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Abstract. We present a method for the characterization of subgame-
perfect Nash equilibria being Pareto efficient in a class of differential
games. For that purpose, we propose a new approach based on new
necessary and sufficient conditions for computing subgame-perfect
Nash equilibria.
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1. Introduction

In the economic literature, there is a large number of papers where
interactions between the decisions of the economic agents arise. One inter-
esting subject is when these interactions can lead to an efficient solution,
without the consideration of binding agreements between the agents.

In Ref. 1, Friedman states that it is not known whether the noncooper-
ative outcome is Pareto efficient. The aim of this paper is to establish neces-
sary and sufficient conditions giving an a priori characterization of the
Pareto efficiency of feedback Nash equilibria for differential games with
unidimensional state and control variables and where each control is a
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smooth function of the state and time variables. To this end, we propose a
new approach based on the characterization of feedback Nash equilibria as
solutions to a system of quasilinear partial differential equations as shown
in Ref. 2. It is well known that, in general, the use of feedback strategies in
noncooperative games prevents the attainment of efficient outcomes. To our
knowledge, there are not necessary and sufficient conditions in the literature
to be applied to general differential game models that allow the determi-
nation of whether the feedback Nash equilibrium is or is not a Pareto opti-
mum. This paper is devoted to establishing this type of conditions.

2. Game Description and Characterization of Subgame-Perfect Nash
Equilibria

We consider a two-person nonzero-sum differential game over a fixed
time interval,

t
max [Ji(to,xo,ul,uz)ZJ Li(t,X,Ul,Uz)dtJFSi(tf,X(tf))}, (1)
u' to
st x=f(t, x u",u?),x(t) = X, )
u'(t)0U’,  OtOt, t:], U" an open subset of R, (3)

fori=1,2. Here, the functions L', f, S' are assumed to be twice continuously
differentiable. We denote by x the state variable of the game, and u' rep-
resents the control variable for the ith player. We associate to each u' a
smooth function ¢': [ty, t]x R - U' such that u'(t) = ¢(t, x(t)). We denote

by U’ the set of functions ¢ and U =U "x U 2.

The system

x=f (t’ X, (pl(ts X)’ (ﬁ(ts X))! X(tO) = Xo,

is the closed-loop system associated to the pair of feedback strategies
(@, @)

We remit the reader to Ref. 3 for the definitions of subgame-perfect
Nash equilibrium and Pareto optimum.

In this note, we use a method proposed in Ref. 2 for computing Nash
equilibria in feedback strategies. This method gives necessary and sufficient
conditions characterizing subgame-perfect equilibria by means of the
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following system of quasilinear partial differential equations:

Hict Hin f+ 3 H'uiuj((p{+(p'xf)+HLi,\i<—H'X— 5 HLj(p’X)ZO,

i=1 j=1
i’j:192> (4)

where H'(t,x,u',u?,A") is the Hamiltonian function associated to the ith
player, defined by

Hi(t,x,u', u>, AN = L'(t, x, u', u?) + AT f(t, x, u', u?),

with A' the costate variable. In Eq. (4), ¢, ¢ are the dependent variables
and t, x the independent variables.

The boundary condition over the costate variable established by the
maximum principle and the expression obtained from the maximization of
the Hamiltonian function provide a complete set of final conditions for the
system (4) given by

LLi(tfaxa ﬁol, qf)—"_fui(tfaxa 47‘5 qoz)si((tfax)zoa i: 152 (5)

In Theorem 4.1 of Ref. 2, we show that, under suitable hypotheses
about the Hamiltonian functions, a classical solution @ of system (4)
becomes a subgame-perfect Nash equilibrium of the differential game. That
is, this system gives a set of conditions not only necessary, but also sufficient
for optimality. Furthermore, in the infinite-horizon case, the condition

Jlim ©@y/M0M-FILAE Y, ot y®) =0,  i=1...,N,  (6)

where Yy =1(s, Y, Ep) and y(t) = x, implies that ED is a subgame-perfect Nash
equilibrium.

3. Necessary and Sufficient Conditions for Pareto Efficiency of a
Subgame-Perfect Nash Equilibrium

From now on, we center our attention on the statement of the necessary
and sufficient conditions for Pareto efficiency of subgame-perfect Nash
equilibrium.

Theorem 3.1. Let EpDU be a smooth subgame-perfect Nash equili-
brium of the game (1)—(3), with f.(t, x, ¢)20. Let H' be of class C ? with
respect to (u', u*)OU for all tJ[0, t;] and XxOR. If @is Pareto optimum, then
there exists i0{1, 2} such that, for all jO{1,2}, j#i,

(Lbify = L) exan = O, for all tO[to, t; ], x OR. (7)
Proof. See Ref. 4. O



Remark 3.1. The concavity of the Hamiltonian H' with respect to
variables (u',u”) guarantees that the necessary condition (7) for the ith
player is sufficient too. If condition (7) is satisfied for i = 1, 2, together with
the supplementary hypothesis of the Hamiltonians H', i = 1,2, being con-
cave with respect to all the control variables for all t, X, then the subgame-
perfect Nash equilibrium is an absolutely cooperative solution. On the other
hand, let us observe that condition (7) is fulfilled for zero-sum games and
team problems.

Our purpose now is to establish sufficient conditions for Pareto
efficiency of a subgame-perfect Nash equilibrium. We denote by u®=
O(t, x, u') the necessary relation (7) between the strategies of the two play-
ers. By replacing this relation in (4), we obtain an overdetermined system.
We look for conditions ensuring the existence of solutions to this system. To
this end, we introduce the following notation for the two partial differential
equations that arise from (4) once we have substituted u” = O(t, x, u'):

Fit,x,u',p, q) = ai(t, x, u")p+bi(t,x, u" g +ci(t, x, u"), i=1,2.
Here,

p=u,  g=u,
and

a; = Hy+Hyii0,,

bi = Hiw f+ HiiO, f—fiH 10,

Ci = Hu+ His f+ Hiwi (@ + O, F) —fui(Hy+ Hyi©)).
All functions are evaluated at (t,x,u',O(t x,u')) and A'=-f]'Ly.

Assuming that

a, b
a b,

a b -c
[2] ) [az bz] [_ CJ. ®)
We denote by [F,, F,] the expression
0(F1, F2)/0(x, q) +p(d(Fy, F2)/a(u', p))
+0(F1, F2)/0(t, p) +q(a(Fy, F»)/0(u', q)),

once we have replaced p, q by their expressions given by (8).

A= Z0, for all t, x, u',

then



Theorem 3.2. Suppose that the following conditions are satisfied:

(C1) The pair (601, ©) is a smooth feedback Pareto optimum of prob-
lem (1)—(3), such that f,(t, x, @', ©)Z0.

(C2) [F,R]= O;

(C3) The pair (¢',0) satisfies the final condition required in (5)
associated to problem (1)—(3).

(C4) For all u'0OU", u*0U> tO0, t], x OR,

H'(tx ¢, 0.T)>H'(tx ¢, v’ "),
H(tx, ¢, 0,7 ) > H(t, x, u',©,?),
where I equals —f 'Ll evaluated at (t, x, Ep', 0),i=1,2.

Then, (@', ©) is a subgame-perfect Nash equilibrium.
Proof. See Ref. 4. O

Remark 3.2. As we did in Remark 2.1, when an infinite horizon is
considered, the final condition (C3) in Theorem 3.2 must be replaced by the
sufficient transversality condition (6).

Remark 3.3. When A#0 and the compatibility condition (C2) stated
in Theorem 3.2 is not fulfilled, then the Pareto optimum cannot be a Nash
equilibrium. In fact, [F,,F,]=0 is a necessary condition for efficiency of
the Nash equilibrium. This provides a negative criterion based on a full
computational method. When A = 0 and the equations F;, =0, F, = 0 are not
such that one implies the other, then there is no common solution to the
equations.

4. Application to a Monetary and Fiscal Regulation Differential Game

We are aware that the efficiency of Nash equilibrium is a very rare
property; in fact, there are few examples in the economic literature. How-
ever, this property can be found in the familiar linear—quadratic differential
games, as the following example shows.

Example 4.1. We consider a two-person scalar linear-quadratic
differential game as proposed and analyzed in Ref. 5. In this model, the
government debt accumulation d is the sum of interest payments on govern-
ment debt rd plus primary fiscal deficits f minus seignorage m,

d=rd+f-m, d(0) =d,.



In that paper, the authors assume that fiscal and monetary policies are con-
trolled by the fiscal authority and the monetary authority, respectively, with
different objectives. The players wish to minimize the deviations from fixed
targets f, m, d. We suppose that the two institutions wish a balanced budget,
that is to say,

rd+f-m=0.
In this case, the game can be formulated as follows:

t

max(1/ 2)” exp(=3iH)(=(u")* —nu?)* - Ax) dt},

u! 0

t

max(l/Z){J exp(=8,t)(—=(u*)* — kx?) dt} ,

u? 0
s.t. X=rx+u' —u? x(0) =d, —d,
where x=d-d, u'=f-f, uv>=m-m,

and n, A, K are positive constants. Condition (7) for the first player implies

w=0u")=(-1/nu'".

System (4) satisfying the above relation between the strategies of the two
players reads as follows:

uf +ux((1+1/mu' +rx) = (8, —ru' + Ax, )
uf +ux((2+1/nu' +rx) = (6, — u' + nkx. (10)

It can be shown that there is no common solution to (9)—(10) satisfying the
final condition u'(t;, x) = 0 in the finite-horizon game. For that reason, we
center on the infinite-horizon case because there is no necessary trans-
versality condition for optimal strategies. Since the problem is autonomous,
stationary strategies are considered.

In order to test if there is some solution to system (9)—(10) satisfying
the above relation between the strategies of the two players, we make use
of the compatibility condition (C2). For this game, it appears as a homo-
geneous polynomial of degree two in the variables X, u', namely,

ax +axu' +as(u')’.
There are only two possible cases.
Case 1. We assume that the identity

A-kn=0



holds. This condition and a; = 0 imply that all the coefficients of the poly-
nomial are zero. It could be proved that there are no common linear solu-
tions to Egs. (9)—(10). Therefore, the compatibility condition guarantees the
existence of at least one solution of Egs. (9)—(10) simultaneously, that is
nonlinear in this case. Nevertheless, for this kind of solutions, the fulfilment
of the transversality condition (6) is not guaranteed. Therefore, we cannot
assure that the solution is a Pareto efficient Nash equilibrium.

Case 2. When
A —kn#0,
but
6,=0,=0=2r and A+2An—-kn-kn>=0,

the polynomial is identically null. When nk —A >0, the common solutions
independent of time of Egs. (9)—(10) are

u'(¥). = £(/nk =A)|x|,

and the unique strategy that can make stable the dynamics is
u'(x) = —(Vnk —A)x.

Condition (6) is verified if
r—(1+1/nvnk —A<0.

The concavity of H' with respect to his or her own control variable u' is
ensured. As we pointed out in Remark 4.1 in Ref. 2, this assures the fulfill-
ment of (C4) of Theorem 3.2. Moreover, the Hamiltonians H' and H? are
strictly concave in the variables (u',u?) and U’ respectively, that makes
applicable Remark 3.1, assuring the Pareto optimality of the pair (u', (-1/
nu'). Consequently, all the conditions listed in Theorem 3.2 are fulfilled.

Even though we have shown our method for a linear-quadratic
differential game, let us note that our technique applies to more general
models. The method presents a very useful computational advantage that
allows one to handle nonlinear models.
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