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Abstract. This paper, having a tutorial character, is intended to provide an in-
troduction to the theory of noncooperative differential games.

Section 2 reviews the theory of static games. Different concepts of solution
are discussed, including Pareto optima, Nash and Stackelberg equilibria, and the
co-co (cooperative-competitive) solutions.

Section 3 introduces the basic framework of differential games for two players.
Open-loop solutions, where the controls implemented by the players depend only
on time, are considered in Section 4. These solutions can be computed by solving
a two-point boundary value problem for a system of ODEs, derived from the
Pontryagin maximum principle. Section 5 deals with solutions in feedback form,
where the controls are allowed to depend on time and also on the current state
of the system. In this case, the search for Nash equilibrium solutions leads to a
highly nonlinear system of Hamilton-Jacobi PDEs. In dimension higher than one,
we show that this system is generically not hyperbolic and the Cauchy problem
is thus ill posed. Due to this instability, feedback solutions are mainly considered
only in the special case with linear dynamics and quadratic costs.

In Section 6, a game in continuous time is approximated by a finite sequence
of static games, by a time discretization. Depending of the type of solution adopted
in each static game, one obtains different concepts of solutions for the original
differential game.

Section 7 deals with differential games in infinite time horizon, with expo-
nentially discounted payoffs. Section 8 contains a simple example of a game with
infinitely many players. This is intended to convey a flavor of the newly emerging
theory of mean field games.

Modeling issues, and directions of current research, are briefly discussed in
Section 9. Finally, the Appendix collects background material on multivalued func-

tions, selections and fixed point theorems, optimal control theory, and hyperbolic
PDEs.
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1. Introduction

A basic problem in optimization theory is to find the maximum value of a function:

max ¢(z). (1.1)
Typically, ¢ is a continuous function and the maximum is sought over a closed, pos-
sibly unbounded domain X C IR™. An extensive mathematical theory is currently
available on the existence of the maximum, on necessary and sufficient conditions
for optimality, and on computational methods. Interpreting ¢ as a payoff function,
one can regard (1.1) as a decision problem. Among all possible choices = € X, we
seek the one that provides the maximum possible payoff.

As in (1.1), optimization theory deals with the case where there is only one
individual, making a decision and achieving a payoff. Game theory, on the other
hand, is concerned with the more complex situation where two or more individuals,
or “players”, are present. Each player can choose among a set of available options.
His payoff, however, depends also on the choices made by all the other players.

For simplicity, consider the case of two players. Player 1 can choose a strategy
x1 € X1, while Player 2 can choose xo € Xo. For i = 1,2, the goal of Player ¢ is

maximize: ¢;(z1,2). (1.2)

In contrast with (1.1), it is clear that the problem (1.2) does not admit an “optimal”
solution. Indeed, in general it will not be possible to find a couple (Z1,Z2) € X7 x X3
which at the same time maximizes the payoff of the first player and of the second
player, so that
$1(Z1,%2) = max ¢1(z1,22), $2(Z1,%2) = max ¢o(z1,22).
x1,T2 x1,T2
For this reason, various alternative concepts of solutions have been proposed in the

literature. These can be relevant in different situations, depending on the information
available to the players and their ability to cooperate.

For example, if the players have no means to talk to each other and do not
cooperate, then an appropriate concept of solution is the Nash equilibrium, defined
as a fixed point of the best reply map. In other words, (7, x%) is a Nash equilibrium
if

(i) the value ] € X is the best choice for the first player, in reply to the
strategy x5 adopted by the second player. Namely

$1(21,3) = max ¢1(z1,253),
r1€X1

(ii) the value =} € X5 is the best choice for the second player, in reply to the
strategy x] adopted by the first player. Namely

¢2(21,25) = max ¢o(zy, 72).
x9€Xo
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On the other hand, if the players can cooperate and agree on a joint course of
action, their best strategy (27, 2%) € X x Xy will be one which maximizes the sum:

o1(27, x5) + g2(ay,z5) = max od1(x1, 22) + Po(x1,12) |

In general, in order to be acceptable to both players, this strategy will also require
a side payment to compensate the player with the smaller payoff.

The situation modeled by (1.2) represents a static game, sometimes also called
a “one-shot” game. Each player makes one choice x; € X;, and this completely
determines the payoffs. In other relevant situations, the game takes place not in-
stantaneously but over a whole interval of time. This leads to the study of dynamic
games, also called evolutionary games. In this case, the strategy adopted by each
player is described by a function of time t — w;(t). Here the time variable ¢ can take
a discrete set of values, or range over a whole interval [0, T7].

We recall that, in the standard model of control theory, the state of a system
is described by a variable x € IR™. This state evolves in time, according to an ODE

B(t) = ft,2(t), u(t)) telo,T]. (1.3)

Here t — wu(t) € U is the control function, ranging within a set U of admissible
control values.
Given an initial condition

z(0) = o, (1.4)

a basic problem in optimal control is to find a control function «(-) which maximizes
the payoff

T
J(u) = w(x(T))—/O L(t, z(t), u(t))dt . (1.5)

Here ¢ is a terminal payoff, while L accounts for a running cost.

Differential games provide a natural extension of this model to the case where
two or more individuals are present, and each one of them seeks to maximize his own
payoff. In the case of two players, one thus considers a system whose state x € IR"
evolves according to the ODE

() = f(t, z(t), ui(t), ua(t)) te0,T]. (1.6)

Here t +— w;(t) € U;, i = 1,2, are the control functions implemented by the two
players.
Given the initial condition (1.4), the goal of the i-th player is

T
maximize:  J; = t(a(T)) — /O Lilt, 2(t), un(t), ua(®)) dt . (1.7)

As in the case of one-shot games, various concepts of solution can be considered.
In addition, one can further distinguish between open-loop strategies w; = w;(t),
depending only on the time variable, and feedback strategies u; = u;(t,x), depend-
ing also on the current state of the system. In a situation where each player has
knowledge only of the initial state of the system, it is natural to consider open-loop
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strategies. On the other hand, if the players can observe the current state of the
system, it is more appropriate to consider feedback strategies.

In the literature, a first, well known example of a non-cooperative game in
economics appeared in [19]. Within this monograph, Cournot studied a duopoly,
where two firms selling the same product seek to adjust their production levels in
order to maximize profits. His solution can be interpreted as the fixed point of a
best reply map.

The classic book [38] by von Neumann and Morgenstern is widely regarded as
the starting point of the mathematical theory of games. While this book focuses
on two-players, zero-sum games, the later paper of Nash [31] provided a concept of
solution for general non-cooperative games for N players.

The theory of differential games was first developed by Isaacs [26], followed by
other authors; see [23, 28]. A comprehensive presentation of dynamic games, with
applications to economic models, can be found in [9, 20].

Aim of the present notes is to provide a concise introduction to the mathemat-
ical theory of games for two players. The first chapter deals with static games, while
the remaining chapters deal with dynamic games.

For static games, the existence of Nash equilibrium solutions is proved by an
application of the Kakutani fixed point theorem for multivalued maps. Using the
approximate selection theorem of Cellina [16], this can be derived as an easy conse-
quence of the classical Brouwer fixed point theorem. Specializing to zero-sum games,
some basic results by von Neumann can then be deduced as corollaries.

The analysis of differential games relies heavily on concepts and techniques of
optimal control theory. Equilibrium strategies in open-loop form can be found by
solving a two-point boundary value problem for an ODE derived from the Pontryagin
maximum principle. On the other hand, equilibrium strategies in feedback form are
best studied by looking at a system of Hamilton-Jacobi-Bellman PDEs for the value
functions of the various players, derived from the principle of dynamic programming.

A review of background material on multifunctions, fixed point theorems, and
control theory, is provided in the Appendix to these lecture notes.

2. Static Games

In its basic form, a game for two players, say ‘Player A” and “Player B”, is given
by:

e The two sets of strategies: A and B, available to the players.

e The two payoff functions: 4 : A x B+ IR and 5 : A x B — IR.

If the first player chooses a strategy a € A and the second player chooses b € B, then
the payoffs achieved by the two players are ®4(a,b) and ®8(a,b), respectively. The
goal of each player is to maximize his own payoff. We shall always assume that each
player has full knowledge of both payoff functions ®4, &2, but he may not know in
advance the strategy adopted by the other player.
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If ®4(a,b) + ®B(a,b) = 0 for every pair of strategies (a,b), the game is called a
zero sum game. Clearly, a zero-sum game is determined by one single payoff function
d =4 =08

Throughout the following, our basic assumption will be

(A1) The sets A and B are compact metric spaces. The payoff functions ®4, &7 are
continuous functions from A x B into IR.

The simplest class of games consists of bi-matrix games, where each player has
a finite set of strategies to choose from. Say,

Ai{al,ag,...,am}, Bi{bl,bg,...,bn}. (21)
In this case, each payoff function is determined by its m x n values
O = (ay,b)), o = ©5(a;,b)). (2.2)

Clearly, these numbers can be written as the entries of two m x m matrices. The
game can also be conveniently represented by an m x n “bi-matrix”, where each
entry consists of the two numbers: @;‘} , (IDS-, as shown in figures 3, 4, and 5.

2.1. Solution concepts

In general, one cannot speak of an “optimal solution” of the game. Indeed, an out-
come that is optimal for one player can be very bad for the other one. We review
here various concepts of solutions. These can provide appropriate models in spe-
cific situations, depending on the information available to the players and on their
willingness to cooperate.

I - Pareto optimality. A pair of strategies (a*,b*) is said to be Pareto optimal
if there exists no other pair (a,b) € A x B such that

d4(a,b) > d(a*, b") and ®B(a,b) > 8 (a*,b")

or
®B(a,b) > ®B(a*,b) and d4(a,b) > ®4(a*,b").

In other words, it is not possible to strictly increase the payoff of one player
without strictly decreasing the payoff of the other.

In general, a game can admit several Pareto optima (see Fig. 6). In order to
construct a pair of strategies which is Pareto optimal, one can proceed as follows.
Choose any number A € [0,1] and consider the optimization problem

max  A®(a,b) + (1 —\)DP(a,b). 2.3

e A0 @) + (1= 0 8%(a.b) (23)

By the compactness and continuity assumptions (A1), an optimal solution does exist.
Any pair (a*,b*) where the maximum is attained yields a Pareto optimum.

Further concepts of solution can be formulated in terms of the best reply maps.
For a given choice b € B of player B, consider the set of best possible replies of
player A:

RA®M) = {aeA; A (a,b) = maXCI)A(w,b)}. (2.4)

w€EA
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Similarly, for a given choice a € A of player A, consider the set of best possible
replies of player B:

RB(a) = {beB; ®B(a,b) = %%@B(a,w)}. (2.5)

By the assumption (A1), the above sets are non-empty. However, in general they
need not be single-valued. Indeed, our assumptions imply that the maps a — RB (a)
and b — RA(b) are upper semicontinuous, with compact values.

II - Stackelberg equilibrium. This models a situation with asymmetry of infor-
mation. We assume that player A (the leader) announces his strategy in advance,
and then player B (the follower) makes his choice accordingly.

In this case, the game can be reduced to a pair of optimization problems, solved
one after the other. In connection with the strategy a adopted by the first player,
the second player needs to maximize his payoff function b — ®5(a,b). He will thus
choose a best reply b* € RP(a). Assuming that this reply is unique, say b* = 3(a),
the goal of Player A is now to maximize the composite function a — ®4(a, 8(a)).

More generally, we shall adopt the following definition, which does not require
uniqueness of the best reply map. In case where player B has several best replies to
a value a € A, we take here the optimistic view that he will choose the one which is
most favorable to Player A.

A pair of strategies (ag,bs) € A X B is called a Stackelberg equilibrium if
bs € RP(as) and moreover
®4(a,b) < ®4(as,bs) for every pair (a,b) with b € RP(a).
Under the assumption (A1), it is easy to check that a Stackelberg equilibrium
always exists. Indeed, consider the domain
R = {(a,b); be RP(a)} € AxB.

By the compactness of A, B and the continuity of ®”, the set R is closed, hence
compact. Therefore, the continuous function ®# attains its global maximum at some
point (ag,bs) € R. This yields a Stackelberg equilibrium.

IIT - Nash equilibrium. This models a symmetric situation where the players
have no means to cooperate and do not share any information about their strategies.
The pair of strategies (a*,b*) is a Nash equilibrium of the game if, for every

a € A andb € B, one has
d4(a,b*) < 4(a*,b¥), dB(a*,b) < ®B(a*,b¥). (2.6)

In other words, no player can increase his payoff by single-mindedly changing
his strategy, as long as the other player sticks to the equilibrium strategy. Observe
that a pair of strategies (a*, b*) is a Nash equilibrium if and only if it is a fixed point
of the best reply map:

a* € RAbY), b* € RB(a").
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FIGURE 1. The figure shows the level curves of the two payoff functions.
Here player A chooses the horizontal coordinate, player B the vertical co-
ordinate. The payoff function ®4 attains its global maximum at P, while
®8 attains its maximum at Q. If the first player chooses a strategy a € A,
then ((a) € B is the best reply for the second player. The pair of strategies
(as, bg) is a Stackelberg equilibrium. Notice that at this point the curve
b = ((a) is tangent to a level curve of ®4.

A
@® = constant

B
B @ = constant

Nash

a A

Nash

FIGURE 2. Here player A chooses the horizontal coordinate, player B the
vertical cooordinate. The payoff function ®4 attains its global maximum
at P, while ®F attains its global maximum at Q. The pair of strategies
(aNash , ONash) 18 a Nash equilibrium. Notice that at this point the level
curve of @4 has horizontal tangent while the level curve of ®2 has vertical
tangent.

The following examples show that:

(i) in general, a Nash equilibrium may not exist,

(ii) the Nash equilibrium need not be unique,
(iii) different Nash equilibria can yield different payoffs to each player,
(iv) a Nash equilibrium may not be a Pareto optimum.
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Ezxample 1. Assume that each player draws a coin, choosing to show either head or
tail. If the two coins match, player A earns $1 and player B loses $1. If the two coins
do not match, player B earns $1 and player A loses $1.

This is a zero-sum game, described by the bi-matrix in Figure 3. By direct
inspection, one checks that it does not admit any Nash equilibrium solution.

Player B
H T H T
-1N\1
HI D] -1 Hi 1| -1
Player A
1 -1 _
Tl 1 T 1 1

FIGURE 3. The bi-matrix of the payoffs for the “head and tail” game.
Since this is a zero-sum game, it can be represented by a single matrix
(right), containing the payoffs for the first player.

Ezxample 2. Consider the game whose bi-matrix of payoffs is given in Figure 4. The
pair of strategies (aj,b3) is a Nash equilibrium, as well as a Pareto optimum. On
the other hand, the pair of strategies (az, b1) is a Nash equilibrium but not a Pareto
optimum. Indeed, (a1, bs3) is the unique Pareto optimum.

FIGURE 4. A bi-matrix of payoffs, with two Nash equlibrium points but
only one Pareto optimum.

Ezxample 3 (prisoners’ dilemma). Consider the game with payoffs described by the
bi-matrix in Figure 5. This models a situation where two prisoners are separately
interrogated. Each one has two options: either (C) confess and accuse the other
prisoner, or (N) not confess. If he confesses, the police rewards him by reducing his
sentence. None of the prisoners, while interrogated, knows about the behavior of the
other.

The negative payoffs account for the number of years in jail faced by the two
prisoners, depending on their actions. Taking the side of player A, one could argue
as follows. If player B confesses, my two options result in either 6 or 8 years in jail,
hence confessing is the best choice. On the other hand, if player B does not confess,
then my two options result in either zero or one year in jail. Again, confessing is the
best choice. Since the player B can argue exactly in the same way, the outcome of
the game is that both players confess, and get a 6 years sentence. In a sense, this
is paradoxical because an entirely rational argument results in the worst possible
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Player B
C N
-6 -8
Clen|o
Player A
0 -1
N -8 -1

FIGURE 5. The bi-matrix of payoffs for the “prisoners’ dilemma”.

outcome: the total number of years in jail for the two prisoners is maximal. If they
cooperated, they could both have achieved a better outcome, totaling only 2 years
in jail.

Observe that the pair of strategies (C, C) is the unique Nash equilibrium, but it
is not Pareto optimal. On the other hand, all three other pairs (C, N), (N, C), (N, N)
are Pareto optimal.

b q)B

Nash equilibrium | — Pareto optima

FIGURE 6. The payoff map (a,b) — (®4,®5) for the game (2.7). The
Nash equilibrium is (2, 1), which does not yield a Pareto optimum.

Ezample 4. Let A = B = [0,4] and consider the payoff functions (see figure 6)

a? b?
®4(a,b) = 20+2b— =, ®B(a,b) = atb— <. (2.7)
If (a*,b*) is a Nash equilibrium, then
a2
. = 2 + 20" — —} - 2,
o = e 202 =

2

Hence (2, 1) is the unique Nash equilibrium solution. This is not a Pareto optimum.
Indeed,

b2
b* = argmax {a*+b——} = 1.
beB

q)A(271) =4, (I)B(271) = g»
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while the pair of strategies (3,2) yields a strictly better payoff to both players:

11
@A(3,2):7, ®5(3,2) =3.
To find Pareto optimal points, for any 0 < A < 1 we consider the optimization
problem

oA 1— NP
s {p04(a,b) + (1 - N@P(a,b)}

Aa? + (1 — A)bQ}

= max {(A+1)a+()\+1)b— :

a,b€l0,4

This yields the Pareto optimal point (ay,by), with

2

ay = argarél[%ﬁ]{()\+l)a—>\%} = min {1—1—% , 4},

(1—\)b? } , { 14+
- )h— 2 4
bx argbra%ﬁ] {()\ + 1) 5 min |7
2.2. Existence of Nash equilibria

We now state a basic existence theorem for a Nash equilibrium, valid under suitable
continuity and convexity assumptions. The proof is a straightforward application of
Kakutani’s fixed point theorem.

Theorem 2.1 (Existence of Nash equilibria). Assume that the sets of strategies A, B
are compact, convex subsets of IR™. Let the payoff functions ®4, ®B be continuous
and assume that

a — ®4(a,b) is a concave function of a, for each fived b € B,

b ®B(a,b) is a concave function of b, for each fized a € A.
Then the non-cooperative game admits a Nash equilibrium.

Proof. Consider the best reply maps R4, RE, defined at (2.4)-(2.5).
1. The compactness of B and the continuity of ®” imply that the function
= ®5(a,b
a — m(a) = max &7(a,b)
is continuous. Therefore, the set
graph(R") = {(a,b); be R%(a)} = {(a,0); ®%(a,b) =m(D)}

is closed. Having closed graph, the multifunction a — R”(a) C B is upper semicon-
tinuous.

2. We claim that each set RP(a) C B is convex. Indeed, let by, by € RP(a), so that
®B(a, b)) = ®B(a,by) = m(a)
and let § € [0,1]. Using the concavity of the function b — ®5(a,b) we obtain
m(a) > ®B(a, 0by+ (1 —0)by) > 08B (a,b)) + (1 — 0)®P(a,b2) = m(a).
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Since B is convex, one has 0b; + (1 — )by € B. Hence 0b; + (1 — )by € RP(a),
proving our claim.

3. By the previous steps, the multifunction a — R? (a) C B is upper semicontinuous,
with compact, convex values. Of course, the same holds for the multifunction b —
RA(b) C A.

We now consider the multifunction on the product space A x B, defined as

(a,b) — RA(b) x RP(a) C Ax B.

By the previous arguments, this multifunction is upper semicontinuous, with com-
pact convex values. Applying Kakutani’s fixed point theorem, we obtain a pair of
strategies (a*,b*) € (RA(b*), RB(a)), i.e. a Nash equilibrium solution. 0

2.3. Randomized strategies

If the convexity assumptions fail, the previous theorem does not apply. Clearly, the
above result cannot be used if one of the players can choose among a finite number
of strategies.

As shown by Example 1, there are games which do not admit any Nash equilib-
rium solution. To achieve a general existence result, one needs to relax the definition
of solution, allowing the players to choose randomly among their sets of strategies.

Definition 2.2. A randomized strategy for player A is a probability distribution p on
the set of strategies A. Similarly, a randomized strategy for player B is a probability
distribution v on the set B.

Given two randomized strategies u,v for players A and B respectively, the
corresponding payoff functions are defined as

4 (1, v) i/ 4 (a,b) dp @ dv,
AxB
(2.8)
OB (p,v) i/ ®B(a,b) du @ dv.
AxB

Remark 2.3. The above quantities ® (s, ) and ®B(u, v) are the ezpected values of
the payoffs, if the two players choose random strategies, independent of each other,
according to the probability distributions pu, v, respectively.

In the following, by P(A), P(B) we denote the family of all probability measures
on the sets A, B, respectively. Notice that to each a € A there corresponds a unique
probability distribution concentrating all the mass at the single point a. This will
be called a pure strategy. Pure strategies are a subset of all randomized strategies.

Remark 2.4. If A = {ay,as,...,a,} is a finite set, a probability distribution on A
is uniquely determined by a vector = = (x1,..., %) € A,,, where

A, = {x:(m,...,xm); z; € [0,1], inzl} (2.9)
i=1
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is the unit simplex in IR™. Here x; is the probability that player A chooses the
strategy a;.

Given the bi-matrix game described at (2.1)-(2.2), the corresponding random-
ized game can be represented as follows. The two players choose from the sets of
strategies

A=A, B=A,. (2.10)
Given probability vectors x = (z1,...,2m) € Ay and y = (y1,...,Yn) € Ay, the
payoff functions are

>4 (xz, ) Z(I) 2y, B (z,y) Z@ iy, - (2.11)

The concept of Nash equilibrium admits a natural extension to the class of
randomized strategies. A fundamental result proved by J. Nash is that every game
has an equilibrium solution, within the family of randomized strategies.

Theorem 2.5 (Existence of Nash equilibria for randomized strategies). Let the
assumptions (A1) hold. Then there exist probability measures p* € P(A) and
v* € P(B) such that

4 (1, °)
8, v)

A (p*, ) for all p € P(A), (2.12)
OB (u*, 1) for all v € P(B). (2.13)

IN

A

Proof. The theorem will first be proved for a bi-matrix game, then in the general
case.

1. Consider the bi-matrix game described at (2.1)-(2.2). We check that all assump-
tions of Theorem 2.1 are satisfied.

The sets of randomized strategies, defined at (2.9)-(2.10), are compact convex
simplexes. The payoff functions ®4, &% : A, x A,, — IR, defined at (2.11), are
bilinear, hence continuous.

For each given strategy y € A,, chosen by the second player, the payoff function
for the first player

x»—><I>Axy Zq) Ty

is linear, hence concave. Similarly, for each x € A,,, the payoff function for the
second player

y»—>®ngy ZCI) T;Yj

is linear, hence concave.
We can thus apply Theorem 2.1 and obtain the existence of a Nash equilibrium
solution (x*,y*) € A, x Ay,

2. In the remamder of the proof, using an approximation argument we extend the
result to the general case where A, B are compact metric spaces. Let {a,az,...}
be a sequence of points dense in A, and let {b1,ba,...} be a sequence of points
dense in B. For each n > 1, consider the game with payoffs &4, & but where the
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players can choose only among the finite sets of strategies A,, = {a1,...,a,} and
By, = {b1,...,b,}. By the previous step, this game has a Nash equilibrium solution,
given by a pair of randomized strategies (i, vy). Here u, and v, are probability
distributions supported on the finite sets A,, and B,, respectively. Since both A
and B are compact, by possibly extracting a subsequence we can achieve the weak
convergence

P — 15, Up = U* as n — 0o, (2.14)

for some probability measures p* € P(A) and v* € P(B).

3. We claim that the pair (u*,v*) in (2.14) provides a Nash equilibrium solution,
i.e. (2.12)-(2.13) hold. This will be proved by showing that

/ ®*(a,b) dp* ® dv* = max / ®*(a,b) du @ dv*, (2.15)
AxB neP(A) JAxB

together with the analogous property for ®%.
Let € > 0 be given. By the assumption (A1), there exists § > 0 such that

d(a,a’) <6 and d(b,b) <0 imply d4(a,b) — d(d, V)| < e (2.16)

Since the sequences {ay; k > 1} and {by; k > 1} are dense in A and B respectively,
we can find an integer N = N (J) such that the following holds. The set A is covered
by the union of the open balls B(a;,d), i = 1,..., N, centered at the points a; with
radius 0 > 0. Similarly, the set B is covered by the union of the open balls B(b;,0),
j=1,...,N, centered at the points b; with radius ¢ > 0.

Let {¢1,...,¢n} be a continuous partition of unity on A, subordinated to the
covering {B(a;,0); i =1,...,N}, and let {¢1,...,¥ N} be a continuous partition of
unity on B, subordinated to the covering {B(b;,0); j=1,...,N}.

Any probability measure p € P(A) can now be approximated by a probability
measure [ supported on the discrete set Ay = {aq,...,an}. This approximation is
uniquely defined by setting

jttas)) = [ o i=1...,N.

Similarly, any probability measure v € P(B) can now be approximated by a proba-
bility measure o supported on the discrete set By = {b1,...,bnx}. This approxima-
tion is uniquely defined by setting

ﬁ({bj})i/wjdy i=1.. . .N.
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For every pair of probability measures (u, ), by (2.16) the above construction
yields

/ ®4(a,b) du®du—/ d*(a,b) djp ® div
AxB AxB

</ P00 [#4(0.0) ~ 9%y o (2.17)

< / eduy®dv = €.
AxB

4. For all i,j =1,...,N, as n — oo the weak convergence (2.14) yields
(o)) = [eidin — [idn® = i Gas). (218)

Similarly, o, ({b;}) — 2*({b;}).
Observe that, for every p € P(A) and n > N, one has

S, vn) < M pn, vn)- (2.19)

Indeed, /i is a probability measure supported on the finite set Ay = {aq,...,an} C
A, and the pair of randomized strategies (i, ) provides a Nash equilibrium to
the game restricted to A,, x By,. Using (2.17), (2.18), and (2.19), for every pu € P(A)
we obtain

oM, v") —e < @M, 07) = lim B(a, i)

n—oo

< limsup (i, vp) +e < lim &4 (pn,vp) +e = (5, v*) +¢.

n—00 n—00

Since p € P(A) and € > 0 were arbitrary, this proves (2.12). The proof of (2.13) is
entirely similar. O

2.4. Zero-sum games

Consider again a game for two players, with payoff functions ®4,®% : A x B — IRR.

In the special case where ®% = —®4, we have a zero-sum game, described by a

single function

d:AxB— IR. (2.20)

Given any couple (a,b) with a € A and b € B, we think of ®(a,b) as the amount of

money that B pays to A, if these strategies are chosen. The goal of player A is to

maximize this payoff, while player B wishes to minimize it. As before, we assume
(A1) The domains A, B are compact metric spaces and the function ® : A x B — IR

is continuous.

In particular, this implies that the maps

b— max ®(a,b), @~ 1min ®(a,b) (2.21)

are both continuous.
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In a symmetric situation, each of the two players will have to make his choice
without a priori knowledge of the action taken by his opponent. However, one may
also consider cases where one player has this advantage of information.

CASE 1: The second player chooses a strategy b € B, then the first player makes
his choice, depending on b.

This is clearly a situation where player A has the advantage of knowing his
opponent’s strategy. The best reply of player A will be some a(b) € A such that

®(a(b), b)) = max P(a,b).

acA

As a consequence, the minimum payment that the second player can achieve is

* = min @ = mi ) : 2.22
|4 min ®(a(b), b)) = min max &(a,b) (2.22)

CASE 2: The first player chooses a strategy a € A, then the second player makes
his choice, depending on a.

In this case, it is player B who has the advantage of knowing his opponent’s
strategy. The best reply of player B will be some (3(a) € B such that

®(a, fa)) = min B(a,b).

As a consequence, the maximum payment that the first player can secure is

Vo = max ®(a, f(a)) = max min d(a,b). (2.23)

Lemma 2.6. In the above setting, one has

V™ = max min ®(a,b) < min max ®(a,b) = V. (2.24)
acA beB beB acA

Proof. Consider the (possibly discontinuous) map a — (3(a), i.e. the best reply map
for player B. Since

V™ = sup ®(a, 8(a)),
acA

given any € > 0 there exists a. € A such that
®(ag, Blas)) > V7 —e. (2.25)
In turn, this implies

+ = 1 > i = T =
4 min max ®(a,b) 2 min (a:,b) = (a, flac)) > V™ —e.

Since € > 0 was arbitrary, this proves the lemma. ]
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In general, one may have the strict inequality V= < V. In the case where
equality holds, we say that this common value V =V~ = VT is the value of the
game.

Moreover, if there exist strategies a* € A and b* € B such that

in ®(a*,b) = P(a*,b*) = ®(a,b* 2.2
min &(a”,b) (a%,0") = max ®(a,b"), (2.26)
then we say that the pair (a*,b*) is a saddle point of the game. Calling V the
common value of the two quantities in (2.26), the following holds:

o If A adopts the strategy a*, he is guaranteed to receive no less than V.
o If B adopts the strategy b*, he is guaranteed to pay no more than V.

For a zero-sum game, the concept of saddle point is thus the same as a Nash equi-
librium.

Theorem 2.7 (Value and saddle point). Under the assumptions (A’), the zero-sum
game (2.20) has a value V' if and only if a saddle point (a*,b*) exists. In the positive
case, one has

V =V =V' = &@a",b). (2.27)
Proof. 1. Assume that a saddle point (a*,b*) exists. Then

V= = max min ®(a,b) > min ®(a*,d)
acA beB beB

= max ®(a,b*) > min max ®(a,b) = V7.
acA beB acA

By (2.24) this implies V =V~ = V' showing that the game has a value.

2. Next, assume V =V~ = V. Let a — ((a) be the best reply map for player B.
For each ¢ > 0 choose a. € A such that (2.25) holds. Since the sets A and B are
compact, we can choose a subsequence €,, — 0 such that the corresponding strategies
converge, say

as, — a”, B(ae,) — b*.

n

We claim that (a*,b*) is a saddle point. Indeed, the continuity of the payoff function
P yields

®(a*,b") = lim P(ae, , Plas,)).

n—~oo

From

VT —¢e, < ®(a.,, Bla,)) < sup®(a, B(a)) = VT,
acA

letting € — 0 we conclude

V= < lim (I)(asna ﬁ(aan)) = (I)(a*vb*) < V7

n—oo

Since we are assuming V'~ = V' this shows that (a*, b*) is a saddle point, concluding
the proof. ]
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Remark 2.8. As noted in Example 2, a non-zero-sum game may admit several Nash
equilibrium solutions, providing different payoffs to each players. However, for a
zero-sum game, if a Nash equilibrium exists, then all Nash equilibria yield the same
payoff. Indeed, this payoff (i.e., the value of the game) is characterized as

V = min max ®(a,b) = max min ®(a,b).
beB acA acA beB

By applying Theorem 2.1 to the particular case of a zero-sum game we obtain

Corollary 2.9 (Existence of a saddle point). Consider a zero-sum game, satisfying
the conditions (A1l'). Assume that the sets A, B are convez, and moreover

a — ®(a,b) is a concave function of a, for each fizred b € B,

b— ®(a,b) is a conver function of b, for each fized a € A.
Then the game admits a Nash equilibrium, i.e. a saddle point.

More generally, as stated in Theorem 2.5, a game always admits a Nash equi-
librium in the class of randomized strategies. Specializing this result to the case of
zero-sum games one obtains

Corollary 2.10 (Existence of a saddle point in the class of randomized strategies).
Under the assumptions (A1'), a zero-sum game always has a value and a saddle
point, within the class of randomized strategies.

Otherwise stated, there exists a pair (u*,v*) of probability measures on A and
B respectively, such that

/ P(a,b)dp @ dv* < / ®(a,b) dpu* @ dv* < / ®(a,b) du* @ dv,
AxB AxB AxB
for every other probability measures pu € P(A) and v € P(B).

If the game already has a value with in the class of pure strategies, the two
values of course coincide.

We now specialize this result to the case of a matrix game, where A =
{a1,...,an} and B = {b1,...,b,}. The sets of randomized strategies can now be
identified with the simplexes A, A, defined at (2.9). Let ®;; = ®(a;, b;). According
to Corollary 2.10, there exist z* € A,, and y* € A, such that

x| 2 @uriy | S D iy < min | D iy
1,] 1,7 2¥}

To compute the optimal randomized strategies z*, y* we observe that any linear

function on a compact domain attains its global maximum or minimum at an extreme

point of the domain. Therefore

max g P,ixy; | = max E D,y
TEA — J J ie{l,....,m} - e ’
1,] J
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min Z q)ij T3y = min Z q)ij xT; | -
yEA, i -

je{l,...n}
The value z* = (z7,...,x},) € A, is thus the point where the function
T — T (z) = min (Z Dy x) (2.28)
attains its global maximum. Similarly, the value y* = (y7,...,y)) € A, is the point

where the function
y > OM(y) = max () Dy, (2.29)

attains its global minimum.

Player B
R P S
R 0 -1 1
Player A p 1 0 -1
S| -1 1 0

FIGURE 7. The matrix describing the “rock-paper-scissors” game. Its en-
tries represent the payments from player B to player A.

Ezample 5 (Rock-paper-scissors game). This is a zero-sum matrix game. Each player
has a set of three choices, which we denote as {R, P, S}. The corresponding matrix of
payoffs for player A is given in Figure 7. The upper and lower values of the game are
V*T =1, V™ = —1. No saddle point exists within the class of pure strategies. How-
ever, the game has a saddle point within the class of randomized strategies, where

each player chooses among his three options with equal probabilities (% , % , %) In

this case, the value of the game is V = 0.

Ezample 6. Player B (the defender) has two military installations. He can defend
one, but not both. Player A (the attacker) can attack one of the two. An installation
which is attacked but not defended gets destroyed. The first installation is worth
three times more than the second one. Each player must decide which installation
to attack (or defend), without knowledge of the other player’s strategy.

This situation can be modeled as a zero-sum game, where the payoff matrix is
given in Figure 8, left. Still in Fig. 8, center and right, are the graphs of the functions
in (2.28)-(2.29), namely

@mm(x) =1 {n2 <<I>1j z1 + Poj x2> = min {3x1, 3:2} (r1 =1—z9),
-]: b
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Player B 3 3
e @)
al 0 3
Player A a 1 0 3/4,,, ,,,,,,,,,,,,,, ',,,,,,]i,,,,,,,,,,,]i ,,,,,,,,,,,,,,,,,,,, -
2 @'
0 1 Xz 0 1 y2

FICURE 8. Left: the payoff matrix for the zero-sum game described in
Example 6. Center and right: the thick lines represent the graphs of the
functions ®™" and ™,

O (y) = max (<I>i1 y1 + Pio yz) = max {yu 3yz} (y1 =1 —1y2).

A saddle point, in randomized strategies, is provided by the pair (z*,y*), where

. 1 3 § 3 1
r = |-, — = | —-. — 1.
1 1) Y 11

In other words, Player B should favor defending his first (and more valuable) instal-
lation with odds 3 : 1. Player A should favor attacking the second (less valuable)
installation with odds 3 : 1. The more valuable installation is destroyed with prob-
ability 1/16, while the less valuable one gets destroyed with probability 9/16. The
value of the game is 3/4.

2.5. The co-co solution

Consider again a general non-zero sum game, described by the payoff functions
4 Ax B— R, PP AxB— R, (2.30)

under the assumptions (A1). If the two players can talk to each other and cooperate,

they can adopt a pair of strategies (aﬁ, bﬁ) which maximizes their combined payoffs:
A (af, b)) + ®B(af,0F) = max {CI)A(a, b) + @B (a, b)} . (2.31)

(a,b)eAxB

This choice, however, may favor one player much more that the other. For example,

one may have ®B(af,bF) << ®4(a¥,b!), an outcome which may not be agreeable

to Player B. In this case Player A needs to provide some incentive, in the form of a

side payment, inducing Player B to adopt the strategy b%.

In general, splitting the total payoff in two equal parts will not be acceptable,
because it does not reflect the relative strength of the players and their personal
contributions to the common achievement. A more realistic procedure to split the
total payoff among the two players, recently proposed in [27], goes as follows.

Given the two payoff functions &4, &5, define

®4(a,b) + ®7(a,b) 4 (a,b) — ®5(a,b)

®(a,b) = 5 : @ (a,b) = 5 . (2.32)
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Observing that
P4 = Pt 4 ", o8 = of — 9,

one can split the original game as the sum of a purely cooperative game, where both
players have exactly the same payoff ®%, and a purely competitive (i.e., zero-sum)
game, where the players have opposite payoffs: P’ and —P°.
Define
d4(af, bF) + BB (aF, 1)

1
t o 1 ) )
' 2 2 (ah)eix B {q’ (a,0) + @ (ajb)}- (2.33)

Moreover, let V? be the value of the zero-sum game with payoff ®”. Notice that
this value is always well defined, possibly in terms of randomized strategies. The
cooperative-competitive value (or co-co value, in short) of the original game (2.30)
is then defined as the pair of payoffs

(vievr, viev?). (2:34)

A cooperative-competitive solution (or co-co solution, in short) of the game
described at (2.30) is defined as a pair of strategies (af,b') together with a side
payment p from Player B to Player A, such that

d(ah, b)) +p = VEL TV, dBaf by —p = VIV

Here V¥ is the value in (2.33), while V? is the value of the zero-sum game with payoff
® defined at (2.32).

The concept of co-co solution models a situation where the players join forces,
implement a strategy (aﬁ, b*) which achieves their maximum combined payoff. Then
one of the two makes a side payment to the other, so that in the end the payoffs
(2.34) are achieved.

Ezxample 7. Consider the bi-matrix game described in Fig. 9. In this case we have
V=6, V” = 2. Observe that (ag2,b2) is a saddle point for the corresponding zero-
sum game.

In a co-co solution of the game, the players should receive the payoffs V¥ +
VP = 8and V! — V® = 4 respectively. A co-co solution is thus provided by the
pair of strategies (a1, bs) together with the side payment p = 5 (from Player B to
Player A). A second co-co solution is given by (ag,b;), with side payment p = —1
(i.e. with side payment 1 from A to B).

Ezample 8 (Co-co solution of the prisoners’ dilemma). For the game with payoff
matrix given in Fig. 5, the co-co solution is the pair of strategies (N, N), yielding
the values (—1, —1). Since the game is symmetric, the corresponding zero-sum game
has value V? = 0 and no side payment is needed.
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Player B .
cooperative game zero—sum game
bl b,
2 9
a, 2 3 2 6 0 -3
Player A
3 1
a, 9 5 6 3 3 2

FICURE 9. Left: the payoffs of a bi-matrix game, where each player has
two options. This can be represented as the sum of a cooperative game
where both players have exactly the same payoff, plus a zero-sum game. In
the center is the matrix of payoffs ®f, on the right is the matrix of payoffs
.

3. Differential Games

From now on we consider games in continuous time. Let z € IRV describe the state
of the system, evolving in time according to the ODE

z(t) = f(t,z,u1,uz) te (0,77, (3.1)

with initial data
z(0) = x. (3.2)

Here wu;(-), ua(-) are the controls implemented by the two players. We assume that
they satisfy the pointwise constraints

ul(t) (S Ul, UQ(t) S UQ, (3.3)

for some given sets Uy, Us C IR™.
For i = 1,2, the goal of the i-th player is to maximize his own payoff, namely

T
Ji(ul,uQ) = wl(x(T)) —/0 Li(t, J}(t), ul(t), UQ(t)) dt. (3.4)

Here v; is a terminal payoff, while L; accounts for a running cost.

In order to completely describe the game, it is essential to specify the informa-
tion available to the two players. Indeed, the strategy adopted by a player depends
on the information available to him at each time t. Therefore, different information
structures result in vastly different game situations.

In the following, we shall assume that each player has perfect knowledge of

e The function f determining the evolution of the system, and the sets Uy, Uz of
control values available to the two players.

e The two payoff functions Jp, Js.

e The instantaneous time ¢ € [0,T] (i.e. both players have a clock).

e The initial state xg.

However, we shall consider different cases concerning the information that each
player has, regarding: (i) the current state of the system z(t), and (ii) the control
u(+) implemented by the other player.
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CASE 1 (open-loop strategies): Apart from the initial data, Player ¢ cannot make
any observation of the state of the system, or of the strategy adopted by the other
player.

In this case, his strategy must be open loop, i.e. it can only depend on time
t € [0,T]. The set S; of strategies available to the i-th player will thus consist of all
measurable functions ¢ — u;(t) from [0, 7] into Uj.

CASE 2 (Markovian strategies): Assume that, at each time ¢ € [0,7], Player 4
can observe the current state z(t) of the system. However, he has no additional
information about the strategy of the other player. In particular, he cannot predict
the future actions of the other player.

In this case, each player can implement a Markovian strategy (i.e., of feedback
type): the control u; = u;(t, z) can depend both on time ¢ and on the current state x.
The set S; of strategies available to the i-th player will thus consist of all measurable
functions (t,z) — u;(t,x) from [0,T] x IR™ into U;.

CASE 3 (hierarchical play): Player 1 (the leader) announces his strategy in advance.
This can be either open loop u; = uf’(t), or feedback u; = uf’(t, x). At this stage,
the game yields an optimal control problem for Player 2 (the follower). Namely

T
maximize: o (a(T)) — /0 L2<t, w(t), uR(t, 2(t)), UQ(t)) dt, (3.5
subject to
i) = ft,z,u®(t,x),u2),  2(0) =z, us(t) € Uy . (3.6)

Notice that in this case the knowledge of the initial point xy together with the
evolution equation (3.6) provides Player 2 with complete information about the
state of the system for all ¢t € [0,T].

From the point of view of Player 1, the task is to devise a strategy u; = u'l" (t, )
such that the reply ug of the other player yields a payoff (for Player 1) as large as
possible.

CASE 4 (delayed information): Assume that each player cannot observe the state
x(t), but gets information about the actions taken by the other player, with a time
delay § > 0. In other words, assume that at each time ¢ > 0 Player i gets to know
the strategy {u;(s); s € [0, t — 6]} adopted earlier by the other player.

This is a situation where cooperative agreements among the two players can be
implemented, using strategies that trigger a punishment for the player who “cheats”,
deviating from the agreed course of action. For example, assume that the players
agree in advance to adopt the controls t — u?(t), t— ug(t), yielding a Pareto
optimum. However, assume that after time 7 Player 2 changes his mind and adopts
a different control, say

t — u?(t) # ug(t) t>T.

Here u? can be a control that increases the payoff of Player 2 at the expense of
Player 1. After time t = 7 + §, Player 1 discovers that he has been cheated. He can
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then punish his partner, choosing a new control ¢ — u? (t) yielding a very low payoff
to Player 2.

Remark 3.1. At first sight, the threat of a punishment should induce both players to
stick to their original agreement and implement the cooperative strategies (u?, ug )
during the entire time interval ¢ € [0,7]. However one should keep in mind that,
by punishing Player 2 if he cheats, also Player 1 may have to reduce his own payoff
as well. Since delivering a punishment can be very costly, in each given situation
one should carefully evaluate whether the threat of punishment by one player to the
other is credible or not.

4. Open loop strategies

In this section we consider solutions to the differential game (3.1)-(3.4), in the case
where the strategies implemented by the players must be functions of time alone.

4.1. Open-loop Nash equilibrium solutions

Definition 4.1 (Open-loop Nash equilibrium). A pair of control functions ¢t ~—
(uj(t), us(t)) is a Nash equilibrium for the game (3.1)-(3.4) within the class of
open-loop strategies if the following holds.

(i) The control uj(-) provides a solution to the optimal control problem for Player
1:

T
maximize:  Ji(u1,ul) = o (x(T)) — /0 L1<t, (1), ui(t), u;(t)) dt.  (4.1)

over all controls uy(-), for the system with dynamics

z(0)=zo e RN,  &(t) = f(t,z,ur,u3(t)),  w(t) €U, t€[0,T]. (4.2)
(ii) The control u3(-) provides a solution to the optimal control problem for Player
2:

T
maximize:  Jo(ul,us) = va(z(T)) — / L (t, (), u(t), u2(t)) dt. (4.3)
0
over all controls us(-), for the system with dynamics
z(0) =z € RN, z(t) = f(t,z,ui(t),us), ug(t) € Us, t €10, T]. (4.4)

To find Nash equilibrium solutions, we thus need to simultaneously solve two
optimal control problems. The optimal solution uj(-) of the first problem enters as
a parameter in the second problem, and viceversa.

Assuming that all functions f, 1,19, L1, Lo are continuously differentiable, nec-
essary conditions for optimality are provided by the Pontryagin Maximum Principle,
see Theorem 10.7 in the Appendix.

Based on the PMP, we now describe a procedure for finding a pair of open-loop
strategies ¢ — (uj(t), u3(t)) yielding a Nash equilibrium. Toward this goal, we need
to assume that a family of pointwise maximization problems can be uniquely solved.
More precisely, we assume
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(A2) For every (t,z) € [0,T] x RN and any two vectors q1,q2 € RN, there exists a
unique pair (u%, ug) € Uy x Uy such that

uq = argmax {ql . f(t,ac,w,ug) — Lq(t, x,w,ug)} , (4.5)
wely
ug = argggmj); {qQ - f(t, x, ug,w) - Lg(t,x,ug, w)} . (4.6)
The corresponding map will be denoted by
(t,z,q1,q2) — (ug(t,x,ql,qz), ug(t,x,ql,qz)). (4.7)

The assumption (A2) can be interpreted as follows. For any given (t,x,q1,q2) €
[0,T] x RN x RN x IRN, consider the “one-shot” game where the players choose
strategies u; € U; in order to maximize their instantaneous payoffs

Qi(ur,ug) = q;- f(t, @, ur,u2) — Li(t, x,ur, ug) i1=1,2. (4.8)

According to (A2), for every ¢, x, q1, g2 this one-shot game has a unique Nash equilib-
rium solution. Notice that, if the sets Uy, Us of control values are compact, from this
uniqueness property it follows that the map in (4.7) is continuous. We now describe
an important class of problems where this assumption is satisfied.

Lemma 4.2. Assume that the dynamics and the running costs take the decoupled
form

f(t,x,ul,UQ) = fo(t,w) + Ml(t,x)ul + Mz(t,(ﬁ)u? ) (49)
Li(t,x,ul,uQ) = Lil(t,x,ul) —|—Li2(t,l‘,UQ). (4.10)
Assume that

(i) The domains Uy, Uy are closed and convez subsets of IR™, possibly unbounded.
(ii) M1, Ms are N x m matrices, continuously depending on t,x,
(iii) The functions uy — L11(t,z,u1) and ug — Log(t, x,us) are strictly convex,
(iv) For each i = 1,2, either U; is compact, or Ly has superlinear growth, i.e.
Lii (t, Z, w)

lim =2 oo,
wl—oo  |w]

Then the assumption (A2) holds.

Proof. For any given (t,x,q1, q2), the control values uq, ug are determined by

uf = argmax {q1 - Mi(t, 2w — Lu(t0,0)}

wely

(4.11)
ug = argmax {qQ - Ms(t, z)w — Loa(t, x,w)} .

weUsy

The assumptions (i)—(iv) guarantee that the above maximizers exist and are unique.

O
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Finding a Nash equilibrium using the PMP. Assume that (A2) holds, and let
x*(+), ui(-), u(-) be respectively the trajectory and the open-loop controls of the two
players, in a Nash equilibrium. By definition, the controls u] and u3 provide solutions
to the corresponding optimal control problems for the two players. Applying the
Pontryagin Maximum Principle (see Theorem 10.7 in the Appendix), one obtains
the following set of necessary conditions.

x‘ = f(t? 1‘7 u§7 ug)?
. of 0Ly
@ = ¢ 8_:U(t’ z, uf, ub) + %(t’ z, uf, uf), (4.12)
. 0 oL
| &2 = @ 8—£(t, x, ug,ug)—i—a—;(t, x, ug,ug),
with initial and terminal conditions
z(0) = zo,
a(T) = Vi (2(T)), (4.13)
q(T) = Vipo(x(T)).

Notice that in (4.12) the variables u%,ug are functions of (¢,x,q1,q2), defined at
(4.5)—(4.7).

One can use the above system in order to compute a Nash equilibrium solution
to the differential game. Notice that (4.12) consists of three ODEs in IRY. This needs
to be solved with the mixed boundary data (4.13). Here the value of variable = (the
state of the system) is explicitly given at the initial time ¢ = 0. On the other hand,
since z(T') is not a priori known, the values for ¢1, g2 (the adjoint variables) are only
determined by two implicit equations at the terminal time ¢ = T'. Together with the
strong nonlinearity of the maps ug, uﬁ2 in (4.7), this makes the problem (4.12)-(4.13)
hard to solve, in general.

As soon as a solution t — (z(t), q1(t), g2(t)) to the two-point boundary value
problem (4.12)-(4.13) is found, the trajectory z* and the controls uj, u) are deter-
mined by

{ wi(t) = d(t,2(0),q1(0), q2(t)),
us(t) = uh(t,z(t), q1(t), ¢2(t)).

One should keep in mind that the Pontryagin maximum principle is only a
necessary condition, not sufficient for optimality. In other words, any pair ¢ —
(uj(t),us(t)) of open-loop strategies which is a Nash equilibrium must provide a
solution to (4.12)-(4.13). On the other hand, being a solution of (4.12)-(4.13) does
not guarantee that the pair (u}, u3) is a Nash equilibrium. A (very restrictive) setting
where the PMP is actually sufficient for optimality is described in Theorem 10.13 of
the Appendix.

Ezample 9 (Duopolistic competition). Two companies sell the same product, com-
peting for market share. Let x; = z(t) € [0,1] be the market share of the first
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company at time ¢, so that zo = 1 — x(¢) is the market share of the second. Call-
ing u;(t) the advertising effort of firm i € {1,2} at time ¢, the Lanchester model is
described by the dynamics

z = (1—2)u; — xus, z(0) = xo € [0,1]. (4.14)
The i-th firm should plan its strategy ¢ — w;(t) in order to maximize the total payoff

o awe) — o E® 2,
s [ |t e 2] dre s, (1.15)

for suitable constants a;, ¢;, S; > 0. Here the term a;x accounts for the earnings of the
i-th company, proportional to its market share, while ciu? /2 is the advertising cost.
The value attached by firm ¢ to its terminal market share is described by S;x;(T). A
Nash equilibrium solution to this differential game, in terms of open-loop controls,
can be found as follows.

STEP 1: the optimal controls are determined in terms of the adjoint variables:

2
w
ui(z,q1,40) = argmax {(h (1 =2)w—c 7} = (1-2) Z—i,
(4.16)
; w’ q2
u2(x7QIa q2) = argrg}g%( gs - TW — C 7 — a )

STEP 2: the state x(-) and the adjoint variables gi(-), g2(-) are determined by
solving the boundary value problem

(i :(1—x)u§+xug = (1—x)22+3:2q—2,
C1 C9
g = —q@i+u)-a = —q [(1—$)2+9€q—2} — a1, (4.17)
C1 C9
R B (R R
C1 Co
with initial and terminal conditions
z(0) = =z,
o(T) = 51, (4.18)
QQ(T) = 52 .

Ezample 10 (Producer-consumer game with sticky price). Let p(t) denote the price
of a good at time ¢t. We assume that this good can be produced by one of the players,
at rate uq(t), and consumed by the other player at rate us(t). In a very simplified
model, the variation of the price in time can be described by the differential equation

p = (uz—u)p, (4.19)

Here the non-negative functions t — wu(t) and t — wug(t) represent the controls
implemented by the two players. According to (4.19), the price increases when the
consumption is larger than the production, and decreases otherwise.
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Let the payoffs for the two players be described by

gprod  _ /OT [p(t)ug(t) - c(ul(t))} dt, (4.20)

Jeons _ /0 ! [¢(uQ(t))_ p(t)ug(t)} dt . (4.21)

The payoff for the producer is given by the profit generated by sales, minus the cost
c(up) of producing the good at rate u;. The payoff for the consumer is measured
by a utility function ¢(ug), minus the price payed to buy the good. For sake of
definiteness, assume

52

c(s) = 5 (s) =2/s. (4.22)

A Nash equilibrium solution for this differential game, in terms of open-loop
controls, is found as follows.

STEP 1: the optimal controls are determined in terms of the adjoint variables:

: w?
U1(%€/1,Q2) = argrg%( Q1'(—wp)—7 = —q1p,
1
uh (2, q1,q2) = argmax {qz-(wp)+2\/5—pw} = T—ai

Notice that here we are assuming p > 0, ¢; <0, g2 < 1.

STEP 2: the state p(-) and the adjoint variables ¢1(-), ¢2(-) are determined by solving
the boundary value problem

. i i _ 1 2
b = Ug — U)P = —5 - tqp,
( 2 1) (q2 — 1)2p
. q1+1
qQ = —Q1(“ﬂ2 - “g) - “ﬂz = —¢ip— (TS (4.23)
o = —q(ub—ui)+uf = —qgp+ S -
L 2 1 2 (1 — q2)p y
with initial and terminal conditions
r(0) = =0,
a(T) =0, (4.24)
QQ(T) = 0 .

4.2. Open-loop Stackelberg equilibrium solutions

We now assume that the strategies of the players are not chosen simultaneously,
but in two stages. First, Player 1 (the leader) chooses his strategy t — w;(t), and
communicates it to Player 2. In a second stage, Player 2 (the follower) chooses
his control function uy(-) maximizing his own payoff, relative to the strategy wui(-)
already chosen by the first player.

Given any admissible control uf' : [0,T] — U for the first player, we denote by

Ra (u'l‘) the set of best replies for the second player. More precisely, R (u'l‘) is the
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set of all admissible control functions wug : [0,7] +— Uy for Player 2, which achieve
the maximum payoff in connection with u'l‘ Namely, they solve the optimal control

problem

T
maximize:  a(x(T)) — / Lo (t, at), wd(t), ws(t)) e, (425)
0
over all control functions usy(-), subject to
i) = f(tz,u®(t),u), 2(0) = zg, up(t) € Uy . (4.26)

In the following, given two control functions w;(-) and wus(:), we denote by
t — x(t,u1, u2) the solution of the Cauchy problem

i o= f(t,zun(t),us(t)), 2(0) = .

Definition 4.3 (Open-loop Stackelberg equilibrium). A pair of control functions t —
(uj(t), us(t)) is a Stackelberg equilibrium for the game (3.1)—(3.4) within the class
of open-loop strategies if the following holds.
(i) u3 € Ra(ui),
(ii) Given any admissible control w;(-) for Player 1 and every best reply ua(-) €
R2(uq) for Player 2, one has

T
Y1(z(T, ur, uz)) —/0 Ly <t7x(bul,uz)?m(t)ﬂz(t)) dt
(4.27)

T
< i) [ ottt ). ui0.050) d.

To find a Stackelberg solution, Player 1 has to calculate the best reply of Player 2
to each of his controls u;(-), and choose the control function uj(-) in order to maxi-
mize his own payoff J;. We are here taking the optimistic view that, if Player 2 has
several best replies to a strategy uj(-), he will choose the one which is most favorable
to Player 1.

Necessary conditions in order that a pair of open-loop strategies (uj,u3) be a
Stackelberg equilibrium can be derived by variational analysis. Let ¢ — x*(¢) be the
trajectory of the system determined by the controls u}, u3. Since u3(-) is an optimal
reply for Player 2, the Pontryagin maximum principle yields the existence of an
adjoint vector g3 (-) such that

e (t) = fta (), ui(t), us(t)),

(4.28)
QQ(t) = —4y- %(ta x (t)v Uy (t)v u2(t)) + a—;(ta T (t)v Uy (t)a u?(t)) )
with boundary conditions
x*(0) = a9,
(4.29)
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Moreover, for a.e. t € [0,T] the following optimality condition holds
u3(t) € argmax {g3(0) - £(0,2" (1), 05 (1)) — Lot " (), ui (), 0) ) (430)
2

We now take the side of the first player. To derive a set of necessary conditions
for optimality, our main assumption is:

(A3) For each (t,z,u1,q2) € [0,7] x IR™ x Uy x IR™, there exists a unique optimal
choice ug € U, for Player 2, namely

ug(t,aj,ul,@) = argggjx {qg f(t,x,up,w) — Lg(t,x,ul,w)}. (4.31)
2

The optimization problem for Player 1 can now be formulated as an optimal
control problem in an extended state space, where the state variables are (z,q2) €
IR™ x IR".

T
Maximize : 1 (2(T)) — /O L1<t,x(t), ul(t),ug(t,x(t),ul(t),@(t))) dt (4.32)

for the system on IR?" with dynamics

x(t) = f(t7 T, ui, ug(tax7ul7QQ))7

oLy

83} (t7 x, Uy, ug(t7x7u17Q2))7

(4.33)

. 0
Q2(t) = —q2- 8_£(t7 x, uy, ug(tax7u17QQ)) +

and with boundary conditions

2(0) = o, (1) = Vin(@(T)). (4.34)

This is a standard problem in optimal control. Notice, however, that the state
variables (x, ¢2) are not both assigned at time ¢ = 0. Instead, we have the constraint
x = xo valid at t = 0 and another constraint go = Vio(x) valid at ¢ = T. In
order to apply the PMP, we need to assume that all functions in (4.32)—(4.34) are
continuously differentiable w.r.t. the new state variables z, ¢go. More precisely

(A4) For every fizred t € [0,T] and uy € Uy, the maps

($,Q2) — zl(taxaulaQQ) = Ll(ta x, Uy, ug(taxaulv(IZ))a

($,Q2) = F(taxaulaQQ) = f(ta T, U1, ug(taxaub(IQ))a

. 0
($,Q2) = G(t,l’,Ul,(]Q) = —q2- 8_£(ta T, U1, Ug(t,-l‘,ul,QZ))
OL
+3—;(t’ x, uy, ug(t,x,ul,qg)),
x — Vi(x),

are continuously differentiable.

An application of the PMP to the above optimal control problem with initial
and terminal state constraints yields
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Theorem 4.4 (Necessary conditions for an open-loop Stackelberg equilibrium). Let
the assumptions (A3)—-(A4) hold. Let t — (uj(t), us(t)) be open-loop strategies yield-
ing a Stackelberg equilibrium for the differential game (3.1)~(3.4). Let x*(-), ¢5(-) be
the corresponding trajectory and adjoint vector for Player 2, satisfying (4.28)—(4.30).
Then there exists a constant \g > 0 and two absolutely continuous adjoint
vectors A1(+), Aa(+) (not all equal to zero), satisfying the equations
0L, | OF  9G

NS NG TN M

R (4.35)
. 0L, OF oG
do = dot o T
2 Y9q;  "0q 0o
for a.e. t € [0,T], together with the boundary conditions
A2(0) = 0, M(T) = Mo Vi (z*(T)) — Xao(T) D?tha(z*(T)) . (4.36)

Moreover, for a.e. t € [0,T] one has

wi(t) = argmax { I (t,x*(t),q;(t),w) () - F(t,x*(t),q;(t),w)

welU;
2220061270, 430, ) .
(4.37)
In the ODEs (4.35), it is understood that the right hand sides are computed at
(t,2*(t), q5(t), ui(t)). In (4.36), by D?ts(z) we denote the Hessian matrix of second
derivatives of 19, at the point x.
The above result is obtained by applying Theorem 10.10 in the Appendix to the

optimal control problem (4.32)—(4.34). Observe that the initial data is constrained
to the set

So = {(z,q2) e R, T =2x0}.

Since there is no cost associated with the initial condition, the initial value of the
adjoint vector A = (A1, Ag) € IR™™" can be any vector perpendicular to Sy. Hence

)\1(0) c R" R )\2(0) = 0.
On the other hand, the terminal data is constrained to the set
Sr = {(x,q2) € R"™"; qo — Vpa(z) =0} .

A vector (vi, va) € IR?" is tangent to the manifold St at the point (x,¢2) provided
that

Vo = Dz’lﬂg(x)vl‘

Hence a vector (ny, ng) € R?™ is normal to Sp provided that

n; = —DXs(z)ny.
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Recalling that the terminal payoff is ¢ (z(T)), from (10.25) we obtain the terminal
condition

M(T) = Ao Vi (a*(T)) = Ae(T) D*opa(a(T)),
for some constant Ay > 0.
Ezample 11 (a model of economic growth). Let z(t) describe the total wealth of
capitalists in a country, at time ¢. Assume that this quantity evolves according to
T = axr—wzr—us, z(0) = xo, tel0,T]. (4.38)

Here a > 0 is a constant growth rate, us(t) is the instantaneous amount of consump-
tion, and wq is the capital tax rate imposed by the government. The payoffs for the
government and for the capitalists are given by

Ji = ba(T) + /0 T¢1 (ul(t)x(t)) dt, (4.39)

Jo = x(T) + /O Tasg(uQ(t)) dt . (4.40)

Here ¢1, ¢o are utility functions. To fix the ideas, assume ¢;(s) = k; In s.

We seek a Stackelberg equilibrium for this differential game, where the govern-
ment is the leader, announcing in advance the tax rate u;(-) as a function of time,
and the capitalists are the followers. For this example, the functions considered in

(A3)-(A4) take the form
— ko
uh(@,u1, o) argglgg{ — qow + ko lnw} = o

Li(z,qo,u1) = ¢r(urz) = kyln(ujz),

k
F(z,q,u1) = aa:—ulx——z,

q2
G(£7Q27u1) = —Q2(G—U1)-

The government, playing the role of the leader, now has to solve the following opti-
mization problem.

T
maximize: bx(T) +/ ki In (ul(t)x(t)) dt, (4.41)
0
for a system with two state variables (x, ¢2), with dynamics
. ko
& = ar—ux — —,
9 (4.42)
G2 = —q(a—w),
and boundary conditions
z(0) = =g, @(T) = 1. (4.43)

By the Pontryagin maximum principle (Theorem 10.10), an optimal control can
be found as follows.
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STEP 1: For any constants Ag > 0, A1, Ao, compute the optimal feedback control

: ok
u (2,2, 0, A1, 2) = argmax {Al (—wz) + Aagaw + Ao b ln(wx)} = mgi;m
STEP 2: Solve the boundary value problem for the system of ODEs
i=  (a—de—t2 _ (“‘ﬂﬁ—@
! q2 )\11’ — )\2(]2 ) ’
b= —ea-d) = (ﬂ_@ .
! AT — A2q2 ’

' k1 ‘ k1 Aok
A= —do— —Mia— = g (20

1 0o —Mila—u) 0+ 1()\196_)\2(]2 a) 7

' k2 ‘ ko Aoki
Ao = —Ai5 +Aa— = a2 (a- 20N

2 12 + X2(a — uf) 12 + Ao (a v )\2Q2> :

with initial and terminal conditions (see figure 10)

J}(O) =29, QQ(T) = 1, )\1(T) = )\Qb, )\2(0) =0.

9
i
1 >
S
(x(®, a 1) *no’
0 X 0 X

FIGURE 10. The initial and terminal constraints for the optimal con-
trol problem (4.41)—(4.43). According to (10.25), at time ¢ = 0 one has
(A1(0), A2(0)) = ng for some vector ng perpendicular to the manifold
So = {(z,q2); © = mo}. Hence A2(0) = 0 while A;(0) can be arbitrary.
On the other hand, at time ¢t = T one has (A (T), A2(T)) = Ao(b, 1) + np
for some vector ny perpendicular to the manifold St = {(x,¢2); ¢2 = 1}.
Hence A\ (T') = Aob while \y(T) can be arbitrary.

5. Markovian strategies

We consider here the case where both players can observe the current state of the
system. Their strategies will thus be functions u; = u;(t, z) of time ¢t and of the state
x.
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Observe that, in the open-loop case, the optimal controls u; = u}(t) strongly
depend on the initial data xg in (3.2). On the other hand, in the Markovian case, it
is natural to look for optimal feedback strategies u; = u} (¢, z) that are optimal for
the problems (3.1), (3.4), simultaneously for any choice of initial data

z(1) = vy, (5.1)
with 7 € [0,T], y € RN.
In the following, we say that a control (t,z) — wu(t,x) € U is an optimal
feedback for the optimization problem

max {w(x(T)) —/TTL<t, z, u)) dt} : (5.2)
with dynamics
T = f(t,z,u), u(t) e U, (5.3)

if, for every initial data (7,y) € [0,T] x RN, every Carathéodory solution of the
Cauchy problem

x(t) = f(t,z,u(t,z)), a(1) =y
is optimal, i.e. it achieves the maximum payoff in (5.2).
Definition 5.1 (Feedback Nash equilibrium). A pair of control functions (¢,x) +—
(ui(t,x), us(t,z)) is a Nash equilibrium for the game (3.1), (3.3), (3.4) within the
class of feedback strategies if the following holds.
(i) The control (¢,z) + wuj(t,z) provides an optimal feedback in connection
with the optimal control problem for Player 1:

T
max {¢1(x(T))— / Ly (b, 2(t), wr, wi(t,2(1))) dt}, (5.4)
1 0
for the system with dynamics
#(t) = fta,unuzt, @), () € U (5.5)

(ii) The control (¢,z) +— u3(t,x) provides an optimal feedback in connection
with the optimal control problem for Player 2:

max Lo = [ 1ae s i) w) a0
for the system with dynamics
z(t) = f(t,z,ui(t,z),uz), ug € Us. (5.7)
5.1. Finding feedback Nash equilibria by solving a system of PDEs.

Assume that the pair of feedback controls (uj,u}) provides a Nash equilibrium.
Given an initial data (7,y) € [0,T] x RN, call ¢ — 2*(¢;7,y) the solution of

i = f(t,x,uf(t,x),ug(t,x)), x(1)=1y.

We here assume that all these solutions are well defined. This is clearly true if the
feedback controls uj,u3 are Lipschitz continuous w.r.t. the variable x, but it is a
nontrivial assumption in general.
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We can then define the corresponding value functions Vi, V5 as

T
Viry) = 6T~ [ L), uita 0), vt @) dr,

where x*(t) = 2*(t,7,y). Notice that V;(7,y) is the total payoff achieved by Player
1 if the game starts at y, at time 7.

Let the assumption (A2) hold. On a region where V4, V5 are C!, by the dynamic
programming principle (see Theorem 10.15) they satisfy the system of Hamilton-
Jacobi PDEs

Vie+ Vi f(ta, b ud) = Lyt ud),

(5.8)
Vor +VVa- f(t,x,uq,ug) = Lz(t,x,uq,ug).
This system is closed by the equations
uf = u(t,z, VVi, VV3) i=12, (5.9)

introduced at (4.7), and complemented by the terminal conditions
V(T,2) = ti(a), Vo(T,a) = tala). (5.10)

Because of the nonlinearity of the functions (,z,q',¢?) — u?(t, z,q", ¢%), the
system (5.8) is a strongly non-linear system of two scalar PDEs, and difficult to
solve. The well-posedness of the Cauchy problem can be studied by looking at a
linearized equation.

Let V = (V1,V5) be a smooth solution of (5.8), and let

VE(t,z) = V(t,z)+eZ(t,z)+ o(e) (5.11)

describe a small perturbation. Here the Landau symbol o(e) denotes a higher order
infinitesimal, as ¢ — 0. Assuming that V¢ is also a solution, we can insert (5.11)
in the equation (5.8) and compute a linearized equation satisfied by the first or-
der perturbation Z = (Z1, Zs). Writing f = (f1,..., fn)s @@ = (¢11,---q1n), @2 =
(g21,- - - qon), for i = 1,2 we find

il ﬂ
1 E a Lix § E Z T Z T = .
o foZiza t (VV uj 8uj> ( e 8 Q20 ? a) 0

a=1j=1 8(]1cx
(5.12)

Observe that, if the maxima in (4.5)-(4.6) are attained at interior points of the
domains U;, then the necessary conditions for a maximum yield

af  OL of 9Ly
Vi e = 0 YV g G = 0. (5.13)

Therefore, these terms drop off from the right hand sides of (5.12). In matrix nota-
tion, this homogeneous linear system can be written as

(Z)esa(Z)=(0) "
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where the 2 x 2 matrices A® are given by

of 0L\ ou of 0L\ oub
Jat (VVl " Ous 8u2> 9914 e Ous  Ous ) 0qaqa
AY =
of 0L\ oul of 0L\ oul
<W2 Dus am) dne T\ 50 T Bu ) g

5.15

Fix a point (¢, %), and freeze the coefficients of the above matrices at the Corresi)ond)—

ing point (f, z, V(t,z), DIV(E,E)). In this way we obtain a linear system of two
first order linear homogeneous PDEs with constant coefficients.

According to Theorem 10.22; a necessary condition in order that the system

(5.14) be hyperbolic (and hence that the linear Cauchy be well posed), is that for
all £ € IR"™ the matrix

A = DA%, (5.16)

has real eigenvalues.
To understand whether this condition can be satisfied, consider first the simpler
situation where the dynamics and the payoff functions can be decoupled, i.e.

fo= Oz um) + Oz, u9) Li = LV z,u) + P (¢, 2, us) .
In this case the function u% in (4.5) does not depend on ¢y, and similarly the function

ug in (4.6) does not depend on ¢;. The 2 x 2 matrix A(£) thus takes the simpler

form
of 0L\ o
fozfa VVvl—f_—l -2 504
n au2 8“2 8(]204
A =) ﬁ
<VV2 s 8u1> B €a Ja&a
Consider the two vectors
_ B of 0L\ oub
v = (V1,...,Vp), Vo = (VVl Dis 31@) O’ (5.17)
_ . of  OLy\ ouf
W = (Wl, . 7Wn), Wqo = (V‘/Q 8—ul - a—u1> 8(]1& . (518)

Observe that the matrix A(§) in (5.16) has real eigenvalues if and only if the two
inner products satisfy

(v-&)(w-&) = 0. (5.19)

The condition (5.19) is satisfied for all £ € IR™ if and only if the two vectors
v,w are linearly dependent and have the same orientation. That is, if and only if
there exist scalar coefficients a,b > 0, not both zero, such that au = bw.
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In any dimension n > 2, this condition generically fails. Indeed, if v,w are
linearly independent, we can find a vector of the form £ = v — éw which is perpen-
dicular to v+w, so that (5.19) fails. Hence the system (5.8) is NOT hyperbolic, and
the linearized Cauchy problem is ill-posed, both forward and backward in time.

Going back to the general case (5.15), recall that a 2 x 2 matrix <Z Z) has real
eigenvalues if and only if (a—d)?+4bc > 0. Introducing the vector z = (z1,...,2,)
with components

1 i
o= (Vg e (a0
one checks that the matrices A(§) have real eigenvalues if and only if
(z- &2 +4(v-&(w-€&) > 0 for all £ € R™. (5.21)

In any space dimension n > 3, the condition (5.21) generically fails. Indeed, assume
that the vectors v, w, z are linearly independent. Then we can always find a nonzero
vector

¢ € {z, v+ W}L Nspan{v,w,z}.
With this choice, the quantity in (5.21) is strictly negative.

When the space dimension is n = 2, however, there are cases where

min {(z.5)2+4(v-5)(w-g)} > 0.

gelr?, [§|=1
For example, if the vectors in (5.17), (5.18), (5.20) are
v =(1,0), w=(1,1), z=1(0,2),

then the system (5.14)-(5.15), in two space dimensions, would be locally hyperbolic.
Indeed, for any £ = (£1,&2), one has

(2 & +4(v-O(W-&) = 4G +46(&+ &) = 3G + &P+ (& —&)? > 0.

Remark 5.2. In the special case of a zero-sum game, we have ¥y = —1, Ly =
—Lq, and Vo = —Vj. The matrices A% in (5.15) should be computed only at points
(t,z,q1,q2) where go = VVo = =V V] = —¢1. By (5.13), this yields

of 0Ly of 0L\

Ve S T Bay (v Dy 8u1> =0,
of oL of 0Ly\

VV1 GUQ 8’&2 - (V‘/Q 8UQ 8u2> =0

Therefore, in the case of zero sum games we simply have

o« _ (fa O
A ‘(0 fa>’

and the system is clearly hyperbolic.
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Apart from zero-sum games, to find relevant cases where the backward Cauchy
problem (5.8)—(5.10) is well posed, one has to restrict the attention to games in
one space dimension. An existence theorem of Nash equilibria in feedback form,
valid for one-dimensional noncooperative games, can be found in [13]. This result is
obtained differentiating the equations (5.8) w.r.t. the space variable x. This yields a
nonlinear system of conservation laws for the variables ¢ = V1, and g2 = Vo ;. If this
system is hyperbolic, well known PDE theory yields the existence and uniqueness
of an entropy weak solution to the Cauchy problem. In turn, this yields a Nash
equilibrium solution to the non-cooperative game, in feedback form.

5.2. Linear-quadratic differential games

A large portion of the literature on Nash feedback solutions for differential games is
concerned with n-dimensional games having linear dynamics and quadratic payoff
functions. It is assumed that the state of the system evolves according to

T = A(t)$ + B (t)u1 + Bz(t)Uz R (5.22)

while the payoff functions are given by quadratic polynomials w.r.t. the variables
x,u1,us. To simplify the computations, we consider here a homogeneous case, with

T
Ji = gi(a(T)) /0 Li(t, (1), ua (1), ua(t)) dt (5.23)
vi(z) = %xTEx, (5.24)
Li(t,x,ul,llg) = @ + %xTPl(t):c—l— Z xTQij(t)uj, (525)
j=1,2

where the superscript T denotes transposition. Here z € IR", u; € IR™, uy € IR™?
are column vectors, A is an n x n matrix, M;, P; are n X n symmetric matrices, Qij
and Bj are n X m; matrices.

In this model, it is important that the controls ui,us range over the entire
spaces IR™, IR™?, without being restricted to a compact subset. Notice that in the
present case the assumption (A2) certainly holds. For ¢ = 1,2, the function ug in
(4.5)-(4.6) is explicitly computed as

2
L atqute} = (6B - 21Qu(0)
(5.26)

Even if the backward Cauchy problem (5.8)—(5.10) is ill-posed, in the linear-
quadratic case one can always construct a (local) solution within the class of homo-
geneous second order polynomials w.r.t. the variables z = (x1, ..., z,), namely

ui(t, o, q;) = arg max. {qz‘Bz'(t)W -

Vi(t,z) = %xTMi(t)a:. (5.27)

In other words, by guessing a priori that the solution has the form (5.27), we can
compute this solution by solving a system of ODEs for the coefficients of the matrices
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M;(t), Ma(t). Denoting by un upper dot a differentiation w.r.t. ¢, one finds

VVit,z) = 2 Mi(t), Viilt,z) = %xTMi(t)x, (5.28)

T
wi(t,z, VVi(t, o)) = (xTMi(t)Bi(t) - xTQii(t)) . (5.29)
By (5.28) and (5.29), the functions V; in (5.27) solve the system
W,t:Li_VV;l'fa i:1527

if and only if the following relations are satisfied

1 5. 1 o1

+ Z 21Qi; <(ETM1'BZ' - fETQii) T] (5.30)

§=1,2

—xTMl (A(E + Z Bj <(ETMJ‘BJ‘ - xTQ”)T> .

§j=1,2

Notice that both sides of (5.30) are homogeneous quadratic polynomials w.r.t. the
variable © = (z1,...,2,). The equality holds for every x € IR™ if and only if the
following identity between n x n symmetric matrices is satisfied:

1. 1 1
M = E(MiBi — Qi) (M;B; — Qi)' + o

1 AM-B. — O\ .._..T_l, ar
+2j;2 Qi (MiB, = Qu)! + (M B; = Qu)QL}| — S (MiA+ ATM)

1
—3 > [MiBj(Mij — Qi)' + (M;B; — ij)BJTMi]
j=1,2
(5.31)
The equations (5.31) represent a system of ODEs for the coefficients of the symmet-
ric matrices M (t), Ma(t). These ODEs need to be solved backward, with terminal
conditions

M(T) = My, My(T) = M;. (5.32)

This backward Cauchy problem has a unique local solution, defined for ¢ close to T
In general, however, a global solution may not exist because the right hand side has
quadratic growth. Hence the solution may blow up in finite time.

If the backward Cauchy problem (5.31)-(5.32) has as solution on the entire
interval [0, T, then the formulas (5.28)-(5.29) yield the the optimal feedback controls
wr(t, z) = u(t, z, VVi(t, z)).
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Remark 5.3. The above approach can be applied to a more general class of non-
homogeneous linear-quadratic games, with dynamics

T = A(t)$ + Bl(t)ul + Bg(t)UQ + C(t) R
and payoff functions (5.23), where

1 .
Yi(z) = §xTMix+éi-x+é,

Li(t,x,ul,uQ) = %ule(t)uz + %J}TPZ(t)x + Z $TQij(t)Uj
j=1,2
+ Z Sij(t)uj‘ + bz(t) X
j=1,2
Here one needs to assume that Rj, Ro are strictly positive symmetric matrices, for
all t € [0,7]. In this case, the value functions are sought within the class of (non-
homogeneous) quadratic polynomials:

Vi(t,z) = ' M(t)z + ai(t) -z + e(t), i=1,2.

6. Time discretizations

Based on the theory of static games, a natural approach to dynamic games is to
discretize time and approximate a dynamic game by a sequence of “one shot” games.
In this section we discuss this approach. We recall that there are several different
concepts of “solution” to a one-shot game:

Pareto optimum

Nash non-cooperative equilibrium

Stackelberg equilibrium

Co-co (cooperative-competitive) solution, with side payments.

Each concept leads to a different notion of solution, for a dynamic game in continuous
time.

Consider again the differential game with dynamics (3.1) and payoff functionals
(3.4). Given an integer N > 1, we partition the time interval [0,7] into N equal
subintervals, by setting

h = % ) T = .] h = % )
We now consider a sequence of N “one-shot” games, and value functions Vi (7;, ),
Va(7j,-), defined as follows.
For j = N, set

j=1,2,...,N. (6.1)

Viltwv,z) = () i=12. (6.2)
For any given state x € IR", consider the one-shot game with payoff functions

@Z’(TN,.T,CULCUQ) = wi<$+hf(TN,.T,u)l,(,{)2)) - hLi(TN,.T,Cdl,CUQ). (63)
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Here the controls for the two players are

w1 €Uy, wy € Usy. (6.4)
Assume that this game has a unique solution, corresponding to the controls
w1 =ui(7N, ), wo = uz (TN, ). (6.5)
For i =1,2, let
Viltn—1,2) = @, (TN, x, u (TN, x), u2(7'N,x))

be the payoffs achieved by the two players, for this solution.

By backward induction, assume that the value functions Vi, Vs, have already
been determined, for ¢t = 7, 7j41,...,7v = T'. We then consider the one-shot game
on the subinterval [7;_1, 7;], with payoffs

Q;(75, x,wi,wa)) = %(Tj, z + hf(Tj,x,wl,wg)) — hLi(7j, x, wi,wa). (6.6)
Assume that this game has a unique solution, corresponding to controls
wi = ui(75,2), wy = us(Tj, ) . (6.7)
For i =1,2, let
Vi(tj—1,2) = @; (Tj, z, ui (75, ), uQ(Tj,x))

be the payoffs achieved by the two players, for this solution.

Continuing this backward induction procedure, we obtain value functions
Vi(7j,x), Va(7j, x) and controls ui (7}, z), ua(7j, ), defined for all j = 0,1,..., N and
x € IR™. For convenience, we extend these functions to the entire domain [0, 7] x IR™,
by setting

VZ-(N) (t,x) = v (15,2), o) (t,x) = uEN) (15,2) for all t € [7, Tj41].

7 7
Notice that we now inserted the superscript (M), to remind that these functions are
obtained via a partition of [0,7] into /N subintervals.

To study differential games in continuous time, we now take the limit as NV —
00, so that the time step h = T/N — 0. Two natural questions arise.

(Q1) Letting N — oo, study whether the following limits exist:
(N)

ViVt ) - V7 (ta), u (t,w) = wi(t ). (6.8)

(Q2) Assuming that the limits exist, derive a system of PDEs satisfied by the value
functions V*, V5.

In the following we shall content ourselves with a formal analysis, deriving a
system of Hamilton-Jacobi PDEs for the value functions.
Fix an integer N > 1 and consider the time step h = T/N. Assume that at

a given time ¢t = 7; the value functions = +— VZ.(N) (t,z), i = 1,2, are continuously
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differentiable. According to (6.6), to compute the values VZ-(N) (t — h, z) one has to
solve the one-shot game with payoffs

q)i(taxawlvw2) = ‘/I-(N) (tv z+ hf(t,l’,WhWQ)) - hLl(ta Z, Wi, w2)
(6.9)
= VN 2) + hvVN (4 2) - f(t @z w1, ws) — h Lilt, @, wi, wa) + o(h).

Since VZ»(N) (t,z) does not depend on wi,ws, neglecting higher order terms o(h), the
optimal strategies for the two players are the same as in the “instantaneous game”
with payoffs

\Iji(wlv('UQ) = qz"f(t7x7wl7w2)_-[/i(t7 x, CU1,L{)2) i:1727 (610)
with ¢; = VV(¢, z).

Assume that, for every (¢,z) € [0,T] x IR™ and every couple of vectors (q1,q2) €
IR" x IR™, we are given a unique solution to the game (6.10), say

w1 = Ut{(tax»QbQQ)a W2 = uﬂQ(taxachv(IZ)? (611)

continuously depending on the parameters ¢, x,q1,q2. Of course, different concepts
LI

of solution (Pareto, Nash, Stackelberg) will lead to different functions uf, u5.
Denoting by o(1) a quantity that approaches zero as h — 0, we can now write

Ny oy )
Vo (mhn) 2V 8 Gy g0y it 0, 0d ib) — L, 2, o, o) +o(1).

h
(6.12)
Letting N — oo and assuming the convergence
Vi (t,2) - V*(t,2), v (te) - YV (ta),
(N) ()
Vii(t,e) =V (t—h
c GV R e,
from (6.12) we conclude
Vig(t. o) + YV (to) - f(touf ) = Li(t o, uf,ul),
(6.13)

Vot z) + VVy(t, @) - f(t,x,u%,ug) = Lg(t,x,uﬁ,ug),

where ug = ug (t, z, VVi(t, z), VVg(t,x)). Notice that (6.13) has exactly the same

form as (5.8). The difference lies in the functions ug, which reflect different ways

of solving the “one shot” infinitesimal game (6.10). We examine here various types
of solutions, discussing the well posedness of the corresponding backward Cauchy
problem.

6.1. Nash solutions

Let the assumptions (A2) hold. For any given ¢, x, q1, g2, the Nash equilibrium solu-
tion of the one-shot game with payoffs (6.10) was considered at (4.5)-(4.6). As shown
in Section 5, the Cauchy problem for the system of Hamilton-Jacobi equations (6.13)
is usually ill-posed, in any space dimension > 2.
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6.2. Stackelberg solutions

For any given t,x, q1, g2, the Stackelberg solution of the one-shot game (6.10), with
Player 1 as the leader and Player 2 as follower, is obtained as follows.
For each u; € Uy, let

ug(t7x7Q2vul) = arg max {Q2 : f(t,CL',U]_,LUQ) - LQ(t,JJ,Ul,WQ)} .
wa€lUs

Then the pair

w1€Uy

u%(t7$7q17q2) = arg max {QI ' f(tawilaug(taxaq%wl))

—L2<t,x,w1,ug(t,x»%,wl))} ) (614)

ug(t7x7Ql7QQ) = Ug(@%Q%U%(ta557Q17Q2)>7

provides a Stackelberg solution to the one-shot game (6.10).

We observe that, in the situation considered in (4.9)-(4.10) where the dynamics
and the running payoffs are decoupled, the Nash and the Stackelberg solutions co-
incide. In general, the two definitions yield different functions (uﬁ, ug) However, by
the analysis in Chapter 5, the Cauchy problem (5.8)—(5.10) for the value functions

V1, Vo will still be ill posed, in a generic case.

6.3. Pareto optima

Next, we consider the case where the pair of functions (u%,ug) provides a Pareto

optimal solution to the one-shot games (6.10). Notice that, for a given (¢, z,q1, q2),
the game (6.10) will usually have infinitely many Pareto optimal solutions. In order
to select one such solution, we introduce a function 6 = 0(t,z,q1,q2) € ]0,1[ and
consider the pair (ug,ug) which maximizes the combined payoff P + (1 — 6)P,,

namely

(u‘i,u‘%) = arg max 9(611 f(t,z,wi,wa) — La(t, $7w1,w2)>
(w1,w2)€U1 XUs

(6.15)
+(1—9)<q2.f(t,x,w1,w2) —Lg(t,x,wl,w2)>}. o

Next, assume that the pair of value functions (Vi,V2) provide a solution to
the corresponding system of Hamilton-Jaconi equations (6.13). As in Section 5, we
wish to study the hyperbolicity of the linearized system (5.12). Assuming that the
argmax in (6.15) is attained in the interior of the admissible set U; x Us, the necessary
conditions yield

0 <VV1 oy 8—161) +(1-96) (VVQ o a—m> = 0, (6.16)
0 <VV1 ity 8u2> +(1-96) (VVQ ity 8u2> = 0. (6.17)
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For convenience, introduce the quantities

, af oL .
Ajk V‘/] 8Uk; auk Js )

Observe that the identities (6.16)-(6.17) imply

6—1 6—1
an = —g— 21, 12 = —p— G- (6.18)

In matrix notation, the homogeneous linear system (5.12) can be written as

(Z0)esa(Zm)=(0) o

where the 2 x 2 matrices A“ are now given by

auti 8uﬁ2 8u§ 8uﬁ2
Ja + a1 e + a2 D a1l D2 + a1z Dde
AY = . (6.20)
8u1 8ug 8u§ 8ug
az D0e + as D1 fa + a218Q2a + a 25—
By (6.18) this can be written as
fa 0
AY =
0 fa
0—1
n 0 " uf n 8uﬁ2 ot n R
a a a
1 2 0 la > 8(]104 & 3} 2c0 2 8(]204
Therefore, given & = (&1, ...,&,), we can write
- - 1-67}
= ) &A% = (Z gafa) I+ ( ) ) ®w(E), (6.21)
a=1 a=1
where I» denotes the 2 x 2 identity matrix and
Zf ﬁ aug " auti ta 8uﬁ2
“ 8(]1cx 2 8(]204 2 36]2a .

According to (6.21), every 2 x 2 matrix A({) can be represented as a multiple of the
identity matrix plus a matrix of rank one. Therefore, both of its eigenvalues are real.

As observed in [14], this does not guarantee that the system (6.19) is hyperbolic,
because for some choices of £ the two eigenvalues of A(£) may coincide and a basis
of eigenvectors may not exist. In any case, solutions to differential games obtained
using Pareto optima should not experience the wild instabilities found with Nash
solutions, where the eigenvalues of the corresponding matrices A(£) can be complex.
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6.4. Cooperative-competitive solutions

Finally, we examine the case where at each step the game (6.6) is solved in terms of
the co-co solution.
The sum of the two payoffs

N . N N
vV (7, 2) = vV (5,2) + VIV (7, 2)

is now a scalar function which can be determined by backward induction, solving
the optimization problems

VLN) (Tj—1,2) = max {VLN) (Tj , x+ hf(rj, x,wl,wz))
(w1,w2)€U1 XUz
(6.22)
—h Z Li(Tj7x7wlaw2)} .
=12

Letting N — oo, it is well known [34] that the functions VLN) converge to the value

function V. = V4 (to,xo) for the optimal control problem

T
maximize: Z <¢l(x(T)) —/ Li(t,z(t),uy(t), ua(t)) dt) , (6.23)

i=1,2 to
subject to
z(ty) = o, z(t) = f(t,z(t),ui(t),u(t)). (6.24)
The maximum combined payoff (6.23) is sought over all couples of controls (uy,usg) :
[to, T] — Uy x Us.
On the other hand, the difference between the two payoffs

N . N N
VN (r,2) = VIV (r5,2) = ViV (75, 2)

is a scalar function which can also be determined by backward induction. Indeed,
for each j, the value V(N)(

Tj—1, ) is the value of the zero-sum game with payoff

J = V_(N) <Tj, x+ hf(rj, z, ul,u2)) —h [Ll(Tj, x, ur,ug) — Lo(7y, x, Ul,UQ):|.
(6.25)
Player 1 seeks to maximize this payoff, while Player 2 wants to minimize it. We recall
that this game always has a value, within the family of mixed strategies. Letting

N — o0, the functions v converge to the value function V_ = V_(¢o, o) for the

zero-sum differential game with payoff

T
J = wl(ﬂﬁ(T))—%(x(T))—/t [Ll(t»x(t),ul(t),uz(t))—b(t»x(t),ul(t),uz(t)) dt,
subject to: ui(t) € Uy, ua(t) € Uy for t € [ty,T], and

T = f(t,x,ui,ue), x(ty) = xg -

This value function can be determined by solving a backward Cauchy problem for
a scalar H-J equation

Wi+ H(t,z, VW) = 0, W(T,z) = ¥i(x) — o(x).
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Here the hamiltonian function H(t,z,q) is defined as value of the “instantaneous”
zero-sum game with payoff

J(t’r’q)(wlvu&) = {q : f(t,CE,W1,WQ) - Ll(t,.ﬁE,Wl,u)Q) + L2(t7x7w17w2)} .

This game always has a value, within the family of randomized strategies. In the
case where a saddle point exists, the following min-max coincides with the max-min
and one has the representation
- in J&T.q) — ; (tz,q)
H(t,x,q) = Jmax WIQnéEZJ (w1,w2) = Jnin max J (w1, w2) .

By the previous analysis, the co-co solution to a differential game for two players
can be found by solving two scalar Hamilton-Jacobi equations. This solution (in the
viscosity sense) is unique, and stable w.r.t. perturbations.

7. Nash equilibrium feedbacks with infinite time horizon

As shown in the previous sections, the search for Nash equilibrium solutions to a
differential game on a time interval [0, 7] usually leads to an ill posed problem, which
is mathematically intractable.

As an alternative, in this section we consider games in infinite time horizon:
t € [0,00[, with exponentially discounted payoffs. Assume that the state of the
system evolves according to

T = f(z,ui,uz), ui(t) e Uy, uso(t) € Uy, (7.1)
and that the payoff functions are

Ji = /0 Tt (2(0), wr (0), walt)) dt. (7.2)

Here the constant p > 0 is a discount rate. Since the dynamics and the payoff
functions do not depend explicitly on time, it is natural to seek a Nash equilibrium
solution consisting of time-independent feedbacks.

A pair of functions x — ui(z) € Uy, x — ul(x) € Uz will be called a Nash equi-
librium solution in feedback form to the non cooperative game (7.1)—(7.2) provided
that:

(i) The map ui(-) is an optimal feedback, in connection with the optimal control
problem for the first player:

maximize /000 e Pty (x(t), u(t), ug(x(t))) dt (7.3)

subject to
& = f(z,ug,uz(x)) ui(t) e Uy . (7.4)
(ii) The map us(-) is an optimal feedback, in connection with the optimal control
problem for the second player:

maximize /OOO e "t py (x(t), ui(x(t)), uz(t)) dt (7.5)
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subject to
= flx,uj(x),us) us(t) € Us . (7.6)

A general procedure to find these equilibrium feedbacks uj(-), u3(-) relies on
the computation of the value functions. In analogy with (A2), assume:
(A2") For any x € IR™ and every pair of vectors (q1,q2) € IR™ x IR", there exists a
unique pair (u%, ug) € Uy x Uy such that

uji(x?qlaQQ) = argnéa[m]x {Ch ' f(xawaug) + (l)l(wawaug)} ) (77)
w 1

Ug(%ﬂhv(h) = a‘rggéa[‘}; {Q2 : f(wa ut{vw) + d)g(x,u%, W)} . (78)

For any xy € IR", call Vi(zp) the maximum payoff for the optimal control
problem (7.3)-(7.4), given the initial state x(0) = z(. Similarly, let V5(z¢) be the
maximum payoff for the optimal control problem (7.5)-(7.6), given the initial state
x(0) = xo.

On an open region where the value functions Vi, Vs are continuously differ-
entiable, according to Theorem 10.17 in the Appenxix these functions satisfy the
system of Hamilton-Jacobi equations:

(7.9)

Vi = HO(x,VV;, V),
pVo = H®

where, for i = 1,2,

H(i)(x7Q17Q2) = qi - f(xv U§($7Q17QQ)7 Ug(%QLQQ))
+¢Z (LU, Ug(%‘]h%)v Ug(%‘]h%)) .
(7.

In turn, if a solution Vi, V5 to the system (7.9) is known, the corresponding feedback
controls are obtained as

ui(z) = ul(z, VVi(z), VVa(z)) i=1,2.

In general, the system (7.9) is highly nonlinear and difficult to solve. Notice,
however, that in the present case we are not looking at a Cauchy problem (which
can be ill posed), but at a time-independent problem. For applications, it would
already be meaningful to construct solutions to (7.9) on some domain 2, provided
that this domain is positively invariant for the corresponding dynamics. In other
words, calling ¢ — x(t, xo) the solution to

&= [z, uy(z), uz(x)) z(0) = o,
the forward invariance property means that

x(t,xg) € Q whenever x9€Q, t>0. (7.10)
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7.1. A perturbation approach

A general theory for systems of Hamilton-Jacobi equations of the form (7.9) is not yet
available. To make some progress, one can adopt a perturbation approach. Consider
a family of games, depending on a small parameter €. The dynamics is now

& = f(x,uy,u;e), ui(t) € Ur, wua(t) € Uy, (7.11)

while the payoff functions are

Ji = /0 Tt g, (x(t), wi(t), us(t); 5) dt . (7.12)

Assume that, for e = 0, the corresponding system (7.9) is “degenerate”, in the sense
that can be reduced to a scalar equation. Then one can study what happens in the
more general case where ¢ is not zero, but sufficiently small.

More precisely, assume that, for € = 0, we are given a pair of Nash equilibrium
feedbacks solution wj(-),u3(-), defined for = in an open set Q@ C IR". Let Q* C Q
be a compact subset with smooth boundary, which is positively invariant for the
corresponding dynamics. Namely, assume that

n(x) - f(x,ui(z),u5(x);0) < 0 for all x € 0. (7.13)
Here n(x) denotes the unit outer normal to the boundary 9Q* at the point z.
For € > 0 sufficiently small, a natural question is whether there exist a unique

solution (V£,V5) (or infinitely many solutions) of the system (7.9), defined on the
same domain {2* and such that

Vi — VlHCO(Q*) — 0, |V — VQHCO(Q*) — 0, ase — 0. (7.14)
We review here a number of cases where the system (7.9) can be reduced to a
scalar equation.

1 - Uncoupled games. Assume that both the dynamics and the payoff functions are
completely uncoupled. In other words, assume that the state variable can be split
as ¢ = (x1,x2), with

&1 = fi(x1,u1), &g = fo(x2,u2),

g = /0 R (21(0). wa (1)) dit
Jo = /0 Ooe_pt¢2<x2(t), u2(t)) dt .

In this case, each player solves his own optimal control problem, entirely independent
from the actions of the other player. The value functions Vi = Vj(x1), Vo = Va(x2)
are found by solving two independent, scalar H-J equations.

In the context of finite time games, small perturbations of this game, introduc-
ing some weak coupling between the players, were studied in [35].

2 - One weak player. Consider a family of games depending on a small parameter ¢,
with dynamics

T = fl(x,ul)—i—afg(x,uQ) (715)
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and payoff functionals

Ji = /0 e (@1(90,”1) + ¢>z'2(957u2)) dt, i1 =1,2. (7.16)

Here ¢ is regarded as the strength of the second player. When ¢ = 0, this player
cannot influence in any way the evolution of the system. His optimal strategy is
thus the myopic one:

up = uz(x) = argmax ¢ (z,w).
w€eUs

In this case, the non-cooperative game reduces to an optimal control problem for
the first player:

maximize /0 e (611 ww) + drafa us(@))) (7.17)

for a system with dynamics
T = fl(x,ul). (718)
As soon as the optimal feedback control uj(z) for the first player is found, this
determines in turn the trajectories of the system, and hence the value function for
the second player.
In one space dimension, the existence and uniqueness of Nash feedback solu-
tions, for € > 0 small, was investigated in [10].

3 - Symmetric games. We say that the game (7.1)-(7.2) is symmetric if the two
players have an identical role, in the sense that

f($7u17u2):f($7u27u1)5 U1:U2:U7

¢1(x, w1, ug) = d2(x, ug, ur) -
In this situation, it is natural to seek a symmetric solution, with uj(z) = uj(x),
Vi(x) = Va(z) = V(x). The function V' can be found by solving the scalar H-J
equation

pV = VV. f(x W, VV), b (a, VV)) —i—(f)Z(a: Wz, V), i (z, VV))

(choosing here i = 1 or i = 2 does not make a difference). In analogy with (A2), we
assume here the existence of a function uf such that

(o) = agmas Lo fowi o) + o1 (nwai(00) |
wel

= argmax {q f(w,uf (2, q), )+¢>2<9€7Uﬁ(9€7Q)7w)}-
For example assume

= g(x,u1) + g(x,uz), ui(t),ue(t) € U,

il :/ ept xu1)+¢(az,u2)}dt,
0

Jy = /000 o(z,uz) +¢(w,u1)} dt .
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Then
ui(z,q) = argmgg{q-g(w,w)Jrﬁﬁ(w,w)}-

Assuming that, for ¢ = 0 the game (7.11)-(7.12) is symmetric, an interesting
problem is to investigate the existence of Nash equilibrium feedback solutions for
€ > 0 small.

4 - Fully cooperative games. Assume that, for ¢ = 0, the payoffs (7.12) for the two
players coincide, i.e.: ¢1 = ¢2 = ¢(x, u1, usz). In connection with the dynamics (7.11),
we can then consider the optimal control problem

(o]
maximize: J(u1,us2) :/ e Plo(w, uy,ug)dt
0

for a controller who can simultaneously choose both controls ui(-) and wua(-). A
feedback solution (uj(z), u3(z)) to this optimal control problem yields a Nash equi-
librium solution to the original differential game, for ¢ = 0. Solutions for € > 0 can
be studied by a perturbation approach.

5 - Zero sum games. Assume that, for ¢ = 0, the game (7.11)-(7.12) is zero-sum, i.e.:
d)l = _¢2 = ¢(x7u17u2)' If
max min {Q'f(ﬂﬁ,ul,uz) +¢($7u1,u2)}
u1 €U u2€l2

= Jnin max {q - fz,u1,u9) +¢($7U17U2)}

(7.19)

for every q € IR", then the value functions V;(z) = —Va(x) = V(x) are well defined.
They can be determined by solving the scalar Hamilton-Jacobi equation

pV = H(z,VV),

where H(x,q) is the common value of the quantities in (7.19). Note that, if the
identity (7.19) fails, one can still define H(z, q) as the unique value of the zero-sum
game with payoff

q- flz,ur,u2) + ¢z, ur, ug) ur €U, upels.

By Corollary 2 in Section 2, this value is always well defined, within the family of
randomized strategies.

Starting with the feedbacks u](-), u3(-), known in the case € = 0, one may study
solutions for € > 0 by a perturbation approach.

8. A game with infinitely many players

In a differential game with a small number of players, each player has the power to
modify the state of the system. For example, in an oligopolistic market with a small
number of producers, each company can affect the market price by changing its own
production level.

In the search for Nash solutions in feedback form, this situation determines severe
instabilities, often leading to intractable mathematical problems.
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On the other hand, when the number of players is very large, the state of the
system is determined by the average behavior: no single player has the power to
change the overall evolution of the system. This fact greatly simplifies the mathe-
matical model, and contributes to the stability of Nash solutions to the differential
game.

In recent years, a theory of mean field games has emerged, motivated by models
in economy and finance, with a large number of agents. As an elementary introduc-
tion, we discuss below a specific example, leading to a differential game with infinitely
many players. For a comprehensive presentation of mean field games we refer to the
original papers [25, 29].

Consider a game for N competing oil producers, who adjust their production
levels as functions of time, in order to maximize their total profits. To model this
situation, let us introduce the variables

p(t) = [market price of the oil at time ¢,

u;(t) = [rate at which the i-th producer extracts the oil, at time ¢],

¢i(u) = [cost incurred by the i-th producer, for extracting the oil at rate u],
R; = [initial amount of oil in the reserves of the i-th player].

The optimization problem for the i-th player is
maximize: /0 et [p(t)ui(t) — e;(ui(t)] dt (8.1)
subject to
/OOO u;(t)dt = R;. (8.2)

To fix the ideas, assume that the costs ¢; are quadratic functions of the pro-
duction rates, say
b

ci(u) = au+ éuz . (8.3)

Moreover, assume that at each time ¢ the price p(t) is determined by the market, in
terms of a demand function. The demand for oil at time ¢ will be modeled as

D(t,p) = We''p™®@

Here We represents the total size of the economy, growing at a constant rate -.
The exponent —a < 0 accounts for the elasticity of the demand, which shrinks as
the price increases. The price function
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is now implicitly determined by the equality between supply and demand:

N
D(t, p(t)) = > ui(t).
=1

To derive the optimal strategy for the i-th player, a key observation is that, if

N
up << >y,
j=1

then the contribution of the i-th player to the determination of the market price is
very small. If this holds, then the i-th player can regard the price p(t) as a given
function of time, determined by the collective behavior of all other players.

The constraint (8.2) can be taken into account by introducing a Lagrange multi-
plier. For a given constant \; (to be determined later), we thus consider the problem

maximize: /O h {e—pt [p(t)ui(t) — ei(ui(t) )} - )\iui(t)} dt. (8.4)

The pointwise optimality conditions are

ui(t) = argmax {e_pt (p(t)w — ci(w)) - )\iw}
= argmax {e_pt (p(t)w — aw — %uﬂ) - )\iw} (8.5)
— [ -a-en],

Here [s]; = max{s,0} denotes the positive part of a number s. If

/Ooobli [P(t)—ailrdt <R,

we set A\; = 0. Otherwise, we determine the constant \; > 0 so that

0 1 .
/0 o[ e - en] ar = .. (8.6)

Up to here, this has been a classical derivation of the optimal strategy for one
of the producers, provided that he knows in advance the oil price p(t) at all future
times. We now discuss how this market price can be predicted.

Assume that at the initial time ¢t = 0 there is a large number of producers, of
different types. For our purposes, the “type” of a producer is described by a vector
y = (a, b, R). This determines his production cost c(u) = au + bu?/2 and his initial
oil reserves, measured by R. From the previous derivation, it is clear that, for a
given price function ¢ — p(t), the optimal production strategy u(-) in (8.5) depends
only on the type of the producer. We can thus write u = u(t; y, p(-)). Similarly, the
Lagrange multiplier A = A(y, p(-)) in (8.6) depends only on the type y = (a,b, R) of
the producer.
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To describe how many producers of a given type are present, we think of a
continuum of producers, with density function m(y). In other words, given any open
set Q C IR3, the number of producers of type y = (a,b, R) € Q is

/Qm(y) dy .

For a given price function p(-), the total oil production at time ¢t is

v = [ uttnm)ay. (s.7)

At each time ¢, the market price provides a balance between production and demand,
namely

U(t) = D(t, p(t)).
More explicitly, this yields the pointwise identities
1
/ - [p(t) —a— eptA(y)} m(y)dy = Welp(t)™@ forallt>0. (8.8)
IR3 b +
According to (8.6), for all y = (a,b,R) in the support of the measure m, the
Lagrange multiplier A = A(y) > 0 is determined by the constraint

/0 h % b)) —a- )] ar = R, (8.9)

or else A\(y) =0 if

0 1 .
/ —[p(t)—a} dt < R.
0 b +
In the end, to solve the optimization problem we need to find two functions: A(y)
and p(t), satisfying (8.8)-(8.9). A numerical algorithm computing an approximate

solution to these equations goes as follows. Construct a family of functions depending
on an additional parameter 6 € [0, oo[, such that

0 1

b0 = wetnw - [

|5 0 = =] me)dy.,

(8.10)

%A(y, 0) = /OOO % [p(t) —a- «‘B'mfk(y)}+ dt — R.

By guessing a suitable initial data

p(t,O) = pO(t)v )\(y,O) = )\O(y)v (8‘11)

we expect that as § — oo the solution to (8.10) will converge to a steady state. In
other words,

pt) = Jim p(t,0), Ay) = Jim Ay.0).

should yield the solution to the problem.
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Remark 8.1. In the previous model, as time progresses the players do change type,
but only because their reserves shrink. Indeed, the reserve of the i-th player at time
tis
t
Rl(t) = RZ - / ul(s) ds.
0
One could consider other ways for the players to change type:

e A player can buy more oil reserves.
e A player can invest in better technology, and reduce his production costs. In
this case, the coefficients a, b in his cost function will decrease.

In addition, one may wish to incorporate stochastic effects.

e Since each player does not know precisely the size of his own oil reserve, his
assessment of this reserve may randomly change.

e The market demand for oil may be subject to random fluctuations, due to
external factors.

All these aspects can be taken into account, in more realistic (but more complex)
models.

9. Research directions

The mathematical theory of games studies situations where two or more agents
make decisions, within the same environment, but with possibly conflicting goals.
The aims of this theory are two-folds:

e From the point of view of one of the players, one seeks to determine “optimal”
or “rational” strategies, to be implemented during actual play.

e From the point of view of an external observer, one would like to predict players’
behavior and the outcome of the game. It also has interest to understand how,
by modifying the rules of the game, the eventual outcome can be improved,
from a higher collective standpoint.

Both of these aspects find applications to economics, and more generally in situations
involving the interaction of individuals with different goals. For example, the first
point of view is of interest to companies, who need to plan investment, production
and advertising strategies in a competitive marketplace. The second point of view can
be of relevance to a government, who wishes to regulate the market (determining
lending and tax rates, ruling out cartels, etc...) in order to maximize economic
growth. As seen in many examples, the outcome determined by a Nash equilibrium
can be much inferior to a Pareto optimum, from a global perspective. An outstanding
task for game theory is to design additional penalties or incentives, so that the
behavior of individual players (determined by a Nash equilibrium) approaches a
Pareto optimum.

In the mathematical theory of optimal control there is one standard model,
which has been studied in a large body of literature. On the other hand, differential
games come in a variety of models, depending on the information available to the
agents, their ability to communicate and to agree on a common course of action,
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the possibility of side payments, the presence of random external factors, etc... The
development of appropriate mathematical models remains a major issue of current
research.

Among the features that a good mathematical model should have, a key one is
robustness. Namely, the strategies adopted by the players and the outcome of the
game should not exhibit sensitive dependence on the data of the problem. If a small
change in the data can determine a large change in the outcome, the model loses
its predictive power, and hence most of its interest. In addition, the computation of
the strategies adopted by the various players should not be exceedingly complex. If
a model requires a solution algorithm which can be mastered only by a handful of
theoreticians, it can hardly explain actual behavior [3].

At present, various models are known, which yield tractable mathematical prob-
lems:

e Nash, or Stackelberg equilibria in the class of open loop controls.

Feedback solutions to zero-sum games.

Nash solutions for linear-quadratic problems, where the feedback controls are
(somewhat artificially) restricted to the class of functions depending linearly on
the state.

e Co-co (cooperative-competitive) solutions [27].

Specific applications motivate further research, studying cases with state constraints,
external perturbations, asymmetric information, etc... For an extensive survey of
references we refer to [9, 20].

In a situation where the players have information on the current state of the
system but do not cooperate with each other, the concept of Nash feedback equilib-
rium generally leads to an ill posed problem, as seen in Section 5. This motivates
the search for alternative models, where some mechanism for partial cooperation, or
the presence of stochastic components, renders the solution more stable w.r.t. per-
turbations in the data. The following comments briefly address this issue.

According the analysis in Section 5, the ill posedness stems from the fast ampli-
fication of high-frequency oscillations in the value functions. In a realistic situation,
however, players are not able nor willing to measure such small scale effects, and
to exploit them. Ideas related to the regularization of ill posed problems [6] may
thus be of use here. In an alternative model, partial cooperation may be achieved
based on repeated games, reaching a more stable situation where players develop
mutual trust. For a deeper discussion of modeling issues we refer to Aumann’s papers
(3, 4, 5].

Another way to achieve a robust model is to consider Nash feedback equilibria
for stochastic differential games [24], where the state evolves according to

de = f(t,x,u1,us)dt +o(t,z)dw.

Here w denotes a Brownian motion. In this case the value functions are found by
solving a Cauchy problem for a system of parabolic equations, which is well posed
as soon as the diffusion matrix ¢ has full rank.
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An interesting class of models, whose investigation has started only recently,
deals with games with infinitely many players. In this case, no single player can affect
the state of the system. As in the example presented in Section 8, each player thus
faces an optimal control problem where the state of the system can be considered
as a given function of time, determined by the average behavior of all other players.
This accounts for the robustness of the mathematical model. See [25, 29] for a survey
of recent work in this direction.

10. Appendix

For readers’ convenience, this last section collects various definitions and results in
mathematical analysis and control theory, which were used as background material.

10.1. Multifunctions
In the following, X denotes a metric space with distance d(-,-). The distance between

apoint x € X and aset A C X is

d(z,A) = 31612 d(z,a).

The open e-neighborhood around the set A is denoted by
B(Aye) = {ze X : d(z,A) <e}.

The Hausdorff distance between two (nonempty) compact sets A, A" C X is defined
as
di(A, A = inf{p >0; AC B(A,p) and A'C B(A,p)}.
If X,Y are metric spaces, a multifunction F' from X to Y is a map that asso-
ciates to each point z € X a set F\(x) C Y. We say that F' is compact valued if every
F(z) is a non-empty compact subset of Y. The multifunction F' is bounded if all its

values are contained inside a fixed ball B C Y. We recall here the main continuity
concepts for multivalued maps.

Definition 10.1. Let X,Y be metric spaces. A multifunction F : X +— Y with
compact values is said to be Hausdorff continuous if, for every z € X,

gCl/iLnI dy(F(2'), F(z)) = 0.

We say that F' is Hausdorff upper semicontinuous if, for every x € X and € > 0
there exists d > 0 such that
F(2') C B(F(x),¢) whenever d(z’,7) < 6. (10.1)

We say that F' is Hausdorff lower semicontinuous if, for every z € X and ¢ > 0
there exists d > 0 such that

F(z) C B(F(2),¢) whenever d(z’,x) < 6. (10.2)



56 A. Bressan
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FiGURE 11. Left: the graph of an upper semicontinuous function.
Here F(xy) contains an entire segment, while F'(x) is single-valued
for z # xg . Right: the graph of a lower semicontinuous function. Here
F(xq) consists of just one point, while F'(z) is multivalued for x < x .

Intuitively, when F' is upper semicontinuous, one should think that each set
F(zx) is “large”, compared with the sets F(z') with 2’ close to x. Indeed, the e-
enlargement B(F'(x), €) contains all the nearby sets F'(z').

On the other hand, when F' is lower semicontinuous, the set F'(z) is “small”
compared with all nearby sets F'(z’) with 2’ close to x. Indeed, for all 2’ in a neigh-
borhood of z, the e-enlargement B(F(z'), €) contains F(x).

Theorem 10.2. A bounded multifunction F : X — RN with compact values is upper
semicontinuous if and only if its graph

Graph(F) = {(2,); y € F(x)}
is closed.

The closure of the graph means that, if hm xr = x, and hm yr = y and
yr € F(xy) for every k > 1, then y € F(z). A proof of Theorem 10 2 can be found
in [2].

Given a multifunction = — F(z), by a selection of F' we mean a single-valued
function x — f(x) such that f(z) € F(x) for every z. In general, even if F is
Hausdorff continuous, there may not exist any continuous selection. For convex-
valued multifunctions, the main selection theorems are as follows.

Theorem 10.3 (Michel). Let X be a metric space, and let F : X +— RN be a lower
semicontinuous multifunction with compact convex values. Then there exists a con-
tinuous selection x — f(x) € F(z).

Theorem 10.4 (Cellina). Let X be a compact metric space, and let F': X — RN be
an upper semicontinuous multifunction with compact convex values. Then for every
e > 0 there exists a continuous map f : X — RN such that

graph(f) C B(graph(F), e) : (10.3)

Moreover, f takes values in the convex hull of the image F(X) = U F(x).
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X

FIGURE 12. An upper semicontinuous multifunction F' with convex val-
ues, the e-neighborhood of its graph, and a continuous e-approximate se-
lection f.

Proofs of the above theorems can be found in [2].

10.2. Fixed point theorems

We review here the fixed point theorem of Brouwer, and its multivalued extension
due to Kakutani.

Theorem 10.5 (Brouwer). Let f be a continuous map from a compact, convex set
K C IR"™ into itself. Then there exists a point T € K such that

z = f(x). (10.4)

An elementary proof (originally proposed by Milnor) of this classical result can
be found in the Appendix of [11].

Corollary 10.6 (Kakutani). Let K be any compact convex subset of IR"™. Let F :
K — IR™ be an upper semicontinuous multifunction with compact, convexr values,
such that F(x) C K for every x € K. Then there exists a point T € K such that

T € F(z). (10.5)

Proof. For every € > 0, by Cellina’s approximate selection theorem there exists a
continuous map f. : K — K such that

graph(f.) C B(graph(F), ¢).
By Brouwer’s fixed point theorem, there exists x. € K such that
flae) = xe.
Since K is compact, we can extract a convergent sequence, say
Tep, — T.

We claim that (10.5) holds. Indeed, by construction

A((@eps f(22) s graph(F)) < =
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Letting e — 0 we have

(x5k7 f('rEk)) = ($5k7 xsk) - (jv j)
Therefore
d((f, z), graph(F)) = 0.
Hence (z, ) € graph(F'), because by assumption the graph of F' is closed. This
implies (10.5). O

10.3. Optimal Control Problems

Here and in the following sections we review some basic definitions and results in
the theory of optimal control.
Consider a control system described by

T = f(t,x,u), u(t) e U. (10.6)

Here t is time, x € IR™ is the state variable, and the upper dot denotes derivative
w.r.t. time. The control function u(-) is assumed to be measurable, taking values in
a compact domain U C IR™. Throughout the following we assume

(H1) The function f is continuous w.r.t. all variables and continuously differ-
entiable w.r.t. . Moreover there exists a constant C' such that

lf(t,z,u)] < C(+ |x|) for all (t,z,u) € [0,T] x R™ x U. (10.7)

The above linear growth condition guarantees that solutions of (10.6) cannot
become unbounded in finite time. Given an initial condition

z(ty) = o, (10.8)
let
t — x(t) = z(t; to,xo,u) (10.9)
be the corresponding trajectory of (10.6), and consider the optimization problem
T
meximize:  J(u; to,z0) = (a(T)) - / Lt a(),u®)dt.  (10.10)
to

Here 9 describes a terminal payoff, while L(+) is a running cost. For a given initial
data (g, zo), the payoff J should be maximized over all measurable control functions
u: [to, T)— U.

10.4. Necessary Conditions for Optimality

Let t — u*(t) be an optimal control function, and let ¢t — x*(t) = z(t; to, xo,u*) be
the corresponding optimal trajectory. A set of necessary conditions satisfied by the
functions u*(-), z*(-) is provided by the Pontryagin Maximum Principle (PMP). We
first consider the basic case where the initial point is given, and the terminal point
is free.
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f(t, x Tt), u)

x*(T)/’/

p(T)= Vv

X

0
FICURE 13. An illustration of the Pontryagin maximum principle, in the
case where L(t,z,u) = 0. At each time ¢t € [0, T, among all possible veloc-
ities & = f(t,2*(t),u), u € U (shaded set), the optimal choice is the one
that maximizes the inner product with the adjoint vector p(t).

Theorem 10.7 (PMP, free terminal point). Let t — u*(t) be an optimal control
and t — x*(t) be the corresponding optimal trajectory for the mazximization problem
(10.6)—(10.10). Define the vectort — p(t) as the solution to the linear adjoint system

p(t) = —p(t) gi (t,2* (), u*(t)) + g—i’(t,x*(t), u*(t)), (10.11)
with terminal condition
p(T) = Vw(x*(T)). (10.12)

Then, for almost every t € [ty,T] the following maximality condition holds:
p(t)-f (2™ (1), ' (D) ~L(t,a*(8), 0" (1) = max {p(t)-f(t,2"(£), w)=L(t,2" (1), u) }
(10.13)

In the above theorem, x, f, v represent column vectors, while p is a row vector.
In coordinates, the equations (10.11)—(10.13) can be written as

~Yn Lt .0 @) + e @), (1014)
p(T) = Sh () (10.15

sz it 2t (@), w (1) — L(E,27(t), u*(1))

= max {Zpl Cfilt, ¥ (t),u) — L(t,w*(t),u)} .

Relying on the PMP, the computation of the optimal control can be achieved
in two steps:
STEP 1: solve the pointwise maximization problem (10.13), expressing the optimal
control u! as a function of ¢, z,p :

ui(t,x,p) = argmax {p‘ ft,z,u) — L(t,x,u)}. (10.17)

(10.16)
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STEP 2: solve a two-point boundary value problem on the interval [to, 1.

T = f(t7x7 uﬁ(t,x,p)),

s = : oL

(10.18)
(t,x, uﬁ(t, x,p)) ,

x(to) = X0,
(10.19)
p(T) =V (2(T)).

Remark 10.8. There are two main difficulties associated with the above procedure:

e In general, the function u® = uf(¢,p,2) in (10.17) is highly nonlinear. It can be
multivalued or discontinuous.

e The set of equations (10.18) is not a Cauchy problem, where all components
of the solution are explicitly given at the initial time ¢ = ¢3. On the contrary,
the value of x is prescribed at the initial time t = tg, but the value of p is
determined by an equation valid at the terminal time t =T

Numerically, the two-point boundary value problem (10.18)-(10.19) can be
solved by a shooting method. One needs to guess an initial value p and solve the
corresponding Cauchy problem, consisting of the system of ODEs in (10.18) with
initial data

z(to) = o, p(to) =p.
This yields a map from IR" into IR™:
p = A@) = p(T) = Vi(x(T)).
By an iterative procedure, we then adjust the value of p and try to find a zero of

the map A. This will provide a solution to the boundary value problem.

Remark 10.9. Recalling (10.17), consider the Hamiltonian function

H(t,l‘,p) = sup {pf(t,l‘,U)—L(t,l',U)}
uelU

= p- f(t,z, ub(t,z,p)) — L(t, z, u*(t, z,p)).
Assume that the functions f, L are continuously differentiable w.r.t. x, v, and assume
that the maximum u* in (10.17) is always attained at an interior point of U. Then
the system of differential equations in (10.18) can be written in Hamiltonian form

(10.20)

. oOH
r = 8—p(taxap) )
(10.21)
) OH
b = —%(t,l’,p) :

Indeed, the maximality condition (10.17) implies
of 0L

p.au ou
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Next, consider the more general optimization problem

T
maximize:  J = p((0)) +(2(T)) - /0 Llta(),u®)dt,  (10.22)

assuming that both the initial and the terminal point can vary. Here ¢ is an initial
payoff, ¢ is a terminal payoff, while L(-) accounts for a running cost. The payoff .J
has to be maximized among all measurable control functions u : [0,7] — U and all
choices of an initial and terminal data, satisfying the constraints

J}(O) €50, J}(T) € Sp. (10.23)

In the following, we assume that the functions f, L, ¢, are continuously differ-
entiable, while Sy, S7 C IR" are two C' embedded manifolds. A set of necessary
conditions for optimality is provided by the following more general version of the
Pontryagin Maximum Principle.

Theorem 10.10 (PMP, constrained initial and terminal points). Let t — u*(t) be
a bounded, optimal control function and let t — x*(t) be the corresponding optimal
trajectory for the problem (10.22), with dynamics (10.6) and initial and terminal
constraints (10.23). Then the following holds.

(i) There exists an absolutely continuous adjoint wvector t +— p(t) =
(Pos P15 - - - s Pn)(t) which never vanishes on [0,T], with pg > 0 constant, sat-

18fying
Gf oL .
ZP; = (8,27 (1), u (1)) +pog - (t,2*(t), u*(t)) (10.24)
forechi=1,...,n.
(ii) The initial and terminal values of p satisfy

(p1,--+,n)(0) = poVep(z*(0)) + ng,
{ (P1y-- s 2a)(T) = poVip(z*(T)) + nr. (10.25)

for some vector ng orthogonal to manifold Sy at the initial point x*(0)
and some vector nyp orthogonal to manifold St at the terminal point x*(T).
(iii) The maximality condition
n
> pi(t) - filt, 2™ (6),u*(8)) — po L(t, 2™ (8), u’(¢))
i=1
(10.26)

= max {sz fz t " ) u) - pOL(t,$*(t),u)}

uelU

holds for a.e. t € [0,T).

For a proof, see Chapter 5 in [17].
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Remark 10.11. In a standard situation, the sets Sy, S are described in terms of a
finite number of smooth scalar functions. For example

So = {xe]R"; ai(z) =0, ... ,ak(x):o}.

Assuming that the gradients of the functions «; are linearly independent at the point
x*(0) € Sy, any normal vector to Sy can be represented as

k
ng = Y \iVay(2*(0)
i=1

for some numbers A1,..., \; € IR. The first condition in (10.25) can thus be written
as

k
(p1,- -, pn)(0) = poVep(z*(0)) + > A Vai(a*(0))
=1

for some scalar multipliers Ay, ..., Ag.

Remark 10.12. In the special case where the initial point is fixed and the terminal
point is free, we have Sy = {xg} while Sp = IR™. Therefore, ng € IR" can be
arbitrary while ny = 0. The boundary conditions for p become

(p1,---,pn)(0) arbitrary, (p1,---pn)(T) = po V(x*(T)).

The condition that (pg,p1,-..,pn)(T") should be non-zero implies pg > 0. Since p is
determined up to a positive constant, it is thus not restrictive to assume pg = 1. The
necessary conditions in Theorem 10.10 thus reduce to those stated in Theorem 10.7.

10.5. Sufficient Conditions for Optimality

In general, the conditions stated by PMP are necessary but not sufficient for a
control u*(+) to be optimal. However, under a suitable concavity condition, it turns
out that every control u*(-) satisfying the PMP is optimal.

Consider the Hamiltonian function

H(t,z,u,p) = p- f(t,x,u) — L(t,x,u) (10.27)
and the reduced Hamiltonian
Ht,2,p) = max {p(t) ft 2, w) — L(t,x,w)}. (10.28)

Theorem 10.13 (PMP + concavity —> optimality). In the setting of Theorem 10.7,
consider a measurable function t — u*(t) € U and two absolutely continuous func-
tions x*(-), p(+) satisfying the boundary value problem

r = f(t,x, u*(t)), .T(to) = 10,
o= =0 L v @)+ @), | pT) = Vo).

(10.29)
together with the mazimality condition (10.13). Assume that the set U is convex and
that the functions

x— H(t,z,p(t)), x — P(x)
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are concave. Then u*(+) is an optimal control, and x*(-) is the corresponding optimal
trajectory.

For a proof, see [20], p. 49.

10.6. Dynamic Programming

The concavity assumptions used in Theorem 10.13 are very restrictive. An alter-
native approach to the derivation of sufficient optimality conditions relies on the
analysis of the value function.

In the optimal control problem (10.6)—(10.10) we regarded the initial data
(to, o) as fixed. However, one can consider a whole family of optimization prob-
lems, with variable initial data. Recalling the notations at (10.9)-(10.10), for each
(to,xo) S [O,T] X ZRN, let

V(to,xz0) = sup  J(u;to, o) (10.30)
u:[to,T|—U

be the maximum payoff that can be achieved starting from the state xy at time tp.

The function V' in (10.30) is called the value function for the optimization problem
(10.6), (10.10). By (10.8), when t = T one has

V(T,z) = ¢(z). (10.31)
A basic property of this value function is:

Theorem 10.14 (Dynamic Programming principle). For any initial data xo € IR and
0<ty<ti <T, one has

t1

V(to,z0) =  sup {V(tl, z(t; t07x07u)) —/ L(t, x(t; to, v, u), U(t)) dt} :
u:[to,t1]—U to

(10.32)

V=V(t, X) V=vy

()

FIGURE 14. An illustration of the dynamic programming principle.

In other words (see fig. 14), the optimization problem on the time interval [tg, 7]
can be split into two separate problems:
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e As a first step, we solve the optimization problem on the sub-interval [t1,T],
with running cost L and terminal payoff . In this way, we determine the value
function V' (t1,-), at time ¢;.

e As a second step, we solve the optimization problem on the sub-interval [¢o, ¢1],
with running cost L and terminal payoff V' (¢1,-), determined by the first step.

At the initial time ¢y, according to (10.32) the value function V (to,-) obtained in
step 2 is the same as the value function corresponding to the global optimization
problem over the whole interval [to, T'].

Based on the above property, one can derive a first order PDE satisfied by the
value function V', in regions where it is differentiable.

Theorem 10.15 (Hamilton-Jacobi-Bellman equation of dynamic programming).
Consider the optimal control problem (10.6), (10.10), assuming that f, L are contin-
uwous functions and that the set U of admissible control values is compact. Then, on
any open domain  C [0,T] x IR™ where the function V. = V(t,x) is continuously
differentiable, the following equation is satisfied:

Vi + H(t,z,VV) = 0, (10.33)
where
Ht,z,p) = max {p-f(t,x,w)—L(t,x,w)}. (10.34)

In cases where the value function V is not C!, one can still show that the equa-
tion (10.33) is satisfied, in a suitable wviscosity sense. For a comprehensive account
of the theory of viscosity solutions we refer to [7].

The PDE of dynamic programming provides sufficient conditions for optimality,
in a far more general setting than in Theorem 10.13.

Theorem 10.16 (Sufficient conditions for optimality). Let W : [0,7] x IR"™ — IR be
a C' solution of the terminal value problem

Wi+ H(t,x, VW) = 0, W(T,z) = ¢(x). (10.35)
Then W coincides with the value function. In particular, for any given initial data

(to,x0), a control u*(-) that achieves the payoff J(u*,to,xo) = W (to,xo) is optimal.

All the above results are now classical. Proofs of these and more general results
can be found in [7, 11, 17, 22].

10.7. Infinite horizon problems

This section deals with the time-independent control system

t = f(z,u) u(t) e U, t € [0,00]. (10.36)
For a given initial data x(0) = zp € IR"™ and any admissible control « : [0, c0[+— U,
let t — x(t) = x(t; zg,u) be the corresponding trajectory. To ensure that this

solution is well defined for all times, and does not become unbounded in finite time,
we assume that f is Lipschitz continuous w.r.t. x and satisfies the bound

|f(z,u)] < C(1+|z|) forallz € R", ueU. (10.37)
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Consider the exponentially discounted payoff
J(xg,u) = / e PP d(x(t), u(t))dt, (10.38)
0

where z(t) = x(t;z0,u) and p > 0 is a fixed discount rate. Moreover, define the
value function
V(zg) = 11(1f) J(xo,u) . (10.39)

A result similar to Theorem 10.15, valid for infinite horizon problems, is:

Theorem 10.17. Assume that the functions f,® are continuous and that U C IR™
is a compact set. Let the value function V' be continuously differentiable on an open
domain Q C IR"™. Then

pV(zr) = H(x,VV(x)) forall z € Q, (10.40)
where the hamiltonian function is
H(z,p) = max {p  fla,w) + Cb(x,w)} . (10.41)

Remark 10.18. If W (-) is a smooth function, the assumption
pW(x) = H(x, VIV (x)) for all x € IR" (10.42)

does not necessarily imply that W coincides with the value function V' at (10.39).
To understand the reason, let

u = u'(x) = argmax {VW(x)-f(x,w)+<I>(x,w)}

be the corresponding optimal feedback control. For a given initial data x(0) = z,
let ¢ +— z(t) = x(t,x0) be the solution to

J}:f($, U*('r))v $(0) = X0 -
The identity (10.42) implies

% [e—ﬂfW(x(t)) + /O t 7D (a(s), u(a(s))) ds}

= —pW(a(t) + e PIW (2(t)) - F(a(t),u (2(8)) + 7D (2(t), u (@ (1)) )
= 0.

Hence for every T > 0 we have

T
o) = e TW(z e PO (z(t), u*(z ) .
Wiao) = WD) + [ e (a(0), u(ale)) i (10.43)
If one can show that
Jim e PTW(z(T)) = 0, (10.44)

then by taking the limit of (10.43) as T'— 400 we conclude

W (zo) = / Ooe—%(x(t), u*(a(t))) dt < V(o).

0
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Notice that (10.44) certainly holds if the trajectory x(-) remains bounded. However,
one can construct examples where, as T' — 400,

|z(T)| — o0, e PTW(x(T)) — 400,

T
/0 e (2(1), w (2(1))) dt — —oo.

In this case, one may well have W (xzg) > V(x¢).

10.8. Well posedness for linear PDEs
Consider the Cauchy problem determined by a system of first order PDEs

v = G(t,x,v,Dyv), (10.45)
together with initial conditions
v(0,z) = ¢(x). (10.46)

Here t is time, z = (x1,...,x,) is the spatial variable, while v = (v1,...,vy,) is
the dependent variable. By D, we denote the m x n Jacobian matrix of partial
derivatives v; 5, = 0v;/0x, .

A key issue in the theory of PDEs is whether this Cauchy problem is well posed.
By this we mean that the problem has a unique solution, continuously depending on
the initial data ¢. If m = 1, then (10.45) reduces to a scalar equation which can be
studied by the classical method of characteristics. On the other hand, if m > 1, the
well-posedness of the system (10.45) is a difficult question, especially if the function
G is highly non-linear.

FIGURE 15. An ill-posed Cauchy problem. Here v is a reference solution,
while ¥ is a perturbed solution. A small change in the initial data at t =0
produces a large change in the solution at a later time ¢ > 0.

We describe here the method of local linearization, which often provides some
useful information.
Let v = v(t,x) be a smooth solution of (10.45), and let

ve(t,z) = v(t,x)+eZ(t,x) +o(e) (10.47)
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describe a small perturbation. Assuming that v, is also a solution, we can insert
(10.47) in the equation (10.45) and compute a system of linearized equations satisfied
by Z, namely

ZZ + -~ 9G; Z j=1,...,m.  (10.48)
a=1k= 1(%’“”“ 8”

Freezing the coefficients of (10.48) at a given point
(1,%,7,Q) = (t‘, z, v(f, 7), va(f,i)) € Rx R" x R™ x R™",

we obtain a linear system with constant coefficients, namely

Ziy = ZZA]kaza + ZBJkZ j=1,...,m. (10.49)

a=1 k=1
with
% = S (1,2,0,Q) By = Xi(1,2,5,Q).
7k avk,xa y Ly U, ) ik — 8'Uk x,v

Notice that each A% = (AJ;) is a constant m x m matrix.

Definition 10.19. We say that the Cauchy problem for the linear homogeneous system
of PDEs (10.49) is well posed in the space L?(IR™; IR™) if the following holds.

For every initial data Z(0,-) € L2, the equation (10.49) has a unique solution
t +— Z(t,-). Moreover, for every fixed t € IR, the map Z(0,-) — Z(t,-) is a continuous
linear operator from L2 into itself.

The issue of well-posedness can be studied by means of the Fourier transform.
Let Z = Z(t,z) be a solution of (10.49) and let

Z(t,&) = W / ne—if~ﬂf2(t,x) dx (10.50)

be the Fourier transform of Z w.r.t. the spatial variable . Under suitable regularity
and integrability assumptions, taking the Fourier transform of both sides of (10.49)
we derive a family of ODEs satisfied by Z(-, ), namely

Z;4(t,€) ZZZ£QA]kat£+ZBkat§ j=1,...,m. (10.51)

a=1k=1

Adopting a more concise vector notation, this can be written as
Zi(t,€) = (iA(&) + B)Z(t,€) (10.52)

where, for every £ = (£1,...,&,) we set

= ) gaA.
a=1
The general solution of (10.52) is given by
Z(t,&) = AO+B) 70 ¢) . (10.53)
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As usual, the exponential of an m x m matrix M is defined as

L = ME
GM:ZF

k=0

Definition 10.20. The system (10.49) is hyperbolic if

my = sup [|¢4@] < oo. (10.54)
EelR™

Notice that the hyperbolicity of the system depends only on the matrices A%,
not on B. This definition is motivated by

Theorem 10.21. The Cauchy problem for the linear homogeneous system with con-
stant coefficients (10.49) is well posed if and only if the system is hyperbolic.

For a detailed proof we refer to Chapter 1 in [8]. To understand the underlying
idea, assume B = 0 and fix any ¢ # 0. Since the Fourier transform is an isometry on
L2, observing that tA(¢) = A(t€), we compute

1zt = HZ(t,.)HLQ < Hg(()?,)HLQ, sup |||
£eR”

= 200,z sup 4] = ma- [ 2(0,)]] -
£elRn
On the other hand, if the supremum on the left hand side of (10.54) is un-
bounded, then for every ¢ > 0 and any k£ > 0 one can find £* € IR" such that
e 4| > k.
By continuity, there exists ¢ > 0 such that one still has
40| > whenever [ — %] < 4.

We now consider an initial data Z(0,z) whose Fourier transform satisfies

> =1 ifjlg—-¢ <9,
Z(0.¢) { — 0 ifE—€] >,

This construction yields

N >k if[E-& <4,
|Z(t,€)] { =0 ifl¢—¢>4.

Therefore
1Z(t e = |2 )| = k- 1Z(0,)]l2 = k- [1Z(0,)|rz -

Since k can be chosen arbitrarily large, the Cauchy problem is not well posed. [
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In practice, computing the complex exponential matrix and taking the supre-
mum in (10.54) may be a difficult task. The next theorems provide necessary condi-
tions and sufficient conditions for hyperbolicity, which can be more easily checked.

Theorem 10.22 (Necessary condition for hyperbolicity). If the system (10.49) is hy-
perbolic, then for every & € IR™ the matriz A(€) has a basis of eigenvectorsry, ... 1,
with real eigenvalues A1, ..., \, (not necessarily distinct).

Theorem 10.23 (Sufficient condition for hyperbolicity). Assume that, for |{| = 1,
the matrices A(§) can be diagonalized in terms of a real, invertible matriz R()
continuously depending on &. Then the system (10.49) is hyperbolic.

For the proofs, we refer to [8].

Ezxample 12. The Cauchy-Riemann equations yield the first order, linear system in

one space dimension
Uit = —U2x,
Ut = Ulg-

> has complex eigenvalues, for this system the Cauchy

. . 0
Since the matrix (1 0

problem is ill posed.

10.9. Probability measures

Let X be a compact metric space and let C(X) denote the Banach space of all
continuous functions f : X — IR, with the standard norm

Il = max|f(z)].

zeX
Let ¥ be the o-algebra of all Borel subsets of X. A probability measure on X is a
non-negative measure p : X +— [0, 1] such that pu(X) = 1.
We say that a sequence of probability measures (uy)r>1 converges weakly to a
probability measure p, and write pp — pu, if for every f € C(X) one has

lim /kad,u = /deu for all f € C(X).

k—oo

Theorem 10.24 (Weak compactness of the space of probability measures). Let
(j)j>1 be a sequence of probability measures on a compact metric space X. Then
there exists a subsequence that converges weakly to some probability measure L.

For a proof, see [33].
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