mi‘I}(p,f(m,u,v)) and  0(z,p) € arg min, oy magc(pj(m,u,v)) V(z,p) .
S ue
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Theorem 1.4 (Verification Theorem) Let us assume that the target is closed and that Isaacs’condition
(1.4) holds. Suppose that there is a nonnegative map V : RN — R, continuous on RN and of class C* over
RM\C, with V(z) =0 on C and satisfying the Isaacs’equation:

(1.5) H(z,DV(z))+1=0 VxecRV\C.

Let us furthermore assume that the maps r — u*(x) := u(x, DV (x)) and x — v*(x) := v(x, DV (x)) belong
to U and V respectively.

Then the game has a value and V is the value of the game. Moreover the strategies u*(x) and v*(x) are
optimal, in the sense that

for all z € RN\C.

This result is quite striking since it reduces the resolution of the game to that of a P.D.E. and furthermore
provides in the same time the optimal feedbacks of the players. Unfortunately it is of limited interest because
the value function is very seldom smooth enough for this result to apply. In fact Isaacs’ theory is mainly
concerned with the singularities of the value function, i.e., the set of points where the value function fails to
be either continuous, or differentiable.

The reverse result also holds true: if the game has a value and if this value has the regularity described
in the Theorem, then it satisfies Isaacs’ equation (1.5). This statement shall be proved, under much more
general conditions, in a subsequent chapter.

Proof: Let us fix g € RY. We first show that
sup J (20,4, 0") < V(o) .

*

For this, let @ € U and let us set X; = X*0%% and 7 := J(x¢, @, v*). Then, for any ¢ € [0,7), we have
%V(Xt) <DV(Xt)’f(Xha(tht)’ﬁ*(Xt)»

maXuEU<DV(Xt)a f(Xt7 U, 5*()(t))>

H(X;,DV(X}))

-1

A

Let us integrate the above inequality between 0 and ¢t < 7. We get
V(X:) —V(xg) < —t.

Since V(X;) is nonnegative and since this inequality holds for any ¢ < 7, 7 has to be finite. For ¢t = 7, we
have V(z(7)) = 0 since X, belongs to C. So by continuity of V on RV,

V(zo) > 7= T(x0,u,0%).
One can show in the same way that V(x¢) < J(x¢,%*, ) for any v € V. Hence
J(x0,0,0") < V(zg) < J(0,0",7)

which proves that the game has a value, that this value is V and that the strategies a*(z) and v*(z) are
optimal. O

Corollary 1.5 Under the notations and assumptions of Theorem 1.4, one has
V(XPU Ty = V() —t Ve [0, V(xo)], Voo € RN\C .
Proof: Indeed

GV(Xy) = (DV(Xy), f(Xe, 0 (Xe), 0°(X0)))
H(X;,DV(X;)) = —1
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1.2.3 The Hamiltonian system

Let us now give some hints about the explicit computation of the value function V. The key idea is that
it is possible to compute V along the characteristics associated with Isaacs’ equation (1.5). This system of
ordinary differential equations is a Hamiltonian system.

Throughout this section we assume that V is as in Theorem 1.4 and of class C? in RM\C. We also
assume that the maps @(z,p) and o(z,p) are uniquely defined. Finally we suppose that the Hamiltonian
H(z,p) := H (z,p) = H*(z,p) is of class C? on RY x RY (which implies in general some regularity on f).

Theorem 1.6 Let xo € RN\C' be an initial position, u* and v* be the optimal strategies given in Theorem
(1.4) and let us set X; = X*% %" Then the pair (X, P), where P, := DV (Xy), is a solution of the
Hamiltonian system

X[ =9%(X, P)
1.6 b op
(+6) e 51X, )
on [0,V (zg)).
Remarks 1.7

1. The variable P is often called the adjoint variable of X.

2. In control theory (i.e., when f only depends on w or on v), the existence of such an adjoint is an
optimality condition for a given trajectory X. This statement is known as the Pontryagin maximum
principle.

Proof of Theorem 1.6: We first use the following Lemma, proved below:

Lemma 1.8 OH
aip(g%p) = f(.]?, ﬂ(m,p)ﬁ(xvp))

In particular X, = %—g(Xt, P;). Let us now notice that, by definition of P,

Pl = D2V(X)X! = DEV(X,)f (X0, 0 (X), 5(X0)) = D?V<Xt>%—f<xt, R).

Differentiating Isaacs’ equation (1.5), we get
OH

2 8H —
5 (@ DV (z))+ D V(a;)a—p(:c,DV(x)) =0 VzeRM\C,

from which we deduce the equation satisfied by P;. O

Proof of Lemma 1.8: Let us recall that the maximum and the minimum @(z, p) et ¥(x, p) are supposed to
be unique. Since f is continuous and U and V are compact, this easily implies that the maps (z,p) — @(z, p)
and (z,p) — 9(z, p) are continuous on RY x RY. Let ¢ € R and h > 0. We have (omitting the z variable
for simplicity)

H(p+ hq) — H(p) = (f(a(p + hq),o(p + hq)),p + hq) — (f(a(p),v(p)),p)

But
(f(a(p + hq),o(p+ hq)),p+hq) < (f(a(p+ hq),o(p)),p + hq)
while
(f(a(p),o(p));p) = (f(alp+ hq),o(p)),p),
so that

H(p+hq) — H(p) < h{f(a(p+ hq),5(p)).q) -
Dividing by h > 0 and letting h — 0T, we obtain

(DH(p),q) > (f(u(p),o(p)),q) -

The same inequality for —g leads to the opposite inequality. (Il

Let us now assume that the target is the closure of an open set with a smooth boundary: more precisely
we suppose that C = {x € RN, ¢(x) < 0} where ¢ : RY — R is a C? function such that D¢(z) # 0 whenever

o(x) =0.
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Proposition 1.9 If we assume furthermore that V is of class Ct on RN\C, then

Do(x)

Vo € 0C, H{z, D(x)) < 0et DV(x) = —promp oy

Remarks 1.10

1. The pair (X, P) in Theorem 1.6 admits for an initial condition for X: X, = x¢ and a terminal condition

Do(X
for P: Pr = —#@ where T' = V().

2. We shall see below that the condition H(z, D¢(z)) < 0 in OC' is necessary in order to ensure the value
function to be continuous in a neighborhood of 0C.

Proof of Proposition 1.9: Let y € 9C. Then V(y) = 0. Since V =0 on 9C, V has a local maximum at
y on 0C = {x € RY ; ¢(z) = 0}, so that, by the Euler-Lagrange condition, there is some A € R such that
DV (y) = AD¢(y). Now note that, since D¢(y) # 0,

¢ (y+hDo(y)) = d(y) + hDo(y)|* + o(h) = h|Dé(y)|* + o(h) > 0

for any h > 0 sufficiently small. So the point y + hD¢(y) belongs to R¥\C = {x € R, ¢(x) > 0} for h > 0
sufficiently small. Since V is positive on RV\C, this implies that

0 < V(y+hDé(y)) = V(y) + 1{De(y), DV (y)) + o(y) = hAID(y)|* + o(h) -

Dividing by h > 0 and letting h — 0™ we get A > 0.
Recall that H(x, DV (z)) = —1, so that H(x, \D¢(z)) = —1. Since H is 1—positively homogeneous with
respect to p, one gets A\ = —1/H (x, D¢(x)). O

The idea in order to compute V at some point xy could be the following: one looks at a solution to
(1.6) with limit condition X¢ = 29 and Pr = —% where T'= 0c(X). Then T = 0c(X) is a good
candidate for V().

Unfortunately such a solution does not always exist, or there might be several solutions. Moreover, even
if it exists and is unique, it does not necessarily give the right answer. This is due to the fact that the value
function is not C'—nor even continuous—in general.

In pratice one looks at all the solutions of the backward system

X =6—%—’;(Xt7Pt)
Pl =90(X,, P)

_ _ Do(
Xo=¢ P= ’H(s,D(abe))

for £ € OC and try to deduce from this the function V.

1.2.4 Usable part of the boundary and discontinuities
Usable part of the boundary

We have seen above (Proposition 1.9) that a necessary condition for the value to be of class Ct on RN\C is
that
Vo € 0C, H(x, Dp(x)) <0

where C := {z € RY | ¢(x) < 0}. This leads us to call usable part of the boundary OC the set of points
x € 0C such that H(x, Do(z)) < 0. We denote this set by UP.

Proposition 1.11 Let us assume that the game has a value V and that Isaacs’ condition (1.4) holds. If
xz € UP then
lim V =0
o ()

On the contrary, if H(xz, Dp(x)) > 0, then

37 >0, Ir > 0, such that, if |y — x| <randy ¢ C, then V(y) > 7
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Remarks 1.12

1. The Proposition states that the second Player (which plays with v) can ensure an almost immediate
capture in a neighborhood of the points of UP.

2. On the contrary, in a neighborhood of a point # € 9C such that H(z, D¢(z)) > 0 holds, the first
Player can postpone the capture at least for a positive time.

3. What happens at points « € dC such that H(z, Dé(x)) = 0 is much more intricate. The set of such
points—improperly called Boundary of the Usable Part (BUP)—plays a central role in the computation
of the boundary of the domain of the value function.

Proof of Proposition 1.11: If x € UP then, from the definition of H,

H(a:,D(b(x)) = Jgg 51618<f($7u’ U)7 D¢(l‘)> <0

and thus there are 8 > 0, vg € V such that, for any v € U,
(f(z,u,v0), Dé(x))) < —26.
By continuity, there is some 7’ > 0 with
Vy € B(z,r'), Yu € U, (f(y,u,v0), Dd(y)) < —6.

respectively. Let r €

Let M be an upper bound of |f| and of |D¢| on B(z,r’) x U x V and B(z,1’)
x) = 0 and ¢ is M —Lipschitz

(0, (7"0)/(M? + 0)) (note that » < r’). Then ¢(y) < rM in B(z,r) because ¢(
continuous.

Let us now fix y € B(z,7)\C and @ € U a strategy for the first Player. Let us set X; = X", where
¥ := wo (constant strategy). Then X; € B(x,r’) for t € [0, (+' — r)/M] since |2'(¢)] < M. On this interval

one has d
%Gb(Xt) = (Do(Xy), f( Xy, ul(t, Xt),v0)) < —0
So

P(Xt) < ¢(z) — 0t < Mr — 0t .
For ¢ = Mr/0 (such a ¢ belongs to [0, (r' — r)/M] by the choice of ), this implies that ¢(X;) < 0. Hence
J(y,u,70) < Mr/6. So, for any y € B(z,r)

V(y) < sup J(y,a,0) < Mr/f,
aclU

which shows that lim,_,, ,¢c V(y) = 0 since r is arbitrary.

If H(xz, D¢(x)) > 0, one can do similar estimates with a constant strategy @ := ug for Player 1, where
ug € U is such that

JIel‘f/<f(I'7uO7U),D¢(‘T)> > 0.

Discontinuities

We now investigate what happens at points of discontinuity of the value function.

Proposition 1.13 Let us still assume that the game has a value V and that Isaacs’ condition (1.4) holds.
Let x ¢ C and r > 0 such that B(x,r) C RN\C. Let us assume that there are two maps V1 and V of class
C! in B(x,r) and a map ¢ : RN — R such that

a) Vy € B(z,r), if ¥(y) =0, then Dy(y) # 0.
b)Yy € B(z,r), if ¥(y) > 0, then V(y) = V1(y).
¢) Yy € B(xz,r), if ¥(y) <0, then V(y) = Va(y).
d) Yy € B(z,r), if ¥(y) =0, then V1(y) > Va(y).
Then

H(z, Dy(x)) = 0.
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Remarks 1.14

1. The set {x | ¥(x) = 0} is called a semi-permeable surface or barrier for the game. One can show that
each player can prevent the other one from crossing the barrier in one direction.

2. Equation H(z, Dy(x)) = 0 is also called Isaacs’ equation. It is a geometric equation, in the sense
that one is interested not in the solution 1 itself, but in the set {¢(z) = 0}. Since H is 1—positively
homogeneous, if 9 is a solution, then so is # o ¢ for any smooth nondecreasing map 6 : R — R.

3. An important particular application of the Proposition concerns the domain of the value function (i.e.,
the set dom(V) := {z | V(z) < +o0}). If the boundary of the domain is smooth, then it satisfies
Isaacs’ equation.

4. If 1 satisfies Isaacs’ equation, then the set {x € RN ; ¢(z) = 0} is invariant for the solution of (1.6)
in the following sense: the solution (X, P) of (1.6) with initial conditions X¢ = = and Py = Dy(z)
satisfies ¢ (X;) = 0 pour tout ¢ > 0 small.

Proof of Proposition 1.13: Up to reducing r if necessary, we can assume that there is 7 > 0 such that

(1.7) inf  Vi(y) > sup Va(y)+n
y€B(z,r) yEB(z,r)

Let M be an upper bound of | f| and |Dv| on B(x,r). Let us argue by contradiction by assuming for instance
that H(x, Dy(z)) > 0. Then there is ug € U and 6 > 0 such that

<f(ZL',U0,’U),D1,ZJ($)> > 26 YoeV.
By continuity we can find v’ € (0,7) such that
<f(y»UO,U)»D1/)(y)> 20 VyEB(x,r’), Yoe V.

As in the proof of Proposition 1.11, we can then show that there is a ball B(z,r"”) (for some 0 < " < 1’)
such that, if y € B(z, ") with ¢(y) < 0, then there is a time t* < Mr" /0 such that ¢(X/2""") > 0, where
1o := ug and U € V is any strategy of Player 2.

Let now #* be an optimal strategy for Player 2 when starting from a reference point yo € B(z,r")
with ¥(yo) < 0. Let X; = X,;”O’”“’T’*. Then there is a time t* € (0, Mr"”/#) such that (X;+) > 0 and
y* := X, € B(z,r). Let now u; be an e—optimal response to the strategy v*(- + t*,-). By definition of the
value one has

Ty u, 07 (- +17) 2 V(") —e=Vi(y") —e.
Let us now define the new control u by u(t) = ug on [0,¢*) and u(t) = u1(¢t) on [t*, +00). Then
V(yo) = Va(yo) = T (yo, u, ") = T (y", ur, 07 (- +t7,)) =" = Vi(y") —e — Mr" /0

which yields to a contradiction with (1.7) if we choose € and r” small enough. O

1.2.5 Some classical differential games

We complete this section by introducing other classes of two-player zero-sum differential that are classicaly
studied in the literature.

Bolza problem

Bolza problem is a problem with finite horizon: the game ends up at some fixed terminal time denoted here 7T'.
Let us fix an admissible pair (U, V) of feedback strategies. Given an initial condition (to, zo) € [0,7] x RN a
strategy u € U for the first Player and a strategy v € V for the second player, the payoff is given by

T
T (to, 70, 7, 7) ::/t 0(s, X, (s, Xs), (5, Xs))ds + g(a(T))
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where X is the unique solution to the following differential equation

{ X| = f( Xy, u(t, Xe),0(t, Xy))

(1.8) AN

We assume that £ : [0,T] x RN x U x V — R and g : RY — R are smooth and bounded. The first Player
minimizes the payoff while the second Player maximises it. This leads to the definition of the value functions:
Upper value function:
V™ (tg, z0) := inf sup J(to, zo,a, 0)
ael pev
Lower value function:
\A (t07 1’0) ‘= sup 1n£ J(t()y 2o, U, 1_))
sev el

Isaacs’ condition takes the form:

uel yev veV uel

for any (t,z,p) € [0,T] x RY x RN, We assume that there exists (¢, z,p) and 9(t, 2, p) such that

H(t,z,p) = sup {e(t,z,alt, 2, p),v) + (p, f(z, 4(t, 2, p),0))} = inf {€(t,2,u,0(¢,2,p)) + {p, f(2,4,9(t 2, )} -
v

Exercice 1.1 (Verification Theorem) Show that if V is a C' function on (0,T) x RY, continuous on

[0, T] x RN, which satisfies the terminal condition V(T,x) = g(z) and the Hamilton-Jacobi-Isaacs equation:

oV (t,x)+ H(t,z,DV(t,2)) =0  Vz e (0,T) x RV,

and if, furthermore the maps u*(t,r) := u(t,z, DV (t,x)) and v*(t,z) := o(t,x, DV (t,x)) belong to U and
V' respectively, the game has a value which is V.
Show that in this case the strategies u*(t,xz) and v*(t,x) are optimal for the Players.

Mayer problem is a particular case of Bolza problem in which ¢ = 0.

Exercice 1.2 Let us suppose that the assumption of the previous exercise hold and that £ = 0. Show that
the value function V is constant along trajectories when the players play their optimal strategies.

Infinite horizon problem

In this problem we are again dealing with an integral cost, but the horizon is now infinite. In order for the
payoff to be well-defined we need to introduce a discount factor A > 0 which indicates that a payoff today is
more interesting than a payoff tomorrow.

Let us fix an admissible pair (U, V) of feedback strategies. Given an initial condition 2y € RY, a strategy
@ € U for the first Player and a strategy v € V for the second player, the outcome of the game is given by

+oo
j(x07aa@) = / ei)\tE(Xtaa(t7Xt)a{}(taXt))dt
0

where X is the unique solution to (1.8) with initial condition (0,z¢). We assume that £: RY x U x V — R
is smooth and bounded. Here again the first player minimizes while the second player maximizes.
Upper value function:

V+(J}0) = lnf; sup j(ZOaaa 17)
aeU eV

Lower value function:

V™ (z) := sup inf J(xg,d,?)
eV uel

In this game Isaacs’ condition takes the form

H(z,p) = inf sup {L(z,u,v) + (p, f(z,u,v))} sup inf {L(z,u,v)+ (p, f(z,u,v))}
uel yev veV uel

for any (z,p) € RN x RY. Note that the upper and lower value functions are bounded in R¥.
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Exercice 1.3 State and prove a verification Theorem for this game.
Indications :
i) The Hamilton-Jacobi-Isaacs’ equation for this game is

AV (z)+ H(z,DV(z)) =0

ii) There is no terminal condition for the value function. To overcome this difficulty, it is natural to
assume that the candidate value function is bounded.
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Chapter 2

Strategies

In this chapter we introduce the different notions of strategies used in this notes. Since in the sequel we
shall mainly work in the framework of nonanticipative strategies and of nonanticipative strategies with delay,
the reader can first restrict his lecture to the first section, which is devoted to these notions. Some more
refined notions of strategies are used when working outside of Isaacs’ condition, or for differential games with
incomplete information.

In order to fix the ideas, we mainly work in the framework of a two-player differential game and for
bounded controls. The extension to other frameworks is straightforward in general.

We aim at formalizing the fact that the players play in continuous time and observe eachother contin-
uously. This is not an easy task and, actually, no completely satisfactory definition has been found up to
now.

2.1 Nonanticipative and delay strategies

Let U and V be metric spaces and —oo < tg < t1 < +oo. We denote by U(tg,t1) the set of bounded,
Lebesgue measurable maps u : [to,t1] — U. We set U(to) := U(to, +00) (or, if the game has a fixed horizon
T, U(ty) :=U(to, T)). Elements of U(to) are called the open loop controls played by Player 1. Symetrically let
us denote by V(to,t1) the set of bounded Lebesgue measurable maps v : [tg, t1] — V. We will systematically
call Player 1 the player playing with the control u and Player 2 the player playing with the control v. If
uy,us € U(tg) and t; > tg, we write u1 = ug on [tg,t1] whenever u; and us coincide almost everywhere on

[to, t1].

A strategy for Player 1 is a map « from V(to) to U(tp). This means that Player 1 answers to each control
v € V(to) of Player 2 by a control u = a(v) € U(ty). However since we wish to formalize the fact that no
player can guess in advance the future behaviour of the other player, we have to require that such a map «
is nonanticipative.

Definition 2.1 (Nonanticipative strategy) A4 map a: V(tg) — U(to) is nonanticipative if, for any time
t1 > to and any controls vi,ve € V(tg) such that vy = vy almost everywhere in [to, t1] we have a(v1) = a(va)
almost everywhere in [to, t1].

We denote by A(ty) the set of Player 1’s nonanticipative strategies « : V(t9) — U(tp). In a symmetric
way we denote by B(tg) the set of Player 2’s nonanticipative strategies, which are the nonanticipative maps

,6 : U(to) — V(to).

In order to put the game under normal form, one should be able to say that, for any pair of nonanticipative
strategies (, 8) € A(tg) X B(tg) there is a unique pair of controls (u,v) € U(tg) X V(tg) such that

a(v) =wvand B(u) =v .
The pair (u,v) would be the natural answer of the players to the strategies («, 8). Unfortunately this is not

possible, as shows exercice 2.2. For this reason we are lead to introduce a more restrictive notion of strategy,
the nonanticipative strategies with delay.

19
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Definition 2.2 (Delay strategies) A nonanticipative strategy with delay (in short delay strategy) for Player
1is a map a : V(tg) — U(to) for which there is a delay T > 0 such that, for any two controls vi,ve € V(o)
and for any t > to, if v1 = vy on [to,t], then a(vy) = a(ve) on [to,t + 7].

In particular, the restriction of a(v) to the interval [tg, ¢+ 7] is independent of v because any two controls
v1,v2 € V(to) coincide almost everywhere on [to, to].

We also note that delay strategies are nonanticipative strategies, but the converse is false in general. For
instance, if 0 : V' — U is Borel measurable, then the map

a(v)(t) = a(v(t)) Yt € [to, +00), Yv € V(to)

is a nonanticipative strategy but not a delay strategy, unless o is constant.
We denote by Ag(to) (resp. Ba(to)) the set of delay strategies for Player 1 (resp. Player 2).

The key property of delay strategies is given in the following Lemma:

Lemma 2.3 Let o € A(tg) and B € B(tp). Assume that either « or 8 is a delay strategy. Then there is a
unique pair of controls (u,v) € U(ty) x V(to) such that

a(v) =uand B(u) =v almost everywhere in [tg, +00) .

Proof : Let us assume to fix the ideas that « is a delay strategy. Let 7 be the associated delay.

We first claim that, for any integer k > 1, there is a unique pair of Lebesgue measurable maps (ug, vx) :
[to, to + k7] — U x V such that a(vr) = ux and B(u) = vy, on [tg, to + k7]. We prove the claim by induction.

For k = 1, let us pick any control v € V(ty) and set u; = a(v) and v1 = B(u1). Since « is a delay strategy,
we know that the restriction of a(v) to [to,to + 7] is independent of v, so that a(vi) = a(v) = u; almost
everywhere on [tg,to 4+ 7]. So the property holds for k = 1.

Let us now assume that the result holds for some k > 1: there is a unique pair (ux, vx) € U(to) x V(tg) such
that a(vg) = ug and S(ux) = vg a.e. on [tg, to + k7]. We extend uy, and vy in arbitrary controls on [tg, +00).
Let us now set ug+1 = a(vg) and vgr1 = B(ugs1) on [to, +00). Then from our construction ugy1 = ug a.e.
on [tg,to + k7]. Since (3 is a nonanticipative strategy, this implies that vy = B(ug) = B(ug+1) = Vk41 a.e. on
[to, to + k7]. But « is a delay strategy and therefore up41 = a(vg) = a(vky1) a.e. on [tg, to+ (k+ 1)7]. This
completes the proof of the claim by induction.

By construction the pair (ug,vg) is unique. Hence, if I < k, we have

(uk,vk) = (ul,vl) a.e. on [to,to + ZT] .

So, if we set
(u,v) = (ug, vg) on [tg,tg+ k7]

the pair (u,v) satisfies the desired property. a

2.2 Random strategies

As before we fix (U,dy) and (V,dy) two compact metric spaces. Let us endow U(ty) with the topology of
the L}, convergence: we say that a sequence (u,) of controls in U(ty) converges to some control u € U(ty) if

n——+o0o

T
lim / du (un (), u(®)dt =0 YT > 0.
0

In the same way we endow V(to) with the topology of the L} . convergence.

We now introduce the notions of random strategies. Let us fix a nonempty set S of probability spaces.
It is the set where the players are going to find random variables in order to randomize their strategies. In
practice S has to be “large”: for instance

S ={([0,1]", B([0,1]™), L"), for some n € N*} |

where B([0,1]™) is the class of Borel sets and L™ is the Lebesgue measure on R™.
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Definition 2.4 (Random delay strategies) A random delay strategy (in short, a “random strategy”)
for Player 1 is a pair ((Qa, Fao,Po), ), where (o, Fa,Py) belongs to the set of probability spaces S and
a:Qy x V(tg) — U(to) satisfies

(i) o is a measurable map from Qq x V(to) to U(to), with Qo endowed with the o—field F,, and U(ty) and
V(to) with the Borel o—field associated with the L}, topology,

(i) there is a delay T > 0 such that, for any v1,va € V(tg), any t > ty, and any w € §,,
v] = v on [tg,t] = a(w,v1) = a(w,vs) on [te,t+ 7] .

We denote by A, (tg) the set of random delay strategies for Player 1. By abuse of notations, an element
of A,.(to) is simply noted a—instead of ((Q4, Fa,Pa), @)—, the underlying probability space being always
denoted by (Qa, Fa, Pa).

Random delay strategies for Player 2 are defined symmetrically: a random strategy is a map 3 : Qg X
U(to) — V(to), where (23, Fp,Pz) belongs to S, which satisfies the conditions:

(i) B is measurable from Qg x U(ty) to V(to),
(ii) there is a delay 7 > 0 such that, for any u1,us € U(to), any ¢t > to and any w € Qg,
up = ug on [tg,t] = Bw,u1) = B(w,uz) on [tg,t + 7] .

The set of random delay strategies for Player 2 is denoted by B, (). Elements of B,.(t) are denoted simply
by 3, and the underlying probability space by (3, Fg,P3).

Lemma 2.5 For any pair (o, B) € A, (to) X Br(to) and any w := (w1,w2) € Qo X Qg, there is a unique pair
(uw, vw) € U(tg) x V(tg), such that

(2.1) a(wy,v,) = Uy, and Blwe, uy,) = v, -

Furthermore the map w — (uy, Vo) is measurable from Q. x Qg endowed with F, ® Fp into U(to) x V(to)
endowed with the Borel o—field associated with the Llloc topology.

Proof : Let us prove simultaneously the existence, uniqueness and measurability of w — (u,,, ). Without
loss of generality we assume that the strategies o and 8 have the same associated delay 7 > 0. As for Lemma
2.3, we argue by induction to prove that the map w — (uy,, v.,)| | from Qq xQp into L([to,t+n7],UxV)
is well-defined and measurable.

Let us start with n = 1. Let us fix @ and ¢ in U(tp) and V(tp). Since a(wi,-) and B(ws,-) have
a delay 7, the restrictions of a(w;,?) and S(wa, @) to [to,to + 7] do not depend on @& and ©. Hence we
set (uy,vy) = (a(w,d), B(w,4)) in [tg, to + 7], which uniquely defines (u,,,v,,) on this interval. In order to
prove the measurability of the map w — (uy,v,), it is enough to show that, for any Borel subsets By and
Bs of U(to,to + 7) and V(tg,to + 7), the set

[to,t+nT

={w € Qq x Qg | (Uy, V) € By x By}

lito.to+7]

is measurable. This is indeed the case because

Q:{w1 € Q. |O¢(W1,ﬁ) 1 EBl}X{LUQEfzg |ﬁ(w2,12)‘ ! EBQ},

which is measurable since o and 3 are measurable. So the result holds true for n = 1.

Let us now assume that w — (U, V), 040 Tom Qo x Qg into LY([to, to + n7]) is well-defined and
measurable, and let us show that this still holds true for n 4 1. Let us fix again @ and o in U(to) and V(to).
For any (u,v) € U(to, to+nT) X V(tg, to+nT), we denote by @ and ¢ the maps equal to u and v on [tg, tg+n7]
and to @ and ¢ on [t,,T]. Note that (u,v) — (@,d) is continuous from L' to L!. We extend (uy,v,) to
[to, to + (n + 1)7] by setting (uw,vw) = (a(wi,vy), B(w2,uy)) on [tg,tg + (n + 1)7]. Since o and B have
a delay 7, this extension is unique and does not depend on the choice of 4 and ©. In order to prove the
measurability of the map w — (uw,vw)“tmmH"HM, it is again enough to show that, for any Borel subsets
By and By of U(tg,to + (n+ 1)7) and V(tg,tg + (n + 1)7), the set

Q= {w € Q x Qg | (uw,v)

[1tg,to+r [to.to+T

631 XBQ}

[tg,to+(n+1)T)
is measurable. This is indeed the case because {2 is the preimage of the set B; x By by the map w —
(a(wi1, V), B(w2, Uy)) which is measurable as the composition of the mesurable maps w — (uy,, Vo))
the map (u,v) — (@, ) and the maps « and .

[tg,to+nT]’
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2.3 Exercises

Exercice 2.1 Let f : [0,+00) x RY x U x V. — R¥ be continuous in all its variables and uniformly
Lipschitz continuous with respect to the space variable x. Let us fix an initial condition xy and let @ :
[0,+00) x RN x V — U be a Borel measurable map which is also uniformly Lipschitz continuous with
respect to the space variable z. For any control v € V(tp) let XV be the unique solution to the diffential
equation
{ Xé = f(t,Xt, ﬂ(t,Xt, Ut),Ut) t Z 0
th = Xo

Then we set a: V(tg) — U(to) by
a(v)(t) = a(t, X{,ve) Vv € V(to) -
Show that « is nonanticipative.
Exercice 2.2 Assume that U =V = [-1,1].
1. Let (a, 8) be the pair of nonanticipative strategies defined by:
a(v)(t) = v(t) and B(u)(t) = u(t) for a.e. t > to, Y(u,v) € U(to) x V(to) .
Show that there is infinitely many pairs of controls (u,v) € U(tg) x V(tp) such that

a(v) =wvand B(u) =v a.e. in [tg, +00) .

2. If now we define a and 8 by
(2.2) a(v)(t) = —v(t) and B(u)(t) = sgn(u(t)) for a.e. t > tg, V(u,v) € U(tg) x V(to) ,

(where sgn(s) = 1 if s > 0 and —1 otherwise), show that there is no pair (u,v) € U(ty) x V(to) for
which (2.2) holds.

Exercice 2.3 Let 8 € B(to), t1 > to and ug € U(tp) be fixed. Show that the map 51 : U(to) — V(to) defined
by
Bu(w)(t) = Bo(@)(t) where & — { "0 0 lfo-1)
! 0 u on [t;,+00) Vit € [t1, +00), Yu € U(t1) ,

is a nonanticipative strategy on [t1, +00).

2.4 Comments

Nonanticipative strategies were introduced by Varaiya [208], Roxin [184], Elliott-Kalton [92, 93]. They were
extensively used in the viscosity solution approach of differential games and, in particular, in the seminal
work by Evans-Souganidis [96]. Throughout these notes we prefer to work with the notion of delay strategies,
which allows to put the game in the so-called normal form.



Chapter 3

Zerosum differential games: viscosity
solution approach

This chapter is devoted to the analysis of two-player, zero-sum differential games. The main issue is to
prove the existence of a value for such games and to characterize it as the unique solution of some partial
differential equation, the Hamilton-Jacobi-Isaacs equation.

We start with a finite horizon problem, called Bolza problem, for which we explain the proof of the
existence of a value in a rather simple framework. This leads us to introduce the notion of viscosity solution
for Hamilton-Jacobi equations, notion that we discuss in some details in the second section. Then we give
some “explicit solution” of the Bolza problem, and complete the chapter by the analysis of an infinite horizon
problem.

3.1 Bolza problem

We start with the analysis of Bolza problem, which is a game with a finite horizon (the game ends at some
fixed time T'), where the payoffs of the players consists in a running payoff and a terminal one.

3.1.1 Definition of the value functions

Throughout the chapter, we denote by 7" > 0 the finite horizon of the game, i.e., the time at which the game
ends.

Dynamics: For a fixed initial position (to,20) € [0,T] x R we consider the differential equation
(3.1) X = f(t, X, ut, vt) t € [to, T
Xto = o

Throughout this section, we assume that

(i) U and V are compact metric spaces,
(i) the map f:[0,T] x RN x U x V is bounded and continuous in all its variables
(3.2) (#91)  f is uniformly Lipschitz continuous with respect to the space variable:
7t 2,u,0) — f(ty,0,0)] < Lip(flz - y]
V(t,z,y,u,v) €[0,T] x RN x RN x U x V

The Lebesgue measurable maps u : [tg,T] — U and v : [tg, T] — V are the controls played by the first and
the second Player respectively. We denote by U(ty) the set of Lebesgue measurable controls w : [tg, +00) = U
of the first Player and by V(tg) the set of Lebesgue measurable controls v : [tg, +00) — V of the second
Player. For any pair (u,v) € U(tg) x V(to), equation (3.1) has a unique solution, denoted X?to:%o:%:v,

Payoffs: The payoff of the players depends on a running payoff £ : [0,7] x RY x U x V' — R and on a
terminal payoff g : RV — R. Namely, if the players play the controls (u,v) € U(tg) x V(to), then the cost
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24 CHAPTER 3. ZEROSUM DIFFERENTIAL GAMES

the first Player is trying to minimize (it is a payoff for the second Player who is maximizing) is given by
T
J (to, zo, u,v) = g(S,X‘zO’%’u’U,US,Us)ds _’_g(X;o,a:o,u,v) .
to

Throughout this section we assume that

(i) ¢:RY — R is bounded and Lipschitz continuous,
(3.3) (ii) €:]0,T) x RN x U x V — R is continuous, bounded
and Lipschitz continuous with respect to the x variable.

We denote by Lip(¢) and Lip(g) the Lipschitz constants.

Strategies: In Chapter 2 we have defined a delay strategy for the first Player as a map a : V(to) — U(to)
for which there is a delay 7 such that for any two controls vy, vy € V(to) and for any ¢ € [tg, T, if v1 = vy in
[to, t], then a(v1) = a(va) in [t, (t+7) AT]. The set of strategies for the first Player are denoted by A, (o).
Delay strategies for the second Player are defined in a symmetric way and the set of those strategies is
denoted by By(to). Following Lemma 2.3, we shall systematically use the fact that if («, 8) € Aq(to) x Ba(to)
is a pair of strategies, then there is a unique pair of controls (u,v) € U(ty) x V(o) such that

(3.4) a(v) =uand f(u) =v a.e. in [to, T .

In particular we always use the notation (as, 8s) for (us,vs) and X% *F for X10:%0:%? The payoff asso-
ciated to the two strategies («, 5) € Aq(to) x Ba(to) is given by

T
j(t(),l'o,Oé,ﬂ) = / E(S7X£U’ona’ﬁaa87ﬂs)d5 + g(X;?’ﬁo’a’ﬂ) .
to

Definition 3.1 (Value functions) The upper value function is given by

(3.5) V*(tg,z0) ;== inf sup J(to, o, , B)
a€Aa(to) BeBa(to)

while the lower value function is

(36) V_(to,fﬂo) ‘= Ssup inf j(twaOvavﬁ) .
BEBa(to) *EAa(to)

Remark 3.2 Obviously, the following inequality always holds:

V= (to,z0) < VT (to,z0)  Y(to,z0) € [0,T] x RY .
So the key point is to prove the reverse one and to characterize the value V' =V,
Lemma 3.3 (Equivalent definition of the value functions) We have

V*(to,z0) = inf sup T (to, 30, a(v),0)
a€Aq(to) yeV(ty)

and

Vi(t()vzo) = sup inf j(t07x07u7ﬂ(u))
BEB,(to) wEU(to)

Proof : Let us check for instance the first equality. Obviously

V*(tg,x0) > inf sup J(to, zo, a(v),v)
a€Aa(to) veV(ty)

because V(tg) C By(to). We also know that for any («, 5) € Aq(to) x Ba(to), there is a unique pair of controls
(u,v) € U(tg) x V(to) for which (3.4) holds. Then

J(to,xo,ChB) = J(to,xo,a('l)),’l}) S sup j(t07m0,a(v/),v') .
v’ €V(to)

Hence

sup  J(to,zo,a, ) < sup T (to,zo, a(v"),v") .
BEB4(to) v’ €V(to)

Taking the infimum over a € A4(tp) completes the proof. O
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3.1.2 Dynamic programming property and regularity of the value functions

The aim of this section is to prove some fundamental estimates for the value functions. For this we concentrate
on the upper value. We can do so without loss of generality because

(=V7)(to, o) = inf sup (=J(to, 0,0, 3)) ,
BEBa(to) acAq(to)

which means that the map (—V ™) can be seen as an upper value for the game with running payoff —¢,
terminal payoff —g, and where the first Player is maximizing while the second Player is minimizing. Hence
any result for VT directly translates into a result for (—=V ™), and so for V.

Dynamic programming property
The main result of this section is the following Theorem:

Theorem 3.4 (Dynamic programming) Let (to,z0) € [0,T) x RN and h € (0,T —to). Then

to+h
61V = s [t x s i v g )
o ve 0

Before proving the result we need some preliminary remarks. The first one is a easy statement which is
used throughout these notes:

Lemma 3.5 Let A and B be some sets and let f,g: A x B — R be two maps. Let us assume that there is
a constant k > 0 such that
sup |f(a,b) —g(a,b)| <k.

acA, beB
Then
3.8 inf su a,b) — inf supg(a,b)| <k,
(3.8) aeAbegf( ) aeAbegg( )

as soon as one of the two inf sup is finite.

Proof : Indeed, if for instance inf,c 4 supycp f(a,b) is finite, then, since
fla,b) < g(a,b) +k Yaec A, be B,

we get, by taking the sup, and then the inf, in the above inequality,

inf sup f(a,b) < 1nf supg(a,b) +k .
a€ApeB ApeB

The reverse statement

inf sup f(a,b) > inf supg(a,b) — k
a€ApeB a€Apep

can be proved in the same way, so that inf,c 4 sup,c g g(a,b) is finite and (3.8) holds. O
The next remark deals with the space regularity of the value functions. We shall see later that the value

functions are also Lipschitz continuous in time.

Lemma 3.6 The map V1 is Lipschitz continuous with respect to the x variable uniformly in the time
variable: namely there is some C > 0 such that, for any t € [0,T] and any x,y € RN, we have

(3.9) VE(t2) = V(ty)l < Clz—y|.

Proof of Lemma 3.6 : Let us fix (ty,z0,%0) € [0,T] x RN x RN and (u,v) € U(ty) x V(to). We set
X} = X" and X2 = X[°Y"™Y. Since f is globally Lipschitz continuous, Gronwall’s Lemma implies
that

|X} — X2| < |zo — yoleMPHEt) vt e [t,T] .
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Using the Lipschitz continuity of £ and g we get

T
fto M(Sa XslauSaUS) - Z(SaX§7u87US)|d5 + |g(X71“) - g(X%)‘
Lip(f) [, | X} — X2|ds + Lip(g)| X} — X2|

C|~”C0 - yo|

|«7(t071‘03u7v) - j(t07y07u7v)|
(3.10)

VANRVANIVAN

where C only depends on Lip(f), Lip(¢), Lip(g) and T. The above inequality holds for any pair of controls
(u,v) € U(tg) x V(to), hence for any pair of strategies:

|j(t0,x0,a,ﬁ) - j(t07y07aa18)| S C|$0 - y0| Va S Ad(to)v B € Bd(to) .

We complete the proof of (3.9) thanks to Lemma 3.5. O

Our next step is the following Lemma, which states that nearly optimal strategies for a given initial
position (¢, z¢) remain nearly optimal for points of the form (to,yo) with yo sufficiently close to zo.

Lemma 3.7 For any e > 0 there is some n > 0 with the following property: for any (to,xo) € [0,T] x RY,
any e—optimal strategy a € Aq(to) for V*(to, xo), i.e., such that

sup J(to, zo, a(v),v) < VT (tg,z0) + €,
vEV(to)

remains (2€)—optimal for V't (to,yo) for any yo € B(zo,n):

SU(P )J(toyyoﬂ(v)’v) < VH(to,yo) + 2¢ Vyo € B(zo,7) -
veV(to

Proof of Lemma 3.7: Let C be a Lipschitz constant of VT with respect to z. According to inequality
(3.10) established in the proof of Lemma 3.6, there is also a constant C’ such that, for any yo € RY, for any
pair of controls (u,v) € U(ty) x V(to),

‘j(t0a$07ua U) - j(t07y07uav)| S Cl|x0 - y0| .

Hence
sup J(to,yo,d(v),v) < sup j(toa‘rOvd(U)?v) + C/|{E0 - y0|
veEV(to) veV(to)
< VH(tg,w0) + e+ C'lzo — yo
< V(to,y0) + e+ (C"+ C)|zo — yo|
This proves that a is (2¢)—optimal for VT (g, o) as soon as |yg — x| < n:=¢/(C + C"). O

Proof of Theorem 3.4 : Let us set

W (to,to + h,z9) = inf sup {

to+h
V) S,Xt07w0’a(v)’v70[ V)5, Vs ds +V+ to + h,Xto,fﬂo,a(v),v
acAa(to) veV(ty) / ( ® ( ) ) ( 0 foth )

to

We first show inequality VY < W.
Let us fix some € > 0 and let a® be e—optimal for W (to,to + h, x0):

to+h
(3.11) sup / 0(s, X om0 @hw 00 4 Vds + V' (t + h, X:;’f,‘;’ao(v)’v) < Wi(to,to+ h,zo) + €.
vEV(to) to
For any z € R, let a® be e—optimal for the game V¥ (¢y + h,z). From Lemma 3.7, there is some n > 0
such that o is (2¢)—optimal for V¥ (¢t + h,y) for any y € B(x,n). Since RY is locally compact, we can
find a countable family (x;);en+ such that the family of balls (B(z;,1/2)):en+ is a locally finite covering of
RY: any point x belongs to some ball B(x;,7,,) and to at most to a finite number of such balls. Let us set
O1 = B(z1,1/2) and O; = B(w;,1/2)\U,-; B(x;,1/2) for i > 2. Let us also fix 7 € (0,7/(2] flls))-
We are now ready to define a new strategy by setting, for any ¢ € [tg,T] and v € V(¢o),

( ) B ao(v)t ifte [to,to +h) ,
A= g (Ul[t0+h,T])t if t € [to + h,T] and Xtté)fg’f; W e o,
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where vy, ., . is the restriction of v to [to + h, T].
We claim that « is a delay strategy. Since f is bounded, we have

Xt O < faol + 1l W0 € V(e
toth = |0 e v 0).

The covering (B(x;,7z,))ien+ being locally finite, there is some k € N* such that

BO,|vo| + fl«T)c | Bawn2= |J o

ie{l,....k} ie{l,....k}

In particular the definition of « only involves a finite number of strategies: namely the o (for i € {1,...,k})
and a®. Up to reducing 7 if necessary, we can assume that 7 is a delay common to o and to all the a®¢ for
1€ {1,...,k}. Weclaim that 7 is also a delay for a. Indeed let v1,v2 € V(t9) be such that vy = vy a.e. in [to, ]
for some t € [tg,T]. If t <tg+ h — 7, then a(v) = a®(v1) = a®(v2) = a(v2) on [to,t +7]. ft >tg+h—T
then X:Sf,f’_a:(vl)’vl = Xttgf,g’_a:(w)’m belongs to some O;, so that a(v1) = a®(v1) = a®(v2) = a(vz) on
[tV (to+h—7),to+h] and a(v1) = @™ (V1) 1nzy) = T (V2)], 40 0y) = @(v2) O [tV (to+h), TA(E+7)],
because a** is has a delay 7. This proves that « is a delay strategy.

Next we claim that
J (to, zo, a(v),v) < W(to,to + h,x0) + 3¢ Vv € V(to) -
Let us fix v € V(tp) and set X; = Xﬁ”’m(”a(v)’v. We note that

X — X;OJO’QO(U)W if se [to, to + h]
ST ylothXeenat (")
o if s €to+h,T] and X¢o1n—r € O;

h:

where v V) Hence

[to+h,T]"

t0+h o
T (to, zo, a(v),v) = / (s, Xm0 (v 00(4)  w,)ds

to

k T @iy hy ok @i hy R
+Z ]‘Oi (XtoJrhf‘r) {/ g(s’Xz(]Jrh’Xto-*—h’a @) ,azi (vh)svv?)d‘s +g(X;?+h’Xf/o+h’0‘ S )
i=1 to+h

If Xyy+n—r belongs to O;, then, by the definition of O; and the choice of 7, X; 15 belongs to B(xt,n).
Therefore o is (2¢)—optimal for VT (g + h, Xy, 11 ), which means that

h

T @ (o hy R @ (o h
/ E(S’X£0+h7Xto+h,a (v"),v 70[11' (’Uh)s,’l)?)ds + g(X;?+h7Xto+hya (v"),v ) S V-‘r(to + h7Xt0+h) + 2.
to+h

Hence

to+h
J (to, zo, a(v),v) < /t (s, Xﬁ""‘o’o‘o(“)’“, a®(v)s,vs)ds + VT (tg + h, ngf,f’ao’v) + 2¢
0

We now use the e—optimality of a¥ in W (tg,to + h,xo) (i.e., (3.11)) to get
J (to, xo, a(v),v) < Wi(to,to + h,xo) + 3¢ .
This inequality holds for any v € V(t), so that

VH(tg,z0) < sup J(to,zo,a(v),v) < Wito,to+ h,z) + 3¢ .
vEV(tg)

Since € is arbitrary, inequality V¥ < W is proved.

Let us now show the reverse inequality: W < V. Let ¢ > 0 be fixed and let & € A4(to) be e—optimal
for V' (tg,z0). Let us fix some v € V(o) and define a new delay strategy o¥ € A4(top + h) by setting:

a®(v)y = a(v); where 05 = v otherwise Vit € [to+ h,T], veV(to+h).

5 { Vs ifSE[to,to-i-h]
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Then, if we set X; = Xtto’zo’a(@)’@, we have

(3.12) VT (tg+h, Xio1n) < sup  J(to+ h, Xegan, o’ (v),0) .
veV(to+h)

Let V(to,to + h, 0) be the set of controls v € V() such that v = v on [tg, to + h|. Then, by definition of a?,
we have

to+h _
j(to,xo, O_[(U),v) = / g(S,XS, C_k(’l_))s,@5)d8+J(to+h,Xto+h7 av(’[)|[t0+h’T]),U|[t0+h,T]) Yv € V(to,to-l—h,’l_}) .
to
Hence
to+h _
sup J (to, o, a(v),v) = / (s, Xs,a(0)s,0s)ds + sup T (to + h, Xtg+n,a’(v),v) .
vEV(to,to+h,0) to vEV(to-+h)

Combining (3.12) with the above inequality then leads to

to+h
/ U(s, X, a(0)s,0s)ds + VT (tog +h, X¢oin) < sup J (to, xg, a(v),v)
to vEV(to,to+h,v)
< sup J(to, w0, @(v),v) < V*1(tg,x0) + €
veEV(to)

since @ is e—optimal for V*(¢g, z¢). Taking the supremum over v and using the definition of W then implies
that W (to,to + h, o) < VT (tg,20) + €. This gives the desired result since € is arbitrary. O

Regularity of the value functions
From the dynamic programming property we can deduce a space-time regularity for the value functions:
Corollary 3.8 The maps VT and V~ are bounded and Lipschitz continuous in all variables.

Proof : As explained at the begining of the section, we only need to do the proof for V*. Since £ and g
are bounded, so is V. Since, from Lemma 3.6, VT is Lipschitz continuous in space uniformly with respect
to the time, it is enough to show that V7 is Lipschitz continuous in time uniformly with respect to the
space variable. Recall that ¢ is bounded by some constant M and that according to Lemma 3.6, V7T is
C'—Lipschitz continuous in the space variable for some C’.

Let 29 € RN be fixed and 0 < ty < t; < T. From the dynamic programming property applied to
h =ty — tg, we have

t1

V*(ty,z9) = inf sup {/ €(5,X§0’m°’a(")’”,ozs,vs)ds+V+(t1,Xttf’z°’a(v)’v)} .
acAq(to) veV(to) /g

We note that, for any o € A4(tg) and v € V(tg) we have

ty
E(&Xﬁ“’x”’a(”)’”, as, vg)ds| < M(t — to)
to

while, from the growth condition on f we also have
X070 — o] < | flloo (b1 — to)
Since V1 is C'—Lipschitz continuous in the space variable, we get
[V (b, X2 =V (t1,20)] < ')l flloe (b1 — to)
Hence
V*(thxot) = (M + C'[fllo)(t1 — to)
1
< Us, Xt 20w o 4 )ds + V7 (t, X{070N) < V(b a0) + (M + C|flloo) (1 — to) -

to

Taking the supremum over v € V() and the infimum over a € A;(¢o) in the previous inequalities it then
implies, thanks to the dynamic programming property, that

V¥ (to, z0) = V¥ (t1,20)| < (M + C'|| flloo)(t1 — to) -
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3.1.3 Isaacs’ equation and viscosity solutions
Heuristic derivation of Isaacs’ equation

Let us first show, in a purely heuristic way, that dynamic programming property is deeply related with a par-
tial differential equation (in short PDE) called Hamilton-Jacobi-Isaacs’ equation (in short Isaacs’ equation).
We still work with V*. Dynamic programming (3.7) can be rewritten as

foth V*H(to+h, X2V,) — VH(to,x
19 inr s [ s xR V0 L
a€da(to) vev (i) | 1 Jio h

a,v

X&Y, —X

. to s . t

where we have used the notation X;"" = X;****". Letting h tend to 07, —2*5——= behaves as f(to, Zo, ()¢, Vs, ).

V*H(to+h, X701, )=V (to,x0)
h

Hence is close to

at\/v—"_(t(); IO) + <DV+, f(t()a Zo, a(”)t(w vt0)> .

Finally + fttoﬁh (s, X3V, a(v)s,vs)ds behaves as £(to, o, a(v)t,, V). Since « is a delay strategy, a(v)¢, does

not depend on v. Therefore equality (3.13) becomes

HelfU sup {E(toa Zo, U, U) + 3,5V+(t0,x0) + <DV+7 f(t07.’1,‘0,u7’l))>} =0
u veV

If we set

H"(t,z,p) = ung sup {(p, f(t, z,u,v)) + £(t,z,u,v)} for (t,z,p) € [0,T] x RN x RN |
u UEV

the map V* should satisfy the Hamilton-Jacobi-Isaacs’ equation

(3.14) { QW (t,x) + HY (t,z, DW(t,2)) =0 in (0,T) x RN

W(T,z) = g(x) in RY

Applying the similar arguments for V— we obtain that V~ should satisfy the symmetric equation

(3.15) { QW (t,2) + H™(t,, DW(t,z)) =0 in (0,T) x RN

W(T,x) = g(x) in RY

where
H™ (z,p) = sup inf {{(p, f(t,z,u,v)) +L£(t z,u,v)} .
veV uel
Now if Isaacs’ condition holds, i.e., if HT = H~, then VT and V~ satisfy the same equation and one can
hope that this implies the equality VT = V~. This is indeed the case, but we have to be careful with the
sense we give to equations (3.14) and (3.15).

Let us recall that, since V1 is Lipschitz continuous, Rademacher’s Theorem states that V1 is differen-
tiable almost everywhere. In fact one can show (see Exercise 3.4) that V* indeed satisfies equation (3.14)
at each point of differentiability. Unfortunately this is not enough to characterize the value functions. For
instance, we show in Exercise 3.2 that one can find infinitely many Lipschitz continuous functions satisfying
almost everywhere an equation of the form (3.14).

The idea of “viscosity solutions”, introduced by Crandall-Lions [82], is that one should look closely even
at points where the function is not differentiable.

A first glimpse at viscosity solutions

We now explain the proper meaning to equations of the form:

(3.16) oV(t,x)+ H(t,z,DV(t,z)) =0 in (0,T) x RY
where H : [0,T] x RY x RY — R is continuous.

Definition 3.9 (Viscosity solution)
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e Amap V :[0,T] x RV — R is a viscosity supersolution of (3.16) if V is lower semi-continuous
(I.s.c.) in (0,T) x RN and if, for any test function ¢ € C*([0,T] x RN) such that V — ¢ has a local
minimum at some point (t,x) € (0,T) x RN, one has

at(b(tux) + H(t,{E,D(b(t“’E)) S 0.
e A map V :[0,T] x RY — R is a viscosity subsolution of (3.16) if V is upper semi-continuous

(u.s.c.) and if, for any test function ¢ € C1([0,T] x RN) such that V — ¢ has a local mazimum at some
point (t,x) € (0,T) x RN, one has

Op(t,x) + H(t,x, Do(t,x)) > 0.

e A viscosity solution to (3.16) if a map V which is a viscosity sub- and supersolution to (3.16).
Remarks 3.10 1. Note that, with this definition, a solution is a continuous map.

2. One can easy check that, if V € C1([0,T] x RY), then V is a supersolution (resp. subsolution) of (3.16)
if and only if, for any (¢,2) € (0,T) x RV,

0V (t,z)+ H(t,x,DV(t,z)) <0 (resp. > 0) .

Lemma 3.11 If 'V is a subsolution (respectively supersolution) of equation (3.16), then —V is a supersolu-
tion (resp. subsolution) of

O,V (t,x)+ H(t,z, DV(t,z)) =0  in (0,7) x RY

where

H(t,z,p) = —H(t,z,—p) V(t,x,p) € [0,T] x RY x RN .

Proof : We do the proof for instance in the case of subsolutions. Let V be a subsolution of (3.16).
Then (—V) is lower semi-continuous because V is upper semi-continuous. Let ¢ € C1((0,T) x RY) be a test
function such that (—V)—¢ has a local minimum at some point (¢t,7) € (0,7) x RY. Then V+¢ =V —(—¢)
has a local maximum at (¢,x), so that, by definition of viscosity subsolutions, one has

—0¢p(t,x) + H(t,x,—Do(t,z)) > 0.
Hence _
3t¢(tax) + H(t,I, D¢(t,$)) = at¢(t7$) - H(t,l‘, —D¢(t,$)) S O .
[l

The main point in considering viscosity solution is the following comparison principle, which implies that
equation (3.16), supplemented with a terminal condition, has at most one solution. For this we need to
assume that H satisfies the following conditions :

(3.17) |H (ty,21,p) — H(t2,22,p)] < C(1 4+ |p|)|(t1, 21) — (t2, 22)]
and
(3.18) |H(t,z,p1) — H(t,z,p2)| < Clp1 — p2

for some constant C.

Theorem 3.12 (Comparison principle) Under assumption (3.17) and (8.18), let V1 be a subsolution of
(3.16) which is u.s.c. on [0,T] x RN and V3 be a supersolution of (3.16) which is l.s.c. on [0,T] x RN. Let
us assume that V1(T,z) < Vo(T,z) for any x € RY. Then

Vi(t,z) < Vo(t,z)  Y(t,z) € 0,T] x RY .
The proof of Theorem 3.12 is a little intricate and postponed to section 3.2.7. From this result one easily

deduces:

Corollary 3.13 Let g : RN — R be continuous. Then equation (3.16) has at most one continuous viscosity
solution which satisfies the terminal condition V(T,x) = g(x) for any x € RV,

Proof of Corollary 3.13: Let V; and V3 be two bounded and Lipschitz continuous viscosity solution of
(3.16) such that Vi(T,x) = Vo(T,z) = g(z) for any x € RY. Since, in particular, V is a subsolution and
V, a supersolution and V(T,-) = V(T -), we have by comparison V; < V5 in [0, 7] x RY. Reversing the
roles of V; and Vs, one gets the opposite inequality, whence the equality. O
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3.1.4 Existence and characterization of the value

We have seen that one can associate with our game two Hamilton-Jacobi equations:

(3.19) { OV (t,x) + H*(t,z, DV(t,x)) =0 in (0,T) x RN

V(T,z) = g(x) in RY

where H7 is defined by

(3.20) H*(t,z,p) = inf sup {(p, f(t,z,u,v)) + £(t,z,u,v)} ,
uelU veEV

and

391 OV (t,x)+ H (t,xz,DV(t,z)) =0 in (0,T) x RV

(3:21) V(T z) = g(x) in RY

where H~ is defined by

(3.22) H™(t,z,p) = sgg;nf {{p, f(t,z,u,v)) + £(t,z,u,v)} .

Theorem 3.14 Under conditions (3.2) and (3.3) on f, £ and g, and if Isaacs’ assumption holds:
(3.23) H*(t,x,p) = H™ (t,x,p)  V(t,2,p) € [0,T] x RV xRV,

the game has a value:
V(t,2) =V~ (t,z)  V(t,z)€[0,T] xRV .

Moreover V' =V~ is the unique viscosity solution of Isaacs’ equation (3.19)=(3.21).
The key point of the proof of Theorem 3.14 is the following (half-)characterization of the value functions:

Lemma 3.15 The upper value function V' is a subsolution of equation (3.19) where HY is defined by
(3.20) while the lower value function V™~ is a viscosity supersolution to (3.21).

Remark 3.16 The map V' is actually a viscosity solution of equation (3.19) V™ is a viscosity solution to
(3.21): see Exercice 3.5.

Proof of the Theorem 3.14: According to Corollary 3.8, V¥ and V~ are both Lipschitz continuous and
bounded. Since H~ = H*, V™ is a supersolution of (3.19) while VT is a subsolution of that same equation.
Under assumptions (3.2) and (3.3) on f, ¢ and g, the Hamiltonian H+ = H~ satisfies (3.17) and (3.18).
Since V¥ (T,-) = V~(T,-) = g, the comparison principle then implies that V¥ < V~. Since the reverse
inequality always holds, one gets the equality. [

Proof of Lemma 3.15 : As before, it is enough prove the result for V*: indeed, if we do so, then
(=V~)—being the upper value function of the game with running payoff —¢ and terminal payoff —g and
where the first Player maximizes—is a subsolution of

{@ (t, m)+H+(tmDV(t z)) =0 in (0,7) x RN
V(T,z) = —g(x) in RY

where

H*(t,z,p) = 1nf ilég{ (p, f(t, z,u,0)) — L(t, z,u,0)} ,

Then Lemma 3.11 states that V~ is a supersolution of (3.21).

Let us now show that VT is a subsolution of (3.19). Since VT is Lipschitz continuous and satisfies
VH(T,z) = g(z), we only have to show that, if ¢ is a C! test function such that V¥ — ¢ has a local maximum
at (to,wo) € (O,T) X RN, then 8t¢(to,{1,‘0) + H+(t0, xg, D¢(t0,$0)) > 0.

Since VT — ¢ has a local maximum at (o, o), there is some r > 0 such that

VT(t,x2) < o(t,x) + VT (tg, z0) — d(to, z0) Y(t,z) € B((to,x0),7) -
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From the dynamic programming property, we have

V*(ty,z9) = inf sup {

to+h
/ 5(57 X:'o,mo,a(v),v’ s, vs)ds + V+(t0 +h, Xto,a:o,a(v),v) .
OéGAd(tO) ’UGV(to)

to+h
to
Let us set hg = 7/(||fllcc +1). Then, for any h € (0,ho) and any (o,v) € Ag(to) X V(to), we have
(to + h, X, *)%) € B((to, x0),7), so that

(3.24) 0< inf  sup {

to+h
/ S,Xto7wo,a(v)7v7as7vs ds + o(tg + h7Xt0,I0,O¢(’U),’U — b(to,x '
- a€Aq(to) vEV(t0) / ( S ) ¢( 0 to+h ) (b( 0 0)

to

Let us now fix any (time independent) control w € U. From (3.24) for any € > 0 and any h > 0 small, there
is some (time dependant) control v, € V(tg) such that

to+h
(3.25) —eh < / (s, Xm0y vy, Yds + ¢(to + h, ngf,‘;uv’) — ¢(to, o) -

to

Since ¢ is Lipschitz continuous and f is bounded, we have

to+h to+h
/ Z(S,Xﬁo’zo’u’“h,u, Up,s)ds — / L(to, zo, u, Vi 5)ds

to to
to+h
< / |0(s, XLorwowvn gy Up,s)ds — L(to, To, U, Vp, )| ds
fo to+h
< Lip(f)/ (Is = to| + [XEom0vn — o)) ds
to

to+h
< Lip(¢) / (L4 [flso)(s — to) ds < o(h) .

to

Since ¢ is of class C!, we have

to+h
¢(f0 + h7X:gf}?7u’Uh) _ ¢(t07$0) — / 8t¢(S,X§077J07U;’Uh) + <D¢(S,X.§O77J07u7vh),f(S,X‘zOJJO:ufUh,u7vh’8)>d8

to

where, by uniform continuity of 9;¢, D¢ and f with respect to the (¢, x) variables,

to+h
/ O o(s, Xﬁo’zo’“’vh)ds — hod(to, xo)| < o(h)
to
and
to+h to+h
/ <D¢(S7X£O7x07u7vh)af(S7X§O7$O,u7Uh7u7vh7s)>d3 - / <D¢(t07$0)7f(t07I07ua’Uh7s)>dS S O(h) .
to to
Plugging the above estimates into (3.25) gives
to+h
—eh — o(h) < hoyp(to, o) + U(to, w0, u,vp,s) + (Do(to, wo0), f(to, To,u, Vh,s)) ds .
to
Since
to+h
/ Z(t()y Zo, U, vh,s) + <D¢(t07 .’ﬂo), f(t(b Zo, U, vh,s)> ds
to to+h
< / Il’leaé( {g(t()v Zo, U, ’U) + <D¢(t07 -730)7 f(t07 Zo, U, U)>} ds
to v
= hmax{£(to, o, u,v) + {D(to, 20), f(to, 2o, u, v))}
we get

—eh —o(h) <h {thﬁ(tm w0) + max {¢(to, zo, u, v) + (D(to, ¥o), f (to, o, u, v)>}} :
Dividing the above expression by h, letting h — 0% and then ¢ — 07 gives:
0 S 6t¢(t0; xO) + I,;ﬂea‘;{ {g(th Zo, U, U) + <D¢(t0a -TO)’ f(th Zo, U, U))} .

Taking the infimum with respect to u € U then completes the proof. O
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3.2 A closer look at viscosity solutions

Since Hamilton-Jacobi equations play a crucial role in the analysis of two-player zero-sum differential games,
it is now time to develop a deeper analysis of the notion of viscosity solutions for these equations.

3.2.1 Definition of viscosity solutions: stationary problems

In order to introduce the notion of viscosity solutions in some generality it is convenient (and probably more
convincing) to work with second order Hamilton-Jacobi equations.

Let us denote by Sy be the set of N x N symmetric matrices. For XY € Sy, we write X <Y when
Y — X is a positive semidefinite matrix.

Let O be an open subset of RY. We consider the Hamilton-Jacobi equation

(3.26) H(z,V(z),DV(z),D*V(z)) =0 in0O,

where the real-valued Hamiltonian H = H(x,r,p, X) is defined on O x R x RY x Sy and continuous. Our
standing assumption, in order to give a meaning to the notion of viscosity solution, is that H is elliptic,
meaning that it is nondecreasing with respect to the Hessian matrix:

(3.27) H(x,r,p,X) < H(z,r,p,Y) whenever X <Y .
For instance, this is the case for the Laplace equation

9’V
ox:

K3

N
AV(z) =0,  where AV(z) = (z) .

Definition 3.17 (Viscosity solution)

e A map V: O — R is a viscosity supersolution of (3.26) if V is lower semi-continuous (l.s.c.) and
if, for any test function ¢ € C*(O) such that V — ¢ has a local minimum at some point x € O, one has

H(z,V(z), Dé(x), D*¢(x)) < 0.

e A map V:O — R is a viscosity subsolution of (3.26) if V is upper semi-continuous (u.s.c.) and
if, for any test function ¢ € C%(O) such that V — ¢ has a local mazimum at some point x € O, one has

H(z,V(z), Dé(t,z), D*¢(z)) > 0.

e A viscosity solution to (3.26) if a map V which is a viscosity sub- and supersolution to (3.26).
Remark 3.18 1. With this definition, a solution is a continuous map.

2. On the sign convention: Note carefully that, being a viscosity solution of equation (3.26) is not
equivalent to being a viscosity solution of

—H(x,V(x),DV(z),D*V(z))=0 in0O,

We have fixed here a sign convention which is adapted to the framework of differential games. Most
often the opposite sign convention is used in the literature (with, of course, the opposite definition of
ellipticity).

Proposition 3.19 Let V € C2(0). Then V is a supersolution (resp. subsolution) of (3.26) if and only if
V is a classical supersolution (resp. subsolution) of (3.26), i.e., for any x € O,

H(z,V(z),DV(z),D*V(z)) <0  (resp. > 0).

Proof : Exercice. O

Proposition 3.20 Let V be a subsolution of (3.26). Then —V is a supersolution of
H(x,W(z), DW (z),D*W(x)) =0 z€O

where

H(x,r,p,X)=—-H(x,—r,—p,—X) V(x,r,p,X) € OxRxRY xSy .
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Remark 3.21 Note that H also satisfies the ellipticity condition (3.27).

Proof : See the proof of Lemma 3.11. (I

Here is a very useful equivalent definition of viscosity solutions:

Lemma 3.22 If the Hamiltonian H is continuous, one can replace “local mazimum” (resp. “local min-
imum”) by “strict local maximum” (resp. “strict local minimum”) in the definition of subsolution (resp.
supersolution).

Proof : Let us assume for instance that V is uw.s.c. and that, for any test function ¢ € C? such that
u — ¢ has a strict local maximum at some point xo € O, we have H(xo, V(z0), Dp(z0), D*¢(z0)) > 0.
In order to show that V is a subsolution, let us assume that u — ¢ has a local maximum at some point
79 € O. Let us set ¢1(z) = ¢(x) + |x — 20|*. Then V — ¢; has a strict local maximum at zg, and so
H (2o, V(z0), Do1(z0), D?¢1(10)) > 0 by assumption. But D¢y (z0) = Do(z0) and D?¢q(xg) = D?¢(z0).
So H(z0,u(x0), Dp(x0), D*¢(x0)) > 0. O

3.2.2 Definition of viscosity solution: evolution problems

The definition of viscosity solution introduced above can be directly applied to Hamilton-Jacobi equations

of evolution type:
(3.28) oV (t,x) + H(t,x,V(z),DV(x),D*V(2)) =0 inO,

where O is an open subset of R x R and the real-valued Hamiltonian H = H(t,x,r,p, X) is defined on
O xR x RN x Sy. We again assume that H is elliptic:

H(t,z,r,p,X) < H(t,z,r,p,Y) whenever X <Y .
A typical example is the (backward) heat equation:

EAY
Ox?2

K2

N
OV (t,x) + AV(z) =0,  where AV(z) =) (z) .

For sake of completeness let us explicitely explain what is a viscosity solution in this framework:

Definition 3.23 (Viscosity solution)

e A map V:0O — R is a viscosity supersolution of (3.28) if V is lower semi-continuous and if, for
any test function ¢ € C2(O) such that V — ¢ has a local minimum at some point (t,z) € O, one has

Qip(t,x) + H(z, V(z), Do(x), D*¢p(x)) < 0.

e A mapV:0O — R is a viscosity subsolution of (3.28) if V is upper semi-continuous and if, for any
test function ¢ € C?(O) such that V — ¢ has a local mazimum at some point (t,x) € O, one has

Op(t, ) + H(t,z,V(x), Do(t,x), D’¢(x)) > 0 .

e A viscosity solution to (3.28) if a map V which is a viscosity sub- and a supersolution to (3.28).

Remark 3.24 According to Lemma 3.22, if H is continuous, then one can replace the assumption that
V — ¢ has a local maximum by the assumption that V — ¢ has a strict local maximum in the definition of
subsolution (and symmetrically for supersolution).

When, as it is often the case, the domain O is of the form (0,7) x €, where  is some open subset of
RY then viscosity solutions in (0,7) x € are solutions “up to t = 0”:

Lemma 3.25 If H is continuous in [0,T) x Q and if W is a subsolution (resp. supersolution) of (3.28) on
(0,T) x 2, then W is still a subsolution (resp. supersolution) att = 0, i.e., if a C1 test function ¢ is such
that W — ¢ has a local mazimum (resp. minimum) on [0,T) x Q at some point (0,z), then

0:(0,z) + H(0,z, DH(0, ), D*$(0,2)) >0 (resp. <0).
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Proof of Lemma 3.25: Thanks to Proposition 3.20 it is enough to do the proof for subsolutions. Let W
be a subsolution of (3.28) and let us assume that W — ¢ has a strict local maximum on [0,7] x © at (0, z)
for some C! test-function ¢ and some z € R™. Then there is some r > 0 such that B,.(x) C Q and

(329) (W —9)(s,y) < (W—9)(0,2)  V(s,y) € ([0,T) x RM\{(0,2)}, |(s.9) — (0,2)| < 7.

Let us denote by D = B,.((0,z)) N ((0, +00) x RY) the half ball and by S = (8B,((0,z))) N ((0, +c0) x RY)
the half sphere. Let us fix o > 0 and consider the map U, (s,y) = W(s,y) — ¢(s,y) — o/s. Let (s4,y,) be
a maximum point on D of ¥,. We claim that (s,,y,) converges to (0,z) as ¢ — 07. Indeed let (5,7) be a
cluster point of (s,,y,) as o0 — 0. Since, for any (s,y) € D we have

‘IJU(Svy) = W(Svy) - ¢(57y) - 0/5 < \IJU(SU’yU) < W(Savya) - ¢(Saaya) ’

letting o — 0T gives
W(S,y) - QS(S’ y) < W(gv g) - ¢(§a g) ’

so that (3,7) is a maximum point of W — ¢ on D. Then (3.29) implies that (s, 7) = (0, ).
Since, for o sufficiently small, (s,,y,) is a local maximum of ¥, and since W is a subsolution, we have

g
¢t(30ayd) - 87 + H(SO'ayUaD¢(SU7yU)7D2¢(SU7yO')) Z 0 :

o

Therefore
D1(S0,Yo) + H(So, Yo, DO(S0, o), DD (50, Ys)) > 0.

Letting o — 0% gives the result. O

3.2.3 Stability

We now describe one of the most striking properties of viscosity solutions, which is their robustness with
respect to passage to the limit. We work in the framework of stationary equations of the form (3.26). Let O
be an open subset of RN and let H,, H : O x R x RY x Sy — R be continuous Hamiltonians.

Theorem 3.26 (Stability) Let us assume that (V,,) is a sequence of continuous subsolutions of equation
(3.30) H,(z,W(z), DW(z), D*W(z)) =0 2¢€O

which locally uniformly converges to a map V : O — R and that (Hy,) locally uniformly converges to some
Hamiltonian H : O x R x RN x Sy — R. Then V is still a subsolution of (3.26).

Remarks 3.27 1. Thanks to Proposition 3.20 a symmetric result also holds for supersolutions and for
solutions. Note that this result is somewhat surprising since it states that one can pass to the limit in
a second order equation with only uniform convergence.

2. A straightforward consequence of the Theorem is the following: let us consider a sequence of Bolza
problems, with dynamics f,,, running payoffs ¢,, and terminal payoffs g,, such that conditions (3.2) and
(3.3) hold uniformly with respect to n. Assume that (f,), (¢,) and (g,) locally uniformly converge to
some f, £ and g. Then, under Isaacs’ condition on the (f,), (¢,) and (g,), the value function associated
to (fn), (£,) and (g, ) locally uniformly converges to the value function for f, ¢ and g.

The proof of Theorem 3.26 uses the following Lemma:

Lemma 3.28 If a continuous map f : O — R has a strict local mazimum at some point xog and if a sequence
of continuous functions (fy,) locally uniformly converges to f, then there is a sequence (x,) of local mazima
of fn which converges to xg.

Proof : Since the continuous function f has a strict local maximum at z(, there is some r > 0 such that
B, (z9) C O and f(x) < f(xo) for x € B,(x0)\{zo}. In particular

To) = max > max .
N O) Br(ﬂ?o)f 3Br($0)f
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Since (f,,) uniformly converges to f in B, (xg), there is some ng such that

31 n n >ng .
(3.31) fn(20) >ag%;)f Vn > ng

Let x,, be a maximum point of f,, on B,(zg). Then by (3.31) z,, belongs to the interior of B, (x¢), i.e., z, is
a local maximum of f,. Let us now show that (x,) converges to xg. Let y be a cluster point of the sequence
(zn,). Since, for any z € B,.(zg), fn(2n) > fn(z) and since f,, uniformly converges to f, we have f(y) > f(z).
So y is a maximum point of f in B,.(xg), which implies that y = z( since z( is the unique maximum point
on B, (zg). The bounded sequence (z,) has a unique cluster point, xg, therefore it converges to x. O

Proof of Theorem 3.26 : Let ¢ € C? be such that V —¢ has a strict local maximum at some point zg € O.
Since V,, — ¢ locally uniformly converges to V — ¢, there is a sequence (z,,) of local mixima of V,, — ¢ which
converges to xg. Since V,, is a subsolution of (3.30) one has H, (2, V., (2y), Dé(xy,), D?¢(x,)) > 0. The se-
quence (H,,) converging locally uniformly to H, we get, by letting n — +o0, H(zq, V(x¢), Dp(z0), D*¢(z0)) >
0. O

The assumption of uniform convergence in Theorem 3.26 is actually unnecessarily strong. A uniform
bound on the solution is enough provided that one uses Barles-Perthame notion of half-relaxed limit: let
(V) be a uniformly bounded sequence of maps in O. The upper half relaxed limit V* and lower half relaxed
limit V. of the sequence (V,,) are defined by

V*(z)= limsup V,(z,) and V.(x)= liminf V,(x,) Ve O.

Ty —T, N—400 Typ—T, Nn—400

One easily checks that V* is u.s.c. while V, is Ls.c.. The stability Theorem 3.26 can be generalized to this
kind of convergence.

Theorem 3.29 (Stability by half-relaxed limit) Let (V) be a locally uniformly bounded sequence of
subsolutions of (3.30). Assume that (Hy,) locally uniformly converges to H. Then V* is also a subsolution
of (3.26).

The proof is almost the same as for Theorem 3.26, provided that one replaces Lemma 3.28 by the following
result, the proof of which is left as an exercise.

Lemma 3.30 Let f : O — R be a u.s.c. map which has a strict local maximum at some point xo and

let (fn) be a sequence of u.s.c. maps such that f(xg) = limsup  fn(zn). Then there is a subsequence
Zn—To, N—>+00

nk — 400 and a sequence (), such that xy is a local mazimum of f,, , the sequence (xy) converges to xg
and the sequence (fy, (xr)) converges to f(xg).

3.2.4 Some basic properties of viscosity solution

Proposition 3.31 Let Vi and Vg be two subsolutions of (3.26). Then max{V1,Vy} is still a subsolution
of (3.26).

Remark 3.32 In a symmetric way, the minimum of two supersolutions is still a supersolution.

Proof : Let V = max{Vy,Va}. Then V is u.s.c., as the maximum of two u.s.c. maps. Let ¢ € C}(O)
be a test function such that V — ¢ has a local maximum at a point x. Let us assume to fix the ideas that
V(z) = Vi(z). Then Vi — ¢ has also a local maximum at x because, for any y in a neighbourhood of z,

Vi(y) —oly) < V(y) —oy) < V(z) — ¢(z) = Vi(z) — ¢(x) .

Since V7 is a subsolution and V1 (x) = V(z), we get: H(z, V(z), Dé(t,x), D®¢(x)) > 0, which is the desired
inequality. O

Proposition 3.31 can be generalized to the supremum of an arbitrary number of subsolutions:
Proposition 3.33 Let (Va)aca be a family of subsolutions of equation (3.26). Let us assume that the V,,

are locally uniformly bounded from above and let 'V be the upper semicontinuous envelope of sup,ca Va-
Then V is still a subsolution of (3.26).
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Proof : Let ¢ € C1(O) be a test function such that V — ¢ has a local maximum at a point z. By definition
of the upper semicontinuous envelope, there are o, € A and z, — x such that lim'V, (x,) = V(z). Let
V* be the half-relaxed upper limit of the V. Then, since V,, <V and V is u.s.c., one has V* < V. In
particular, V*(z) = V(z). From Theorem 3.29, V* is still a subsolution of (3.26). Note that V* — ¢ has a
local maximum at z: indeed, for any y in a neighbourhood of z, we have

Vi(y) —oly) < V(y) — ¢y) < V(z) - o(x) = V(z) — o(x) .

Since V* is a subsolution and V*(x) = V(z), we get: H(x, V(z), Do(t,z), D®¢(z)) > 0, which is the desired
inequality. |

3.2.5 Comparison principle for first order stationnary equations in bounded
domains

As we have already seen in the analysis of the Bolza problem, comparison principle is one of the basic tools
for proving the existence of a value for zero-sum differential games. Unfortunately there is no “universal”
comparison principle and one has to adapt it to the equation at hand. This is the reason why we shall
analyse three different types of problems: stationary equation in bounded domains, stationary equations in
RY, evolution equations in R™. Of course there are many other kinds of equations, but we shall not need
them in this chapter: we refer to the monographs on viscosity solution quoted in section 3.6 for complements.
Moreover, we restrict the analysis to first order Hamilton-Jacobi equations: second order ones require deeper
arguments, which are not needed here.

Let us now start with the comparison principle for first order stationary Hamilton-Jacobi equations of
the form:
(3.32) H(x,W(z), DW(x)) =0 in O

where O is an open bounded subset of RY and where H : O x R x RN — R satisfies the following assumption:
There are constants v > 0 and C > 0 such that

(333) H($7317p) - H(I’,Sg,p) S _7(81 - 82) if S1 Z S2
and
(3'34) |H(x,s,p)—H(y,s,p)| < C(1+\p|)\y—x|

Theorem 3.34 Let Vi and V3 be a sub- and a supersolution of (3.32), with Vi u.s.c in O, Vo ls.c. inO
and Vi < Vo in 00. Then Vi < V5 in O.

Let us first note that, if Vi and V5 are smooth (say of class C* in O), then the proof of the Theorem is
straightforward. Indeed, since V; — V3 is u.s.c. in the compact set O, it has a maximum point x. In order
to show that supy (Vi — V3) < 0, we argue by contradiction by assuming the (Vi — V3)(zg) > 0. Then
o ¢ 00 because V1 < Vg on O. Hence zp € O which implies, by the necessary conditions of optimality,
that DVy(xg) = DVa(xp). Since V; and V3 are respectively sub- and supersolutions of (3.32), we have, by
setting p = DV (xg) = DVa(xp),

H(xo,V1i(z9),p) >0 and H(zo,Va(zo),p) <0,
so that, using assumption (3.33),
0 < H(zo, Vi(o),p) — H(zo, Va(z0),p) < —y(Vi(zo) — Va(z0)) < 0.
This is impossible. So all the difficulty in the proof of Theorem 3.34 lies in the nonsmoothness of the functions.

Proof of Theorem 3.34 : As in the formal proof we argue by contradiction by assuming that

M :=sup(V1 — Vi)(z) >0.
zcO

In order to overcome the issue of the nonsmoothness of the functions V; and Vs we introduce the doubling
variable technique. This technique appears in almost all proofs of comparison principles. It goes back to
Kruzkov in his work on the conservation laws [140].
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For any € > 0 let
1
We(xay):Vl(x)fv2(y)727€|$7y|2 (x,y)goxo'

Note that W, is u.s.c. in O x O and in particular it has a maximum point (z.,y.). Let us set

M.= max W (z,y) = W(ze,ye) -
(z,y)€OXO

In the following Lemma we collect some estimates on (., y.):
Lemma 3.35 (i) lim._,o+ M. = M,

(i) lime_+ L]ze —ye|> =0

(iii) For e > 0 sufficiently small, (z¢,y.) € O x O.

Postponing the proof of Lemma 3.35, let us complete the proof of Theorem 3.34. Let us fix € > 0
sufficiently small so that (iii) holds and M, > M/2. Let us note that

(3.35) Vi(ze) > Va(ye) > Welze,ye) > M/2>0.

Since W, has a maximum at (z¢,y.) € O x O, the map x — V1(z) — [Va(ye) + 5|z — y¢|*] has a maximum
point at . with z. € O. Using the test function ¢(z) = Va(ye) + 5|z — ye|* and the fact that V is a
subsolution of (3.32), we get

€

(3.36) H (ze, Vi(z.), Dp(x.)) = H (me,Vl(aje), H) >0.

In the same way, the map y — Va(y) — [Vi(zc) — 5|y — 2[%] has a minimum at y., with y. € O, and
therefore, since Vy is a supersolution,

(3.37) H <y€,v2(yé), e Zy> <0.

Computing the difference between (3.36) and (3.37) and using assumption (3.33) (since Vi(z.) > Va(y.) by
(3.35)) and then assumption (3.34) we obtain

0< H <x5,v1<xe), —— y) - H (ye,vz(yex —— y)
< A Valed = Valuo) + H (20 Valo, 2 ) < o (e Valu, Z 2 )
< —yM.+C <1 + |x€;y€|> |Te — vl
As e = 07 we get 0 < —yM thanks to the Lemma. This is impossible since M > 0. (]

Proof of Lemma 3.35 : From the definition of W, M, is nondecreasing with ¢ and M, > M. Since O
is bounded ind V, is w.s.c. in O while V5 is L.s.c. in this set, there is a constant K such that © < K and
v>—Kin O. So

1 1
M < M. =Vi(xe) = Va(ye) — ?e‘mé _ye|2 <2K — ?e‘xé —y5|2 .

This proves that %|xE — y|? is bounded, and therefore that z. — y. — 0 as ¢ — 07. Let us now argue
by contradiction and assume that (i) or (ii) or (iii) does not hold. Since the sequences (z.) and (y.) are
bounded, one can then find a sequence €, — 07 and z € O such that (i) or (ii) or (iii) does not hold along

this sequence and such that z., — x and y., — . We have
(3.38)M <lim M., <liminf[Vi(x.,)— Va(ye,)] < limsup[Vi(z.,) — Va(y., )] < Vi(z) — Va(a) < M

since Vi is u.s.c. and Vg is Ls.c.. Hence M, converges to M and x is a maximum point of V; — V. In
particular, z € O because Vi < V3 on 00 while (V1 — Va)(z) = M > 0. So (z¢,,¥,) € O x O for n
sufficiently large. Moreover (3.38) also implies that Vi(z.,) — Va(ye,) converges to Vi(z) — Va(z) = M,
so that L |ze, — ye,|?> = Vi(ze,) — Va(ye,) — M., converges to 0. Therefore we have found a contradiction

and (i), (i) and (iii) holds. O
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3.2.6 Comparison principle for stationary equations in unbounded domains
Next we investigate the comparison principle for first order Hamilton-Jacobi equations of the form:

(3.39) H(z,W(z),DW(z))=0  inRY

where H : O x R x RY — R satisfies assumptions (3.33), (3.34) and

(3.40) |H (z,r,p) = H(z,,q)| < Clp -4

for some constant C' > 0.

Theorem 3.36 Let Vi be a bounded subsolution of (3.39) and Vo a bounded supersolution of (3.39). Then
Vi <V dans RN,

Proof : The main difficulty now comes from the unboundness of RY. To overcome this problem, we are
going to introduce a penalization term at infinity. As before we argue by contradiction by assuming that

M = E&(Vﬂm) —Vy(z)) > 0.

For o > 0 let us set

M, = sup (Vi(z) — Va(z) — a|z|?) .
reRN

Note that M, — M as a — 07 (see Exercice 3.1). Let € > 0 and

2
x—y «
Worelw.) == Vala) — Valy) — 220 2t 4 g2
Since V7 and —V3 are u.s.c. and bounded, W, . is u.s.c. and coercive, i.e., ( l)ilm Wee(z,y) = —00. So
x,y)|—+oo

We.,e has a maximum point (Zq.e, Ya,.) and we set

Moz,e = (172)12%52” Wa,e(xvy) = Wa,e(ira,ea ya,e) .

Let us collect some estimates on (Za,e, Ya,e):
Lemma 3.37 (i) lim._,o+ My = M,,
(it) for any o >0, im0+ L|Ta,c — Yo, =0
(iii) There is a constant C > 0 such that o(|za.e| + |Ya,e|) < CVa

We now complete the proof of Theorem 3.36. Since W, has a maximum at (Zq.,Ya,e), the map
T — Wa.e(Z,Ya,e) has a maximum point at z, .. Hence, for any z € RY we have

2 ‘xa,e — Ya,e 2] + % [‘$|2 - |$04-,5|2]

1
Vl(x) S Vl(xa,e> + E [|$ - ya,e

Hence, if we denote by ¢(z) the right-hand side of the above inequality, we have that ¢ is smooth and Vi — ¢
has a maximum at x, . because ¢(zq,.) = Vi(xq,). Since V7 is a subsolution of (3.39) this implies that

LTa,e — Ya,e

€

(3.41) H (200, Vi (20.0)s D(@a)) = H (xa,s,vlm,a, + aa:) >0.

In the same way, the map y — Wy (Zq,e, ¥) has a maximum at y, ., and therefore, since Vy is a supersolution,

xa,é - ya,e

(342) H (ya,evv2(ya,e)7 p

- aya,e) S 0.
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Computing the difference between (3.41) and (3.42) and using first assumption (3.40), and then assumption
(3.33) with Vi(z¢) > V2(ye) and finally assumption (3.34), we obtain

x — €T —
O S H xa,ea Vl (‘ra,e)7 OQET?JO(,G + axa,e) - H (ya,ea VZ(ya,e)7 %ya’e - aya,e>

Tae — Ya, Ta,e = Ya,
aéeaﬁ> - H <yo¢,evv2(yo¢,e)a 0466046) + Ca(|xa,e| + |yo¢,e|)

LTa,e — Ya,e Ta,e — Ya,e
_’Y(Vl(l‘a,e) - VQ(ya,e)) + H (xa,aVZ(ya,e)a 6) -H (ya,e;VQ(ya,e)a 6)
+Ca([Ta,e| + [Ya,el)
Ta,e — Yo,e
< —AM,.—C (1 + |€y|> [Zae = Yae| + Cal[ael + [ya.el)

IA

H l'a,eavl(xa,e)v

IN

When we let € — 07 and then o — 07 we get 0 < —yM thanks to the Lemma. This is impossible. O

Proof of Lemma 3.37 : We already know that M, . > M,. Let K be a bound for V; and V;. Then,
since M, — M > 0, for a > 0 small enough we have

%)

1 «a
0 S Ma S Ma,e = Vl(ma,e) - VQ(ya,e) - %|xa,e - ya7e|2 - §(|$a,e 2 + |ya,e

1 «Q
S 2K - 276“%&,6 - ya,e‘z - §(|xa,e|2 + |ya,e|2) .

This proves that (iii) holds and that %|l‘a76 — Yae|? is bounded independently of a.. So Za.c — Ya,e tends to
0 as € — 07. Let us fix @ and note that (z4,) and (ya,c) are bounded thanks to (iii). Let x, be a cluster
point of x4 and yq, as € = 0 and let €, — 0% be such that Taye, = Ta a0d Ya,e,, — Ya-
We have
. . o
My <lim Mg, minf[Vi(za.e,) = Vo2(Yae,) — §(|xa,en|2 + |ya’en|2)]
. o
limsup[V1(Za,e,) = Va(Ya,e,) — §(|xa,€n|2 + |ya75n|2)]
Vl(-ra) - V2(xa) - Oé|.CL'a|2 S Ma .

ININ A

In particular M, ., converges to M, as e — 0. Moreover these inequalities also show that

limvl(xaﬁen) - V2(ya,en) - 9

s+ |ya,en|2) = Vi(za) — Va(za) — O‘|$O<|2 =M, ,

([T ae,
so that

1 e, — e = B0 Va(a) = Valbinen) = 3 (Faen? + e )~ Mae, = 0
Since this holds true for any subsequence €, — 0 such that the bounded sequences (z., ) and (y., ) converge,

a compactness argument allows to conclude that (i) and (ii) hold. O

3.2.7 Comparison principle for evolution equations in unbounded domains

Finally we turn to first order Hamilton-Jacobi evolution equations of the form:

(3.43) W (t,x) + H(t,x, DW(t,z)) =0  in [0,T) x RY

where T > 0 is a fixed horizon and H : [0,7] x RY x RY — R satisfies the following conditions :
(3.44) |H (t1, 1, p) — H(t2, 22, p)| < C(1+ [p])|(t1, 21) — (2, 22)]

and

(345) |H(taxap1) _H(taxap2)| < C|p1 _pQ‘

for some constant C.

Theorem 3.38 (Comparison principle) Let Vi be a subsolution of (3.43) which is u.s.c. on [0,T] x RN
and V3 be a supersolution of (3.43) which is l.s.c. on [0,T] x RN. Let us assume that V1(T,z) < Vo(T,x)
for any x € RN, Then

Vi(t,z) < Vo(t,z)  Y(t,z) €[0,T] x RN .



3.2. A CLOSER LOOK AT VISCOSITY SOLUTIONS 41

Remark 3.39 Note that there is no growth assumption on V1 nor on Vs. The key point is that, thanks to
condition (3.45) one can actually restrict V; and V3 to bounded domains and still preserve the property of
being sub- and supersolutions. This is the aim of the next Lemma.

Lemma 3.40 Assume that H is continuous and satisfies (3.45). If W is w.s.c. on [0,T] x RN and a
subsolution of (3.43) on (0,T) x RN (resp. is lLs.c. on [0,T] x RN and a supersolution of (3.43) on
(0,7) x RN ), then, for any (to,z0) € [0,T) x RN, W is still a subsolution (resp. supersolution) in the cone

(3.46) Ctomo = L(t,x) € [to, T) x RN | |2 — 0| < C(t —t0)},

i.e., if a C test function ¢ is such that W — ¢ has a local mazimum (resp. minimum) on Cy, », at some
point (t,x) with t < T, then

Od(t,x) + H(t,x, Do(t,z)) >0 (resp. <0).

Postponing the proof of Lemma 3.40, let us start the proof of Theorem 3.38. Note that it is enough to
show that, for any ¢ > 0, we have

Vi(t,z) = Va(t,x) —o(T —t) < 0 Y(t,x) € [0,T] x RN .

Let us argue by contradiction and assume that this does not hold. Then there is some o > 0 and (tg, o)
such that
M:= sup Vi(t,z)—Vylt,z)—oc(T—t) > 0,

(t,2)€C1) 20

where Cy, sz, is defined by (3.46). From now on we fix such a o and (t9,z9). We now use the doubling
variable technique: for e > 0 we set

(I)G((t7x)? (Svy)) = Vl(tam) - V2(57y) - %sty) - (t’x)lz - U(T - 5) V(t,x), (Say) € Cfo,wo

and consider the problem

M, = sup D ((t,x),(s,y)) .
(t,2),(5,9)EC4g,20

Note that M. > M. Since V; and —V3 are us.c. in Cy, 5,, so is the map ®.. Since the set Cy, 4, is
compact, the above problem has a maximum point ((t.,x.), (sc,ye)). Next we collect some estimates on

(tes we), (5, Ye)-
Lemma 3.41 (i) lim._,o+ M. = M,
(i) im0+ 1[(te,ze) — (se,ye)|> =0
(i11) for e > 0 small enough, t <T and s¢ <T.
We are now ready to complete the proof of Theorem 3.38. Since the map (¢,2) — D ((¢, ), (Se,ye)) has

a maximum at the point (te,z.) on Cy, 4,, we have, for any (¢, z) € Cy; 4,

1
Vl(twr) g Vl(tmxe) + —

% H(vaye) - (t7$)|2 - |(857ye) - (t67x€)|2:| .

Let us denote by ¢(t,x) the right-hand side of the above inequality. Then ¢ is a smooth function which
coincides with V7 at (e, z). Therefore Vi — ¢ has a maximum at the point (¢, x.) on Cy, .. Since V7 is
a subsolution of (3.43) and t. < T, Lemma 3.40 implies that

at¢(t67336) + H(tmme(b(teame)) >0,

ie.,
te_ € e Ye
(3.47) S—s—H(te,xe,x Y ) >0.
€

€

In a symmetric way, since the map (s,y) = ®.((t., ze), (s,y)) has a maximum at (s, ye) on Cy, 4., one has,
for any (s,y) € Cty,u0,

1

Va(s,y) > Va(se, ye) — % U(Say) - (te’ze)|2 —[(8¢;Ye) — (t6v16)|2] +o(s—se)
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and, since V3 is a supersolution of (3.43) we obtain, again thanks to Lemma 3.40,

te — ¢ e Ye
(3.48) — +U+H<se,ye,x ey)<0.
Computing the difference between (3.47) and (3.48) gives

_0+H<teaxeaxe_ye> _H(Seayevxs_ys) >0.
€

€

We now use assumption (3.44) on H:

_0+C|:1_’_|x5_y5]
€

|me_ye|20~

Letting finally € — 07 and using Lemma 3.41 we get a contradiction since o is positive. [
Proof of Lemma 3.41: We already know that M, > M. Let K be an upper bound for Vi — V3 on Gy, 4, .
Then

1
0< M < M = Vl(teyl‘e)_V2(5€7ye)_?|(teaxe)_(367ye)|2_0(T_36)
€
1

S K - Z|(te7xe) - (Seaye)‘g .

This proves that |(t., ) — (s¢,ye)|* is bounded and therefore that the difference (t,zc) — (s, ye) tends to 0
as € — 0. Let (¢,x) be a cluster point of the bounded sequences (., z.) and (s, y.) as € — 0 and €, — 0"
with (e, ze,) = (t,2) and (L, , 2z, ) — (t,z). We have

M <lmM,, < lminf[Vi(t., , x., )— Va(se,,¥e,) — (T — s, )]
lim sup[V1 (te,,, xc, ) — Va(Se,, Ye,,) — 0 (T — sc,)]

<
< Vi(t,x) = Va(t,x) —o(T —t) < M .

Hence M., — M holds and
lim Vi(te, ,ze,) — Va(se, Ye,) — (T —s¢,) = Vi(t,z) — Va(t,x) —o(T —t) = M ,

e—0t
so that
. 1 .
61_1>%1+ Zl(tena Te,) = (SensYe,) ?= 61_1)%1+ Vi(te,,ve,) — Va(se,,Ye,) —0(T —s¢,) = M, = 0.

Let us finally point out that ¢ < T. Indeed, if we had ¢t =T, then
M <V(T,z) = Vy(T,z) <0,

which is impossible since M > 0. So t., < T and s, < T for any n large enough. We can then complete the
proof by a compactness argument. O

Proof of Lemma 3.40 : Thanks to Proposition 3.20 it is enough to do the proof for subsolutions. Let ¢
be such that W — ¢ has a strict local maximum on C}, 4, at some point (¢,z). For o > 0 let us consider a
maximum point (sy,ys) of the map

(s,y) — (I)U(Svy) = W(S,y) - ¢(S7y> + %ln (CQ(t - tO)2 - |J} - $0|2)

on Cy, z,- Note that this maximum point exists because Cy, 5, is compact and ®,(s,y) — —oo as (s,y)
converges to some point at the boundary of Cy, 4, .

Standard arguments then show that (s,,y,) converges to (¢,z). In particular we have s, < T for ¢ small
enough because t < T'. Since W is a subsolution of (3.43), we have

2 —t _
atdj(t?x)_m—i_H 305y07D¢(50ay0)+M > 07
Ay Ay
where we have set A, = C?(t, — t9)? — |v, — xo|?. Using condition (3.45) on H we get
oC
at(b(tw%') - T [C(SU - tO) - ‘ya' - mOH +H (Sa7yUaD¢(saayo’)) > 0.

Since A, > 0 and C(s, — o) — |y» — 0| > 0, this implies that

Od(t,x) + H (S0, Yo, DO(55,45)) = 0,
and we obtain the desired inequality by letting o — 0F. (]
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3.3 Further properties of the value function of Bolza problem

3.3.1 Explicit solutions

In this section we aim at giving a representation formula for the value of our game when ¢ is convex and
when ¢ and f are independent of (¢,2). In this case the Hamiltonian H = H (p) only depends on the gradient
variable.

Let us recall that the value function V is the unique viscosity solution of the Hamilton-Jacobi-Isaacs’
equation

(3.49)

{ OV (t,x) + HDV(t,z)) =0 in (0,7) x RN
W(T,z) = g(x) in RY

In particular, if the terminal condition g is linear: g(x) = (a,z) where a € RY™ then there is an obvious
solution to (3.49): V(¢t,z) = (T —t)H(a) + (a, z). Hopf-Lax formula provides a surprising generalization of
that remark.

Proposition 3.42 (Hopf-Lax representation formula) If g is convex and super-linear, i.e.,

o)
llzll—+oo |||

and H : RN — R satisfies condition (3.45), then the solution to (3.49) is given by the formula

V(t,z) = (9"(q) — (T = t)H(q))" (x)

where ¢* is the Fenchel conjugate of the function ¢:

¢*(z) = sup (q,z) —d(q) Vo eRY.
qERN

Remark 3.43 In particular the solution V is convex, which is not obvious a priori.

Proof of the Proposition: Let us set V(t,2) = (¢*(¢) — (T —t)H(q))" (x) and let us check that V is a
continuous solution of Isaacs’ equation (3.49) and that V(T,z) = g(z) for all z € RY. The continuity of V
is just a consequence of the super-linearity of g and is left to the reader. Since g is convex and l.s.c. we have

V(T,z) = g™ (x) = g(z) ,

so that V satisfies the terminal condition.
Let us now show that V is a subsolution (this is the easy part). For any ¢ € RY let us set

VQ(tvx) = (¢, x) —g"(q) + (T = t)H(q) V(t,x) € 0,17 x RV .

One easily checks that, for any ¢ € RY, V, is a C! solution of Isaacs’ equation (3.49). Since V = sup, Vq
by definition and since the supremum of subsolutions is still a subsolution (from Proposition 3.33), V is also
a subsolution.

The fact that V is also a supersolution is a small miracle. Indeed there is no reason in general that the
supremum of solutions is a solution (and this is in fact generally false). Here again convexity plays a key role.

Let ¢ be a C! test function such that V — ¢ has a local minimum at some point (tg,z¢) € (0,7) x RV,
We have to show that ;¢ (o, 20) + H(¢x(to,70)) < 0. Let us fix 7 > 0 and v € RY. For h > 0, we set
(th,zn) = (to,zo) + h(7,v). By definition of V there is some g, € RY such that V(t,z5) = Vy, (th, xp).
Moreover, since g is super-linear, the family gy, is bounded as h tends to 0. So there is a subsequence h,, — 0%
such that g, converges to some ¢ € RY. From standard arguments we have V (tg,z¢) = V,(to, zo). Let us
now set to simplify the notations: ¢n, = ¢y, etc...

Since V — ¢ has a local minimum at (o, zo), we have, for n large enough,

V(tnw%'n) - (b(tnaxn) Z V(t07x0) - ¢(t071'0) .
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By definition of V, we have V(to,20) > Vy, (t0,20) and by definition of ¢,, we also have V(t,,z,) =
Vg, (tn, zn). Hence
Vi, (tn, ) — Vg, (to,20) = ¢(tn, 2n) — d(to, z0)

which can be rewritten as

hn(<‘]n7 U> - TH(qYL)) > ¢(t0 + hnT, 20 + hnv) - ¢(t07 170)

Dividing this inequality by h, > 0 and letting n tend to +oco gives

(q,v) — TH(q) > 0y¢(to, x0)T + (Pu(to, z0),v) .

Let @ be the set of vectors ¢ € RY such that V(tg,z¢) = V,(to,z0). Let us recall that Q is compact. We
have just proved that

(3.50) max ({q,v) — TH(q) — (O¢d7 + {¢s,v))) > 0at (to, o) -

min
T7€[0,1], v€B(0,1) q€Q

Let us assume for a while that one can exchange the min and the max in the above expression. Then the
resulting inequality states that there is some ¢ € R such that, for any 7 € [0,1] and v € B(0, 1),

<Q7 U> - TH(Q) Z at¢(t03 ‘rO)T + <¢T (th IO), U> .
Therefore
Oy p(to, o) < —H(q) and ¢, (to, z0) = q .

Hence 0:¢ + H(¢,) < 0 and the proof is complete. The main problem is that the exchange of the min and
the max is not allowed, first because () is not convex and, second, because H is not concave.

Here is the miracle. Let go € Q. Since qo is optimal, we have V(to,20) < Vg, (to,zo) for any ¢ € RY,
ie.,
(¢, 0) — g™ (q) + (T' = to) H(q) < (g0, 20) — 9" (q0) + (T'— to) H(qo0) -
Hence

H(q) <
(q)_T_t0

Let r(q) denote the right-hand side of the above inequality. The map r is convex. Moreover the above
inequality holds for any ¢ € @ (by inverting the roles of gg and ¢). So

Vg e @, r(q) =H(q) -
Rewriting inequality (3.50) by replacing H by r we get:
max ((¢, v) = 77(q) = (0197 + (¢, v))) = 0.

min
T€[0,1], v€B(0,1) q€Q

({90 — @, 20) + 9" (q) — 9" (q0) + (T — t0) H(qo))

Let co(Q) be the convex envelope of (). Since @ is compact, so is co(Q). Since @ C co(Q) the previous
inequality implies that

TE[O’l]r_/rggB(oyl)qg%)(<q7v> 77(q) = (0¢dT + (¢2,v)))

Now the map r is convex, so that the above expression is concave with respect to ¢ and convex with respect
to (7,v). From the min-max we get:

i ) — — (0, - > 0.
qélcl%)re[o,lﬁgB(o,l)«q v) = 77(q) — (OedT + (2, v)))

So there is some ¢ € co(Q) such that, for any 7 € [0, 1] and any v € B(0,1),
<q7 U> - T’l"(q) > at¢(t0a xO)T + <¢m(t03 xO); 'U> .
This inequality implies that
ded(to, zo) < —r(q) and ¢x(to, o) = q -
But we already know that —H(q) > —r(q). Hence
Od+ H(da) < —H(q) + H(q) =0.

This proves that V is a supersolution and completes the proof by uniqueness of the solution. (I
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3.3.2 Long time average

3.4 The infinite horizon problem

In this section we study a two-player zerosum differential game in which the payoff is given by a discounted
integral.
Dynamics: For a fixed initial position o € RY we consider the differential equation

{ Xy = f(X¢,up,v)  t€0,+00)

(3.51) X — .

Throughout the section, we assume that

(1) U and V are compact metric spaces,
(i) the map f:RY x U x V is bounded and continuous in all its variables
(¢47)  f is uniformly Lipschitz continuous with respect to the space variable:
(2 u,0) — f(,w,0) < Lip(f)lz—y|  ¥(z,g,u,0) €RY xRN x U x V

(3.52)

The controls of Player 1 and Player 2 are now Lebesgue measurable maps u : [0, +00) — U and v : [0, +00) —
V. The set of such controls are simply denoted by U and V, since the starting time is always to = 0. For
any pair (u,v) € U x V, equation (3.1) has a unique solution, denoted X0V,

Payoffs: The payoff of the players depends on a discount rate A > 0 and on a running payoff £ : RNV x U x
V — R. Namely, if the players play the controls (u,v) € U x V, then the cost the first Player is trying to
minimize is given by

+oo
J(xo,u,v) = / e M U(XTOMY g vy)ds
0
Throughout this section we assume that
(3.53) £ is bounded and Lipschitz continuous.

We denote by Lip(¢) the Lipschitz constant of £.

Strategies: A delay strategy for the first Player is a now map « : V — U for which there is a delay 7 > 0
such that for any two controls v1,ve € V and for any ¢ > 0, if v; = vg a.e. in [0, ¢], then a(v1) = a(v2) a.e. in
[0,t 4+ 7]. The set of delay strategies for the first Player are denoted by A4, while the set of delay strategies
for the second Player is denoted by By. As before, we systematically use the fact that if («, 8) € Agq X By is
a pair of strategies, then there is a unique pair of controls (u,v) € U x V such that

(3.54) a(v) =uand B(u) =v a.e. in [0, 4+00) .

In particular we always use the notation (c, 85) for (us, vs) and X7 for X" where (us, v,) is defined
by (3.54). The payoff associated to the two strategies («, 8) € Ay x By is given by

“+o0
T (0,0, B) :/ e U(XEB oy BL)ds .
0

Definition 3.44 (Value functions) The upper value function is given by

(3.55) V*(x9) ;= inf sup J(xo,,f)
a€Ad BeB,

while the lower value function is

(3.56) V7~ (z9) := sup inf J(xg,a,p) .
BeEBy A€ AL

Remarks 3.45 1. Note that now the value function only depends on the space variable. Obviously, the
following inequality always holds:

A\ (1'()) < V+(.’E0) Vo € RN .

So the key point is to prove the reverse one and to characterize the value V' =V .
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2. As in Lemma 3.3, we have
V*(x9) := inf sup J(xg,(v),v)

aEAy vEY

and
V™ (x0) := sup inf J(zo,u, B(u))

BEBy UEU
3.4.1 Regularity of the value functions

Lemma 3.46 The value functions V¥ and V~ are bounded.

Proof : Indeed, since /¢ is bounded,

e —As zo,,3 e —As _ ||€||OO
‘j(mO’u’ U)| < e M(Xs aasaﬁs” ds < € HKHOOdS T
0 0

so that VT and V~ are also bounded by |[|£||c0/A. O

Lemma 3.47 The value functions VT and V~ are Hélder continuous in RY.

Proof : Let us denote by L the Lipschitz constant for ¢ and f (with respect to the x variable) and let M
be a bound for £. Without loss of generality we can assume that L > \. Let zg,z; € RN, a € Agand v € V.
We have, thanks to Gronwall Lemma

‘cho,a,v _ Xml,a,v| S |l‘0 _ $1|€Lt Vit Z 0.

Let us fix T > 0 to be chosen later. We now compare J(xo,«,v) and J(z1,®,v). Since £ is L—Lipschitz
continuous with respect to the x variable and bounded by M we have

O+°O e M(X TN o v) — A( XLV o v)|ds

L[l e sems| Xzomw — xmoor|ds 4 [ e A20ds
L[y e *|xg — x1|elsds +2Me T /M

|zo — 21| 25 (e LV — 1) + 2Me™ 2T

|\7(IO7Q7U) - j(xo,a,v)\

IAIAIAIA

We now optimize the above expression with respect to T. The choice T'= (1/L)In (2M/(L|zo — x1])) is the
best one, provided that |zg — 21] is not too large. With this choice we get

|j($070[,’U) - J(zl,a,vﬂ S C‘l’o - '1:1|)\/L ’

for some constant C' independent of xg, 27 and of a and v. Since the above inequality holds true for any «
and v, we get, thanks to Lemma 3.5,

|V+(.Z‘Q) - V+(.’131)| S C|$0 — $1|A/L .
([

In the proof of the dynamic programming property we shall need the fact that a nearly optimal strategy
at a point remains nearly optimal in a neighbourhood.

Lemma 3.48 For any € > 0 there is some n > 0 with the following property: for any ro € RN, any
e—optimal strategy @ € Ag for VT (xg), i.e., such that

sup 7 (0, a(v),0) < V¥ (20) + e
veY

remains (2€)—optimal for VT (yo) for any yo € B(xg,n):

SUB I (Yo, a(v),v) < VT (yo) + 2¢ Vyo € B(zo,7) -
IS



3.4. THE INFINITE HORIZON PROBLEM 47

Proof : Let C be a Lipschitz constant of VT with respect to z. As in the proof of Lemma 3.47, there is
also a constant C’ such that, for any yo € RY, for any pair of controls (u,v) €U x V,

|j(t0,1’0,u,’0) - j(t07y0au,v)| § Cl|x0 - y0|/\/L )

where L is a Lipschitz constant for f and ¢. Hence

sup J(yo,@(v),0) < sup J(zo,@(v),v) + C'lao — yolM*
vEV(to) veV(to)
< VH(xo) + e+ Clag — yoM*
< VH(yo) + e+ (C+ O)|zo — yoMF
This proves that & is (2¢)—optimal for V1 (tg,yo) as soon as |yo — zo| < 7 := (¢/(C + C"))L/*. O

3.4.2 Dynamic programming property
Theorem 3.49 (Dynamic programming property) Let zg € RY and h > 0. Then

h
V*(zg) = inf sup {/ e_’\SE(X;”"’a(”)’”,a(v)s,vs)ds+e_>‘hV+(X,f°’a(v)’v)} .
a€Aq ey 0

Proof of Theorem 3.49 : Let us set

h

W (h,zo) = inf sup { / UX T (), v5)ds + e’\hV+(XZ°’a(”)’”)}
acAa yey 0

We first show inequality VY < W.

Let us fix some € > 0 and let a” be e—optimal for W (h, z¢):

h
(3.57) sug {/ E(Xfo’o‘o(”)’”, a2, vy)ds + e_)‘hVJr(X}fO»aO(v),v)} <W(h,zo) + €.
S 0

For any = € RV, let a® be e—optimal for the game V*(2). From Lemma 3.48, there is some 7 > 0 such that
a® is (2¢)—optimal for V¥ (y) for any y € B(x,7n). Since R¥ is locally compact, we can find a countable
family (z;);en+ such that the family of balls (B(z;,7/2))ien+ is a locally finite covering of RY: any point z
belongs to some ball B(x;,7/2) and to at most a finite number of such balls. Let us set Oy = B(x1,71/2)
and O; = B(z;,n/2)\U;,; B(z;,n/2) for i > 2.

Let 7 € (0,m/(2||f|loc) A h). We are now ready to define a new strategy by setting, for any ¢ € [0, +00)

and v € V,
a®(v)y if t € [0,h)
= 0
o(v)r a®i (Uh)t,h if t € [h, +00) and X,fo_’f W) ¢ O;
where v/ = v,_j, for t > h. As in the proof of Lemma 3.4 one can show that « is a delay strategy because
0
X0 ()% remains in a bounded set, and therefore in Ule O; for some integer k. Next we claim that

J (zg, a(v),v) < W(h,xo) + 3¢ YveV.
Let us fix v € V and set X, = Xsmo’a(v)’v. We note that

. xZoe v i g e 0, )
R G G Ty [h, +00) and X, 0,
s—h ) h—r € U;

where fuf = vy_p, for t > h. Then
h 0
I (xo, a(v),v) = / e‘Asé(X;”O’O‘ (”)’”,ao(v)s,vs)ds
0

k too @;/ hy . h
+ E 10,(Xp—r) e_’\SZ(XSXf‘,f‘ (v")w ,ami(vh)s_h,vf_h)ds
h

=1
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where
+oo X @i ( h) h +oo ;0 hy R
/ e_’\SE(XS_h,;a VU (vh)s,h,vgih) ds = e_’\h/ e_’\sé(XSX’““ Hh) (vh)s,v?) ds .
h 0

Let us assume that Xj_, belongs to O;. Then, from the definition of O; and of 7, X}, belongs to the ball
B(z,m). Since o is (2¢)—optimal for VT (-) on O;, we have therefore

“+o0 )
/ eSO " 0 (1) o) ds < V(X)) + 2¢
0

Hence

h
J(zo, a(v),v) < / e_’\SE(X;”O’O‘O(”)’”,ao(v)s,vs)ds+e_’\h <V+(Xff°’a0’”)+2e)
0

We now use the e—optimality of a® in W (tg,to + h, xg) (i-e., (3.57)) to get
J(zg, a(v),v) < W(h,zq) + 3¢ .
This inequality holds for any v € V(t), so that

VT (zg) < sup J (2o, a(v),v) < W(h,z0) + 3¢ .
veV

Since € is arbitrary, inequality V* < W is proved.

Let us now show the reverse inequality: W < VT,
Let € > 0 be fixed and let @ € Ay be e—optimal for VT (z(). Let us fix some ¥ € V and define a new delay
strategy a” € A, by setting:

5 {1‘15 it s €0, A

a’(v); = @(0)rn where 05 = . otherwise Vi>0,veV.
S

Then, if we set X; = Xf“’a(ﬁ)’ﬁ, we have

(3.58) V(X)) < sup T (Xp,a”(v),v) .
veY

Let V(h,v) be the set of controls v € V such that v = o on [0, h]. Then, by definition of a”, we have

h
j(xo,&(v),v)z/ (X, 6(0)0, 52)ds + €T (Xn, a0 _n)ovn) Yo € V(to, to + hy ) .
0

Hence

h
sup  J(xg,a@(v),v) = / U X, a(0)s,0s)ds + sup T (Xig1n, @’ (v),0) .
veV(h,v) 0 vEV

Combining (3.58) with the above inequality then leads to

h
U( X, a(v)s,vs)ds + V(X)) < sup  J(zo,a(v),v)
0 veV (h,v)
< sup J(wg, @(v),v) < V*(zg) +e
veEY

since @ is e—optimal for V¥ (xq). Taking the supremum over v and using the definition of W then implies
that W (h,z9) < VT (z9) + €. This gives the desired result since € is arbitrary. O
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3.4.3 Existence and characterization of the value

Together with our value functions let us associate two Hamilton-Jacobi equations:
(3.59) ~AV(t,z) + H"(x,DV(t,x)) = 0 in RY

where H™ is defined by

(3.60) H*(t,z,p) = inf sup {(p, f(z,u,v)) + £(z,u,v)} ,
uel yev

and

(3.61) ~AV(t,z) + H (x,DV(t,x)) = 0in RY

where H~ is defined by

(3.62) H™ (z,p) = sup inf {(p, f(z,u,0)) + (z,u,v)} -
veV U

Theorem 3.50 Under conditions (3.52) and (3.53) on f and £, and if Isaacs’ assumption holds:
(3.63) Ht(z,p)=H (z,p)  V(z,p) € RN xRV,
then the game has a value:
Vt(z) =V () Vo e RY .
Moreover V't =V~ is the unique viscosity solution of Isaacs’ equation (3.59)=(3.61).

The proof of Theorem 3.50 relies on a (half-)characterization of the value functions and on the comparison
principle (Theorem 3.36).

Lemma 3.51 The upper value function VT is a subsolution of equation (3.59) where HT is defined by
(3.60) while the lower value function V™~ is a viscosity supersolution to (3.61).

Proof of Theorem 3.50: According to Lemma 3.46 and Lemma 3.47, VT and V~ are both bounded
and Holder continuous. Since H~ = Ht, V™ is a supersolution of (3.59) while V' is a subsolution of that
equation. Under assumptions (3.52) and (3.53) on f and ¢, the Hamiltonian H™ = H~ satisfies (3.33),
(3.34) and (3.40). The comparison principle (Theorem 3.36) then implies that V** < V~. Since the reverse
inequality always holds, one gets the equality and the characterization of the value. O

Proof of Lemma 3.51 : As usual it is enough to prove the result for V. We have to show that, if ¢ is a
C! test function such that V* — ¢ has a local maximum at zo € RY, then —AV*(x¢) + H* (x9, Dgp(z0)) > 0.
Since V¥ — ¢ has a local maximum at xg, there is some 7 > 0 such that

Vi(z) < ¢(x) + VI (w0) — ¢(z0) Vo € B(wo,7).

From the dynamic programming property, we have

h
V*(zg) = inf sup{/ e’\SK(X;”“”’(“)W,a(v)s,vs)ds+eAhV*(XZO’a(”)’”)} .
a€Aayey | Jo

Let usset hg = r/(|| flloc+1). Then, for any h € (0, ho) and any (o, v) € AgxV, we have X,f"’a(v)’v € B(zo,r),
so that

h
(3.64) 0< aien/fld Slelg {/ 6_)\85()(?0’0‘(”)’”,&(1})8, v,) ds + e—Ahqﬁ(X}afo,a(v),v) _ ¢(CEO)} .
v 0

Let us now fix any (time independent) control u € U. From (3.64) for any € > 0 and any h > 0 small, there
is some (time dependant) control vj, € V such that

h
(3.65) —eh < /0 e U(XTY o (v) g, vs) ds + e (XTI p(a)

Since £ is Lipschitz continuous and f is bounded, we have (as in the proof of Lemma 3.15)

h h
/ e A Y(X T (W)Y o (v),, v,) ds —/ e MUz, a(v)s,vs) ds| < o(h) .
0 0
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To estimate the last two terms in (3.65) we note that

e M H(XFO ) — (o) = e M (S(XFON) — p(w0)) + (€M — 1))

where
(e —1)d(w0) = —Ad(o)h + o(h) .

Since ¢ is of class C!, we have

h
S(X70 ) — (o) = /0 (DG(XTomwvm) f(XTM0n gy, Y)ds

where, by uniform continuity of D¢ and f,

h h
’ / (DS(XTow0m), F(XT00 vy ))ds — / (D(xo)., f(xo,u, vp.))ds| < ofh) .
0

0

Plugging the above estimates into (3.65) gives

h
—eh — O(h) S —>\¢(£L'0)h + A g(anua vh,s) + <D¢(x0)7 f(mo,uvvh,s» ds .

Since .
/0 Uz, u,vp,s) + (DP(x0), f(w0, U, Vhs)) ds
h
< / max {{(zo, u,v) + (Do(x0), f(x0,u,v))} ds
0 VeV
= hlzjneag {l(xo,u,v) + (Do(x0), f(zo,u,v))} ,
we get

et of0) < { ~A(ao)h-+ ma G0, ) + (Do) S, v, )} }
Dividing the above expression by h, letting h — 0" and then ¢ — 07 gives:
0 < _A¢(x0) + I,;ﬂea‘;{ {g(x07 U, U) + <D¢)(‘x0)7 f(x()v U, U)>} .

Taking the infimum with respect to u € U then completes the proof. (|

3.5 Exercices

Exercice 3.1 Let O be an open subset of RY and f, : @ — R which converges pointwise to some map
f: O —= R with f, < f for all n.

1. Show that
lim sup fn(z) = sup f(x).
n=+00 c0 z€0

2. Show that the equality does not hold in general if one removes the assumption f,, < f.
Exercice 3.2 Show that the map V: [0,7] xR - R

_Jo sile| >T—t
V(W)—{ (T—#)— |z| sinon

is Lipschitz continuous and satisfies the Hamilton-Jacobi equation 8;V (t,x) + |[DV(t,x)| = 0 at any point
of differentiability of V. Deduce from this that there are infinitely many solutions to that equation with
terminal condition V(7' z) = 0.

What is the viscosity solution of this equation with terminal condition V(T,-) =0 ?
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Exercice 3.3 Let O be an open subset of RY and let us consider a partition O = O; UO,UT of O (i.e., Oy,
Oy and T" are disjoint). We assume that O and O, are open, that I is a closed, smooth, connected surface.
For z € T we denote by n(z) the unit vector normal to I' at z pointing towards Os, so that n(z) is an
outward normal to @; at x and an inward normal to @5 at z. Let v1 : O7 — R and vy : O3 — R be of class
C! in their respective domain and be solutions of some Hamilton-Jacobi equation H (z,u(x), Du(x)) = 0 in
O, and O, respectively. We assume that v; = v on I' and define the continuous map v: O — R by v = vy
in 01, v =v9 in Oy and v = v1 = vy on I'. Finally we suppose that Duvy(z) # Duvs(x) for x € T.

1. Show that there is a continuous map X : I' — R, such that Dva(x) — Dvy(z) = A(x)n(x) for any x € T
To fix the ideas, we assume that A(z) > 0 for all z € T.

2. Show that v is a viscosity subsolution of H(z,u,Du) = 0 in O (Hint: prove that there is no test
function ¢ such that v — ¢ has a local maximum at « € T").

3. Let us assume further that H(z,v1(x), Dvy(z) + sn(z)) < 0 for all s € [0, \(z)] and all z € T. Show
that v is a solution of H(z,u, Du) =0 in O.

Exercice 3.4 Let V be a viscosity subsolution of equation
oV(t,x)+ H(t,x, DV(t,z)) =0  in (0,T) x RV .
Let (to,x0) be a point of differentiability of V. The aim of this exercise is to show that

0¢V (to, o) + H(to, 9, DV (to,20)) > 0

Let
0(7’) _ max V(t7x) - V(to,xo) - atV(t07$0)(t - to) — <DV(t0,$0),$ — $0>
|(8,2)=(to,w0) | < |(t, 2) = (to, o)

and

p(r) = /OTU(T)CZT .

1. Show that the map ¢(t, z) = V(to, 20) — 9V (to, 20)(t —to) — (DV (to, o), * — xo) + p(|(t, ) — (to, o))
is of class Cl with gf)(to, 170) = V(to, 130), 8tq§(t0,x0) = atV(to,on) and D(]S(to,l‘o) = DV(tQ,{E()).

2. Show that V < ¢.

3. Conclude.

Exercice 3.5 Let VT be the upper value function of the Bolza problem defined by (3.6). Under assumptions
(3.2) and (3.3) on the dynamics and payoffs of the game, but without assuming Isaacs’ condition, show that
VT is a viscosity solution of Isaacs’ equation (3.19).

Exercice 3.6 (Value in nonanticipative strategies) We consider Bolza problem under the assumptions
of Theorem 3.14 and denote by V the value for the game played in delay strategies. Let us recall that, for
any nonanticipative strategy a € A(ty) and any delay strategy 3 € B4(to) there is a unique pair of controls
(u,v) € U(tg) x V(to) such that

av) =u and B(u) = v a.e. on [tg, T,

and that the symmetric result holds for any a € A4(to) and 8 € B(to).
Show that

V(to,x0) = inf  sup J(to,x0,a(v),v)= sup inf J(to,=o,u,(u))
a€A(to) veV(to) BEB(ty) wEU(to)

for any (to,z0) € [0,7] x RY.
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3.6 Comments

This Chapter is largely inspired by the seminal work Evans-Souganidis [96] which is the first paper in which
viscosity solution techniques are used to prove the existence of a value function. There is by now a large
litterature on that approach and we refer the reader to the monographs by Bardi-Capuzzo Dolcetta [27]
and by Elliott [94] for further references. The unique difference with our presentation is that these papers
consider differential games in the framework of nonanticipative strategies, while we have chosen to work here
with delay strategies.

Viscosity solutions of Hamilton-Jacobi equations where introduced by Crandall and Lions [82] in the
early 80’s for first order Hamilton-Jacobi equations and later generalized to second order equations: see the
monographs by Bardi-Capuzzo Dolcetta [27], Barles [31], Fleming-Soner [104], Lions [152].

The first existence result of a value for differential games goes back to the 60’s and the early 70’s, with
works by Fleming [101], Varaiya [208], Varaiya-Lin [209], Roxin [184], Friedman [108, 109, 110], Elliot-Kalton
[92, 93], Berkovitz [38]. Another very interesting approach was developed by Krasovskii-Subbotin [139], who
introduced the notion of positional strategies, and proved the existence of a value for qualitative, and then
quantitative, games.

deal



Chapter 4

Nash equilibrium payoffs for
nonzero-sum differential games

In this chapter, we consider a differential game played by I Players (where I > 2) and with dynamics
Xt/ = f(t7Xt7u%7~~~7U{) .

In order to simplify the notations, we restrict the analysis to games with a terminal payoff. The extension to
games with integral and terminal payoff is straightforward. In this game, Player i plays with the control u’
which takes its values in some compact set U’. He aims at maximizing his terminal payoff ¢‘(X7). Our aim
is to define the notion of Nash equilibrium payoffs for such a game and characterize it. Moreover, if Isaacs’
condition holds, we also prove the existence of such payoffs.

4.1 Definition of Nash equilibrium payoffs

We assume the following conditions on the data:

i) The sets U’ (i =1,...,I) are compact subsets of some finite dimentional spaces
(4.1) ii) f:[0,T] xRN x Ul x ... x Ul = R¥ is continuous and bounded,
' and globally Lipschitz continuous with respect to x
iii) The maps g; : RN — R are Lipschitz continuous and bounded for i = 1...,1.
Let us set

Ull=U'x..xU "t xU ™ x. ... xU.
As usual, for i € {1,...,I}, we denote by U'(to) the set of measurable controls u® : [to,T] — Ut. We set
U™ (to) =UNtg) X ... x U (to) x UT (tg) x ... x U (to) .
We denote by (u~%) a generic element of U ~%(to). For any I—tuple of controls (u’) = (u',...,ul) € U(ty) x

... x UL (ty), we denote by X*'0-x0:(u") the unique solution to

{ X = f(t, X¢,ul(t),...,ul(t))

Xty =0

Forie {1,...,I} amap a: U (tg) — U'(to) is a delay strategy for Player i if there is a delay 7 > 0 such
that, for any ¢ € (to, T}, for any (I —1)—tuple of controls (u=%) € U~(to) and (v=*) € U~%(tg) which coincide
almost everywhere on a subinterval [to, ], the images a((u~%)) and a((v~%)) coincide almost everywhere on
[to, (t +7) AT]. As usual we denote by A%(ty) the set of delay strategies of Player i.

Following (a slight extension of) Lemma 2.3 we shall systematically use the fact that if (a!,...,af) €
Al(tg) x ... x AL(ty), then there is a unique I—tuple of controls (u’) € U (ty) x ... x U (ty) such that
(4.2) o ((u™)=u'  ae in[ty,T], Vie{1,...,I}.

In particular we always use the notation Xtt"’z""(w) for Xtt"’m“’(ul). For any I—tuple (a?) € AL(to)x...xAL(to)
of delay strategies, we set

Filto, w0, (o)) = ¢' (X7 ™).
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Definition 4.1 (Equilibrium payoffs) Let (to, 7o) € [0,T) x RY be fized. A I—tuple (e1,...,e;) € R is
a Nash equilibrium payoff at the point (to,zo) if, for any e > 0, there is a I—tuple (a',...,a%) € A4(to) x
.. x AL(to) of delay strategies such that, fori € {1,...,1},

(4.3) e — Ji(to, xo, (@) < €
and . o ) )
(44) %(to,xo, a—i, dl) > jl(to,x(h a ', az) —€ Vo' € Aé(to) .

Remark 4.2 One can replace conditions (4.4) by
._71‘(2507 Zo, 6572', O_éi) 2 jl(to, Zo, O_éii, UZ) — € Vul S ui(to)

Let E(to,xo) be the set of Nash equilibrium payoffs of the game at the point (t,zo). Our aim is to prove
that the set £(tg, zo) is non empty and to characterize it.

For that purpose, let us introduce the upper value functions of the zero-sum differential games associated
to g;:

Vi(to, o) = inf sup  J;(to, zo, (a7, u’) .
(a=)eA " (to) uieUi (to)

Let us recall that, under assumptions (4.1), the value function V;r is Lipschitz continuous and bounded

on [0,T] x RY. Moreover, under Isaacs’ condition

(4.5) inf  sup (f(z,(u™"),u'),p) = sup inf  (f(z,(u”),u’),p)  V(z,p) € RN xRV,
(w=H)EU— yigyrs wieyi (ui)eu =i

we have the following equalities, which mean that Vj' is indeed the value of some games:

Vi(to,z0) = sup inf Ti(to, o, ("), u’) .

ul€U(to) (a™)EA; " (to)

4.2 Characterization of Nash equilibrium payoffs

In order to characterize the Nash equilibrium payoffs, let us introduce the notion of reachable and consistent
payoff:

Definition 4.3 Let (tg,z0) € [0,T) x RY be fized.
We say that a I—tuple (e;) € R is a reachable and consistent payoff at (to,xo) if, for any € > 0, there is
some I—tuple of controls (u') € U (ty) x ... x U (ty) such that:

1. (Reachable) Vi € {1,...,1}, le; — gi(X20™ )| < ¢,
2. (Comsistent) Vi € {1,... I}, Vt € [to, T, e; > VF(t, X270y _ .
Let us denote by R(to, zo) the set of reachable and consistent payoffs at (to,xo).

Theorem 4.4 Let us assume that f and g satisfy assumption (4.1). Then, for any (to,zo) € [0,T] x RY,
a I—tuple (e;) € RY is a Nash equilibrium payoff at (to,xo) if and only if it is a reachable and consistent
payoff at (to,xo):

S(to,l'o) = R(fo,l’o) V(tml‘o) S [O,T) X RN .

Proof of Theorem 4.4: Let us start with the proof of the inclusion &(tg, zo) C R(to,x0). Let (e;) belong
to £(tg, wo). For any fixed € > 0, there is some I—tuple (@!) of delay strategies such that

(4.6) e — Ji(to, wo, (@) < €
and . . o c ) .
(4.7) Ji(to, zo, (@ "), &") > Ji(to, o, u, ("), u") — 3 Vu' € U (ty) -

Let (i) be the unique I—tuple of controls such that &‘((z~%)) = ' and let us set

X :Xtto’zo’(ﬁi) and e} = Ji(to, xo, (&) fori=1,...,I.
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Note that (4.6) means that the I—tuple (e;) is reachable. We claim that it is consistent:

(4.8) e, >Vt X;) —e Vt € [to, T] .

Let t; € [to,T] and i € {1,...,T}. Let usset 2, = X;, and let us define, for j # i, the strategy a/ € A’ (t1) by

ad(u)y = & ((4)~7), for t € [t1,T], where (4=7) = (a~7) on [tg,t1] and (47) = w on [t;,T]. Let u® € U(t)
be an ¢/2-optimal control for V (¢, 7;) against (a~%):

(4.9) Ji(t1,x1, (@79, u') > sup  Ji(th, @1, (a™%),v") —
vteU (t1)

Z V;’(t]_,l‘l) -

N
N

Let us finally define the control @' € U'(tg) by aj = @ if t € [to,t1) and 4f = uj if ¢t € [t;,T]. Since the

strategies (@~") are nonanticipative, we have Xttf’zo’(o_‘ D = 21 and, by (4.7) and (4.9), we have

e; = Ti(to, xo, (@) = Ti(to, w0, (@), 0') — 5 = Ji(tr,z1, (@), u') — 5 = Vi (t1,21) —€.

N
N

So (4.8) holds.

REPRENDRE REPRENDRE REPRENDRE REPRENDRE REPRENDRE REPRENDRE REPREN-
DRE REPRENDRE REPRENDRE REPRENDRE

Let us now prove inclusion : R(tg,zg) C E(to,zo). Let (e;) € R(to,zo). For any € > 0, there is some
I—tuple of controls (u') € U (ty) x ...UL(ty) such that, for i =1,...,1,

(4.10) | Ti(to, zo, (@) —ei] <€ and VI X)) <l be/2 Ve ft, T

where ¢} = Ji(to, o, (4')). In order to show that (e;) is a Nash equilibrium payoff we are going to build

delay strategies (&) such that

(4.11) al((a ") =a'
and such that o ‘ 4
(4.12) Ji(to,zo, (@ "), u’) <e,+e  Vu' €U () .

This clearly implies that (e;) belongs to R(tg,xo). Let us set X; = Xfo’wo’(ﬂl). The heuristic idea is that the
Players agree to play the control (%'). They punish the first Player which deviates (say Player j, deviating
at time 7) by playing its worse strategy (a=7) in the zero-sum game VT (7, X,). The only issue is to build
delay strategies doing this. For this we will have to discretise in space and time.

Let us fix i € {1,...,1}, let n be a large integer to be defined later and set t;, = to + (T — to)k/n for
k€ {0,...,n}. For k € {0,...,n}, z € RN and j # i, let (a=9*) € A7 (ty) be an (¢/4)— optimal strategy
for the game V;.r(tk, Xt,):

_ - €
sup  Jj(te, Xop, (@79F), uf) < V;‘(tk,th) + 1

ul €U (L)

Then, using assumptions (4.1) on f, g; and g and the Lipschitz continuity of V3, one can find some 7 > 0
such that

(4.13) sup Tty (@79),0?) < VH (b, Xo) + = Wy € B(Xy0m)
wd €EUI (L) 2

(see Lemma 3.7 for the proof of a similar statement). We denote by a®7** the i—th component of (a~7%).
We are now ready to define the delay strategy a’. Let (u=%) € U (to). If (u™%) = (a7%) a.e. on [to,tn_1],
then we set @‘((u™%)) = @ (in particular, (4.11) holds). Otherwise, let

k=sup{ke{l,....,n—1}, (u) = (@) ae. on [to,tx_1]} ,
(tz is the first time the deviation is detected)
j=min{j #i, v £ ae on [t;_,t;)}

(Player j is the deviator with the smallest index) and set

& (1)), = { a | if ¢ € [to, tz]

ai’ij((uiz)l[t;",T] )t if t G [tk? T]
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Note that @' is a delay strategy because the (finite number of strategies) abdik only involve a finite number
of delays.
Let us show that the (&) satisfy (4.12). Let u’ € U'(to) and If v’ = @’ a.e. on [to,t,—1], then, for j # i,

al (w9~ u')) = 4’ and, since X; = Xf“’xo’(ﬂii)’ul on [tg,tn_1], we have
|\7’L(t07x07 (ﬂ_l%al) - %(to,l’o, (?jl)aul” = |gZ(XT) - gi(X;?,r(],(ﬂ*'),u )|
< Lip(gi)| X7 — X2 < Lip(g3) | flloo (T = tn—1) = Lip(g:) | flloo (T = t0) /..

So, if we choose n in such that Lip(g;)||flleo (T — to)/n < €, then (4.12) holds. If equality if u’ = 4’ a.e. on
[to, tn—1] does not hold, let

E:sup{ke {1,...,n—1}, u* = 4" a.e. on [to,tk_l}} ,

Then we have X, 1 = Xf;ff’(a‘ﬂ)’ui, so that

X000 X < flool(T — to) /-

ik
So, if we choose n such that || f||eo(T — to)/n < 1, we get from (4.13) and then from (4.10)

to.xg,(a ") ul

PN R X ’(C“jm)]’#"’“"i[t,;,Tl o € /
s7i(t07$0a(a ),U)Zgi XT S‘/z (tff’XtE)_Fi S €i—|—€.
This completes the proof of Theorem 4.4. O

4.3 Existence of Nash equilibrium payoffs
Nash equilibrium payoffs exist, at least if Isaacs’ condition holds:

Theorem 4.5 If assumption (4.1) on f and the g; and Isaacs’ condition (4.5) hold, then, for any (tg,xo) €
[0,T) x RN, there is at least one Nash equilibrium payoff at (to,zo).

Before starting the proof, we need two Lemmas.

Lemma 4.6 For any (tg,z9) € [0,T) x RY and any € > 0, there is a I—tuple of controls (u') € U (tg) x
.. x UL (tg) such that
(4.14) Vie {1,...,I}, Vt € [to, T), Vi (t, X100 )Y > VH(tg, z0) — € .

Proof : For any i € {1,...,1} let & € A/(ty) be a delay strategy which is e-optimal for V; (¢o, z0):

4.15 inf (to, zo, (u™%),a’) > Vi (tg,z0) — €.
(4.15) (u_i)gll_i(to)J(oxo (u™),a") = Vi (to,z0) — €

Let (u') the unique I—tuple of controls such that
al((a ) =a" Vie{l,...,I}.

Let us set X; = Xtto’mo’(ﬂi). We claim that (4.14) holds for (@'). Indeed, let us fix i € {1,...,I} and
t1 € (to,T) and let us define the new delay strategy o' € A%(t1) by

o ((w™)) = a(@™),,, ,, where (ffi)(t):{ L el v eurin).

Then

V+taX > inf it7Xaia - > inf ita 771.7 -
i (1, Xey) > (u*i)g(}{*i(t])j( 1, Xy, ok (u™) > (z;*i)lerlb*i(to)j( 0,0, ", (v))

because, if (v™) = (@~%) on [tg,t1), then

tlyml7o‘i7(vii)\[t1’T]

to,o,a’, (v _
XT - XT
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where (v™%) stands for the restriction of v=¢ to the interval [t1,T]. From (4.15) we get

lie1,7)
V;r(tl,Xh) > ) inf ) jl(to,a'}(),di, (U_i)) > Vf(toﬂlﬁo) —€
(v eU~(to)

which is the desired result. O

Lemma 4.7 For any (tg, o) € [0,T) x RY and any € > 0, there is a I—tuple of controls (u') € U (ty) x
.. x UL (tg) such that

(4.16) Vi (s, Xtowo: W)y < vt xPooo () 4 ¢ Vtg<s<t<TNie{l, .. I} .

Proof : Let us fix n > 1 large and let us set ¢, = to + % Thanks to Lemma 4.6, we can construct
by induction on the interval [tj,t;41) a I—tuple of measurable controls (uf) : [tg,txr1) — Ut x ... x Ul
such that

i i 1
Vi, X[ty > vk, xtoro W)y - e [ty by ], Vi€ {1, T}

tr
k n2

Let us now prove that (4.16) holds for n large enough. Indeed, for any tg < s <t < T, we can find tg,
and ty, such that ¢, < s < tj,41 and t, <t < t,41. Since f is bounded and the V; are C'—Lipschitz
continuous for some constant C, we have, for all i,

V(. X7) = Vi (b, X)) < O flloe + 1) /7

and
V(5. X3) = Vi (e, X5 ) S CI flloe + 1)/
So
VI XP) = VI, X)) > Vi, Xi2 ) = Vi (b1, X7 L) = 20( flleo +1)/n
> (Vi X7 ) = VG, X7) = 2C(| e +1)/m
> =1/n=2C(|fllec +1)/n > —¢
for a suitable choice of n. O

We are now ready to prove Theorem 4.5:

Proof of Theorem 4.5 :  Let (u) be the control given by Lemma 4.7 for ¢ = 1/n and let

X" = Xtowo,(u) The sequence (X™),, being uniformly continuous on [tg, 7], we can find a subsequence,
relabelled again (X™),,, which converges to some continuous trajectory X uniformly on [to,T]. Then, from
the continuity of the V; and the construction of (uf,), we have

(4.17) Vi(s,Xs) < VIt Xy) Vig<s<t<T, Vie{l,... I}.

Let us set (e;) = (9:(X7)). We now prove that (e;) belongs to R(t, zo). For this we use the characterization
Theorem 4.4 which states that it is enough to prove that (e;) is a reachable and consistent payoff. From
(4.17), we know that t — V7 (¢, X;) is nondecreasing on [to, T] for all 4. Thus,

Vit X)) < VT, X7) =e; Vt € [to, T), Vie {1,...,1}.

Since the X™ = Xto.zo.(u;) uniformly converge to X and since the Vj‘ are continuous, we can find for any
positive € some n such that

lei — g (X)) < e

and such that ;
Vi, X[y <o toe Vt € [to,T), Vi€ {1,.... T} .

4.4 Exercises

Exercice 4.1 Show that the set-valued map which associates to an initial position (¢,x) the set of Nash
equilibrium payoff has a closed graph. In other words, if the sequence (¢, z,) converges to (¢, z), if (el') are
Nash equilibrium payoffs for the initial position (¢,,z,) and if (e') converges to some (e;) € R, then (e;) is
a Nash equilibrium payoff for the initial position (¢, z).
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4.5 Comments

The results of this section are due to Kononenko [138] (see also Kleimenov [137], Tolwinski-Haurie-Leitmann
[205], Gaitsgory-Nitzan [113], Coulomb-Gaitsgory [81]). It is the counterpart of the so-called Folk Theorem
in repeated game theory [167]. It has been extended to differential games played with random strategies by
Souquiere [194] and to stochastic differential games by Buckdhan-Cardaliaguet-Rainer [56] (see also Rainer
[178]).

The main open issue for nonzero-sum differential games is the existence of subgame perfect equilibrium:
these equilibria are (at least heuristically) given by feedback strategies and should be solutions of a system of
Hamilton-Jacobi equations. In this framework, a verification theorem, analogous to the one given in Chapter
1, has been obtained by Case [79] (see also the monograph Friedman [111] and the references therein) and
successfully applied to linear-quadratic differential games (see again Case [79], but also Starr-Ho [196], etc...).
This later class of differential games is probably the class which has been the most investigated, because in
particular the numerous applications (see for instance the monograph [90] and the references therein).

Beside the linear quadratic case, very little is known. Results on the system of Hamilton-Jacobi equations
formally derived for the Nash equilibria are very sparse. Actually recent papers on the subject seem to
indicate that this system is ill-defined and highly unstable. In a series of articles, Bressan and his co-
authors (Bressan-Chen [50], [51], Bressan-Priuli [52], Bressan [54], [55]) show that, in space dimension 1, the
system can be recasted in terms of a system of conservation laws which turns out to be ill-posed in general.
Cardaliaguet-Plaskacz [68], Cardaliaguet [70] also investigate a game in dimension 1 and show that the Nash
equilibria in feedback strategies is highly unstable.

This is in sharp contrast with what happens for stochastic differential games (with non degenerate
viscosity term), which have been investigated either via P.D.E methods by Bensoussan-Frehse [36], [37], or
by the use of backward stochastic differential equations methods by Hamadéne [126].

In any case, very little is known about uniqueness of Nash equilibria and the selection of such equilibria
is a challenging issue. One of the ways to overcome this problem is to consider the case with infinitely many
players, and where none of these players has a strong influence on the game. In this situation, one can expect
that the limit system has a unique solution. This approach has very recently been developed in a sequence
of papers by Lasry-Lions [145, 146, 147, 148, 157] under the terminology of mean-field games (see also, in
the framework of backward-stochatic differential equation, Buckdahn and al. [60, 61]).



Chapter 5

Differential games with incomplete
information

In this chapter we investigate a two-player zero-sum differential game of Bolza type in which the players
have a private information on the payoff. More precisely, we assume that the running payoff /;; and terminal
payoff g;; depend on some indices i € {1,...,I} and j € {1,...,J}. At the initial time ¢y of the game, the
pair (i, 7) is chosen randomly according to some probability law p® g on {1,...,1} x {1,...,J}. The index
1 is told to Player 1, but not to Player 2, while the index j is told to Player 2, and not to Player 1. Then
the game runs as usual, Player 1 trying to minimize its cost given by

T
Jij(to, o, u,v) =/ lij(s, Xs,us,vs)ds + gi;(X1)
to

while Player 2 aims at maximizing that same quantity.

Note that the players do not know which payoff they are actually optimizing, because they only have
a part of the information on the pair (i,j). The interesting point is that, since the players observe their
opponent’s control, they can nevertheless try to guess their missing information by observing what their
opponent is playing.

We will first introduce the definition of the value functions: this definition requires the introduction of
random strategies, because the players need to hide their private information by randomizing their behavior.
Then we will show that the value functions, which depend on the probability p ® ¢, have some convexity
properties with respect to this probability. This allows us to introduce a new game—the so-called dual
game—, the value function of which enjoys a sub-dynamic property. Thanks to this we will complete the
proof of the existence of a value and characterize this value in terms of viscosity solutions of some “double
obstacle” Hamilton-Jacobi equation.

5.1 Definition of the value functions

Since the players need to hide a part of their information, they have to play random strategies. For this
reason the definition of the value function is a little involved and takes some time.

Let us start with some notations. Since most functions involved in this chapter depend on many variables
(typically on (t,,p,q)), we keep the notation 9 for the time derivative, but we specify D, or D2, for the
first or second order derivative with respect to the space variable z, D,, or Df)p for the first or second order
derivative with respect to the variable p, etc...

The dynamics of the game is as usual given by:

(5 1) { Xt/:f(t7Xt,Ut,'l}t), utEU, thV

th = X0

99
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Throughtout the chapter we assume the following conditions on the dynamics and the payoff:

i) U and V are compact subsets of some finite dimensional spaces,
ii) f:[0,T] x RN x U x V — R¥ is bounded, continuous, uniformly
Lipschitz continuous with respect to the x variable,
(5.2){ iii) fori=1,...,Jand j=1,...,J, 4; :[0,T] x RN x U x V — R is continuous, bounded
and uniformly Lipschitz continuous with respect to =
iv) fori=1,...,0and j=1,...,J, g;j : RV — R is Lipschitz
continuous and bounded.

Controls : For any to < t; < T, the set of open-loop controls for Player 1 on [tg, 1] is defined by
U(to,t1) = {u : [to, t1] — U Lebesgue measurable} .

If t1 = T, we simply set U(to) := U(ty,T). Open-loop controls on the interval [tg, t1] for Player 2 are defined
symmetrically and denoted by V(to,t1) (and by V(o) if t; = T).

If u € U(tp) and to < t1 < to < T, we denote by Uy o the restriction of u to the interval [t1,t2]. We
note that u, ,, belongs to U(t1).

For any (u,v) € U(ty) x V(to) and any initial position 2o € RN, we denote by t + X" the unique
solution to (5.1).

Strategies : Next we introduce the notions of pure and random strategies (see also Chapter 2). The
definition of random strategies involves a set S of (non trivial) probability spaces, which has to be stable
by finite product. For simplicity we will assume that S contains the probability space ([0, 1], B([0, 1]), £!),
where B([0,1]) is the class of Borel sets on [0,1] and £! is the Lebesgue measure on [0, 1]. For instance we
can choose

S ={([0,1]", B([0,1]™), L"), for some n € N*} |

where B([0,1]™) is the class of Borel sets and £" is the Lebesgue measure on R™.
A pure strategy for Player 1 at time tg is a map a : V(tog) — U(tg) which satisfies the following conditions:

(i) « is a measurable map from V(to) to U(ty) where U(ty) and V(ty) are endowed with the Borel o—field
associated with the L' distance,

(ii) « is nonanticipative with delay, i.e., there is a delay 7 > 0 such that, for any v1,v3 € V(ty) and any
te (to, T],
v1 = vg on [tg,t] = alvy) = a(ve) on [tg, (t+7)AT].

(Note that the only difference with delay strategies introduced in Chapter 2 is that we require here the map
a to be measurable; this will be more convenient later on).

A random strategy for Player 1 is a pair ((Qq,Fa,Pa), @), where (Qq,Fo,Pq) belongs to the set of
probability spaces S and  « : Q4 X V(tg) — U(to) satisfies

(i) «is a measurable map from Q, x V(o) to U(to), with Q, endowed with the o—field F,, and U () and
V(ty) with the Borel o—field associated with the L! topology (see section 2.2),

(ii) there is a delay 7 > 0 such that, for any v1,ve € V(to), any ¢ € (to, 7] and any w € Q,,

vi =vponfto,t] = afw,v1) = a(w,v2) on [to, (t+7) AT].

We denote by Ag(tg) the set of pure strategies and by A, (tg) the set of random delay strategies for
Player 1. By abuse of notations, an element of A, (¢g) is simply noted « (instead of ((Qq, Fa,Pa), @)),
the underlying probability space being always denoted by (Q,Fa,Ps). Let us point out the inclusion
.Ad(t()) C Ar(to).

To take into account the fact that Player 1 knows the index i, a strategy for Player 1 is actually a I—tuple
&= (0417 Ce ,Oq) S (.Ar(to))l.

Pure and random strategies for Player 2 are defined symmetrically and the set of pure and random delay
strategies for Player 2 are denoted by By(to) and B,.(to) respectively. Elements of B,.(tp) are denoted simply
by 8, and the underlying probability space by (23, F3,P3).
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Since Player 2 knows the index j, a strategy for Player 2 is a J—tuple 8 = (81, ...,8) € (Bu(to))”.

One of the main interests of delay strategies is the following property, proved in Chapter 2, Lemma
2.5: For any pair (o, ) € A.(to) x Br(to) and any w = (w1,w2) € Q4 X Qg, there is a unique pair
(U, vw) € U(tg) X V(tg), such that

(53) a(wl, Uw) = u,, and B(w% uw) =V -

Furthermore the map w — (u,v,,) is measurable from Q, x Qg endowed with F, ® Fg into U(tg) x V(to)
endowed with the Borel o—field associated with the L' distance.

Expectation with respect to the strategies: Given any pair (a, ) € A, (to) x B,-(to), we denote by
(Xfow0®B) the map (t,w) — X[0"0" v defined on [tg,T] X Qo X Q3, where (uy,v,,) satisfies (5.3). We
also define the expectation E,g as the integral over Q, x (g against the probability measure P, ® Pg. In
particular, if ¢ : RN — R is some bounded continuous map and ¢ € (o, 7], we have

(5.4) Eag [0 (X[ 7)] = /Q b (X[ ) dP, @ Py(w)

a X

Zo,

where (u,,,v,,) is defined by (5.3). Note that (5.4) makes sense because the map (u,v) — X/0""" being
continuous in L!, the map w > ¢ (X,°*°" ") is measurable in Q, x Q5 and bounded. If either a or 3 is
a pure strategy, then we simply drop o or  in the expectation E,g, which then becomes Eg or E,,.

Probability measures on {1,...,I} and {1,...,J}: For a fixed integer I > 1, the set A(I) denotes the
set of probability measures on {1,..., I}, always identified with the simplex of RI:

I
p=(p1,...,p1) €EA(I) < ZpizlandpiZOforizl,...I.
i=1

In the same way, for a fixed integer J > 1, the set A(J) is the set of probability measures on {1,...,J}.

Definition of the payoff: Let (p,q) € A(I) x A(J), (to,x0) € [0,T) x RN, & = (a)i=1,...1 € (-Ar(to))I
and = (8;) € (B.(ty))”. We set

T
(55) %j(to,l'(hai,ﬁj) = an‘ﬂj [/ gij(SaXzo’zo’ai’ﬁj,Oli(S),6]'(8))(13 + 9ij (X;_['J7l'0701i76j)‘| ,
to

and

I
(5.6) T (to, 0,4, B,p, q) = ZZPi%Jij(to,xoaamﬁj) ;

i=1 j=1

where E,, 5, is defined by (5.4). Note that & does not depend on j, while B does not depend on 4. This
modelizes the fact that Player 1 knows ¢ but not j, while Player 2 knows j and not 3.

Definition of the value functions: The upper value function is given by

V+(t0,l'0,p, Q> = inf sSup j(to,l’o,d,,@,p, q)
ae(Ar(to))! BE(Br(to))”

while the lower value function is defined by

V™~ (to, o, p,q) = sup ~ inf Ij(t07x0,d78,p, q) .
BE(B (o)) €(Ar(to))

In particular

V_(t07x07p7 Q) S V+(t07$07p7 Q) V(thon% Q) € [07T] X RN X A(I) X A(J) .
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Hamiltonian and Isaacs’ condition: Throughout the chapter we assume that the following Isaacs’ con-
dition holds:

H(t7xu€7p7 q) = 525 Sug <f(t7 (E,’U,7’U),§> + Zpi(b[ij(t?x7u7v)
ve T
(5.7) I
= sup inf t gl (t
:IGI\I;I}QU <f( 7z7u7v)7§>+iszzq] Zj( ,I,U,’U)

for any (t,z,£,p,q) € [0,T] x RV x RN x A(I) x A(J).

5.2 Convexity properties of the value functions

The main result of this section is Lemma 5.2 which states that the value functions V* and V~ are convex
in p and concave in q. We also investigate some regularity properties of the value functions.

Lemma 5.1 (Regularity of VT and V=) Under assumption (5.2), V¥ and V= are Lipschitz continu-
ous.

Proof : We first note that the Lipschitz continuity of V~ and VT with respect to p and ¢ just comes from
the boundedness of the ¢;; and g;;. Using standard arguments, one easily shows that, for any ¢, € [0,7],
(u,v) € U(tg) x V(to), the maps

T
T — / Eij(s,Xﬁﬂ’x’“’”, u(s),v(s))ds and x — g;; (le,?““’)
to

are Lipschitz continuous with a Lipschitz constant independent of ¢y € [0, T]. Hence for any pair of strategies
(&, B) € (Ar(to))! x (Br(to))” the map

xr — \Z](t7x7&a/éap7q)

is C'—Lipschitz continuous for some constant C' independent of ¢ € [0,T], of p € A(I) and of ¢ € A(J). From
this one easily deduces that V™ and V~ are C'—Lipschitz continuous with respect to .

We now consider the time regularity of V= and V. We only do the proof for V—, since the case of VT can
be treated similarly. Let zo € RY, (p,q) € A(I) x A(J) and ¢y < t; < T be fixed. Let 8 = (8;) € (B,(to))”
and i € U be fixed. Let us define a new strategy (3;) € (B,(t1))’ by setting

N|

if t € [to, 1)
otherwise

Bj(w,u) = Bj(w,ﬂ)“tlﬂ where 4(t) = {

S

for any w € Q5 = Qg and u € U(t1). For € > 0 let now (&) € (A, (t1))" be e—optimal against (5;) at
(tlax03p7Q): -
j(tlam(h (di)a (ﬁj)apaq) S V_(tthvpa q) + €.

We come back to [tg, T] by defining a new strategy & = (a;) € (A.(to))! as

U ifte [to,tl)

aullrv) = { (W, v, 5)  otherwise Yw € Qar = o, Yo € V(o) -

Then
A T ~ t ﬁ
~ 0,005,085 ~ 5T, 05
J (to, w0, &, B,p,q) < C(t1 —to) + E PiqiBa; g / Cij(s, X1omoPi Gy (s), Bj(s))ds + gij (X707 ) |
— ty
ij

where, since

sup ‘Xﬁo’xovai»ﬁj — Xﬁlvx()vaiqﬁj
s€ft1,T)

S C(tl - tO) )
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we have

T
> pigjEa, g, [/ Ui (s, XL0m000Pi Gy (), B (s))ds + giy (X" ") | < C(ti—to)+T (tr, w0, (64), (By). 1, @) -
t1

4]
Using the e—optimality of (&;) this implies that
T (to, 0, &, B,p,q) < Ct1 —to) + V™ (t1,70,p,q) + € .
Taking the infimum over & € (A,(to))! and then the supremum over 3 € (B,(to))” we get
V= (to,z0,p,q) < C(t1 —to) + V™ (t1,20,p,q) + €,

which shows that
\'A (t07 xo, D, q) S C(tl - tO) + Vﬁ(tlv Xo, P, Q)

since € is arbitrary. X
The reverse inequality can be proved in a similar way: we choose some e—optimal strategy 3 = (8;) €
(B, (t1))” for V= (t1,70,p,q) and we extend it to a strategy (8;) € (B.(to))’ by setting (for some v € V
fixed)
~ _ v if t € [to,tl) L
il u) = { Bj(waul[tle]) otherwise Yw & Qﬁj =g, Yu €U(to) -

Similar estimates as above then show that, for any & € (A,(t9))! we have

j(tOVTOvé‘? (ﬁ]))p7 Q) 2 Vﬁ(tlax()vpa Q) —€— C|t0 - t1|
from the e—optimality of § for V= (t1, 20, p,q). Then we get

Vi(t()’x()?p, Q) > Vi(t17$03p7 q) - C|t0 - tl‘ .

O

Lemma 5.2 (Convexity properties of V™ and V*) For any (t,7) € [0,T) x RY, the maps V¥ =
VT(t,2,p,q) and V= = V= (t,z,p,q) are convex with respect to p and concave with respect to q on A(I)
and A(J) respectively.

Remark 5.3 This result is well-known for repeated games with lack of information. The procedure we use
in the proof is usually called “splitting”: see [189] for instance.

Proof of Lemma 5.2: We only do the proof for VT, the proof for V= can be achieved by reversing the
roles of the players. One first easily checks that

J

I
V*t(to, zo,p,q) = inf q; sup piJij(to, o, i, Bj
( 0 0 ) (ai)E(Ar(to))I ]z:; J ﬂGBr(to) lz:; J( 0 0 _7)

Hence ¢ — V*(t,2,p, q) is concave for any (¢, z,p) as the infimum of concave functions.
We now prove the convexity of V¥ with respect to p. Let (t,7,q) € [0,T) x RN x A(J), p°,p! € A(I),
A € (0,1). Let us set p* = (1 — A)p + A\p!. We can assume without loss of generality that p} # 0 for
any 7 because if pf‘ = 0, then p! = p! = 0, so that this index i plays no role in our computation. For
e>01let & = () € (A.(t))! and &' = (a}) € (A, (t))! be e—optimal for V*(t,z,p°, q) and VT (¢, 2, pl, q)
respectively. We now define the strategy a* = (o) € (A,(t))! by setting
Qor = [0,1] x Qa0 X Qa1, For = B((0,1]) @ Fro @ For, Por = L1 @ Poo @ Pyt

and 0

af(wa,v) if wy €0, O;?“)
0

al(ws,v) ifw € [(1;%, 1]

i

a;\(wlaWQawl%v) =



64 CHAPTER 5. DIFFERENTIAL GAMES WITH INCOMPLETE INFORMATION

for any (wi,ws,ws) € Q,» and v € V(t). We note that (2, F,»,P,») belongs to the set of probability
spaces S and that a? belongs to A,(tg) for any i = 1,...,1.

The interpretation of the strategy a* is the followmg if the index ¢ is choosen according to the probability
(0]
p*, then Player 1 chooses o with probablhty )‘)p =3P and o) with probability 1 — (1;% = );)p L. Hence the

i i

probability for the strategy af to be chosen is p; w = (1 — \)pY, while the strategy o} appears with
probability p ? L = \p}. Therefore
J
Cosup J(tx,é BpNq) =) ¢ sup Zp, Jij(t,z, 07, B)
BE(Bal(to))” j:1 BEBa(to) 7
A)p? Ap;
Y g o)+ ;@(t,x,ag,m}
j=1 5€Bd (to) =1 z p;
< qu sup Zpijmtx%ﬂ +>‘qu sup Zm%tza“ﬂ)

BEBa(to) j—1 BEBa(to) j—1
< (1 )\)V+(tmp Q) +AVT(t,z,p',q) +¢

1

because &° and &' are e— optimal for V' (¢,2,p°, q) and VT (¢, z, p!, q) respectively. Therefore

V+(t7x7p)\7q) S supB j(t7m7d)\767p>\7q)
< 1=V, p’) + AV (L, z,p') + €

which proves the desired claim because € is arbitrary. O

Since the value functions are convex with respect to p we are naturally lead to consider their Fenchel
conjugates with respect to p (see for instance [181]). Let w : [0,7] x RY x A(I) x A(J) ~ R be some
function. We denote by w* its convex conjugate with respect to variable p:

w*(t,x,p,q) = sup (p,p) — w(t,z,p,q) Y(t,z,p,q) € [0,T] x RY x R x A(J) .
pEA(I)

In particular V™* and V* denote the convex conjugate with respect to the p—variable of the functions V™~
and V1. Note that, since we take the supremum over A(I), this implicitely means that we extend w by +o0o
outside of A(T).

For a function w = w(t, x,p, q) defined on the dual space [0,7] x RY x Rf x A(J) we also denote by w*
its convex conjugate with respect to p defined on [0,7] x RY x A(I) x A(J):

w*(t,,p,q) = sup (p,p) —w(t,x,p,q)  Y(t,x,p,q) € [0,T] x RN x A(I) x A(J).
PER

In a symmetric way, we denote by w* = w(t, z,p, §) the concave conjugate with respect to ¢ of w:

wh(t,x,p, §) = ing)<d,q>—w(t,x,p7q) V(t,,p,4) € [0,T) x RN x A(T) xR” .
qe

Again, taking the infimum over A(J) implicitely means that we extend w by —oo outside of A(J). However
there will never be a contradiction with the convention for w* since we will never consider at the same time
the convex and the concave conjugates.

If w: [0, T] x RN x A(I) x A(J) + R is convex with respect to p and concave with respect to ¢, we denote
by 0, w(t,x,p,q) and agw(t,x,p, q) the convex and concave sub- and super-differential of w at (¢, z,p, q)
with respect to p and g. Namely

O w(t,z,p,q) = {peR", w(t,z,p,q) + (p.p —p) S w(t,z,p',q) Vp' € A(D)}

and
Ofw(t,z,p,q) = {G R, w(t,z,p,q) + (4,4 —q) > w(t,z,p,¢) V¢ € A(J)} .
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5.3 The subdynamic programming

The main result of this section is that V~* is a subsolution of some Hamilton-Jacobi equation while V*#
is a supersolution of another Hamilton-Jacobi equation. To fix the ideas, we do the analysis for the lower
value functions, and deduce at the very end of the section the symmetric results for upper value function.
The result is proved in three steps. We first reformulate V~*. Then we deduce from this reformulation that
V~* satisfies a subdynamic programming principle. We finally deduce from this subdynamic programming
that V~* satisfies some differential inequality.

Lemma 5.4 (Reformulation of V=*) We have, for any (t,z,p,q) € [0,T] x RN x R x A(J),

J
(5.8) V7' (t,z,p,q) = inf sup  max , pi — qujij(t,x,a,ﬁj)

(B)EB(t0))” ae Aq(to) P€ LT i

Remark 5.5 V~* can be viewed as the value function of a dual game. The striking point of this game
is that Player 1 no longer hides his information. This turns out to be extremely useful for establishing a
subdynamic programming.

Proof of Lemma 5.4: Let us recall for later use that

J

I
(59> V_(t,l',p,q) = sup Zpl inf )Zq]$7(t7m7a767) .

(B))EB (to))? 1= @€Aalto) (]
Let us denote by z = z(t, x,p, q) the right-hand side of equality (5.8). We first claim that

(5.10) z is convex with respect to p.

Proof of (5.10): The proof mimics the proof of the convexity of V*. Let (t,2,q) € [0,T) x RN x A(J),
P°,pt € R, A e (0,1)and (BY) € (B,(t))” and (8]) € (B,(t))” be e—optimal for z(t,z,5°, ¢) and 2(t, z,p", q)
respectively (e > 0). Let us set p* = (1 — A\)p° + A\p*. We define the strategies BJ’\ € B,(t) by setting

and
B (we,u) if wy €0,(1— X))

Bj(ws,u) if wy € [(1—A),1]

6;\((“}17(*‘)27(*)3’”) = {

for any (wy,ws,ws) € Qgx and u € U(t). Then (Qga, Fga,Pga) belongs to S and (B}) € (B,.(to))”. For any
o € Aq(t), we have, by using the convexity of the map (s;) — max;{s,}:

j=1

J J
l:Hia‘X,I (1 - A)(ﬁ? - Zlqj$j<t7 wva7ﬁjo)) + )‘(ﬁzl - Zlqjﬂj(t7xaa7ﬁ}))
J= J=

J
(1—X) sup max ¢pY— Y ¢;Tii(t,z,a,8%)
a€Aqg(to) =l T ' Z Y ’

IN

j=1

J
~1 1
+)\a€§ld}zto)iznllé-)il Pi — qu\jij(t’w7a,6j)

< (1=Nz(t,z,p%q) + Az(t, 2, p',q) + ¢

j=1
because 8% and B! are e—optimal for z(t,x,p°, q) and z(t,z,p', q) respectively. Hence

J
Z(t7x7ﬁ>\7q) S sup ~max ﬁz)\ _Zq]LZj(tvx7avﬁ;\)
aGAd(to) i=1,..., I =

(1= N)z(t,a,q°) + Az(t, z,¢) + e,

IN
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which proves (5.10) because € is arbitrary.

Next we show that V™* = 2. Indeed we have by definition of z:

sup | (p,p) — inf max < p; — inf Zq]j” (t,z, o, B))

25 (t,x,p,q
( ) pPERT (Bi)E(Br(t0))” i=1,....1 Oé€f1al(t0)

= sup sup min p,p) —p; + inf q;Jij(t,x, 0, B
(B5)E€(B(t0))” peR! = 1o--] P, P) = s aEAd(to)Z s B2
In this last expression, the sup is attained by

p

pi = inf Zq]j” (t,z, o, B5) ,

OcE.Ad to)

for which all the arguments of the min are equal. Hence

i=1,...,1

2*(t,x,p,q) = sup pi inf q;Jij(t,x, o, B5) = V7 (t,2,p,q)
(ﬁ])G(B Z a€Aq(to) Z I i

because of (5.9). Since we have proved that z is convex with respect to p, we get by duality
V7> ==z,

O

Lemma 5.6 (Sub-dynamic principle for V=*) We have for any (to, zo,p,q) € [0,T) x RN x RT x A(J)
and any h € (0,T — to],

5.11 V~*(to, 20, P, inf  sup  V *(to + h, X0 5(to+h),q) .
(5.11) *(to, 20, P, q) < P T (to o 7Bt + 1), q)
where
J to+h
(ﬁ(to+h))i:ﬁi—2qj/ 03i(s, X 107008 o(s), B(s))ds Vi€ {l,...,T}.
j=1 “to

Proof : We do the proof in two steps. First we prove the result when ¢;; = 0 for any (4,5). Then we
complete the proof of the general case by a reduction argument.

Proof of (5.11) when ¢;; =0 : Let us denote by Vi *(to, to + h, zo, p, ¢) the right-hand side of (5.11) (where
p(to + h) = p). Arguing as in Lemma 5.1 one can prove that V™ is Lipschitz continuous with respect to .

Let € > 0 and 8° € B,(to) be some pure e—optimal strategy for V" *(to, to + h, 2o, P, q). For any z € RV,
we can find some e—optimal strategy A% = (B7) € By(to + h) for Player 2 in the game V~*(to + h,z,p, q).
From the Lipschitz continuity of the map

vk hox ﬁi a q‘77/ (tO + h7 Y, «, ﬂm )
a€Aq(t) 1€{1,... 1} Z jJij j)

and of the map y — V~*(¢to + h,y,p,q), the strategy S* is also (2¢)—optimal for V~"*(tg + h,y,p,q) if
y € B(x,r) for some radius r > 0.

Let M = ||f]|s and let us set R = MT + |zo|. Then we choose (z;);=1...., such that U;Oﬂ B(xy,r/2) con-
tains the ball B(0, R). Let usset By = B(x1,7/2), and, forany l = 2,...,lo, B} = B(zy,7/2)\ Uy o, B(xr,7/2).
Then (E;)i=1,...1, be a Borel partition of B(0, R) such that, for any I, E; C B(x;,r/2). We set

I _ pz I _ 1 _ l_
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for j=1,...,Jandl =1,...,ly. Let 7 be a delay common to 3° and all the ﬂ; Without loss of generality
we can also assume that 7 is smaller than r/(2M) and than h.

Let us now define a new strategy 3 = (8;) € (B,(to))” in the following way: set

Qp, =T, QL F =Fj®... @ FP andPg, =P} ® ... @ PY

and, for any w = (w!,...,w'") € Qp, and u € U(ty),
B9(u)(t) if t € [to,to + h)
Bjlw,u)(t) = 1/ : to,@0,u,8° (u)
Bi(wh uyy ) (8) i€ [to +h, T and X, 070,77 € E

0
Note that X:gf;;frﬂ () always belongs to one and only one E; thanks to the choice of R. Then (Qg,, F3;,Pg;)

belongs to S and = (8;) € (B,(to))”.
For any pure strategy o € A(tg), we have:

lo toyro,a,ﬂo ~ al
g; _(Xto,xo,(x,ﬁj) _ gii Xt0+h,Xf,0+h 704757' 1 .
] T ; : ] T {XtO’IO’ChB EE[}
=1

tg+h—1

where & € A(to + h) is a restriction of « to the time interval [tg + h,T] defined by

d(v) = a(vl)\[f,o+h,T]

o(t) ift € [to,to+h
Yov € V(tg + h) where v'(t) = { U&; otherv[/i(;e o+ h]

the controls (#,?) being the pair associated with («, 8°) as in (5.3). Note that, if Xy, 4,_, belongs to some

E;, then, by definition of E; and 7, X, belongs to the ball B(x;,r) and therefore (5;) is (2¢)—optimal for
V~—*(to + h, Xty +n, D, q). Hence

A to,zo,a,B; _
ie?ll,e,t.}il} b zj:quﬁj {gij(XT J)} B

lo to,xg,a,80 - o1
N t0+h7Xt0+h(,) ,&, 85 1/ 1
BN R VR e ETO I

7 =1 J

(where we have set O! = {ngf,‘;f‘;ﬁo € E})

lo to,zg,,8% ;a1
. to+h, X, 0170 B
< E sup max < p; — E q; / 9ij XTO foth o dpé(wl) 1o
} 7 Ql

=1 a’EA(to+h) iE{l,...,I

(because of the convexity of the map s = (s;) — max{s;})
lo o
S Z (Vi* (to + h’X§§f£7a7ﬁ aﬁa q) + 26) ]-Ol
=1

(because, on O', (B%) is (2¢)—optimal for V—* (to + h,ngf,fj’a’ﬂo,ﬁ, q))

=V (to +h X b, q) + 2¢

S Vl_*(t()ato + h7x07ﬁa Q) + 3e 5
because 8% is e—optimal for Vi *(to,to + h, 2o, D, q). Therefore

sup max i =) 4B, [Qij(X?’wo’a’ﬁj )} < Vi *(to,to + h, 0, D, q) + 3.,
a€A(tg) 1€{1,- T} 5
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which implies that
V" (to, w0,p,q) < Vi (to,to + h, 20, p,9) -
Proof in the general case : The idea is to reduce the Bolza problem to a Mayer problem thanks to an
extension of the state. Namely, let us consider the extended dynamics (in RY x R7*7)
' (t) = f(t,x(t), u(t),v(t)), u(t) eU, v(t) eV
pij () = Lij (8, x(t), u(t), v(t))
z(to) = o, pij(to) = pijo

We denote by X*:r0:%? the solution of the above system for fixed (u,v) € U(ty) x V(to) and set
jij (to’ X0, Po, i, 5]) — Eaiﬁj {gij(XtO7IO7PO7ai:Bj)

where §i;(, p) = gij(x) + pij. We also denote by VF the upper and lower value functions associated to this
Mayer problem. One easily checks that

Vi(t07 Zo, Po, P, (1) = Zpinpij,O + Vi(tOv Zo, P, Q) .
ij
Therefore
(5.12) V= (to, 20,0,q9) = SUPpen(r) {(ﬁ,p> = V= (to, %0, po, P q) + 35 pinpij,O}
= V7 (to,z0, po, D+ (32 4jpij,0)ir 1)
Note for later use that, since V~"*(tg, 2o, 9, ¢) is independent of py, we have
(513) V_*(t(h Zo, pOaﬁ + (Z qu’bj,())’m (I) = v_*(tOu Zo, ;01715 + (Z quZj,l)m Q)
J J
for any po, p1 € R/, From the subdynamic programming for Mayer problems proved above, we have
V= (to, w0, p0. D+ (> 5pijo)ing) < inf  sup V(o + b, X050 p+ (D gipijo)ina) -

; BEBa(to) acAq(to) F

For fixed (o, 8) € Ag(to) x Ba(to), let us set X[070r0% — (2(¢), p(t)). Then

pij(t) = pijo+ | Lij(s,2(s),a(s), B(s))ds ,

to

so that, from (5.13),

Vﬁ*(to + hax(to + h)»ﬂ(to + h)aﬁ + (Z quij,O)ia Q)
J

V™ (to + h,z(to + h), po, P + (Z qj(pijo — /t Lij(s,z(s), a(s), B(s))ds))i, q)
= V™" (to + h,z(to + h), p(to + h)fQ)
where p(to + h) =p — (Zj q; f:o li;(s,z(s), a(s), B(s))ds);. Therefore

Vﬁ*(t07x07]§7 Q) S inf sup Vﬁ*(tO‘i’th(tO +h)af)(t0+h)7Q) .
BEBa(to) acAq(to)

]

As usual, the dynamic programming property has very much to do with Hamilton-Jacobi equations. In
order to describe the Hamilton-Jacobi equation associated with the problem, we introduce some notations:
first recall that S(I) denotes the set of I x I real symmetric matrices. For any (X,p) € S(I) x A(I), we set

Amin(X,p) = min{(Xz, 2) ; 2 € TLA(I), [2] =1}

and
Amax (X, p) = max{(Xz,z); z € T,A(I), |z| =1},

where T,,A(I) is the tangent cone to A(I) at p: namely

T,A(I) = {z = (21)ieqr,..;y ER' 5 2, <0 = p; >0Vie{l,....,I}and » z =0}.
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Proposition 5.7 (V™ is a supersolution of HJ) For any fized § € A(J), the map (t,z,p) = V~ (¢, z,p,q)
satisfies:
(5.14) min {Amin (D, V (t,2,0,9),0) 5 %V (t,2,p,q) + H(t, 2, DV (t,2,p,4),p,9) } <0

in the viscosity sense with state constraints in (0,T) x RN x A(I), where H is defined by (5.7): namely for
any fized ¢ € A(J) and test function ¢ € C?((0,T) x RN x RY) such that (t,z,p) = V~(t,z,p,q) — ¢(t,x,p)
has a local minimum on (0,T) x RN x A(I) at some point (t,Z,p), one has

min {)\min (Df,p(,b(f, faﬁ)vﬁ) ) 8t¢({7 jvﬁ) + H(Ea "E, Dﬂsd)(fv fap)vﬁv Q)} < 0.
Before starting the proof, let us give a Lemma which will be needed repeatedly.

Lemma 5.8 Let V = V(t,x,p) be continuous in (0,T) x RN x A(I) and convex with respect to p, and
# € C3((0,T) x RN x RY) be a test function such that V — ¢ has a local minimum on (0,T) x RY x A(I) at
some point (t,Z,p). If

(515) >\min (Dgpd)({ajaﬁ),ﬁ) >0 )

then there are some §,n > 0 such that
_ _ L, 0 _
V(tﬂl’,p) 2 ¢(t,1’7p) + <DP¢(t7xvp)ap _p> + §|p _p|2
for any (t,z) € B((t,Z),n) and p € A(I).
Proof of Lemma 5.8 : Because of (5.15), there are some 7,y > 0 such that
(Dppo(t,,p)z,2) Z912[* Yz € TA(I) and V(t, 2, p) € B((£,%,p),7) -

Therefore v

for any (¢,x,p) € B((t,Z,p),n) with p € A(I), because p — p € TzA(I).
We also note that, for any (¢,z) € B((¢,Z),n) and for any p € A(I)\Int(B(p,n)), we have

Indeed, let us set p; = p+ |§:g|n and let p' € 9,V (t,x,p1). Then we have

V(t,z,p)

VIV IV
S e <
=
\
S

s Ly )7p —15> + <]5, — Dpd)(t7x7ﬁ)’p _p1> + %nQ

where
<ﬁ/ - Dp¢(t7$7ﬁ)ap _p1> Z 0

because V' is convex, p’ € 9, V(t,x,p1), Dpo(t, x,p) € 0, V(t,z,p) and p — p1 = o(p1 — p) for some o > 0.
So (5.17) holds. Let us now choose § € (0,7) such that max,ea(r) dlp — p|*> < yn?. Then combining (5.16)
and (5.17) readily gives the desired result. 0

Proof of Proposition 5.7: Assume that the test function ¢ € C2((0,T) x RY x Rf) is such that
(t,z,p) — V~(t,z,p,q) — ¢(t,z,p) has a local minimum on (0,7) x RY x A(I) at some point (£,Z,p).
Without loss of generality we suppose that V= (¢,Z,p,q) = ¢(t,%,p) and that p; > 0 for any ¢ € {1,...,I}:
otherwise we just restrict the functions of the indices ¢ for which p; > 0. Let us furthermore suppose that

Amin (Diqu(ﬂj,]j),p) > 0.
Then we have to prove that
(518) 325(15(7?, _ap) + H(ﬂi’a Dm¢(£& j7ﬁ7 Q)apa Cj) § 0.

According to Lemma 5.8, there are some §,7 > 0 such that

)
(519) Vﬁ(taxap> Q) Z ¢(t71'713) + <D;D¢(t7zvﬁ)ap 7ﬁ> + §|p 7ﬁ|2
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for any (t,z) € B((t,z),n) and p € A(I).

Let us set p = D,¢(t, Z,p). From (5.19), we have, for any (¢t,z,p’,p) with (t,x) € B((t,Z),n), p € A(I)
and p’ € RY,

(520) <p7ﬁl> -V- (t z,p,q ) < ¢(t z p) < p¢(t7x,ﬁ) _ﬁ/ap_ﬁ> + <ﬁaﬁ/> - g|p_p|2 .

Maximizing both sides of the inequality with respect to p € A(I) we get
o _ A 0 _ .
V7 (tx,5,q) < —¢(t,x,p) + sup {(Dpaﬁ(t,x,p) —pp—p) — 2|pp|2} +(p,7')
(5.21) p%R’
< 0t z.p) + 55 | Dpd(t 2.0) = I + (p.)

Note that, since V~ is convex with respect to p, inequality (5.19) implies that the vector p belongs to
9, V(t,z,p,q), so that
(522) <Z_)a f)> - Vi*(t: "f7ﬁ7 (Y) =V" ({7 9_371_)7 (j) = (b(ia 'faf)) .
Let us now choose h > 0 small enough and apply the sub-dynamic property (Lemma 5.6) of V~*. In view
of (5.21) we have

V_*(fa j7ﬁ7 7)

< inf  sup V7' (t+h, X”aﬁ,p( +h),cj)
(5.23) " BEBa( acq(D e

< inf sup  —o(f+h X250 ) ’D (F+h, X598 5y — pE+h)| + (B, pE+h
= BEBa(D acas(d) o Feh po irh D) = pE+R)| + (PPt + h))

where

T+h -
(5.24) pE+h); =pi — Z(jj/{ (s, X0BP a(s), B(s))ds  Vie{l,...,I}.

In particular
Jim ]qus (F+h, XE50 5y —p(E+h)| =0
Putting together (5.23), (5.22) and (5.24) gives

sup  inf {¢L‘+h Xtmaﬂ’p I35
BEB,(T) *EA4(D) ( ith ) — ¢( )

t+h _
_276 ’Dp¢ t + h Xttfha 57]3) t+ h ’ + szq]/ fij(S,Xg’z’a”g’0[(8)7ﬁ(8))d8 é 0 .

Dividing by h > 0 and letting h — 0 gives (5.18) by the arguments of Chapter 3, Lemma 3.15. (]

To state the symmetric results for V* we only need to note that

(_V+)(t7957P;Q) sup inf Zzpz% \71] t07x07a27ﬂ]))

SE(A(to))! BEB(t0))” 1=

which is of the same form as V~ when one switches the roles of the Players and the sign of the payoffs. From
this we easily deduce:

Proposition 5.9 (V7 is a subsolution of some HJ) For any fized p € A(I), the map (t,x,q) — V*(t,z,p,q)
satisfies in (0,T) x RN x A(J):

(525) maX{AmaX (ngv(tvmvﬁa Q)7Q) 5 atV(tvxvﬁa q) + H(tvvazV(taxapv q)apa q)} 2 0 9

in the viscosity sense with state constraints. Namely for any fized p € A(I) and for any test function ¢ €
C2((0,T) xRN xR”) such that (t,x,q) — VT (t,2,p,q)—d(t,z,q) has a local mazimum on (0,T) xRN x A(J)
at some point (t_,537(j), one has

max { Amax (D2, (L, Z, ), q) ; 0:0(t, %, q) + H(E, 2, Doop(t, 2,3, p,3) } > 0.
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Remark : We use here Isaacs’ assumption (5.7). Indeed, V™ is actually a supersolution of the
Hamilton-Jacobi equation (5.14) with

H~ (ta m?&apu CI) = lgf sup <f(t,$, U,’U)7£> + Zplqjé’bj(ta (L’,’UQ’U) )

(%]

while V* is a subsolution of (5.25) with a Hamiltonian H* defined by

H+(t,$,€,p, Q) = supn&f <f(t,x,u, U)7€> + ZpZQJez_](taxa U,U)
v i

5.4 Comparison principle and existence of the value

In this section we prove that our game has a value: V¥ = V~. This value can be characterized in terms of
viscosity solutions of some Hamilton-Jacobi equations with a double obstacle.

The key argument for this is a comparison principle, that we state for later use for a general Hamiltonian
H. We assume that H : (0,7) x RN x RY x A(I) x A(J) — R is continuous and that there is a constant C
such that, for any (p,q) € A(I) x A(J), any (t1,z1), (ta, z2) € (0,T) x RY and any ¢ € RY,

(5.26) [H (1, 21,8, p,q) = H(t2, 22,&,p, @) < C[(t1,21) — (t2,22)[(1 + [€])

while, for any (p,q) € A(I) x A(J), any (¢,z) € (0,T) x RY and any &;,& € RY,

(527) ‘H(t,l',fl,p, q) - H(tvxvf%pa Q)‘ < C|§1 - £2|

Let us point out that the map H defined by (5.7) satisfies the above assumptions under conditions (5.2) on
the dynamics.

We now consider a double obstacle Hamilton-Jacobi equation in (0,7) x RN x A(I) x A(J) which is
formally defined as

(5.28) min {)\min(Dfmz,p) ; max {)\max(Diqz, q); Oz+ H(t,x,D,z,p, q)}} =0,
or, equivalently, for functions which are convex with respect to p and concave with respect to ¢, as
max { Amax(Dg,7,¢) ; min {Amin(Dpy2,p) 3 0z + H(t, 2, Doz, p,q)} } = 0.

Definition 5.10 We say that a function w : [0,T] x RN x A(I) x A(J) — R is a subsolution of (5.28) if w
is Lipschitz continuous, convex with respect to p and concave with respect to q and if, for any test function
¢ € C?((0,T) x RN x R?) such that the map

(t,IE, Q) - w(taxvﬁa Q) - (b(ta ‘T7Q)
has a local mazimum at some point (t,%,q) € (0,T) x RN x A(J) for some p € A(I), one has
maX{Amax(nggbalj) ; at¢+H({7j7D$¢aﬁ7Q)} > 0 at (Ea'fvﬁvq) .

In a symmetric way, w is a supersolution of the Hamilton-Jacobi equation (5.28) if w is Lipschitz continuous,
conver with respect to p and concave with respect to q and if, for any test function ¢ € C?((0,T) x RN x RY)
such that the map

(ta $7p) — w(t7$7p7 CY) - (b(ta 1’7]7)
has a local minimum at some point (t,z,p) € (0,T) x RN x A(I) for some g € A(J), one has
min {Ain(D;,0.0) 5 0+ H(E, 7, D26,0,0)} <0 at  (L.7,5.9) -

Finally we say that w is a solution of (5.28) if w is at the same time a dual subsolution and a dual superso-
lution of (5.28).
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Remark 5.11 In the case J = 1 (when only Player 1 has a private information), a solution of (5.28) does
not depend on ¢ and the definition of subsolution reduces to the usual inequality

Oyw(t, z,p) + H(t,x, Dyw(t, z,p),p) > 0 in (0,7) x RN .

Theorem 5.12 (Comparison principle) Let wy,ws : [0,T] x RY x A(I) x A(J) = R be respectively a
subsolution and a supersolution of the Hamilton-Jacobi equation (5.28). We assume that for any (x,p,q) €
RN x A(I) x A(J), wi(T,z,p,q) < wa(T,z,p,q). Then wy < wq in [0,T] x RN x A(I) x A(J).

The comparison principle is proved at the end of the section. Let us now state the main result of this
chapter:

Theorem 5.13 (Existence and characterization of the value) Assume that conditions (5.2) on f and
on the g; hold and that Isaacs’ assumption (5.7) is satisfied. Then we have

VT(t,z,p,q) =V (t,a,p,q)  V(tz,pq) €0,T] xRN x A1) x A(J) .

Furthermore the value function V := VT = V= is the unique solution of the Hamilton-Jacobi equations

(5.28), where H is defined by (5.7), such that V(T,z,p,q) = Zu Diq;9i5 ().

Proof of Theorem 5.13: From Lemma 5.1 V™~ and V7 are Lipschitz continuous. From Lemma 5.2, we
know that V* and V~ are convex with respect to p and concave with respect to q. Proposition 5.7 states
that V~ is a supersolution of (5.28), where H is defined by (5.7), while Proposition 5.9 states that V¥ is a
subsolution of (5.28). Since V7 (T,-,p,q) = V= (T,-,p,q) = Zi,j piq;9:5(+), the comparison principle states
that V¥ < V~. But the reverse inequality always holds. Hence V- = VT and the game has a value. O

The proof requires some localization argument which can be established exactly as in Lemma 3.40 of
Chapter 3:

Lemma 5.14 Assume that H satisfies (5.26) and (5.27). If w is a subsolution of (5.28) on (0,T) x RN
(resp. a supersolution of (5.28) on (0,T) x RN ), then, for any (ty,xo) € [0,T) x RN, w is still a subsolution
(resp. supersolution) in the set C(to,x0) X A(I) x A(J), where

(5.29) Crymo = {(t,2) € [to, T] x RN | |z — 2o| < Ot — to)} .

For the subsolution for instance, this means that, if a C? test function ¢ = ¢(t, z, q) is such that (t,z,q) —
w(t,x,p,q) — ¢(t,z,q) has a local maximum on Cj, ., x A(J) at some point (¢,Z,q) with ¢ < T for some
p € A(I), then

max { Amax(D3y#,q) ; d+ H(, %, Dp¢,5,0)} >0 at  (£,Z,p,q) -

Proof of Theorem 5.12 : We now start the proof of the inequality w; < ws in the usual way, by assuming
that

sup (w1 —wz) >0.
(t,2,0,0)€(0,T) xRN x A(I) X A(J)

Then, for o, 8 > 0 sufficiently small, there is some (to,xo) such that

M = sup wi (t,2,p,q) — wa(t,z,p,q) — (T —t) + B(Ip|* + |g*) > 0,
(t,2,0,q) €Ctq,zq X A(I) X A(J)

where Cy, z, is defined by (5.29). We now use the separation of variables technique: for e > 0 we set

@6(@’37)7 (S,y)’p’ C]) = wl(tvx7p7 C]) - wg(s,y,p, q) — %‘(&y) - (t,$)|2 - U(T - S) + B(|p|2 + |q|2)

and consider the problem

Mc = sup @6((t7x)7(81y)7p7 q) .
(t,2),(s,9)€Ctq .20, (P,q)EAT)XA(J)

Note that M, > M and that the above problem has a maximum point ((t,Zc), (S¢,¥)). As in Lemma 3.41
of Chapter 3 we have the following estimates on (¢, xc), (Se, Ye); Pes e-
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Lemma 5.15 (i) lim._,o+ M. = M,

(it) im0+ 2[(te,ze) — (S, ye)|> =0

(iii) for e >0 and B > 0 small enough, tc <T and sc <T.

We now complete the proof of the Theorem: since the map (¢,2,q9) — P((t, ), (Se; Ye), Des qe) has a
maximum at the point (te,z,g.) on Ci, », X A(J), we have, for any (t,z,q) € Ci, 5, X A(J) and any
qu € 8;_1112(56796’?67(]6)7

wl(taxapeaQ) S wl(t&xlﬁapﬂqe) + wZ(SeayEvpeaQ) - w?(seayeapﬁaqe)
+?€ U(Smye) - (tax)‘z - |(567ye) - (t€,$€)|2] - ﬁ(|Q|2 - |QE|2>
wl(t€7 xeaPere) + <qAE? q— QG>

+% [[(se:5e) = (&, 2) = (56, 5e) — (te, 2)*] = Bllal* = lael)

IN

Let us denote by ¢(t, z, ¢) the right-hand side of the above inequality. Then ¢ is a smooth function such that
w1 (te, Te, Pes qe) = P(te, Te, qc). In particular the map (¢, z,q) = wi (¢, z,pe, q) — ¢(t, x, q) has a maximum at
the point (¢, ze, ¢ ) on Cy, 5, X A(J), with t. < T'. Since w; is a subsolution and ng(b(te, Teyqe) = —2P1; <0,
Lemma 5.14 implies that

te_ € e Je
(5.30) %JrH (te,we,gjﬁyype,qe) >0.

In a symmetric way, since the map (s,y,p) — Pc((tc,xc),(s,9),p,q.) has a maximum at (s, ¥ye,p.) on
Cto,z0 X A(I), one has, for any (s,y,p) € Cyy 2, X A(I) and any pe € 9, wi(te, Te, Pe, e ),

w2(say7pa qe) Z w2(567yeap67QG) - <]§E)p _pe> - i H(Say) - (t67x6)|2 - |(Seay€) - (teaxe)|2]
+o(s —sc) + B(Ip* — |pel*)

and, since ws is a supersolution of (5.28) we obtain, again thanks to Lemma 5.14,

te — ¢
(5.31) i

I
+o+H (smye,eeye,pﬁqe> <0.

€

Computing the difference between (5.30) and (5.31) gives

Te — Y Te — Y
*U‘FH (teaxeaeeeapea(k) - H (Seayeaeeeapeafk) Z 0.

We now use assumption (5.26) on H:
—0’+C |:1+|x6_y6:| |xe_ye| ZO
€

Letting finally ¢ — 0" and using Lemma 5.15 we get a contradiction since o is positive. (]

5.5 Comments

The game studied in this chapter is strongly inspired by repeated games with lack of information introduced
by Aumann and Maschler: see the monographs by Aumann and Maschler [12] and by Sorin [189] for a
general presentation. Repeated games with lack of information on one side (i.e., I =1 or J = 1) or on both
sides (i.e., I,J > 2) have a value [12], [163], in the sense that the averaged n—stage games converge to a
limit as m — 4-o00. This value can be characterized in terms of the value of the “non revealing game” via the
convexification operator (for I =1 or J = 1) or the Mertens-Zamir operator (when I, J > 2).
There are several proofs of Aumann-Maschler’s result (see [189]). The most convenient for our purpose—the
dual approach—was initiated by De Meyer in [87] and later developped by De Meyer and Rosenberg [88] and
by Laraki [144]. It is this approach which can be extended to differential games.

Now let us turn to the litterature on differential games with incomplete/imperfect information: several
papers analyse differential games where the players do not share the same information on the game. In most
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of these papers one tries to build a strategy for a nonfully informed controller, the other player being seen
as a disturbance: see for instance the monograph by Bagsar and Bernhard [14] and the papers by Bernhard
[42], by Baras and Patel [16], Baras and James [17]. So in terms of game this means that one looks at a
kind of worse case design. In contrast, few works are dedicated to the existence of a value for this class of
games: Rapaport and Bernhard [180], on the one hand, and Petrosjan [171], on the other hand, analyse this
question through some examples. Cardaliguet and Quincampoix [71] consider a general class of differential
games where the players only know that the initial position of the game is distributed according to some
probability.

The first adaptation of the Aumann-Maschler’s theory to differential games goes back to Cardaliaguet
[69], which deals with deterministic differential games with a terminal payoff, and with games where there
is some private information on the initial position of the system. It is generalized to stochastic differential
games and to games with running payoffs in Cardaliaguet-Rainer [74]. The infinite horizon problem is
considered in As Soulaimani [8]. Examples of such games are analysed in Cardaliaguet [72], Cardaliaguet-
Rainer [76] and Souquiere [193], while the construction of optimal strategies and approximations are carried
out in Cardaliaguet [75] and Souquiere [193].



Appendix A

Complement on ordinary differential
equations

Throughout this chapter T' > 0 denotes a fixed horizon. Our aim is to recall some basic properties of
differential equations of the form
Xt/ = f(tv Xt)

where f : [0,7] x RY — R is measurable, locally Lipschitz continuous with respect to the = variable. To do
so we first recall the notion of absolutely continuous maps. Then we state and prove the Cauchy-Lipschitz
Theorem in this framework.

A.1 Absolutely continuous maps

Let us first recall that a map X : [0,7] — RY is absolutely continuous if, for € > 0, there is some 1 > 0 such
that, for any collection ([an,by])nen of disjoint subintervals of [0, 77,

i(bn—an) <n = ile”—Xan < €.
n=0 n=0

Note that, if X is absolutely continuous, then X is continuous. It is well-known (see for instance [112]) that
X is absolutely continuous if and only if there is some Z € L([0,T],R") such that

t
(A1) Xt—on/ Zids  Vte[0,T).
0

Moreover Z is uniquely defined by the above equality.
The following Lemma states that the map Z is the derivative of X at almost every point of (0,7):

Lemma A.1 If X is absolutely continuous on [0,T], then there is a set S of full Lebesgue measure on [0, T
such that, for any t € S, X has a derivative with X{ = Z,.

Notation : From now on, we denote by X’ the unique map Z € L([0,T],RY) such that (A.1) holds.

Remark A.2 If X’ € L>([0,T],RY), then X is Lipschitz continuous because

/ zis) < | [ 12(s)|ds

for any t1,t2 € [0,7]. The converse also holds: if X is Lipschitz continuous, then X is clearly absolutely
continuous with X’ € L*°([0, 1], RY).

| X, — X, | = < < Z|lsolt2 — t1]

Proof of Lemma A.1: Let S C (0,7) be the set of Lebesgue points of Z: namely t € S if

1 t+h
%%%/H 2y — Zy|ds = 0.

75
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It is well-known that S has a full measure in (0,7). Then

h
/ |Z5 —Zt|d8
0

1
E(Xt-‘rh_Xt_th) —0ash—0.

1
< —
||

A.2 Ordinary differential equations

Let f:[0,7] x RY — R be a Borel measurable map. In this section we recall some well-known results on
the differential equation
(A.2) Xt = [f(t, X)

We assume the following conditions on f: f is locally Lipschitz continuous with respect to the x variable:
for any R > 0 there is a map mpg € L'([0,T],R") such that

(A.3) lf(t,z) — f(t,y)] <mp(t)|z —y| Vz,y € B(0,R), for a.e. t € [0,T]
and f has at most a linear growth: there are a,b € L'([0,T],R,) such that
(A.4) |t z)] < a(t)|z] + b(t) Vo € RY, for ae. t €[0,7] .

Definition A.3 A solution of equation (A.2) with initial condition (tg,z¢) € [0,T] x RN is an absolutely
continuous map X : [0,T] — RYN such that X;, = x¢ and which satisfies

X, = f(t, Xy) for almost every t € [0,7] .

Theorem A.4 Under the above assumptions, for any initial condition (to, zo) € [0, T]xRY there is a unique
absolutely continuous solution to (A.2) such that X, = .
Moreover this solution satifies the bounds

¢ ¢
1Xy| < eA®ag) +/ eA=A)p(s5)ds vt € [to, T] , where A(t) = / a(s)ds .
tU t()

In the proof of the Theorem we shall need the following result:

Lemma A.5 (Gronwall Lemma) Let a,b € L'([0,T],R;) and p : [0,T] — Ry be continuous and such
that

o) < [ (@le)ps) + 8D ds+p(0) Ve [0.T].

Then

(A.5) p(t) < eAWp(0) + /O t eAD=AG)p(s)ds Yt € [0,T] where A(t) = /O ta(s)ds.

Proof of Lemma A.5: Let 6(t) denote the right-hand side of inequality (A.5) and 6(t) = 0(t) 4 ee(®).
We note that 6. satisfies

0.(t) = /0 (a(s)0c(s) +b(s))ds+p(0)+€e  Vte[0,T].

Let us assume for a while that maxy r(p(t) — 0.) > 0 and let
t* =1inf{t > 0; p(t) > 0.(t)} .

Since p and p. are continuous we have t* > 0 and p(t*) = p.(t*). Moreover p(t) < 0.(t) for any t € [0,t*).
Therefore

p(t") < /0 (a(s)p(s) + b(s)) ds + p(0) < /0 (a(s)0e(s) + b(s)) ds + p(0) + € = O (") = p(t*) .
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This is impossible. So p < 0, on [0, 7], which gives the result by letting ¢ — 0. O

Proof of Theorem A.4: To simplify the notations we assume without loss of generality that to = 0. Let
t

A(t) :/ a(s)ds and
0

t
p(t) = ez —|—/ A=A p(5)ds
0

nd
) X = {X € CO([(),T]’RN) s | X < p(2) vt e [OﬂT]} :

Note for later use that
p'(t) = a(t)p(t) + b(t) for almost all t € [0,T], p(0) = |xo| ,

so that p is nondecreasing and

plt) = faol + [ (a(s)ote) +b)ds Wi e [0.7].
For X € X, let ®(X) : [0,T] — RY be defined by

(X)) =m0+ /t f(s, Xs)ds vt e [0,7T] .
0

We claim that ® maps X into itself. Indeed let us first note that, if X € X,
£ (s, Xo)| < als)[Xs| + b(s) < afs)p(T) + b(s)

where the right-hand side belongs to L!([0,7]) by assumption. So ®(X) is well-defined and absolutely
continuous, and thus continuous. Moreover, from assumption (A.4) and the definition of X and p, we have

[(X)e| < |0l +/O |f (s, Xo)lds < |aol +/0 (a(s)p(s) +b(s))ds = p(t) -

Therefore ®(X) € X. Set now R = p(T'). Recalling the definition of mp in (A.3), we endow X with the

distance .

dX,Y) = r%u%] |X; — Vy|e”2Mr) yX Ve X where Mpr(t) = | mpg(s)ds.
telo, 0

Note that
|X; — Y| < d(X,Y)e2Mr® vyt e[0,T].

Since mpr € L, the above distance is equivalent with the usual L> distance, so that (X,d) is a complete
metric space. Let us show that ® is contracting for this metric. Let X, Y € X and ¢ € [0,T]. Then

[B(X); — B(V),| < / F(5.X,) = F(s,Yo)lds < / ma(s)|X, - Yi|ds

1
< / mg(s)e?MrE)d(X,YV)ds < 5eW(t)d(X,Y)
0

so that

A(R(X), B(Y)) = max [B(X), — B(Y)yJe 210 < SdX.Y).

Hence ® is contracting. Since (X, d) is complete, ® has a unique fixed point X, which is clearly a solution
of (A.2) with initial condition Xy = xo.
Let us assume that Y is another solution. Then

t t
Yi| < |zol +|/ f(s,Ys)ds| < |z +/ a(s)[Ys[ + b(s)ds
0 0

so that, by Gronwall Lemma, |Y;| < p(t). Hence Y € X and, since Y is a solution, it is also a fixed point of
®. Therefore Y = X, which proves the uniqueness. O
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Lemma A.6 (Lipschitz estimate of the solution map) Let us fix Ry > 0 and let

T ¢
R = AT R, +/ A=A b(s)ds where A(t) = / a(s)ds .

to to

Let 29,0 € RN with |zol, |yo| < Ro and X and Y be the solution of (A.2) starting from (to,zo) and (to,yo)
respectively. Then

t
| X — Y| < eM(t)|at0 — Yol Yt € [to, T where M(t) = / mg(s)ds ,
to

where mp is defined by (A.3).

Proof : From Theorem A.4 we know that |X,|,|Y;| < R for any ¢ € [0,T]. Let p(t) = |X; — Y;|. Then,
using assumption (A.3), we have

p(t) < lzo = yol +/t (s, Xs) = f(s,Ys)lds < |zo — yol +/t mp(s)p(s)ds -

So, by Gronwall Lemma, p(t) < p(to)e™®). 0
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