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Abstract—We address the problem of strategically supported cooperation for linear-quadratic
differential games with nontransferable payoffs. As an optimality principle, we study Pareto-
optimal solutions. It is assumed that players use a payoff distribution procedure guaranteeing
individual rationality of a cooperative solution over the entire game horizon. We prove that
under these conditions a Pareto-optimal solution can be strategically supported by an e-Nash
equilibrium. An example is considered.

DOI: 10.1134/S0005117917020151

1. INTRODUCTION

Situations are often encountered where consideration of games with transferable payoffs imposes
excessive constraints. It may happen that players cannot redistribute (or cannot transfer without
losses) their payoffs obtained in the course of the play. This could be caused by several reasons;
for example, lack of a common medium of exchange, restricted or forbidden transfers. In the
present paper we consider linear-quadratic differential games with nontransferable payoffs. As a
cooperative optimality principle, we suggest to consider a Pareto-optimal solution, which does
not assume payoff distribution among players. Since the game evolves in time, even if at the
beginning of the game a Pareto-optimal solution satisfies the condition of individual rationality,
later on this condition can be violated. To avoid such a situation, we use the time-consistent payoff
distribution procedure proposed by L.A. Petrosyan [8]. It is found that in this case the outcome
of the cooperative agreement is attained at some Nash equilibrium, which guarantees strategic
stability of the cooperative solution [2].

2. PROBLEM SETTING

Consider a linear-quadratic nonantagonistic n-person differential game I'(tg, z9) whose state at
each time instant is characterized by a vector z(t) changing in time according to the system of
equations

n
x(t) = Ax(t) + Z Biu,(t), z(to) = zo, (2.1)
i=1
where x € R™ is a column vector; a column vector u; € R" is the control of player ¢, i = 1,...,n;

A and B; are matrices of sizes m x m and m X r, respectively; x(ty) = x¢ is the initial state.

Denote by N ={1,...,n} the set of all players. The payoff of player i € N is denoted by
Ji(to, xo,u), where u = (uq,...,uy,).
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We assume that the payoff of player ¢ is of the form

o0

L%wmm:/(ﬂmaaw+ﬁammﬂnﬁ, (2.2)

to

where P; are symmetric positive semidefinite m x m matrices and R; are symmetric positive definite
r X r matrices, i = 1,...,n. Each player wants to maximize his payoff. Players’ payoffs are assumed
to be nontransferable.

Players choose their strategies in a class of admissible strategies.

Definition 2.1. A set of strategies
{ui(t,z) = M;(t)z, i =1,...,n} (2.3)

is said to be admissible if
Mz‘,la for t € [to,ti)
M; o, fort e [t;,00),

M;(t) = {

are piecewise constant matrix functions with at most one discontinuity point ¢; and the systems

¢®=@+i&M%@ (2.4)

=1

are asymptotically stable. Here {M Tyeee, M n} are all collections of constant matrices M; with
values M; 1 or M; .
By an asymptotically stable system we understand a system all solutions of which are asymptot-

ically Lyapunov stable. According to [1], a homogeneous linear differential system with a constant
matrix is asymptotically stable if and only if all eigenvalues of its matrix have negative real parts.

Note that for a one-player problem, an optimal solution in the class of controls with constant
matrices M; coincides with an optimal solution in the class of controls with piecewise constant
matrices M;(t). Likewise, Nash-equilibrium strategies for the considered classes of strategies in
an n-person game also coincide. However, introducing admissible strategies in this way, we allow
the players to deviate from a trajectory chosen at the initial time, which might be actual if the
considered cooperative optimality principle will happen to be time-inconsistent.

As an optimality principle in the cooperative game I'(¢g, z(), we consider Pareto-optimal solu-
tions [9].

Definition 2.2. A collection of strategies u* = (uj,...,u}) in the class of admissible strategies
is said to be Pareto-optimal if there is no admissible collection u of strategies for which

Ji(to,l‘o,u*) 2 Ji(to,l‘o,u), = 1,...,’1’L,

where at least one of the inequalities is strict.

Let the players agree to use a weight vector
n
(1,...,00): 0<a; <1, Zaizl,
i=1

for finding an optimal solution.
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Then (see [6]) optimal strategies of the players can be obtained as solutions of the following
minimization problem:

min Zaz (to, xo,u (2.5)
(Wt yeeeyttn) i1
Let
(ug,. .. up )—arg( min )Zaz i(to, o, u), (2.6)
Ylotind i1
J*(to, zo,u Zaz i(to, o, u
* = Zai*PZW
i=1
OélRl @) 0)
Ra _ O OéQRQ 0)
O O ... a,R,
Then
J(to, z0,u) = / (=" Pox(t) + u” ()R u(t)) dt. (2.7)
to

Finding a Pareto-optimal solution reduces to the linear-quadratic optimal control problem (2.1)—
(2.5) with a single control u(t).
According to [4], optimal strategies are of the form

where M is the ith block of the matrix M* = — (R*)~' BT@2, and ©“ is a solution to the matrix
equation

ATO + 04 -0B(RY)'BTO + P =0, (2.8)
where B = (By, ..., By).
Then a cooperative trajectory x®(t) can be found by solving the system

+ ZB u to) = Xy. (29)

Players’ payoffs under cooperation are

o0

Je (om0, u) = [ (@) Ra(®) + (u? () Riuf (1)) de. (2.10)

to
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3. INDIVIDUAL RATIONALITY

In games with nontransferable payoffs, time consistency of a cooperative solution reduces to
validity of the following conditions:

1. Distribution remains Pareto-optimal in subgames along a cooperative trajectory;
2. Individual rationality condition is satisfied over the whole game horizon.

If, when finding a Pareto-optimal solution, players choose one and the same weight coefficient
« for the whole game, condition 1 is satisfied. Therefore, analysis of dynamic stability of a Pareto-
optimal solution reduces to checking the individual rationality condition, i.e., condition 2. We
say that a Pareto-optimal solution is individually rational if every player does not lose under this
outcome as compared to his payoff in the Nash-equilibrium situation.

There exists a vector « such that at the beginning of the game I'(tg,zp), on a cooperative
trajectory x®(t), the individual rationality condition for a Pareto-optimal solution is satisfied [10]:

Jf‘(to,xo,uo‘) < V;(to,l’o), 1= 1,. .o, n. (31)

Here Vj(to, xo) is the payoff of player i in the Nash-equilibrium situation [7] in the game I'(¢g, xq).
However, it may happen in the course of the play that at some time [, [ > tg, the individual
rationality condition will not hold for some player ¢ € V:

J& (L (1), u™) > Vi(l,z%(1)).

Here V; (I, 2%(1)) is the payoff of player i in the Nash-equilibrium situation in the subgame I'(, 2*(1))
starting from state x®(1).

To avoid instability of a Pareto-optimal solution, we use the payoff distribution procedure pro-
posed by L.A. Petrosyan [8].

Definition 3.1. A vector function 5(t) = (51(t),...,Bx(t)) is called a payoff distribution proce-
dure [8] if

Ji(to,xo,u):/ﬂi(t)dt, i=1,....n (3.2)
to

Definition 3.2. A Pareto-optimal solution is said to be dynamically stable [8] if there exists a
payoff distribution procedure 3(t) such that the individual rationality condition

/ﬁi(t)dtSVi(l,xa(l)), Vi>to, i=1,....n, (3.3)
l

is satisfied, where V;(l,z%(l)) is the payoff of player i in the Nash-equilibrium situation in the
subgame I'(l,2*(1)). Such a payoff distribution procedure is said to be time-consistent.

Let condition (3.1) be satisfied for some Pareto-optimal solution. Then there exist functions
n;(t) < 0 such that

T2 (o, 20, u®) — Vi(to, ) = / ni(0) dt. (3.4)
to

In [8], a payoff distribution procedure was proposed for differential games with nontransferable
payoffs, which allows to avoid instability of a Pareto-optimal solution.
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Theorem 3.1 [8]. If for some Pareto-optimal solution we have
Jia(t07m07ua) S ‘/:i(t07x0)7 1= 17"'7”7

then the payoff distribution procedure B(t) of the form

d o ,
dt‘/;(tﬂx (t))7 1= 17 ALY (35)

guarantees dynamic stability of this Pareto-optimal solution along the whole cooperative trajec-
tory x®(t). Here n;(t) < 0 are functions satisfying (3.4).

Bi(t) = mi(t) —

According to [5], a Nash equilibrium in the considered game (2.1), (2.2) is an admissible collection

of strategies {usE(t) = MNPy i=1,... ,n}, where

M~ —(R) B0,

)

@ZN E being a solution of the system of matrix equations

T
-1 pT -1 T
(A - Z B;R; ' B] @j) 0, +6; (A — Z B,R; ' B] @j) (3.6)
J#i j#i
—@ZBZ(RZ)_lBZT@Z—I-PZ =0, 2=1,...,n.

Then

Vi(to, z0) = (z0)T ©NFag,

Vi(t, 2% (1)) = (*(t)T 0] P2 ().

The payoff distribution procedure constructed according to the rule (3.5) is of the form

T
Bi(t) = ni(t) — (ma(t))T< <A +> BiMz-]VE) A

1EN

1EN

4. STRATEGIC SUPPORT OF A PARETO-OPTIMAL SOLUTION

Assume that players agree to use a weight vector (aq, ..., a,) such that the individual rationality
of a Pareto-optimal solution holds at the initial time. We also assume that a time-consistent payoff
distribution procedure

[B0dt < Vi w), Vizto, i=1...m, (4.1)
l

is used.

In [2], the problem of strategic support of a cooperative solution was considered. It was proved
that for a special class of differential games a dynamically stable cooperative solution can be
supported by a Nash equilibrium.

Following [2], to punish those who deviate from the cooperative agreement, we consider a special
game I',(to, zp), differing from the original one by players’ payoffs on the cooperative trajectory
only.
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Let J;(to, xo,u) be the payoff of player i in the game T, (to, o).
Then

!
Tito,w0,0) = [ Bi(0)dt -+ Ji(la(1), w)
to
where [ is the last time such that z(7) = z%(7), for all 7 € [tp;t]. This means that at time [ a
deviation from the optimal trajectory occurs. Furthermore,
Ji(to, w0, u) = Ji(to, o, )

if there is no 7 > tg such that z(t) = x%(¢) for to <t < 7.
If z(t) = z“(t) for t > ty, then

Ti(to, 20, u®) — /,Bl-(t) dt = J%(to, w0, u®).
to

Definition 4.1 [3]. A collection of strategies u® = (uj,...,uS) in the class of admissible strategies
is called an e-equilibrium if for any admissible collection of strategies

u® | u = (ug, . U, u, UG, ., u)
and for any player ¢ we have
Ji (to, xo,u | uy) + & > Ji(to, xo, u).
Theorem 4.1. Let the inequalities
I ko, o, u®) < Vi(ko,x0), i=1,...,n,

be satisfied for some Pareto-optimal solution. Then in the game I (to, zo) for any € > 0 there exists
an e-equilibrium situation with players’ payoffs

(Jla(to, Zo, ua), ey Jﬁ(to, Zo, uo‘)) .
Proof. Consider the following strategy of player i in the game I',(¢g, z0):

uf(t) = MPx(t), fort € [to,l + 0), if there exists
I >tyg:x(t) =ax(t), to <t <l

uwt = @;(t) = MNFx(t), the ith component of the Nash equilibrium (4.2)
in the subgame I'({ + §,z(l + §)), if at time [

a deviation from the optimal trajectory occurs,

and at time [ + § player 7 responses to this.

One can show that for each ¢ > 0 there exists §(¢) such that the constructed collection of
strategies is an e-equilibrium in the game I', (¢, x0).

If player ¢ deviates from the optimal trajectory at time [ and after that uses a strategy u; =
Mix(t), and other players response to this at time [ + §, then the payoff of player ¢ is at least

l 1+
/ Bi(t) dt + / (& () P&() + Gl (ORa(t)) dt + Vil + 5,81 + ).
to l
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The second term is nonnegative here, since the matrices P; are positive semidefinite and R; are
positive definite. Hence,

l I+0

/ Bi(t) dt + / (aET(t)PZ-gE(t)—i—ﬂ;fp(t)Riﬂi(t)) dt

to l
V(46,514 6)) > /ﬁi(t) dt + Vil + 5,51 + ).
Here Z(t) is a solution of the differential equation
&(t) = (A + B; M; + Z Bijo‘) x(t), z(l) =z%(1). (4.3)
#i

Furthermore,
~ T ~
Vil +6,2(1 4 8)) = (2°()" (V) 0 Fetan (1),

where A = A + B;M; + Z#i BijO‘.
Note that the matrix A has negative eigenvalues, since players may use admissible strategies
only. Therefore,

lim (Vi(1,2*(1)) - Vil +6,%(1 4 8))) =0,

6—0

and for each € > 0 there exists d(e) such that
Vill,2*(1)) = Vi(l + 6, 2(1 +6)) <«

Then for such a § we have
/ﬂz )dt + Vi(L+ 8, 7(1 + 8)) /ﬂz Vdt + Vi(l,2®(1)) — .

Since the players use a time-consistent payoff distribution procedure, we can choose a vector func-
tion 3(t) so that inequalities (4.1) are satisfied. Then

l l 00
/,Bl-(t) dt + Vi(l,2() — & > /,Bi(t) dt + /,Bi(t) dt — & = J*(to, 20, u”) — €.
to l

Hence, if player i deviates from an optimal trajectory, his payoff will be at least J&(tg, g, u®)—e¢,
and the constructed collection of strategies is an e-equilibrium with payoft J*(to, xo, u®). U

5. EXAMPLE
Consider the two-person game (2.1), (2.2). Let the state of system be described by the equation

2
f(t)—(é ‘1> Z( ) ), alts) = o, (5.1
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and let players’ payoffs be of the form

T (to, o, ) = / <mT(t) (; g) (1) + ;ulT (t)ul(t)> dt, (5.2)
Ta(to, 70, 1) = / <33T(t) (; §> (1) + iu%(t)z@(t)) dt. (5.3)

Let

q1 q2 S1 S2
= , Oy = . 54
<Q2 Q3> 2 <82 83) ( )

To find the Nash equilibrium, we have to solve system (3.6), which in this case takes the form

—(2(1 = 16s1))g1 — 1 + 847 = 0,

—(1—=16s1)q2 — (—1 — 16s2)q1 + g2 — 2 + 8192 = 0,
—(2(~1 — 1652))q2 + 2g3 — 5 + 8¢5 = 0,
—(2(1—8q1))s1 — 1 41653 =0,

—(1—=8q1)s2 — (=1 = 8ga)s1 + s2 — 2+ 165152 = 0,
—(2(~1 — 82))s2 + 253 — 5 + 1653 = 0.

By solving the system, we obtain

ove _ (0 1463 0.2509
0.2509 0.9709

0.2396 0.2557
0.2557 1.2079

MNE (o 5852 1.0036

03" =

)

)
(1 9168 2. 0456) :
) =
) =

V1<t z(t) ()HNE (1),
Va(t,z(t)) = " (£)03 P (t).
If6 = il iz , then, to find a Pareto-optimal solution, we have to solve system (2.8), which
2 T3

in this case takes the form
211 + 1 —23(8/a+16/(1 — a)) = 0,
—21+2—21(8/a+16/(1 —a))xe =0,
—2x9 — 213 + 5 — 235(8/a 4+ 16/(1 — a)) = 0.

Then
1-a?+r+a a(—ad +ra—14a? —r — a + 16)
oo — 8 14« 8(—ad +ra+r+a)
| (=P +ra—1402 —r—a+16) (—a*+ra?+46a° — 41ra — 3302 — 40r — 108 — 32) |
8(—ad +ra+r+a) 16(a? —ra—4a? —r —9a — 4)
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where r = Va4 — 1003 + o2 + 8a.
For a = 0.6, we obtain

g <0.1569 o.22o2>

0.2202 0.9872
Mo = (1.046 1.468) :
Mg = (3138 4.404).

By substituting the obtained values of optimal controls into the system dynamic equation, we
find an optimal trajectory. One can find the payoff of each player along the optimal trajectory:

. . 0.1049 0.1709\ .

. . 0.2349 0.29415)\
Ja(to, o, u®) = (z*(t))" (0,29415 1.1762)95 ®)

If o = <_12>, then

Jl(to,l‘o,ua) — Vl(to,l‘o) = —0.1602 < 0,
Jg(to,l‘o,ua) — Vg(to,l‘o) = —0.2853 < 0.
However, at time ¢ = 0.08
Jr(t, 2 (t), u®) — Vi(t,z%(t)) = 0.055 > 0.
We chose the functions 7;(t) according to the following rule:
m(t) = —0.0207(x (1)) z*(t),
no(t) = —0.0368(z*(t)) Tz (t).

Then
Bilt) = (a*(1))" (23;_1936542 2;2?2) 2°(0),
A e

Using the constructed payoff distribution procedure, the players obtain a strategically stable
cooperative solution.

6. CONCLUSION

In the paper we have considered the problem of strategic support of a Pareto-optimal solution
in linear-quadratic differential games. We have shown that in a game of a special type, which is
constructed with the help of a time-consistent payoff distribution procedure and differs from the
original game in payoffs on the cooperative trajectory only, no individual deviation from cooperation
is profitable for the deviating player. The outcome of the cooperative solution is attained at some
e-Nash equilibrium in this game.
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