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Abstract

Uncertainty has been studied a lot in both control theory and game theory. Especially in control theory,
how to use feedback to deal with uncertainty is the core problem. The paper initially explores dynamic games
with dynamic uncertainty from the perspective of control theory. As a starting point toward investigating the
problem, the easy-to-understand boolean dynamic game described by a boolean mapping f is selected and the
dynamic uncertainty is represented by a set of boolean mapping F. All game participants know the dynamics of
the system f is in F but do not know which one it is. To get some initial insight to the problem, it is formulated
as a Bayesian game. Some results of the existence and computation of the Nash equilibrium are given in the

paper.

1 Introduction

Incomplete information has been widely studied in both control theory and game theory, because incomplete
information appears in a large number in practice. In the classical dynamic games with incomplete information
[1], the rational agents have the uncertainty about the preferences of the other players which fundamentally affect
the agents’ strategic behaviours. In these game, the nature first choose the types or preferences of the players
and then the agents choose their strategies to maximize their own payoff functions (More details can be seen, e.g.,
[2, 3, 4] and references therein). In control theory, the primary objective of feedback a basic concept is to reduce
the effects of the plant uncertainty. And the relationship between structure uncertainty and feedback mechanism is
a longstanding fundamental issue in control theory [5]. There are some fundament results about this relationship
in the literature (see, e.g., [6, 5, 7, 8]).

The concepts of strategy in game theory and feedback in control theory are essentially the same, which are the
mappings from information set to action set. Therefore, the methods in these two fields may be used for reference by
the other party. In this paper, we deal with the Nash equilibrium of the dynamic games with dynamic uncertainty
from the perspective of control theory. We assume that the dynamic of the system is described by a function f from
the state and the control of the rational agents spaces to the state space. The dynamic uncertainty is described by
a functions set F. All game participants know the dynamics of the system f is in F but do not know which one it
is. As a starting point toward investigating the problem, the easy-to-understand boolean dynamic game described
by a boolean mapping f is selected and the dynamic uncertainty is represented by a set of boolean mapping F.
First we will consider the optimal control problem of this uncertain dynamic systems, and then the corresponding
results will be used to analysis the Nash equilibrium of the dynamic games with dynamic uncertainty.

The rest of the paper is organized as follows. In Section 2, the optimal control with dynamic uncertainty is

formulated and the optimal control of the finite-horizon and infinite-horizon of the problem are given. In Section
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3, the dynamic game with dynamic uncertainty is formulated and the Nash equilibrium of the finite-horizon case is

given. Section 4 will conclude the paper with some remarks.

2 Optimal control with dynamic uncertainty

2.1 Problem formulation

Consider the following optimal control problem. Let X = {1,--- ,n}, U ={1,--- ,m}, FC AF = X**U be a
non-empty subset, and py be a probability distribution on F'. The dynamic of the system is described by

z(t+1) = fz(t),u(t)),

(1)
z(0)=a20€ X, t=0,---, T —1,

where f is an unknown function, but the controller knows that f € F and its probability is po(f). The payoff

function is
T—1
J(u(-)) = K(x(T)) + Y _ S(z(t), ult)). (2)
t=0

The controller wants to maximize the expectation of the payoff function.
We assume that the controller can observe the system state at any time ¢. Define the history at time ¢ as

Hy = {(x0,u0)," -, (xt—1,us—1), 7} and the history as H = Ue[p—1)H;. Hence, the admissible controls set is
U=U"={u= (w(t))terr—y : H = U} (3)

Here we only consider the deterministic control strategies.

2.2 Results

The section we will give the characterization of the value function and optimal control.

First, we consider the finite-horizon problem, i.e., T' < +oo. In this case we know that the optimal control
problem is well-defined, because the admissible control strategies are finite and the value of any admissible control
is finite.

Define V (¢, z, p) is the optimal value when the system starts from time ¢, state x, and the probability distribution
on F'is p. By the fact above we know that the value function exists. If at time ¢, the system state is x, probability
distribution on F'is p, and the state at time ¢+ 1 is y when the control input is u, then we can get that the posterior

probability distribution on F' at time ¢ + 1 is p(z, y; p, u) which can be calculated by the following:
L If p(f) = 0, then p(z,y; p,u)(f) = 0;
2. If p(f) # 0 but f(z,u) # y, then p(z,y; p,u)(f) = 0;
3. Denote all the function which do not satisfy 1 and 2 as set F'(t 4+ 1). For any f € F(¢t + 1),

p(f

p(z,yip,u)(f) = o
Z?eF(tH)p( )

Because f € F', we know that F(¢t + 1) # 0, p(x,y;p,u) is well-defined.

Now we can get the principle of optimality theorem as follows.



Theorem 1 The value function V (t,x,p) satisfies the equation
V(t, z(t),p) = ng{s(x(t), u) + ;{u(x(t),u, yip)V(t+ Ly, p(2(t),y;p, U))}7 (4)
y
and V(T,x,p) = K(x), where u(z,u,y;p) = ZfeF)f(m)u):y p(f). The optimal control u* can be get by the following:
u*(t, z(t), p(t)) = arg W[}ax{s(x(t),w + ) (), u,ysp)V(E+ 1,y,p(2(t), y; p, u))}, (5)
ue
yeX

where p(t) = p(ax(t —1),z(t);p(t — 1),u(t — 1)) when t > 1 and p(0) = py.
Proof: This can be proved by the dynamic programming method and we omit here.

Remark 2.1 From the above theorem, we can calculate the value function V (t,x,p) going from backward. Hence,

we can get the optimal value of the original problem and the optimal control.

Remark 2.2 We should note that the control strategy is not stationary, the control u(t) at time t depends on all
the inputs and states before time t. This because the controller have to identities the system dynamic f. This is

different form the classical optimal control.

If the system degenerates to complete information, i.e., the prior probability po belongs to the set {e1, - -, e|F|} €

RI¥ ‘}, then we can verify that Theorem 1 degenerates to the classical principle of optimality.

Corollary 2.1 If po(f) = 1 for some f € F, then Equation (4) in Theorem 1 can be simplified to the following
form:

V(t o) = mag{ S(a(t), u) + V(t+ 1, f((t), ) }, (6)

uelU
which is the classical principle of optimality.

Proof: Because po(f) = 1, we get that u(z,u,y;p) = 1, p(x(t),y;p,w)(f) =1 and p(z(t), y;p,u)(f') = 0 for all
other function f’ € F.

If the time is infinite, what is the optimal control?

Consider the infinite-horizon optimal control problem and assume that the system dynamic model is the same

as (1), but the payoff function is
J(u(-) =Y a'S(a(t), ult)). (7)
t=0

where a € (0, 1) is the discount factor.

First we know that the payoff is finite for any control strategy, because X and U are finite set and
1> alS(a(t),ult) <> al|S((t),ult) <> 'K < oo
t=0 t=0 t=0

Now we give a similar principle of optimality of the infinite-horizon case.

Theorem 2 The following equation has a unique solution V*(x,p):
V(a.p) = maz{S(,u) + a Y ule,u,y:p)V (g pla.yip,u)) }. (8)
yeX
where the probability distribution p is calculated as follows:
pu(z, u, y; p) = p(f). (9)
fEF, f(z,u)=y

The optimal control problem (1) and (8) has a solution and its value function is V*(z,p).



Proof: First, we proof Equation (9) has a unique solution.
Let B(X x A(AF)) be the set of all bounded functions on compact set X x A(AF) Define the following

operation:
T:B(X x A(AF)) = B(X x A(AF))

T(v(x,p)) = mag{ S(x.u) + a Y plwysp)oly. pla. yip,w) }.
yeX

(10)

It is obvious that the operator is well-defined.
(1) T is monotonous, i.e., for any u < v, we have T'(u) < T(v).
Because for any v; < vs,

S(z,u) +a > pla,u,y;p)vi (v, p(z, yi p,u))
yeX

< S(a,u) + oy ple,u,y;p)va(y, pla, v p, u)),
yeX
we have T'(v1) < T'(v).
(2) For any constant ¢ € R and v € B(X x A(AF)), it is easily to prove that T'(v 4+ ¢) = T'(v) + ac. Because

v1 — [[v1 = vallee < V2 < w1+ |Jvr — V2|0o, We have

T(v1) — aflvr = v2)lee = T(v1 — [lv1 — va|)
< T(ve) < T(v1 + [Jv1 — v2llo)
= T(v1) + afjvy — V2|,

and so we get —al|v; — va|loo < T'(v2) — T'(v1) < afjvr — v2]|0o- It means the following relation holds:

[T(v1) = T(v2)l[c0 < allvr = v2loo,

i.e., T is a contraction operator on Banach space B(X x A(AF)). Hence, there is a unique bounded function
V* € B(X x A(AF)) that satisfies T'(V*) = V*, so Equation (9) has a unique solution.

By the dynamic programming and V*, we can construct a control strategy u* as follows:

w (4,2 (8),p(1)) = arg maz{ S(z(t), u) + D p@(),u, 3 )V (g, p@ (), y:p,w) |,
uelU yeX

where p(t) = p(x(t — 1), 2(t); p(t — 1), u(t — 1)) when ¢ > 1 and p(0) = po. It is easy to verify that u* is an optimal
control.

The proof is complete.

For the infinite time optimal control problem, we can give some properties of the optimal control strategy.

Theorem 3 For any prior probability po and initial state o, if {u;(-) : t > 0} is an optimal control and {p;(-) :
t > 0} is the corresponding probability estimation, then there is a sufficient large time LT and p € A(F) such that

p; =p for anyt > LT and uj is periodic variation or remain unchanged.

Proof: If there is not uncertainty, by the finite of the state and control spaces, the optimal control v} is periodic
variation or constant. Because the possible dynamics f are finite and p; changed only if some possible functions
are excluded, there must exists LT > 0 and p € A(F) such that p; = p for any ¢ > LT. No possible functions are
excluded after time LT and the system dynamics are deterministic on the optimal trajectory. Hence after time LT,

the optimal control has the same properties as in the deterministic case.

Remark 2.3 We should note that the controller may not know the true dynamic of the system all the time, but he

will constraint his control set under which he know how the system responds.



3 Dynamic games with dynamic uncertainty

3.1 Problem formulation

Now we consider the dynamic games with dynamic uncertainty with L players. Let X = {0,--- ,n}, U; =
{0,-+- ,m}(i=1,---,L), U = HiLzl U;, F ¢ XX*U be a non-empty subset, and py be a probability distribution

on F. The dynamic of the system is

"E(t+ ]-) = f(x(t)vul(t)v T ,uL(t))a

(11)
2(0)=z0€ X, t=0,--- T —1,

where f is an unknown function, but the controller knows that f € F and its probability is po(f). The payoff

function of player 7 is
Ti(ui(-),u—i(-)) = Ki(2(T)) + Y Siw(t),ui(t),u—s(t)). (12)
t=0

Each player wants to maximize the expectation of its own payoff functions. All the information of the game is
common knowledge. Denote the game as G(0, zg, po).

We assume that each player can observe the system state at any time and the actions of all players before this
time, i.e, the only incomplete information is system dynamic f. At each time ¢, all players act in a predetermined

sequence. In this case, how about the Nash equilibrium and how to calculate it when it exists?

3.2 Results

Just like the finite game, there may not be Nash equilibrium when we only consider the pure strategies. Hence,
we use mixed strategies whose definition is obvious. This is a dynamic game with dynamic uncertainty and we use
the concept of subgame perfect Nash equilibrium.

Define the subgame G(t, z, p) as the game whose payoff functions are the same as (13) and the dynamic is the
same as (12) but the start time is ¢, start state is  and the probability distribution on F is p. Denote V;(t, z, p) as

the value of agent i if the game G(¢, z,p) has a unique subgame perfect Nash equilibrium.

Theorem 4 The dynamic game with dynamic uncertainty of dynamic has at least one subgame perfect Nash equi-

librium.

Proof: We will find one Nash equilibrium by backward induction on the dynamic game.
First, we consider the last stage subgame G(T — 1, z,p). This is a classical incomplete static game where the nature
first randomly choose a function f from set F' according to probability p and then the players choose their own
control. Hence, there is at least one Nash equilibrium of game G(T — 1,z,p). We choose any one of them and
denote V;(T' — 1, z,p) as the value of agent ¢ of this equilibrium. At time 7' — 2, the players face a dynamic game
G(T — 2,z,p). According to the backward induction method, we can transform the dynamic game to a classical
incomplete static game G(T —2,z,p). The same as game G (T — 1, x, p), the nature first randomly choose a function
f from set F according to probability p at game G(T — 2, x,p). Player i’s payoff function of game G(T — 2,x, p) is

constructed as follows.
Ti(wsu i T —2,2,p) = Siw,wi,us) + Y plw,u,y;p)Vi(T — 1Ly, p(x, y; p, w)) (13)
yeX
where v = (ug, -+ ,ur), p is calculated as

ple,wyip) = > pf) (14)

fer:f(z,u)=y



and p(z,y;p,u) can be calculated by the following;
L. If p(f) = 0, then p(z,y; p,u)(f) = 0;
2. If p(f) # 0 but f(z,u) # y, then p(z,y;p,u)(f) = 0;

3. Denote all the function which do not satisfy 1 and 2 as set F(t + 1). For any f € F(t + 1),

p(f)
plz,yipu)f) = =—— -
Z?ep(t+1) p(f)
The the actions are observable for any players, so the payoff functions is well-defined. Game G(T — 2, z,p) and so
game G(T — 2, z,p) has at least one Nash equilibrium. We choose any one of them and denote V;(T — 2, z, p) as the
value of agent i of this equilibrium. Using the same argument, we know that subgame G(t,z,p) has at least one

Nash equilibrium for any ¢t € {0,1,--- ,7 — 1}. Hence, the proof is complete.

4 Conclusion

In this paper, we have investigated the optimal control problem and dynamic games with dynamic uncertainty.
The motivation for studying the games comes from rich situations in the real world, where the rational agents
or controller do not have all information about the system dynamics. The study hope to shed some light on the
relationship between the Nash equilibrium and the dynamic uncertainty. In this paper, we have first study the
optimal control problem with dynamic uncertainty, and then using the corresponding results to investigate the
dynamic games with dynamic uncertainty. The existence and calculation of the Nash equilibrium have been given
by using dynamic programming. It is obvious that there are many interesting questions to be studied such as the

continuous state and control spaces.
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