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Dynamic equilibrium in
games with randomly arriving players

Pierre Bernhard* Marc Deschamps!
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Abstract

This note follows our previous works on games with randomly arriving
players [3] and [5]. Contrary to these two articles, here we seek a dynamic
equilibrium, using the tools of piecewise deterministic control systems The
resulting discrete Isaacs equation obtained is rather involved. As usual, it
yields an explicit algorithm in the finite horizon, linear-quadratic case via a
kind of discrete Riccati equation. The infinite horizon problem is briefly con-
sidered. It seems to be manageable only if one limits the number of players
present in the game. In that case, the linear quadratic problem seems solvable
via essentially the same algorithm, although we have no convergence proof,
but only very convincing numerical evidence.

We extend the solution to more general entry processes, and more impor-
tantly, to cases where the players may leave the game, investigating several
stochastic exit mechanisms.

We then consider the continuous time case, with a Poisson arrival pro-
cess. While the general Isaacs equation is as involved as in the discrete time
case, the linear quadratic case is simpler, and, provided again that we bound
the maximum number of players allowed in the game, it yields an explicit al-
gorithm with a convergence proof to the solution of the infinite horizon case,
subject to a condition reminiscent of that found in [20].

As in the discrete time case, we examine the case where players may
leave the game, investigating several possible stochastic exit mechanisms.

MSC: 91A25, 91A06, 91A20, 91A23, 91A50, 91A60, 49N 10, 93E03.

Foreword This report is a version of the article [2] where players minimize
instead of maximizing, and the linear-quadratic examples are somewhat different.

*BIOCORE team, Université de la Cote d’ Azur-INRIA, France.
TCRESE, Université de Bourgogne-Franche Comté, CNRS-BETA, CNRS-GREDEG, and OFCE
Sciences Po.



1 Introduction

1.1 The problem investigated

In [14], we showed how the diet selection behaviour of a forager on a patch of
resources of diverse qualities is affected byt the potential arrival, at a random time,
of a competing conspecific. Only one possible arrival was considered, leaving
open the question of what happens if the number of possible later arrivals is larger,
and even not a priori bounded as in a Poisson process. In [5], we consider such a
Poisson arrival process, but where the behaviour of the foragers is given, specified
by their functional response. We gave examples with an exhaustable/renewable
resource and several types of functional responses.

In the current report, we investigate the case where the behavour of the ran-
domly arriving players is not given a priori. In contrast, we let them adjust their
strategies. We know their rate of payoff accumulation as a function of their number
and their strategies at each instant of time, and seek their equilibrium strategies in
the dynamic game thus defined.

We formulate this problem as a rather general dynamic game with random entry
of identical players, in finite or infinite horizon. We also consider different possible
schemes of random exit from the game. And we pay a particular attention to the
linear quadratic case, which, unsuprisingly, leads to a more explicit solution via a
set of Riccati-like equations. We investigate all these questions in both a discrete
time and a continuous time versions, using respectively dynamic programming and
Piecewise Deterministic Markov Decision Processes (PDMDP) (see [26, 24, 28,
15].

This piece of theory may have applications elsewhere than in foraging theory;
most noticeably in economic science where, e.g., competitors on a given market
may show-up at unpredictible times. This is developped in the “economics version”
of this paper [4], which is essentially the same article as this report, except that

e the notation are somewhat different,

e the introduction and conclusion of the economics version stress applications
in the field of economic sciences,

e here the players minimize a cost (to be in the spirit of the mathematical
engineering literature and offer the other, minimizing, version of the game)
while in the economics version the players maximize,

e the Linear Quadratic (L.Q.) example has both terms in the cost of the same
sign, in the tradition of the mathematical engineering literature, while in the



economics version, the underlying model induced us into choosing terms of
different signs, leading to a somewhat different theory,

e in the economics version, the L.Q. case is followed by a further example in
Cournot oligopoly theory.

Yet, the two versions have so much in common that this technical report is not
offered for publication elsewhere than as an INRIA Technical Report.

1.2 Previous literature

We provided in [3] a rather complete review of the literature on games with a
random number of players, and of some related topics. The general diagnostic is
that where the number of players is random, there is no time involved, and therefore
no notion of entry. Typical example are auction theory, see[19] or Poisson games,
see [21, 7] . And where there is a time structure in the game, there is a fixed
number of players, such as in stochastic games, see [22], or in generalized secretary
problems, see [11]. And in the literature on entry equilibrium, such as [25, 6], the
players are the would-be entrants, the number of which is known.

One notable exception is the article [16] which explicitly deals with a dynamic
game with random entry. In that article, the authors describe a problem more com-
plicated than ours on three counts at least:

1. There are two types of players: a major one, an incumbent, who has an
infinite horizon, and identical minor ones that enter at random and leave
after a fixed time 7' (although the authors mention that they can also deal
with the case where 1" is random).

2. Each player has its own state and dynamics. Yet, the criteria of the players
only depend on a mean value of these states, simplifying the analysis, and
opening the way for a simplified analysis in terms of mean field in the large
number of minor players case.

3. All the dynamics are noisy.

It is simpler than ours in that it does not attempt to foray away from the discrete
time, linear dynamics, quadratic payoff case. Admittedly, our results in the nonlin-
ear case are rather theoretical and remain difficult to use beyond the L.Q. case. But
we do deal with the continuous time case also.

Due to the added complexity, the solution proposed is much less explicit than
what we offer in the linear quadratic problem. Typically, the authors solve the two
maximization problems with opponents’ strategies fixed and state that if the set



of strategies is “consistent”, i.e. solve the fixed point problem inherent in a Nash
equilibrium, then it is the required equilibrium. The algorithm proposed to solve
the fixed point problem is the natural Picard iteration. A convergence proof is only
available in a very restrictive case.

2 Discrete time

2.1 The problem
2.1.1 Players, dynamics and cost

Time ¢ is an integer. An horizon 7" € N is given, and we will write {1,2,...,T} =
T, thus t € T. A state space X is given. A dynamic system in X may be controlled
by an arbitrary number of agents. The number m of agents varies with time. We
let m(t) be that number at time ¢. The agents arrive as a Bernoulli process with
variable probability; i.e. at each time step there may arrive only one player, and
this happens with a probability p™ when m players are present, independently of
previous arrivals. We call ¢, the arrival time of the n-th player, u,, € U its decision
(or control).

We distinguish the finite case where X and U are finite sets, from the infinite
case where they are infinite. In that case, they are supposed to be topologic spaces,
U compact.

Note concerning the notation We use lower indices to denote players, and
upper indices to denote quantities pertaining to that number of agents in the game.
An exception is U™ which is the cartesian power set U X U X - - - x U m times. We
use the notation:

m times
u™ = (utuy ) e UM 0™ =(,0,...,0),
um\n = (Ul, s Un—1,Un41,- - - 7um) )
{um\”, u} = {u, um\"} = (Uy e ey U1y Uy Upp 1y - - ey Upy)
The dynamics are ruled by the state equation in X:
ot +1) = O, (), u™ (1), 2(0) = 0. ()

A double family of stepwise costs, forn < m € Tis given: L' : T x X x U™ —
R : (t,z,u™) — L™(t,z,u™), as well as a discount factor » < 1. The overall
cost of player n, which it seeks to minimize, is

T
T (tn, (), {0 Ymzn) = E Y IO (2, 2(t), w™ (1)) . 2)

t=tn

4



Player
m(t) 1 2 t
1| up(t) u'(t)
2 | ui(t) u3(t) u?(t)
b ul(t) uh(t) ui(t) | u'(t)
Ui(t) Ua(t) Ui(t)

Table 1: Representation of U*(t), the section at time ¢ of an open-loop profile of
strategies U(+). In the rightmost column: the names of the lines, in the last line:
the names of the columns.

Moreover, all players are assumed to be identical. Specifically, we assume that

1. The functions f™ are invariant by a permutation of the .,

2. the functions L' enjoy the properties of a game with identical players as
described in Appendix A. That is: a permutation of the u,, produces an
identical permutation of the L.

Finally, in the infinite case, the functions f™ and L™ are all assumed continuous.

2.1.2 Pure strategies and equilibria

We have assumed that the current number of players in the game at each step is
common knowledge. We therefore need to introduce m(t)-dependent controls:
denote by U,, € U,, = UT~"*1 a complete n-th player’s decision, i.e. an ap-

plication {n,..., T} — U : m ~— u]’. We recall the notation for a strategy
profile: u™ = (u}*,ud’, ..., ulr) € U™. We also denote by U™ a decision profile:
U™ = (Uy,Us,...,Upy). It can also be seen as a family U™ = (u!,u?,... u™).

The set of elementary controls in U" is best represented by Table 1 where u!™(t)
is the control used by player n at time ¢ if there are m players in the game at that
time. A partial strategy profile (Uy,...,Un—1,Uny1, ..., Upy) where U, is miss-
ing, will be denoted U™\". An open-loop profile of strategies is characterized by a
sequence U(+) : T > t — U’(t). A partial open-loop strategy profile where U, ()
is missing will be denoted U\"(-).

The cost Jy, (tn, z(tn), U(+)) is a mathematical expectation conditioned on the
pair (t,, z(t,)), which is a random variable independent from U, (-).



Definition 2.1 An open loop dynamic pure Nash equilibrium is a family history

~

U(-) such that

Vn € Tav(tmx(tn)) €T x XaVUn() € Un, Jn({ﬁ\n()> Un()}) > Jn(fj()) .
3)

Definition 2.2 A Nash equilibrium will be called uniform if at all times, all players
present in the game use the same decision, i.e., with our notations, if, for all t, for
all m, 0™ (t) = u(t)*™ for some sequence u(-).

Remark 2.1 A game with identical players may have non uniform pure equilib-
ria, and even have pure equilibria but none uniform. However, if it has a unique
equilibrium, it is a uniform equilibrium (see appendix A).

However, we will be interested in closed loop strategies, and more specifically
state feedback strategies; i.e. we assume that each player is allowed to base its
control at each time step ¢ on the current time, the current state z(¢) and the current
number m(t) of players in the game. We therefore allow families of state feedbacks
indexed by the number m of players:

O™ = (o1, o8 o) T x X — U™
and typically let

uy'(t) = @3/ (L, 2(1)) -

We denote by ®,, € F,, a whole family (¢(-,-),m € {n,...,T}) (the complete
strategy choice of a player n), ® a complete strategy profile, ®\" a partial strategy
profile specifying their strategy ®, for all players except player n. A closed loop
strategy profile ® generates through the dynamics and the entry process a random

open-loop strategy profile U(-) = I'(®). With a transparent abuse of notation, we
write J,, (®) for J,(I'(P)).

Definition 2.3 A closed loop dynamic pure Nash equilibrium is a profile ® such
that

¥ € T, V(tn, 2(tn)) € T x X, V0, € Frr,  Ju({BV", 8}) > Ju(®).  (4)
It will be called uniform if it holds that $"" = p*™.

We further notice that using state feedback strategies (and dynamic programming)
will naturally yield time consistent and subgame perfect strategies.



2.1.3 Mixed strategies and disturbances

For the sake of simplicity, we will emphasize pure strategies hereafter. But of
course, a pure Nash equilibrium may not exist. In the discrete time case investi-
gated here, we can derive existence results if we allow mixed strategies.

Let U be the set of probability distributions over U. Replacing U by U/ in the
definitions of open-loop and closed-loop strategies above yields equivalent open-
loop and closed-loop behavioral mixed strategies. By behavioral, we mean that we
use sequences of random choices of controls and not random choices of sequences
of controls. See [1] for a more detailed analysis of the relationship between various
concepts of mixed strategies for dynamic games.

In case the strategies are interpreted as mixed strategies, u™®) (t) in equations
(1) and (2) are random variables, and the pair (m(-), z(-)) is a (controlled) markov
chain. But since anyhow, m/(-) is already a markov chain even with pure strategies,
the rest of the analysis is unchanged.

We might go one step further and introduce disturbances in the dynamics and
the cost. Let {w(-)} be a sequence of independent random variables in Rf, and
add the argument w(t) in both f™ and LI". All results hereafter in the discrete
time problem remain unchanged (except for formula (9) where one term must be
added). We keep with the undisturbed case for the sake of simplicity of notation,
and because in the continuous time case, to be seen later, it spares us the Ito terms
in the equations.

2.2 Isaacs’ equation
2.2.1 Finite horizon

We use dynamic programming, and therefore Isaacs’ equation in terms of a family
of Value functions V)" : T x X — R. It will be convenient to associate to any such
family the family W, defined as

W (t, @) = (1= p™) Vit (8, 2) + p" Vit (¢, 2) (5)
and the Hamiltonian functions
H(t z,u™) = L7t x,u™) +r W+ 1, 70 (E x,u™)) . (6)

We write Isaacs’ equation for the general case of a non uniform equilibrium, but
the uniform case will be of particular interest to us.

Theorem 2.1 : An subgame perfect equilibrium d = {&m} exists, if and only if
there is a family of functions V)" satisfying the following Isaacs equation, which



makes use of the notation (5), (6):
Vn<meT,V(tz)e{0,...,T} x X, Vue U,
Vi(t @) = HyP (b, @ (t @) < Hy(t 2, @™V (1 @), u))
VmeT,VeeX, V(T +1,z)=0.

And then, the equilibrium cost of player n joining the game at time t,, at state T,
is V' (ty, xn). If the equilibrium is uniform, i.e. for alln < m, ¢ = Y, then
Vot = V™ for all m,n (and we may call it V™).

Proof This is a classical dynamic programming argument. We notice first that
the above system can be written in terms of conditional expectations given (m, )

as
Yn<meT, V(t,z)e{0,...,T} x X, YVueU,

Vin(te) = B [LR (@, gt o)

eV D (1, e, @, g x)))}

Em | L (t, @, (g™ (¢, @), u})

FrVar D (4 1, (e @, {2 @), u)) |
¥m e T, Vo€ X, V(T +1,2) = 0.

Assume first that all players use the strategy . Fix an initial time ¢,, (which may
or may not be the arrival time of the n-th player) an state x,, and an initial m.
Assume all players use their control ¢, (¢, z(t)), and consider the random process
(m(t), x(t)) thus generated. For brevity, write 4" (t) := @™ (¢, x(t)). Write the
equality in theorem 2.1 at all steps of the stochastic process (m(t), z(t), &™® (t)):

IN

Vm(t, .T(t)) _ Em(t)’z(t) [Lzl(t) (t, l‘(t), ﬂm(t) (t)) + Tvnm(t-l-l) (t +1, :L‘(t + 1))} .

Multiply by r!~*», take the a priori expectation of both sides and use the theorem
of embedded conditional expectations, to obtain

B[tV O (1, w(e) + vt L O (¢, w(2), amO (1))
N R AR (S W (e 1))} =0.

Sum these equalities from ¢, to 7" and use V)" (T + 1, ) = 0 to obtain

=V (tn,xn) + E

T
> Lt a(t), am“»] —0,

t=tn



hence the claim that the cost of all players from (t,,, x,,, m) is just V. (¢, ,,), and
in particular the cost of player n as in the theorem.

Assume now that player n deviates from ¢,, according to any sequence ., (+).
Exactly the same reasoning, but using the inequality in the theorem, will lead to
Vo (tn, xn) < J,. We have therefore shown that the conditions of the theorem are
sufficient for the existence of a subgame perfect equilibrium.

Finally, assume that the subgame perfect equilibrium exists. Let V,)"(¢,x) be
defined as the cost to player n in the subgame starting with m players at (¢, ). The
equality in the theorem directly derives from the linearity (here, additivity) of the
mathematical expectation. And if at one (m, ¢, x) the inequality were violated, for
the subgame starting from that situation, a control u,,(¢) = u would yield a lower
expectation for player n, which is in contradiction with the fact that o generates an
equilibrium for all subgames.

Concerning a uniform equilibrium, observe first that (for all equilibria), for
all m,n, forall x € X, V(T + 1,x) = 0. Assume that V,*(t + 1,z) =
V{"™(t + 1, z). Observe that then, in the right hand side of Isaacs’ equation, only
L7 depends on n. let m be a permutation that exchanges n and 1. By hypothesis,
L™ (t, x, g™ (t, ) = LP(t, 2, ™). But for a uniform equilibrium, it also holds
that p7"™ (¢, ) = ™ (t, ). Hence V™(t, z) = V{"(t, z). |

Isaacs’ equation in the theorem involves a sequence of Nash equilibria of the
Hamiltonian. In general, stringent conditions are necessary to ensure existence of
a pure equilibrium. However, our hypotheses ensure existence of a mixed equilib-
rium (see, e.g. [8] and [1]). And since the equation is constructive via backward
induction, we infer

Corollary 2.1 A dynamic subgame perfect Nash equilibrium in behavioural strate-
gies exists in the finite horizon discrete time game..

A natural approach to using the theorem is via Dynamic Programming (back-
ward induction). Assume that we have discretized the set of reachable states in V;
points at each time ¢t. (Or x € X, a finite set) The theorem brings the determination
of a subgame perfect equilibrium set of strategies to the computation of ) |, ¢ X Ny
Nash equilibria (one for each value of m at each (¢, x)). A daunting task in gen-
eral. However, the search for a uniform equilibrium may be much simpler. On the
one hand, there is now a one-parameter family of functions V"*(¢, z), and, in the
infinite case, if all functions are differentiable (concerning W, this is not guaran-
teed by regularity hypotheses on f”* and L") and if the equilibrium is interior, the
search for each static Nash equilibrium is brought back to solving an equation of
the form (34):

Ouy LT (8, 2, w™™) + 10, Wt + 1, (2, u”™™)) Oy [ (8, 2, u™™) = 0.



We will see that in the linear quadratic case that we will consider, this can be done.

2.2.2 Infinite horizon

We consider the same problem as above, with both f™ and L] independent from
time ¢. We assume that the L™ are uniformly bounded by some number L, and we
let the cost of the n-th player in a (sub)game starting with n players at time ¢,, and
state x(t,,) = x,, be

Tntns s U() = E S it IO (2 ();mO(2)). )

t=tn

We look for a subgame perfect equilibrium set of strategies @] (x). Isaacs equation
becomes an implicit equation for a bounded infinite family of functions V,)"(x).
Using the time invariant form of equations (5) and (6), we get:

Theorem 2.2 Let r < 1. Then, a subgame perfect equilibrium ® of the infinite
horizon game exists if and only if there is a two-parameter infinite family of uni-
formly bounded functions V,)" (x) satisfying the following Isaacs equation:

Vvn<meN,VreX, VueU,

Vit () = H' (2, @™ (x)) < Hy'(w, {¢"\"(x),u}).
Then, the equilibrium cost of player n joining the game at state x,, is V' (xy,). If
the equilibrium is uniform, V" = V| for all n, m.

Proof The proof proceeds along the same lines as in the finite horizon case. In
the summation of the sufficiency proof, there remains a term 77—t V™ (x(T')) that
goes to zero as 1" goes to infinity, because the functions V" have been assumed
to be bounded. And this is indeed necessary since the bound assumed on the L]
implies that the Value functions are bounded by L/(1 — r). |

We restrict our attention to uniform equilibria, so that we have a one-parameter
family of Value functions V™. But it is infinite. To get a feasible algorithm, we
make the following assumption:

Hypothesis 2.1 There is a finite M € N such that p™ = 0.

Thanks to that hypothesis, there is a finite number M of Value functions to con-
sider. There remains to find an algorithm to solve for the fixed points bearing on
the family {V"*(x) },,, for all z € X. We offer the conjecture that the mapping from
the family {V"™(¢t + 1, )}, to the family {V"™(¢, -}, in the finite horizon Isaacs

10



equation is a contraction in an appropriate distance. If so, then it provides an al-
gorithm of “iteration on the Value” to compute the V""" (x) of the infinite horizon
problem. (We will offer a different conjecture in the linear quadratic case.)

Remark 2.2 Hypothesis 2.1 is natural in case the payoff is decreasing with the
number of players and there is a fixed entry cost. Otherwise, it may seem artificial
and somewhat unfortunate. Yet, we may notice that for any numerical implemen-
tation, we are obliged to consider only a bounded (since finite) set of x. We are
accustomed to doing so, relying upon the assumption that very large values of x
will be reached very seldom, and play essentially no role in the computation. In
a similar fashion, we may think that very large values of m(t) will be reached for
very large t, which, due to the discount factor, will play a negligible role in the
numerical results. This is an unavoidable feature of numerical computations, not
really worse in our problem than in classical dynamic programming.

2.3 Entering and leaving
2.3.1 Methodology

It would be desirable to extend the theory to a framework where players may also
leave the game at random. However, we must notice that although our players are
identical, the game is not anonymous. As a matter of fact, players are labelled
by their rank of arrival, and their payoffs depend on that rank. We must therefore
propose exit mechanisms able to take into account who leaves the game. Before
doing so, we agree on the fact that once a player has left the game, it does not re-
enter. (Or if it does, this new participation is considered as that of another player.)
Let T}, be the exit time of the player of rank n, a random variable. We now have

Ty
Tn(tn, (), U() =B o= L0 (¢ 2(t), w™ D (1)) .

t=tn

In defining the controls of the players, we may no longer have n < m < t as
previously, and Table 1 must be modified accordingly. Let N (m) be the maximum
possible rank of players present when there are m of them, and M (n) the maximum
possible number of players present when player n is. Then u™ (t) = {up' };,.< n(m)
and Uy, (t) = {up'(t) }m<nmi(n)- And of course, a choice of u;'(t) means the deci-
sion that player of rank n chooses at time ¢ if there are m players present at that
time, including himself.

We also insist that the probabilities of entry (or exit) are functions such as p™
of the current number of players present, and not of the rank of entry.

11



When a player leaves the game, from the next time step on it will not get any
cost. Thus, we may just consider that for it, the Value functions V" (t + 1, ) are
null. To take this into account we determine the probabilities P™F that there be
k players at the next time step and that the focal player has not left, knowing that
there are m players present at the current step. And then, Theorem 2.1 above and
its proof remain unchanged upon substituting

AN i
k
to equation (5). (In the Bernoulli entry-only version of the problem, we may set
Pmtl — pand P = (1 — p).)
We propose several entry and exit mechanisms as examples.

2.3.2 A joint scheme

In this scheme, there is a probability ¢' that one player leaves the game at the end
of a step where there are m players present. (And of course, ¢° = 0.) Moreover,
we add the dictum that should one player actually leave, which one leaves is chosen
at random with uniform probability among the players present. As a consequence,
each player present has a probability ¢ /m to leave the game at (the end of) each
time step. Let m(t) = m, then the probabilities that a given player among the m
present at step ¢ be still present at time ¢ + 1 and that m(¢ + 1) take different values
is given by the following table:

m(t+1) ‘ probability
m+1 [Pl = pm(1 — g™,
-1
m | P = pmqum + 1 =p"A—q")
—1
m—1 ]P;m,mfl — (1 o pm)qu )
m

2.3.3 Individual schemes

The previous scheme is consistent with our entry scheme. But it might not be the
most realistic. We propose two other schemes.

In the first, each player, once it has joined the game, has a probability ¢ of
leaving the game at each time step, independently of the other players and of the
past and current arrivals sequence. We need powers of p and q. So, to keep the
sequel readable, we take them constant, and upper indices in the table below are
powers. It is only a matter of notation to take them dependent on m. In computing
the probability that a given number of players has left, we must remember that

12



those must be chosen among the other m — 1 players, and that the focal player
must have remained. The corresponding table of probabilities is now

m(t+1) ‘ probability
m+1 | P = p(1 — )™,
—1)! _ —_
Lk <m | Prok= Bl gk (1—g)h !
LI P™t = (1-p)(1—q)g™ .

(1—p)(1—Q)+ pq
k—1 m—k+1]’

A more coherent scheme, but that drives us away from the main stream of this
article, is one where there is a finite pool of M agents who are eligible to enter
the game. At each time step, each of them has a probability p of actually entering.
Once into the game, each has a probability ¢ of leaving at each time step, and if so,
it re-enters the pool. In that case, we set

L ={1eNt>0,0>m—k, 0<m—1,0<M—k}

and we have, for all m, k less or equal to M:

mk _ m—1 M —m kemaliy  NM—k+l L1 ym—¢
Pt = Z( / )(k_erE)p (1=p)" g (1 =g

LeLm:k

2.3.4 Beyond the Bernoulli process

At this stage, it is not difficult to generalize our model to one where several players
may join the game at each instant of time, provided that it remains a finite Markov
chain. Introduce probabilities p}”* that £ players join the game when m players are
already there. In a similar fashion, in the so called “joint scheme” above, we might
have probabilities gy that £ players leave at the same time.

Set pj* = 0 for any j < 0. We then have

m—1

m— £
P = P e ®)
/=0

2.4 Linear quadratic problem
2.4.1 The problem

We consider an academic example as follows: the state space is X = R¢, the control
set U = R®. the dynamics are defined by a sequence of square d x d matrices A(t)

13



and a sequence of d x a matrices B(t) (both could be m-dependent) and

m(t)
a(t+1) = A()x(t) + B(t) Y un.
n=1

There is a discount factor r (presumably no larger than one, super indices to it
are to be understood as powers), and the cost of player n is given in terms of two
sequences of (families of) square matrices Q"*(t) and R™(t), the first nonnegative
definite, the second positive definite, as

T
Jo=EY ritn [le(t)Hém@)(t) + [l () Fmco 1y

t=tn

2.4.2 Solution via the Riccati equation

As usual, we seek a solution with a quadratic Value function. We look for a uniform
equilibrium, and a one-parameter family of Value functions of the form

Vi) = r Vi), V() = el B - ©)

Notice first that, for all m < T, P™(T) = Q™(T') (and clearly, the equilibrium
control, if we want to define it at time 7', is u = (.) Assume, as a recursion
hypothesis, that V"™ (¢t 4+ 1, z) is, for all m, a quadratic form in z, i.e. that there
exist symmetric matrices P™ (¢ + 1) such that

V(4 1,2) = el pm ) -

Since the costs are always nonnegative, so are the P (¢ 4+ 1). (Indeed they are
even positive definite as one can easily figure out.) Isaacs equation is now

vt @) = mind 2 Bm g + lulfn
7 [ (A=p") A0z + (m=1)B@)i + BEulbn .y
+ A0z + (m=1) B+ BEul b )]
the minimum in u being reached at u = 4. Let
S™t+1)=r[(1—p")P"(t+1)+p P (t+1)]. (10)

These are symmetric non-negative definite matrices. Isaacs’ equation can be writ-
ten

VT (t,x) = rrtin{HxHém(t)—i-|]uH2Rm(t)+||A(t):c+(m—1)B(t)?l+B(t)uH%m(tﬂ)}-
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The right hand side is a (non homogeneous) quadratic form in u, with a quadratic
term coefficient R(t) + B'(t)S™(t + 1)B(t), which is positive definite. Hence
there exists a unique minimum in u. Equating the derivative with respect to u to
zero, and equating all controls, yields

[R™(t) + B'()S™(t + 1) B(t)|a+ B'(t)S™(t + 1)[A(t)x + (m — 1) B(t)it] = 0.
Hence
u=—F"(t)x =: ¢1"(t, x) (11)
with
F™(t) = [R™(t) + mB'()S™(t +1)B(1)] ' B'()S™(t+ 1)A(t).  (12)

Finally, placing this value of u in the right hand side, we find that V"™ (¢, x) is
indeed a quadratic form in z. Thus we have proven that (9) holds, with

P™(t) = Q™ (1) + F™ (L) R™ (1) F™ (1
+[A'(t) — mF™ (#)B'(t)]S™(t + 1)[A(t) — mB(t)F™(t)] .
and after substituting F"™(¢) and reordering:
P"() =Q™(t) + A'(£)S™(t + 1) A(t) —
A'()S™(t 4+ 1)B(t)[R™(t) + mB'(t)S™(t + 1) B(t)]
[(2m — 1)R™ +m?2B'(t)S™(t + 1) B(t)]
[R™(t) + mB'(t)S™(t + 1)B(t)] "' B'(t)S™(t + 1) A(t),
VmeT, P™T)=Q™T). (14)

Equation (13) may be rearranged in a slightly more appealing form, where the first
three terms of the right hand side are reminiscent of a classic discrete time Riccati
equation, and the fourth and last one cancels for m = 1 (and omitting the explicit
dependences on ¢ of the system matrices)

Pm(t) = QM+ A'S™(t+1)A
—A'S™(t+1)B[XR™+ B'S™(t +1)B] 'B'S™(t + 1)A
—m=l A/S™(t + 1)B[LR™ 4+ B'S™(t +1)B] !
LRMLR™ 4+ B'S™(t+1)B]"'B'S™(t+ 1)A.

(13)

Recall that each matrix S™ involves P™*!. But there cannot be more than 7" play-
ers at any time in the game (and 7" of them only at final time !) Therefore, starting
with PT(T) = Q' and computing the P™(t) backward, this is a constructive
algorithm. We therefore end up with the following:

Theorem 2.3 The finite horizon, linear quadratic problem admits a unique uni-
form subgame perfect equilibrium given by equations (9,10,11,12,13,14).

15



Entering and leaving It is now easy to get the solution of the same problem with
one of our more general entry and leaving mechanisms: according to equation (8),
it suffices to replace the definition (10) of S™ by

m—+1
ST(t+1) =71 PmFPRE41)
k=1

with the relevant set of probabilities P™.

2.4.3 Infinite horizon

We may want to consider the case where the matrices A, B, (), and R are constant,
and the horizon infinite. For all practical purposes, we need hypothesis 2.1 limiting
the maximum number of players in the game to M. Even so, this problem does
not completely fit the framework of Theorem 2.2, because the integrand is not
bounded over R™. Hence the added stability condition that we will need. We
can nevertheless look for a Nash equilibrium along the lines of Theorem 2.2. For
that purpose, we add a constraint for all players, that their controls be of bounded
energy, and precisely:

D (1) [y < 00 (15)

t=tn

We also assume that Q™ > 0.
We state a system of so called algebraic discrete Riccati equations for matrices
P™ _ and use the notations

S™ = r[(1—p™)P™ +p™P™,  F™=[R™+mB'S"B(t)] ' B'S"A.
We state the theorem

Theorem 2.4 A sufficient condition for the existence of a uniform subgame perfect
pure Nash equilibrium to the infinite horizon linear quadratic game with a bounded
number of players and Q™ > 0 is that there exist a positive definite solution to the
system of equations
P =Q™+ A'S™A —
A'S™B[R™ +mB'S™B] !
[(2m — 1)R™ + m*B'S™B]
[R™ +mB'S™B]"'B'S™A,

(16)
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and that furthermore, the following inequality hold:

1 1 -1
QM > A'PMB|-RM 4+ MB'PMB| B'PMA. (17)
T T

In that case, a Nash strategy is given by

a(t) = —F™Ox(t) . (18)

Proof The proof goes with the same calculations as for theorem 2.1 and for the
above finite horizon case. But because the payoff is not necessarily bounded, we
need that *V"™®) ((t)) decrease to zero as t — oo for the extension of theorem
2.1 to the infinite case to hold. In infinite horizon (and without exit) the number of
players present will almost surely reach its maximum possible M. Therefore, the
asymptotic behavior of the closed-loop system depends on A — M BFM.,

To investigate that condition, we use Lyapunov’s stability analysis for linear
systems, but with the state y(t) = r/2x(t). If this state decreases exponentially,
then r*{|z(£)||%,, goes to zero as t — co. We pick the Lyapunov function U (z) =
r!||2[| %, A direct calculation shows that

r(A— MFMYSM(A - MFM) = §M = ppM _ ppM' RMpM _ QM _ gM |

We have SM = rPM_ Therefore, and since we have assumed that QM > 0, this
last matrix is negative definite, proving that indeed, if all players use the control
(18), the Value function goes to zero as ¢t — oo.

But we also need that this be true if all players but one use the control (18), the
other one using a “finite energy” (according to equation (15)) control. This will
be guaranteed if the state y(¢) = r'/2x(t) is stabilized by the dynamics driven by
m — 1 controls (18). We attempt the same Lyapunov analysis, and end up with

r[A— (M — 1)BFM)SM[A — (M —1)BFM] — M = ppM _ g™ _ QM4
rA'SMBIRM + MB'SMB]7Y(RM + B'SMB)[RM + MB'SMB|"'B'SM A .
Therefore, we need that

QM > A SMBIRM+MB'SM B (RM +B'SMB)[RM + M B'SM B~ B'SM A
A sufficient condition is that

QM > A'SM BIRM+ M B'SMB)~Y(RM4+ M B'SMB)[RM+ M B'SMB) "1 B'SMA

which coincides with the condition (17) of the theorem. 1
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Conjecture 2.1 We conjecture that condition (17) is always satisfied for a small
enough r.

It remains to solve for the fixed point equation (16) on {P™},,. A natural
approach is to integrate the dynamical Riccati equation backward in hope of reach-
ing a steady state, which is necessarily a solution of the fixed point problem. We
have no proof of that convergence at this time, but no counter-example in the many
numerical experiments we ran, in dimension up to ten for the state, and three for
the control. In every cases, we observed a rapid convergence, in less than twenty
steps for all practical purposes. As a typical example, in state dimension 10, with
p"™ = .5, A in companion form, and characteristic polynomial (chosen arbitrarily)

xa(z) =210 —22% — 28 41527 — 220 — 3524 +3523 — 22 4221,
and, no less arbitrarily,
0 O
-1 0
0 O

B =

o O O

0 010
10 01
0 001

o O O
o O O

0
01,
1

r=1,Q = 3I,and R = diag(2, 2, 1), the variation A™(t) = P™(t+1) — P™(t)
after nineteen steps has a norm [tr(A2)]'/2 less than 10~ forall m € {1,...,20}.
And while we give one typical example here, the conclusion applies to all the
experiments we made.

3 Continuous time

3.1 The problem
3.1.1 Players, dynamics and cost

We consider a game with randomly arriving (or arriving and leaving) players as
in the previous section, but in continuous-time. The players arrive as a Poisson
process of variable intensity: The interval lengths ¢,,11 — ¢,,, between successive
arrivals are independent random variables obeying exponential laws with intensity
Am:
Pty —tm >7) =€ 7

for a given sequence of positive A"*. An added difficulty, as compared to the dis-
crete time case, is that the number of possible arrivals is unbounded, even for the
finite horizon problem. For that reason, the sequence A" is a priori infinite. But we
assume that the \™ are bounded by a fixed A. As a matter of fact, for any practical
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use of the theory, we will have to assume that the \"* are all zero for m larger than
a given integer M, thus limiting the number of players to M. Alternatively, for a
finite horizon 7', we may notice that for any M, the probability P(m(t) > M) is
less than (AT)™ /M and therefore goes to zero as M — oo, and take argument to
neglect very large m’s.

The dynamic system is also in continuous time. The state space X is now the
Euclidean space R?, or a subset of it, and the dynamics

i = O z,um™®), 2(0) = a0.

Standard regularity and growth hypotheses hold on the functions f™ to insure ex-
istence of a unique solution in X over [0, 7] to the dynamics for every m-tuple of
measurable functions ™ (-) : [0,7] — U™.

A positive discount factor p is given, and the performance indices are given via

Lo (tn, 2(tn), {u™ () }men) = / fev ) O (¢, (t), u™ O (2)) dt

In(tn, (), {u" () ymen) = ELn(tn, 2(tn), {u™ (-) men) - (19)

The functions L] are assumed to be continuous and uniformly bounded.

As in the discrete time case, we consider identical players, i.e. the functions
are invariant by a permutation of the w,,, and the functions L]* enjoy the properties
of a game with identical players as detailed in the appendix A.

3.1.2 Strategies and equilibrium

We seek a state feedback equilibrium. Let A™ be the set of admissible feedbacks
when m players are present. A control law ¢ : [0,7] x X — U will be in A™ if],
on the one hand, the differential equation

T = fm(t,l‘, (P(tvx)xm)

has a unique solution for any initial data (¢,,x,) € [0,7] x X, and on the other
hand, for every measurable u(-) : [0,7] — U, the differential equation

&= ™t a(t), {u(t), ot x(t) ™\

has a unique solution over [0, 7’| for any initial data (¢, z,) € [0,T] x X.

We define a state feedback pure equilibrium as in the previous section, namely
via definition 2.3. Moreover, we shall be concerned only with uniform such equi-
librium strategies.
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3.1.3 Mixed strategies and disturbances

We have rather avoid the complexity of mixed strategies in continuous time (see,
however, [9]), as experience teaches us that they are often unnecessary.

Adding disturbances to the dynamics and payoff as in the discrete time problem
is not difficult. But the notation need to be changed to that of diffusions, and we
would get extra second order terms in Isaacs equation, due to Ito calculus. All
results carry over with the necessary adaptations. We keep with the deterministic
set up for the sake of simplicity.

3.2 Isaacs equation
3.2.1 Finite horizon

The Isaacs equation naturally associated with a uniform equilibrium in this problem
is as follows, where 4 stands for the argument of the minimum (we write V; and
V. for the partial derivatives of V):

Y(t,x) € [0,T] x X, (p+ A"V (t,z) — NVt 2) — V™ (¢, 2)—
min | V" (t, 7) It @, {u, @™ + LTt {u, 0™ ) | =0, (20)
ue

VeeX, V™T,z)=0.

As already mentioned, even for a finite horizon, the number of players that may
join the game is unbounded. Therefore, equation (20) is an infinite system of par-
tial differential equations for an infinite family of functions V" (¢,z). We will
therefore make use of the hypothesis similar to 2.1:

Hypothesis 3.1 There exists an integer M such that \M = 0.

As hypothesis 2.1 of the discrete time case, this is a natural hypothesis in case of a
decreasing payoff and fixed finite entry cost, and akin to classical approximations
of the Isaacs equation in dynamic programming algorithms.

Under that hypothesis, using the tools of piecewise deterministic Markov deci-
sion Processes, we have the following easy extension of [12]:

Theorem 3.1 A uniform subgame perfect equilibrium exists if and only if there ex-
ists a family of admissible feedbacks ™ € A" and a family of bounded uniformly
continuous functions V"™ (t, x) that are, for all m < M, viscosity solutions of the
partial differential equation (20). Then, u,(t) = @™ (t, 2(t)) is a uniform sub-
game perfect equilibrium, and the equilibrium cost of player n joining the game at
time t,, and state x,, is V" (tp, Tpn).
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A sketch of the proof is given in appendix B.1.

The question naturally arises of what can be said of the problem without the
hypothesis 3.1. To investigate this problem, we consider an “original problem”
defined by its infinite sequence {\™},,,cn, assumed bounded :

JA>0: VmeN, N <A.

and a family of “modified problems” depending on an integer M, where we modify
the sequence {\™} at A that we set equal to zero. (And therefore all \™ for
m > M are irrelevant: there will never be more than M players.) The theorem
above holds for all modified problems, whatever the M chosen. We call V"M
(a finite family) the solution of the corresponding equation (20). They yield the
equilibrium value of the cost J™ in the modified problems.

We propose in appendix B.2 arguments in favor of the following

Conjecture 3.1 As M goes to infinity, the equilibrium state feedbacks ™ of the
modified problems converge, in L' (possibly weighted by a weight exp(—alz||))
toward an equilibrium feedback p* of the original problem, and the functions
VM converge in C' toward the equilibrium value V™. Consequently, theorem
3.1 holds for the original, unmodified problem.

3.2.2 Infinite horizon

We assume here that the functions f™ and L] are time invariant, and p > 0. We
set

T (tn, z(tn), {u™ () }men) = E / e PEt) L (¢ (), ™ D) dt .

ln

As expected, we get

Theorem 3.2 Under hypothesis 3.1, a uniform subgame perfect equilibrium in in-
finite horizon exists if and only if there exists a family of admissible feedbacks
o™ € A™ and a family of bounded uniformly continuous functions V'™ (x) that
are, for all m, viscosity solutions of the following partial differential equation,
where U stands for @' (t, x) and the minimum is reached precisely at u = 1:

VeeX, 0= (p+\N")V™(z) = X"V (z)— 1)
mip |V (@) " (2, {u, @) + LY (@, {u, @) (22)

Then, un(t) = ¢ (2(t)) is a uniform subgame perfect equilibrium, and the
equilibrium cost of player n joining the game at state x,, is V" (x,,).
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The proof involves extending equation (20) to the infinite horizon case, a sketch
of which is provided in appendix B.1, relying on the boundedness of the functions
V™ to ensure that exp(—pT" ) V"™ (x(T')) goes to zero as T increases to infinity. The
rest is exactly as in the previous subsubsection.

The original problem without the bounding hypothesis 3.1 requires a different
approach from that of the previous subsection, because in infinite horizon, it is no
longer true that P(2)/) is small. Indeed it is equal to one if the hypothesis does
not hold and the A" have a lower bound.

3.3 Entering and leaving

As in the discrete time case, we may extend the theory to the case where the players
mays also leave the game. We consider that once a player has left, it does not
re-enter. We let T, be the exit time of player n. In the joint exit mechanism,
the process that one of the m players present may leave is a Poisson process with
intensity 4™, and if one does, it is one of the players present with equal probability.
In the individual scheme, each of the m players present has a Poisson exit process
with probability p™.
We leave it to the reader to check that Isaacs’ equation now reads

(p+P™™MV™(t,x) — IP’m’mHVmH(t, x) — ]P’m’mflvmfl(t, x) — V/"(t, x)
— mi{} [Vzm(t, x) f"(t, x, {u, ﬁm\l}) + L' (t, x, {u, &m\l})] =0,
ue

where the coefficients P are given by the following table:

scheme ‘ prm—1 ‘ prm.m ‘ pmymtl
individual ' N ™ A

3.4 Linear quadratic problem
3.4.1 Finite horizon

We turn tho the standard linear quadratic case, where the dynamics are given by
piecewise continuous (or even measurable) time dependent matrices A(¢) and B(t)
of dimensions, respectively d x d and d x a (both could be m-dependent)

m

& =A(t)z+ B(t) ) un.

n=1

22



The cost to be minimized is given by a discount factor p, a family of piecewise
continuous, nonnegative definite symmetric d x d matrices Q™ (¢) and positive
definite a X a matrices R(t) as

T 2 2
Iy =B | [ (o) + ln(0) ]

(It is only for notational convenience that we do not let the matrix 12 depend on
m, because we will need its inverse R~'.) We again seek a uniform solution with
Value functions

V™ (t,x) = |2 By - 24)

Isaacs equation now reads
2 s 2 ! pm . ~
Pllalpm ey = min |l 5, + 22" P7 @) (A(t)z + B(H)u + (m — 1) B(t)d)

ey + Nl | + A (2l 20y = I2llme)-

We drop explicit explicit time dependences of the system matrices for legibility.
We obtain
t=—R'B'P™(t)x (25)
and
P™—(p+A") P+ P A+ A’ P™—(2m—1)P" BR B’ P+ Q™ X" P =
(26)

with the terminal condition
P™(T)=0. (27)

To get a practically usable theory, we limit the possible number of players
according to hypothesis 3.1. Under that hypothesis, we prove the following:

Theorem 3.3 The finite horizon linear quadratic problem with a bounded max-
imum number of players has a unique uniform equilibrium given by equations
(24,25,26,27).

Proof There remains to prove that the Riccati equations have a solution over
[0, T]. Notice first that the equation for P stands alone. It is the same as the
Riccati equation associated to the simple optimization problem

&= A(t)r+ B(t)u, z(0)=xg,
T M
J= / e~ PR (|2 + (2M — 1) |[ulfa ) dt
0
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Therefore, P (t) is known to exist and be non-negative definite over [0, 7]. (It
is non-negative as long as it exists as giving the infimum of a non-negative cost,
and bounded by above by he value of the same cost obtained, e.g. with u = 0.)
Assume as a recursion hypothesis that P™(¢) is defined and non-negative defi-
nite over [0,7]. Then, the Riccati equation for P™(-) is the same as that for the
same control problem as above with m instead of M, but with QM replaced by
Q™ = Q™ + X" P+l Therefore we also have existence of a non-negative defi-
nite P"(t), and therefore recursively, for all m < M. I

Entering and leaving We may of course deal with the case where players may
leave the game in the same way as before, replacing in the Riccati equation (26)
the term

™ (Pm+1(t) o Pm(t))

by
Pm,m—lpm—l(t) _ Pm’um(t) + Pm,m—l—le—I—l(t) )

the P™F being given by the table (23). Te same existence theorem applies, with
some care. The Riccati equations can no longer be integrated in sequence from
m = M down to m = 1. But they can still be integrated backward jointly, as a
finite dimensional ordinary differential equation. As long as all P™(t) exist, the
interpretation as Value functions of nonnegative costs still guarantees te nonnega-
tivity of all P matrices. But this in turn guarantees the existence over [0, 7] with
the interpretation as Riccati equations of ordinary linear quadratic control problems
with positive weighting matrices.

3.4.2 Infinite horizon

We consider now the linear quadratic problem with A, B, @™, and R™ constant
matrices, and

g, = E/O efp(tft”)(HJi(t)Hém(t) + Hu(t)H%%) :

We assume that hypothesis 3.1 holds, and that Q* > 0. Furthermore, we
impose on all players the constraint that their controls be of “finite energy” in the
precise sense that

oo
/ e PHun ()% dt < oo (28)
tn
The Riccati equation is replaced by its algebraic counterpart

(p+A™)P™ = P A+ A'P™—(2m—1)P™BR™'B' P 4+QM+ A" P | (29)
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Under the hypothesis 3.1 of a bounded number of players, we have the following
result:

Theorem 3.4 If the pair (A, B) is stabilizable and Q™ > 0, the Riccati equations
(26) integrated from P™(0) = 0 have positive definite limits P™ as t — —oo
solutions of the algebraic Riccati equations (29).

Furthermore, for a large enough p, it holds that

PMBR-'B'PM _ QM <, (30)

and then the infinite horizon linear quadratic game with a bounded number of play-

ers has a uniform subgame perfect pure Nash equilibrium obtained by replacing
P™ by P™ in formula (25).

Proof The proof of the asymptotic behavior of equations (26) relies on the same
identification with a control Riccati equation as for the finite horizon problem.
Thus, PM (t) does have a positive definite limit as ¢ — —oo. It remains to extend
to the variable matrix Q' ~1(¢) := QM =1 + AM PM (%) the standard theory of the
linear quadratic regulator, a simple matter, to conclude that the solution PM~1(¢)
of the differential equation in P~ also has a limit as ¢ — —oo. In this process,
we notice that since Q™1 has been assumed nonnegative definite and PM s pos-
itive definite, it follows that QM~=1(t) is positive definite, and therefore the pair
(QM~1(.), A) is detectable over (—oc,0). And then, the same reasoning applies
recursively as m decreases to 1.

Consider #’ P™z with a constant z. Applying a standard comparison theorem
for ordinary differential equations shows that P™(t) is decreasing as p increases.
Moreover, equation (29) divided through by p shows that the limit as p — oo is
P™ = (. Hence, for a large enough p, condition (30) is indeed satisfied.

In infinite time, the maximum number of players will almost surely reach M.
Therefore, the asymptotic behavior of the closed-loop system depends on the con-
trols for m = M. It is a simple matter to check that if all players use this strategy,

3 llzllBa) = —e~"a/[PY BRI B'PY + QYa.
Using Lyapunov stability theory for linear systems, it follows that the Value func-
tion exp(—pt) H:z:(7f||?5 u goes to zero as t — 0o, which is needed to apply theorem
3.2.
We also need that this be true if only (M — 1) players use their control (25),
and the other one any finite energy (in the sense of (28)) control. This will be true
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if the system with the M — 1 feedbacks stabilizes exp(—pt||z(t)%,,. Applying
the same technique, we find that, in these conditions,

d _ _
o (e 2| n) = e 2 [PMBR'B'PM — QM]x.

Hence the condition (30). |

4 Conclusion

The tools of piecewise deterministic Markov decision processes have been ex-
tended to games with random players arrivals and exits. We have chosen some
specific problems within this wide class, namely identical players (there might be
several classes of players as in, e.g. [27]). We have emphasized a Bernoulli ar-
rival process in the discrete time case, Poisson in the continuous time case, at first
with no exit. Yet, we have given a few examples of other schemes, both with more
general arrivals, and with exit at random times also.

We have also considered a restricted class of linear quadratic problems as illus-
tration. The continuous time problem lends itself to a rather complete theory where
we have existence and limit results similar to what is available for the elementary
one-player optimization counterpart. All these might be extended to other cases.
The present article shows clearly how to proceed. The question is to find which
other cases are both interesting and, if possible, lead to feasible computational al-
gorithms.

In that respect, the unbounded number of players in the infinite horizon dis-
crete time problem, and in all cases in continuous time, poses a problem, mainly
computational in the former case, also mathematical in the later, because of the
difficulty of dealing with an infinite set of partial differential equations. The com-
putational problem, however, is nothing very different from that of discretizing an
infinite state space.

We consider that the main weaknesses of the present theory, beyond its dif-
ficulty of dealing with an unbounded number of players, is the lack of a private
state for each player. This would allow us to deal with several classes of players
as, say, in [27], or more general models such as in [16], and also with other exit
mechanisms such as a fixed residence time 7" for all players.
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A Games with identical players

A.1 Model and properties

By assumption, in the game considered here, all players are identical. To reflect
this fact in the mathematical model, we need to consider permutations 7" & IT"™

of the elements of {1,2, ..., m}. We also recall the notation
um\n = (ul) ceyUp—1,Un+1,- - - 7um) ’
{um\",u} = (UL ey U1y Uy U]y - - ey Upy)

Furthermore, we denote

= \Uzr(1), Un(2)5 - -+ uﬂ(m)) )
= \Uzr1)s -+ Un(n—1)s Un(n+1)s - - - >u7r(m)) )
= Ux()s -5 Un(n—1)) Us Ux(n41)) - - - 7u7r(m)) )

w ™= (u,u,...,u) € U™,

Definition A.1 A m-person game {J, : U™ — R}, n = 1,...,m will be called
a game with identical players if, for any permutation 7 of the set {1,...,m}, it
holds that

Vn<m, Jp(Ur1), -5 Unim)) = Ty (U1, oo Um) - 31
We shall write this equation as J,,(u™™) = ey (u™).
An alternate definition of a game with identical players is given by the following:

Lemma A.1 A game with identical player is defined by a function G : UxU™~1 —
R invariant by a permutation of the elements of its second argument, i.e. such that,

Vue U, Vot e Ut vr e II™ ) Gu, o™ ) = Glu, o™ ™) L (32)
And the J,, are defined by

Jn (™) = Gup, u™ ") (33)

Proof It is clear that if the J,, are defined by (33) with G satisfying (32), they
satisfy (31). Indeed, then
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Conversely, assume that the J,, satisfy (31). Define
Glup, u™ ) = J(u™).
Let 71 € II™~!, and 7 defined by (1) = 1, and for all j > 2, 7(j) = 71 (j — 1).
(i.e. 7 is any permutation of II™ that leaves 1 invariant.) It follows from (31) that
Gluy, u™) = Ji(u™) = Jry(u™) = J1({uy, u M = Glug, wm Y

Therefore G is invariant by a permutation of the elements of its second argument.
Let now 7 be a permutation such that 7(1) = n. We have

Ta(u™) = Jogy (™) = Ji(u") = Glugy, w™ ") = Glun, u™"),

which is equation (33). And this proves the lemma. 1
The main fact is that the set of pure Nash equilibria is invariant by a permuta-
tion of the decisions:

Theorem A.1 Let {J, : U™ — R}, n = 1,...,m be a game with identical
players. Then if 4" is a Nash equilibrium, so is arlml.

Proof Consider Jn('&”[m}), and then substitute some u t0 U (,) in the argument.
Because J,, (™) = Jr(ny(u™), it follows that

Tn (L@ )}y = Ty (a0 u}) > Tn (@) = Jn(@7M).

And this is true for all n < m, which proves the theorem. 1

Example An example of the above reasoning is as follows. Let m = 2 and by
hypothesis, V(u1,uz), Ji(u2,u1) = Jo(u1,us). Let (i1, 1) be a Nash equilib-
rium. Let us show that (g, 41) is also an equilibrium:

Vu,  Ji(u, 1) = Jo(t1,u) > Jo(tn, G2) = Ji(tg, 41).

Corollary A.1 A pure Nash equilibrium of a game with identical players can be
unique only if it is uniform, i.e. with all players using the same control:

JueU:Yn<m, a"=4q.

Existence of such a Nash equilibrium is not guaranteed, and even if it exists, it
might not be the only one. However there is a simple way to look for one. Let us
first assert the following fact:

Theorem A.2 Let {J, : U™ — R},n = 1,...,m be a game with identical
players. If the function uy — Ji({u™ ', u1}) is convex, so are all the functions
tp — T (L™, uy}).
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Proof Let @™ = (Up, U2, ..., Un_1,Ul,Uni1,---Un), and let 75" be the per-
mutation that exchanges 1 and n. Then, ™ = u™ "™ Thus,

To(u™) = Jo (@™ ") = Ty (@) = Ji (up, . ..) .

Now, J; is by hypothesis convex in its first argument, here w,. Therefore J,, is
convex in uy,. |
Finally, we shall use the corollary of the following theorem':

Theorem A.3 Let {J, : U™ — R} ,n = 1,...,m be a game with identical play-
ers. Letu € U and ™ = (u,u,...,u) € U™ Then

Vn<m, DpJ,(u*™)=DiJi(u™).

Proof Observe first that obviously,
Vn<m, Jp(u™)=J(um).
Let now @™ = (u + du,u, ..., u), and as previously 7! be the permutation that

exchanges 1 and n. Let perturb the n-th control in .J,, (u*"") by du. We get

1,n

In(y .o uyu+ duyu, . u) = Jy(a”

) = Ji(@™).

Therefore, the differential quotients involved in Dy, J,, (v*™) and D1 J;(u*™) are
equal, hence the result. 1

Corollary A.2 If uy — J1(u™) is convex, an interior solution t € U of the equa-
tion

DlJl(uxm) =0 (34)

vields a uniform Nash equilibrium 4>*™.

A.2 Examples of games with identical players

The best known example of game with identical players is Cournot’s duopoly. This,
incidentally, is an aggregative game according to the definition of [17], which are
a sub-class of games with identical players. We propose three 2-player games with
identical players with different structures of equilibria. Leti € {1, 2}:

IL; (ug, ue) = (ug — u2)2 — au% . (35)

"Where we use Dieudoné’s notation Dy.J for the partial derivative of .J with respect to its k-th
variable
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A.2.1 Example 1

In this example, U = Rand 1 < a < 2. Then u; — II;(uy, ug) is concave for all
ug. Moreover
D1H1(u1, UQ) = 2(1 — a)u1 — 2UQ

so that the unique maximum in w; is reached at u; = —ug/(1 — a). Therefore a
Nash equilibrium requires that

(a—1uy +uy =0,
ur + (a—1ug =0.

The determinant of the matrix of this system is a(a — 2) < 0. Therefore, the
matrix is invertible, the only solution is u; = ugs = 0. There is a single (pure)
Nash equilibrium, which is uniform.

The question of whether there can exist a mixed Nash equilibrium is investi-
gated as follows: let uy be a random variable (a mixed strategy). Clearly, then

EIT; (ug,ug) = (1 — a)u% — 2E(ug)uy + E(u%) )

This has a unique maximum at u; = —E(ug2)/(a—1). Therefore Player 1°s strategy
is necessarily pure, but then Player 2’s strategy also.

A.2.2 Example 2

We use the same example as above, but with @ = 2. Then any pair (u,u2) =
(u, —u) solves the Nash necessary condition, and in view of the concavity of the
payoffs, is a (pure) Nash equilibrium. Indeed ITy (—v, v) — IT; (u, v) = (u+v)? >
0, and symmetrically I (u, —u) — Iz (u,v) = (u+wv)? > 0. The set of Nash equi-
libria is, as predicted, invariant by a permutation uy <> ug. (However, IT;(u, —u) =
—2u?, 50 that both players prefer the equilibrium (0, 0).)

No mixed equilibrium is possible for the same reason as above.

A.2.3 example 3

We use now U = [0,1] and a < 1. Now u; — II;(ug,usg) is convex for all us.
Therefore a maximum in u; can only be reached at u; = 0 or u; = 1. Observe
that

Hl(l,UQ) - Hl(O,UQ) =1—a-— 2UQ .

Therefore, for us < (1 — a)/2, the maximum of II; is reached at u; = 1, while
for ug > (1 — a)/2, it is reached at u; = 0. We therefore find two pure Nash
equilibria: (1,0) and (0, 1).
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Indeed, once it is established that pure Nash equilibria can only be found at
u; € {0,1}, we can investigate the matrix game

’u,l\ZLQ 0 1
0 1—a
0 0 1
1 —a
1{1—-a —a

The two pure Nash equilibria appear naturally. We can also look for a mixed equi-
librium, obtained for P(u; = 0) = (1 4+ a)/2, P(u; = 1) = (1 — a)/2. In that
case E(ug2) = (1 — a)/2. This an mixed equilibrium of the matrix game, and also
an equilibrium of the game over the unit square, since the maxima can only be
attained at 0 or 1. (The fact that also IT;(0, (1 — a)/2) = II1(1,(1 — a)/2) is a
coincidence, due to the fact that Iy (1, ug) — 111 (0, ug2) is affine in us.)

B Continuous Isaacs equation

B.1 Modified, bounded m, problem

We first evaluate the following mathematical expectation, given ¢, :
tm+1
S"=F [/ e PLL™ (¢, x(t), u™(t)) dt + e—f’tmﬂvmﬂ(tmﬂ,x(tm+1)] .
t’"L
given that both L™ (t) and V"1 () are taken equal to zero if ¢ > T. We have
n T
S = A (T—tm) / e PLL™(t, 3(t), u™ (1)) dE +
tm
T m T
/ A=A (7 —t) [ / e PLLM (¢, 2(t), u™ (1)) dE + e PTVH (7, x(T))] dr.
tm

tm

Exchanging the order of summations in the double integral, changing the name of
the integration variable in the second, it comes, after cancellation of the first term
with one of those coming from the double integral:

T
sm— / e Amt=tm) bt (L1 (1), W™ (8)) + NPV (1)) db . (36)
tm

We turn to the Isaacs equation (20), and deal with it as if the Value functions V'™
were of class C'. Multiply both sides of the equation by exp(—\(t — t,,,) — pt)
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and rewrite it as

S (M (1)) N P (), 0 (1)

4+ N A tm)=pbymt Ly (1)) > 0,

being understood that the lagrangian derivative and L™ are evaluated at u™(t) =
{u(t),a™V(t)}, and that the inequality becomes an equality for u(t) = a(t).
Integrating from ¢,, to T, we recognize S™ and write

e—ptm Vm(tm,l’(tm)) < e—()\m+p)T+)\mtm Vm(T, :E(T))

2‘/'m-ﬁ—l
tE [/ L™ (t,2(t), ™ (1)) + e PV (b, x(tmm)] '
tm

In the finite horizon version, we have V'™ (T, x) = 0, so that the first term in the
right hand side cancels, and we are left with

e Ptm V" (b, 2(tm)) <

tm+1
+E [/ L™t (t),u™(t)) + e Pmar vyt x(tmﬂ))]
tm

if player one, say, deviates alone from @™ (t), and equality if ™ (t) = (™ (t). In
the infinite horizon case, use the fact that V""" is bounded to see that the same first
term of the r.h.s. cancels in the limit as 7" goes to infinity.

With this last inequality, we proceed as in discrete dynamic programing: take
the a priori expectation of both sides, sum for all m < M, cancel the terms that
appear on both sides of the sum and use ¢; = 0 (the first player starts at time 0) to
get

T
V0, 20) < E/ e P (¢, 2 (t), u™(t)) At = J1 (0, 20, u™)
0

for u™(t) = {u(t), u™1)(¢)}, and equality if u™(t) = @™ (t).

Having restricted our search to state feedback strategies and to a uniform equi-
librium of identical players, and ignoring the intrinsic fixed point problem that for
each (m, ¢, z) the minimizing control be precisely ¢" (¢, x) used by all other play-
ers, the inequality in definition 2.3 defines a unique minimization problem. As a
consequence, in the case where the functions V" are not globally C', both the nec-
essary and the sufficiency characters with viscosity solutions are derived from this
calculation in the same way as for one-player control problems. But a major dif-
ference with that case is that here, existence is far from granted. On the one hand,
the fixed point for each (m, ¢, z) may not exist, and on the other hand, if it always
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does, it might not define an admissible strategy as characterized in paragraph 3.1.2.
The situation is more complex for many player games than for two player games,
where one can dispense with state feedback strategies. For these difficult technical
matters, see [10, 13, 23, 18].

B.2 Unmodified unbounded m problem

We aim to extend theorem 3.1 to the unmodified problem where the number of
players who may join the game before the time 7' is unbounded, and therefore
equation (20) involves an infinite number of functions V"*. We simplify the nota-
tions as follows. Given two admissible state feedbacks ¢ and 1), let

G(¢,9) = Ji({g, ™\

and the same with upper index M (respectively /V) be the corresponding quantity
in the modified problem where AM = 0 (resp. AV = 0).

We make the following hypotheses which would need to be converted into
hypotheses bearing on the data f™ and L™ of the problem, probably via the hamil-
tonian

Hm(t? z,p,u, 'U) = <pv f(tv xz, {uv Uxm\l})> + L(t> x, {U; vxm\l}) .
We endow the set of state feedbacks with the topology of L' and assume:
Hypothesis B.1

1. The function ¢ — G(¢, 1)) is, for all 1) quasi convex with a unique minimum
and differentiable.

2. there exists a positive number [3 such that,
VM €N, Vg, x, b € A, Yu € [0,1]
GM((1 =)o+ px,¥)) >
s

(1= wGY (6.9) + nGM (x.9) = Sl = w)Ju— vl

If ¢ — GM (¢, %) is of class C?, this is equivalent to
¥, x, v € A, [(DuG(e,¥)x x) < BlIxl*.

3. For all M and 1, the map ¢ +— D1GM (¢, ®) is locally invertible in a
neighborhood of zero with an inverse locally uniformly Lipshitz of modu-
lus v. If (¢,70) — GM (¢, %) is of class C?, it suffices that the operator
D11G(¢,9) + D12G(0, ©) be onto, with an inverse uniformly bounded by a
positive number .
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With this set of hypotheses, too abstract at this stage, we can prove the conjecture
3.1. We first prove a simple lemma.

Let IP be the probability structure induced by the entry process in the original
problem, E the mathematical expectation in that probability law, P the probabil-
ity law induced by the modified problem with A* = 0, and EM the mathematical
expectation in that law. We prove the following lemma.

Lemma B.1 Let X (w) be a bounded random variable measurable on the sigma-
field generated by the entry process. EM X converges to EX as M goes to infinity.

Proof In the original problem, let O be the set of events for which m(T) < M
and )/ the complement: events such that m(7") > M. These sets belong to the
sigma-field generated by the entry process. We have

E(X) = QMX(w)dIP’(w)—i— ; X (w) dP(w)

and similarly for EM X . Now, both laws coincide over Q. Therefore

EX —-EMX| = i X(w)d(IP’(w)—PM(w))‘
< sup [X(w) (P(Qur) +PM () -

Notice finally that P(QM) = PM(QM), and therefore for their complements:

(AT)M

P(Qu) = PY(Qn) = P(m(T) > M) < M

which goes to zero with M. As a consequence, E* X converges to EX as M goes
to infinity. 1

Let M < N be two integers. Let 0 and " be the equilibrium feedbacks
of the modified problems G™ and G respectively. Using the lemma, we see that
given a positive number ¢, there exists an integer K such that for any M and N
lager than K, and any ¢,

IGM (0, ™) = GN (0, V)| <.
It follows that

Yo, GM (0, o) > GN(p, ™) — e > GN (N, V) —e > GM (N, o) — 2¢.
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From the fact that GM (o™, ©™V) is close to the minimum in ¢ of GM (¢, ™) and
hypothesis 2, we may derive that

ID1GM (™, ™M) < 24/ Be.
On the other hand, D1 GM (oM, M) = 0. From hypothesis 3 we conclude that

[N — M| < 2v4/Be.

Hence the sequence {(©*} is Cauchy, and thus converges to some *. Hence the
V™M converge, and because all satisfy the P.D.E. they converge in C'.

The hypotheses B.1 can be made mode concrete with the following approach,
only sketched here. We consider again the system of partial differential

pW™ (t,z) = W (t,x) + H™ (t,z, W' (t, z),u,v)
AWt ) — WMt )]
W™T,z)=0.

When we set furthermore, for all (t,x) € [0,T] x RY, WM+1(¢ ) = 0 in the
system above, this uncouples the equation for W from the other ones, and allows
one to consider the system in decreasing order of m as a finite sequence of P.D.E’s.
We denote with WM such a family of solutions with m < M.

Choose a pair of admissible state feedbacks ¢ and 1. Consider the above sys-
tem with, for all (¢,z), u = ¢™®(t,x) and v = ¢Y™® (¢, x). It follows from
the analysis of the previous subsection that a viscosity solution exists and that, if
z(ty) = xp,

WM (b, ) = G (6,1))
And the V™M (¢, 2 are the equilibrium values for a uniform equilibrium, obtained
for ¢(t,x) = ¢(t,z) = M (t, ). We will use the shorthand notation u™ (respec-
tively ©'V) in the equations. As a consequence, for instance

VMt 2 () = G (M, M) = min G (¢, 9™).
It follows that each gom‘M minimizes the criterion S™ (36), and that, for M and N
large enough, [W™M — 1IN is smaller than an arbitrarily chosen e. Let
H™(t,2,p,u,0) = L™ (t, 2, {u, 0™ '}) + (p, f™(t, 2, {u,v*™\})) .

The second derivative version of hypothesis B.1.2 derives from the standard second
variation theory and the hypothesis that the solution y(¢) of the linear differential
equations

y = Daf™(t,z, (" (t,2))™)y + Du, f7 (¢, 2, (™ (¢, 2))*™)w(?)
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and the second derivative

Doo H™ DogH™
DyoH™ DysH™

are uniformly bounded. Then we conclude that the L°° norm
DL H™(t, 2, WM (2, 2), 0 0 | o
is less than 2+/3¢, and that thus the equation
Dy H™(t, WM (¢, 2),u,u) = 0

has a solution u* close to u*, leading to the conclusion that the sequence {*}

is Cauchy and thus convergent.
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