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Abstract. In this paper, a finite-horizon two-person Nash equilibrium game for a linear time-dependent
differential system with delays (point-wise and distributed) in the state variable and the players’ control
variables is considered. The behaviour of each player is evaluated by its own quadratic functional to be
minimized by this player. The feature of this game is that a weight matrix of the control in the functional
of one player is singular (but, in general, non-zero). Due to this feature, the game itself is singular.
Using the regularization method and the asymptotic analysis of the regularized Nash equilibrium game,
an open-loop Nash equilibrium solution to the considered singular game is derived. Illustrative example
is presented. Along with this example, two examples on non-uniqueness of open-loop Nash equilibrium
solutions to the singular game are presented.
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1. INTRODUCTION

Differential game is called singular if first-order solvability conditions are not applicable to
its solution. For instance, a zero-sum differential game is called singular if the Isaacs MinMax
principle [1, 2] and the Bellman—Isaacs equation method [1, 3] are not applicable to its solution.
Similarly, Nash equilibrium set of controls in a singular non zero-sum differential game cannot
be obtained by application of the first-order variational method and the generalized Hamilton-
Jacobi-Bellman equation method [3, 4]. All this occurs, because the problem of minimization
(maximization) of a game’s Variational Hamiltonian with respect to a control of at least one
player (a singular control) either has no solution or has infinitely many solutions.

Singular differential games appear in various applications. For example, such games appear
in pursuit-evasion problems (see, e.g., [5, 6, 7, 8, 9]), in robust controllability problems (see,
e.g., [10]), in robust interception problems of maneuvering targets (see, e.g., [11, 12]), in robust
tracking problems (see, e.g., [13]), in biology processes (see, e.g., [14]), in robust investment
problems (see, e.g., [15]).
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Singular zero-sum differential games were extensively studied in the literature in both, un-
delayed and delayed dynamics, settings (see, e.g., [9, 12, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25]
and references therein). Singular Nash equilibrium differential games also were considered
in the literature, but mostly in various stochastic settings (see, e.g., [15, 26, 27, 28, 29] and
references therein). Deterministic singular Nash equilibrium differential games were studied
only in few works. Thus, in [30], a two-person non zero-sum differential game with a linear
second order dynamics and scalar controls of both players was considered. Each player controls
one equation of the dynamics. The players’ infinite horizon quadratic functionals do not contain
control costs at all. The admissible class of controls for both players is the set of linear state-
feedbacks. The notion of asymptotic (with respect to time) €-Nash equilibrium was introduced,
and this equilibrium was designed subject to some condition. In [14], a finite-horizon two-
person non zero-sum differential game was studied. This game models a biological process.
Its fourth-order dynamics is linear with respect to players’ scalar controls, which vary in a
bounded closed interval. The players’ functionals depend only on the state variables, and this
dependence is quadratic. For this singular game, a Nash equilibrium set of open-loop controls
was obtained in the class of regular functions. In [31] and [32, 33], finite horizon and infinite
horizon versions of two-person Nash equilibrium differential game with n-order linear dynamics
and vector-valued unconstrained players’ controls were considered. The cost functionals of
both players in the games are quadratic. The case where both functionals do not contain control
costs of one player was studied. The state-feedback solutions of the games were derived by the
regularization method. It should be noted that all aforementioned works, dealing with singular
Nash equilibrium differential games, studied the games with un-delayed dynamics.

In the present paper, we consider a deterministic finite-horizon two-person Nash equilibrium
differential game. The dynamics of this game is linear and time-dependent. Moreover, this
dynamics have multiple point-wise and distributed delays in the state variable and controls of
both players. The controls of the players are unconstrained. Each player aims to minimize
its own quadratic functional. We treat the case where the weight matrix in the control cost of
one player (the ”singular” player) in its functional is singular but, in general, non-zero. Such
a feature means that the game under the consideration is singular. However, if the above men-
tioned singular weight matrix is non-zero, the control of the ”singular” player, appearing in
the Nash equilibrium solution, contains both, singular and regular, coordinates. Another fea-
ture of the considered game is that the integral parts of the players’ functionals do not contain
quadratic state costs. By a proper linear transformation of the state variable, the considered
differential game is converted to a much simpler equivalent game. This new game also is sin-
gular, while its equation of dynamics does not contains state and controls’ delays any more.
The new singular game with un-delayed dynamics is solved by application of the regularization
approach. Namely, this game is associated with a regular differential game. The latter has the
same equation of the dynamics and a similar functional of the ”singular” player augmented by
a finite-horizon integral of the square of its singular control coordinates with a small positive
weight (a small parameter). The functional of the other (“regular”) player is not changed. Thus,
the regular game is a finite-horizon linear-quadratic partial cheap control game. Like in the sin-
gular game, the integral parts of the players’ functionals in this partial cheap control game do
not contain quadratic state costs. This yields inapplicability of the boundary function method
[34] to asymptotic analysis and solution of the corresponding singularly perturbed problem,
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appearing in the solvability conditions of the partial cheap control game. In the present paper,
another approach to this asymptotic analysis is proposed, yielding an open-loop Nash equilib-
rium solution to the singular game with un-delayed dynamics and, therefore, to the initially
formulated singular game with state and controls delays.

The paper is organized as follows. In the next section, the initial formulation of the singular
differential game with delays in the state and controls variables is presented. The main defi-
nitions also are formulated. The transformation of the initially formulated game to the game
with un-delayed dynamics is carried out. It is shown that the initially formulated game and
the transformed game are equivalent to each other. Due to this equivalence, in the rest of the
paper the transformed game is analyzed as an original singular differential game. In Section 3,
the regularization of the original singular game is made yielding a partial cheap control regu-
lar game. Open-loop Nash equilibrium solution of the latter also is presented in this section.
Asymptotic analysis of this solution is carried out in Section 4. In Section 5, based on the re-
sults of Sections 3 and 4, an open-loop Nash equilibrium solution to the original singular game
is derived. Illustrative example is considered in Section 6. In Section 7, two more examples,
illustrating a non-uniqueness of open-loop Nash equilibrium solution to the singular game, are
given. Section 8 is devoted to conclusions.

The following main notations are used in the paper:

(1) For an n x m-matrix A, (n > 1, m > 1), its norm is defined as: ||A|| 2 i1 ey laijl,
where g;;, (i=1,...n; j=1,...,m) are the entries of A.

(2) The upper index ”T" denotes the transposition either of a vector x (x”) or of a matrix A
(AT).

(3) I, denotes the identity matrix of dimension .

(4) Oy« denotes zero matrix of dimension n x m, however, if the dimension of zero matrix
is clear it is denoted as 0.

(5) L?[t1,12; E"] denotes the space of all functions x(-) : [t1,22] — E" square integrable in the
interval [t),%].

(6) col(x,y), where x € E", y € E™, denotes the column block-vector of the dimension n+m
with the upper block x and the lower block y, i.e., col(x,y) = (xT,y7)T.

(7) diag(A,B), where A and B are matrices of the dimensions n x n and m x m, is a block-
diagonal matrix with the upper left-hand block A and the lower right-hand block B.

2. PROBLEM FORMULATION

2.1. Initial game formulation. The dynamics of the game is described by the following sys-
tem:

N, Ny
=Y Ai(t)z(t — by, +/ (t,7)z(t+7 dr+ZB — hu,j)
i=0
(2.1)
+/ u(t+1n dT]+ZCk v(t —hyk +/ W(t+8)dC+ f(1)

for all t € [0,17], where z(t) € E", u(t) € E", (r <n), v(t) € E*, (u and v are players’ controls);
O=ho<hy1 <..<hyny=hyand0=huo<hy <..<hyn,=hy,0=h,o<h,;<..<
hyn, = h, are given constant time delays in the state and the players’ controls, respectively;
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tr > 0is a given time-instant; A;(¢), (i = 0,1,...,N;), G(¢,7), B;(t), (j =0,1,...,N,), P(t,n),
Cr(t), (k=0,1,...,N,), and Q(z, ) are given matrices of corresponding dimensions; f(¢) € E"
is a given vector.

The initial conditions for the equation (2.1) are given as:

Z(T) = (PZ(T)7 TE [_hmo); Z(O) = Qo,z, (2.2)
u(n) =@u(n), N €[-h,0), (2.3)
v(&)=u(C), €<€[-h,0), (2.4)

where ¢(t) € L?[~h;,0;E"], ¢,(n) € L*[~hy,0;E"], ¢,($) € L*[—hy,0;E®], and @y ; € E" are
given functions and vector.

The functionals of the player ”u” with the control u(¢) and the player v” with the control
v(t) are, respectively,

Lu(u()v(-) = %ZT(tf)Z(lf) + % /Olf ul ()R (1)u(t)dr, 2.5)

and

A v0) = 52 apFele) +5 [V OROv0, 2.6)

where F is a given symmetric positive semi-definite matrix of corresponding dimension; for
any t € [0,#], R,(t) and R, (¢) are given symmetric matrices of corresponding dimensions.

29,9

The player ”u” aims to minimize the functional (2.5) along trajectories of the system (2.1)-
(2.4) by a proper choice of the control u(z), ¢ € [0,1¢], while the player ”v” aims to minimize
the functional (2.6) along trajectories of the system (2.1)-(2.4) by a proper choice of the control
v(t), 1 €[0,14].

We study the game (2.1)-(2.6) with respect to its open-loop Nash equilibrium.

In what follows, we assume:

Al. The matrix-valued functions A;(¢), (i =0,1,...,N), B;(t), (j = 1,...,Ny), Ci(t), (k =
1,...,N,), Ru(t), R,(t) and the vector-valued function f(¢) are continuous in the interval [0,y].
A2. For any 1 € [0,1/], the matrix-valued function G(z, 7) is piece-wise continuous with respect
to T € [—h;,0], and G(r, 7) is continuous with respect to 7 € [0,7] uniformly in 7 € [—h;,0].
A3. For any 1 € [0,#/], the matrix-valued function P(¢,n) is piece-wise continuous with respect
to 1 € [—hy,0], and P(z,n) is continuous with respect to ¢ € [0,7] uniformly in 1 € [—hy,0].
Ad4. For any ¢ € [0,#/], the matrix-valued function Q(z, {) is piece-wise continuous with respect
to { € [—h,,0], and Q(¢, {) is continuous with respect to t € [0,77] uniformly in { € [—h,,0].
AS. The matrix R,(¢) has the block-diagonal form

Ru(t) = diag(Ru,l(t) ) O(rfq)x(rfq)): re [O,If], (2.7

where 0 < ¢ < r;if ¢ > 0, the g x g-matrix R, 1 (t) is positive definite for all # € [0,/].
A6. The matrix R, () is positive definite for all € [0,7].

Remark 2.1. Due to assumptions A1-A4 and the results of [35], we can conclude that, for any
given pair of the players’ controls (u(r) , v(t)), (u(t) € L*[0,15;E"] , v(t) € L*[0,1/; E*]), initial-
value problem (2.1)-(2.4) has the unique absolutely continuous solution z = z(t; u(),v()) re
[0,2].
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Based on the work [3], we present the following definition of the open-loop Nash equilibrium
solution to game (2.1)-(2.6).

Definition 2.1. The pair (u*(r) , v*(¢)), where u*(r) € L*[0,17;E"] and v*(r) € L?[0,17;E*]),
is called an open-loop Nash equilibrium solution to game (2.1)-(2.6) if this pair satisfies the
following two inequalities:

Sl (0.7(0)) € Fulult) v (0)) Y ult) € L0,17:E"), 2.8)
Io(u (1), (1)) < 2w (0),v(1)) Y v(t) € L2[0,17:E7). 2.9)
The values
e Fu(u(1),v¥(1)) (2.10)
and
AR ACIORA0) @11

are called Nash equilibrium values of functionals (2.5) and (2.6), respectively, in game (2.1)-
(2.6). If the open-loop Nash equilibrium solution to game (2.1)-(2.6) exists, this game is called
open-loop solvable.

Remark 2.2. Due to assumption A5, matrix R, () is singular, which means that the first-order
Nash-equilibrium solvability conditions (see, e.g., [3, 4]) cannot be applied to analysis and the
solutions of game (2.1)-(2.6). Thus this game is singular.

2.2. Transformation of the game (2.1)-(2.6). Let us consider the following terminal-value

problem for n X n-matrix-valued function ¥(¢):
a¥(r) ) 0
Y(t+hi)A Y(t—1)G(t—1,7)dt, te0,¢
7 Z + / , ) (0,21,

Y(ty) =1, W(t)=0, t>ty.
(2.12)

In this equation N = N, h; = h;;, h = h;. By virtue of the results of [36] (Section 4.3), problem
(2.12) has the unique solution ¥(z), r > 0. Moreover, matrix-valued function ¥(¢) is continuous
in the interval [0,7/], while its derivative is piece-wise continuous in this interval.

Based on the solution W(¢), + > 0 to terminal-value problem (2.12), we use the Halanay
Transformation for a linear system with state delays (see [37]) and the transformation for a
linear nonhomogeneous system (see [38, 39]) to make the following change of the state variable
in the system (2.1)-(2.4):

Ny t+h
w(t) = P(0)() + Y /, W(s)Ai(5)2(s — ho,)ds

i=1
S ( [ slP(G)G(G,s—o-—hz>dG) o= hds+ [ WEE)aE, 10
(2.13)

where w(t) is a new state variable.
Let us denote

AB(t)=W(1)B(r), tel0,1], (2.14)
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P2(t,0) ERO)PE,n),  (6,0) € [0,/ X [0, (2.15)

Gulr) EW()C(r), 1€ 0,1], (2.16)

2(1,0) 2¥(00(1.0),  (1,0) € [0,17] [, 0], (2.17)
o r Ot Y [ Wb e

+ (; ( [ ””z\y(am(o,f— G>d6> o)+ [ WE)F(E)E.

Direct differentiation of w(t) in (2.13) with respect to ¢, and use of the problem (2.12) and
the expressions (2.14)-(2.18) yield the following assertion.

(2.18)

Proposition 2.1. Let the assumptions Al-A4 be satisfied. Let for given u(t) € L*[0,t¢;E"] and
v(t) € L*[0,t7;ES), the absolutely continuous function z(t), t € [0,t¢] be the solution of the
system (2.1)-(2.4). Then, the function w(t), given by (2.13), is the unique absolutely continuous
solution of the system

dv;g)—Z% u(t —hy j +/ Ju(t+m)dn

+z<gk z_vk+/e@ W(i+0)dg, 1 e o],

(2.19)
subject to the initial condition for the state variable
w(0) = wy, (2.20)
and the initial conditions (2.3)-(2.4) for the controls u(-) and v(-). Moreover,
w(ty) =z(tr). (2.21)
Thus, by the state transformation (2.13), the functionals (2.5) and (2.6) become as:
FurlwO) ) = g0 awleg) 45 [l @ORouto)ar 2.22)
and
Gt (w()v() = %WT(tf)Fw(zf) + % /0 T OR ()0t (2.23)
respectively.

Remark 2.3. The transformation (2.13) converts the originally formulated game (2.1)-(2.6)
with the state and controls delays in the dynamics to the new game, consisting of the dynamics
equation (2.19), the initial conditions (2.3)-(2.4), (2.20) and the functionals (2.22), (2.23). Due
to (2.19), the dynamics equation of this new game does not have state delays any more, while
still has the delays in the players’ controls.
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Remark 2.4. An open-loop Nash equilibrium solution and Nash equilibrium values of the func-
tionals in the new game (2.19), (2.3)-(2.4), (2.20), (2.22), (2.23) are defined quite similarly to
such notions in the game (2.1)-(2.6) (see Definition 2.1). Like the game (2.1)-(2.6), the game
(2.19), (2.3)-(2.4), (2.20), (2.22), (2.23) also is singular.

Definition 2.2. We say that two two-person Nash equilibrium differential games, considered in
the same time-interval, are equivalent to each other, if they have the same open-loop solution
and the same Nash equilibrium values of the functionals.

Lemma 2.1. Let the assumptions Al-A6 be satisfied. Let one of the games (2.1)-(2.6) or (2.19),
(2.3)-(2.4), (2.20), (2.22), (2.23) is open-loop solvable. Then, the other game also is open-loop
solvable, and these games are equivalent to each other.

Proof. Let the control u(t) € L?[0,t7; E"] of the player “u” and the control v() € L[0,#7; E*] of
the player ”v” be any prechosen. Then, due to Proposition 2.1,

/u(u(t),v(t)) =fu,1(u(t),v(t)), /v(u(t),v(t)) :jwl(u(t),v(t)).

These two equalities directly yield the statements of the lemma. 0

Let us introduce into the consideration the following matrix-valued functions

Nu 0
M) = Y Ba+h)+ [ Za—nmdn, 1€y (2.24)
j=0 ~hu
N,
A1) = Y Gl +hog) +/ 2(-¢,0)dg, telo), (2.25)
k=0
where
Pt +hy j)Bj(t +hyj), 0<t<tr—hyj, .
Bi(t+hy ):{ J J S i=0,1,..,Nay  (2.26)
( "/ 0, t>l‘f—hu7j,
B _ [ ¥@E-n)P(t—m,m), —h,<n<0, 0<t—n<ty,
Z(=n.n) _{ 0, —h, <N <0, t—1n>1y, @27)
. lP t—l—hvk)ck(t-i-hvk) OStSIf—hwk, .
%(H—hvk)—{ 0. 'ty k=0,1,...,Ny, (2.28)
3 -&,6), —m<E<0, 0<t-{ <1y,
20-66)= { —h, <{ <0, 1= >ty (2.29)

Using the Kwon-Pearson-Artstein transformation for a linear system with control delays (see
[40, 41]), we make the following change of the state variable in the game (2.19), (2.3)-(2.4),
(2.20), (2.22), (2 23):

+Z Bi(o+hy,j)u(o )d6+/—0h,,dn (/t @(G—T[,ﬂ)u(G)dG)

11— /’lu] t+n
Ny t
#3 [ e [ ag( [ 20w ).
k=1 t—/’lvk hy l+

(2.30)

where x(7) is a new state variable.
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Using the results of [41] and the equations (2.26)-(2.29), we directly have the following
assertion.

Proposition 2.2. Let the assumptions Al-A4 be satisfied. Let for given u(t) € L*[0,ts;E"] and
v(t) € L?[0,t4;E®], the absolutely continuous function w(t), t € [0,tf] be the solution of the
initial-value problem (2.19)-(2.20), (2.3)-(2.4). Then, the function x(t), given by (2.30), is the
unique absolutely continuous solution of the initial-value problem

()

b = My()u(t)+ A, (t)v(t), 1€]0,1/], (2.31)

%(0) = xo, (2.32)

where

xo—W0+Z/ (1 + P ) @u(n dn+/ dn(/noﬂ’o n,1M)¢u(0)d )

+k§ / atcrnewa [ ([ ow-roamix).

(2.33)
Moreover,
x(tf) = W(l‘f). (2.34)
Thus, by the state transformation (2.30), functionals (2.22) and (2.23) become as:
1 1 [
Ju(u(),v(0)) = 347 (1)x(ep)+ 5 [Tl ORu (), (2.35)
and
1 L [
Jo(u(-),v(-)) = 5% (tf)Fx(tf)+§/() v (t)R,(t)v(t)dt, (2.36)
respectively.

Remark 2.5. The transformation (2.30) converts the game (2.19), (2.3)-(2.4), (2.20), (2.22),
(2.23) with the controls delays in the dynamics to the new game, consisting of the dynamics
equation (2.31), the initial condition (2.32) and the functionals (2.35), (2.36). Due to (2.31), the
dynamics equation of this new game does not have delays any more.

Remark 2.6. An open-loop Nash equilibrium solution and Nash equilibrium values of the func-
tionals in the new game (2.31), (2.32), (2.35), (2.36) are defined quite similarly to such notions
in the game (2.1)-(2.6) (see Definition 2.1). Like the games (2.1)-(2.6) and (2.19), (2.3)-(2.4),
(2.20), (2.22), (2.23), the game (2.31), (2.32), (2.35), (2.36) also is singular.

Using Proposition 2.2, we obtain (quite similarly to Lemma 2.1) the following assertion.

Lemma 2.2. Let the assumptions AI-A6 be satisfied. Let one of the games (2.19), (2.3)-(2.4),
(2.20), (2.22), (2.23) or (2.31), (2.32), (2.35), (2.36) is open-loop solvable. Then, the other
game also is open-loop solvable, and these games are equivalent to each other.
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Remark 2.7. By virtue of Lemmas 2.1 and 2.2, the initially formulated game (2.1)-(2.6) and the
game (2.31), (2.32), (2.35), (2.36) are equivalent to each other. Moreover, due to the equation
of dynamics, the later game is much simpler than the former one. Therefore, in what follows of
the paper, we deal with the game (2.31), (2.32), (2.35), (2.36) and we call this game the Original
Singular Nash Equilibrium Game (OSNEG). In the subsequent sections, we will derive an open-
loop solution of the OSNEG valid for all xg € E™.

2.3. Objectives of the paper. The objectives of the paper are the following:

(i) to establish the existence of the open-loop solution to the OSNEG;

(ii) to derive this solution;

(iii) to obtain expressions for the Nash equilibrium values of the functionals (2.35) and (2.36)
in the OSNEG.

3. REGULARIZATION OF THE OSNEG

3.1. Partial cheap control Nash equilibrium game. To establish the existence of the open-
loop solution to the OSNEG and to derive this solution, we replace (approximately) this game
by a parameter dependent regular Nash equilibrium game. The latter is close in some sense to
the OSNEG. Namely, this regular Nash equilibrium game has the same dynamics (2.31), the

9.,

same initial position (2.32) and the same functional (2.36) of the player ”v” as the OSNEG has.

However, the functional of the player "u” in the new game differs from the one in the OSNEG.
Namely, this functional has the form

1 1 /!
Tue (u(),7()) & 247 (xleg) + 5 /0 T (@) (Ru(r) + &) u(t)ar, (3.1)
where
& = diag(0,...,0,¢, ...€), 3.2)
q r—q

€ > 0is a small parameter.
Using (2.7) and (3.2), we have immediately

Ry(t)+ & = diag(Ry,1 (1), €l—q)- (3.3)

Remark 3.1. Due to the assumption A5, the matrix R, (t) 4+ & is positive definite for all 7 € [0,1/]
and all € > 0. Thus, the Nash equilibrium game (2.31), (2.32), (3.1), (2.36) is regular for all
€ > 0. An open-loop Nash equilibrium solution and Nash equilibrium values of the functionals
in this regular game are defined quite similarly to such notions in the game (2.1)-(2.6) (see
Definition 2.1).

Remark 3.2. In what follows, we mainly focus on the case 0 < ¢ < r. In this case, due to (3.3)
and the smallness of €, the Nash equilibrium game (2.31), (2.32), (3.1), (2.36) is a partial cheap
control game, i.e., the game where the cost only of some (but not all) control coordinates of at
least one player in at least one functional is small. In what follows, we call the game (2.31),
(2.32), (3.1), (2.36) the Partial Cheap Control Nash Equilibrium Game (PCCNEG). Zero-sum
differential games with a complete/partial cheap control of at least one player were studied in
many works (see, e.g., [11, 12, 13, 20, 21, 23, 24, 25, 42, 43] ). Non zero-sum differential
games with a complete cheap control of one player were considered only in few works (see
[4, 31, 32]). However, to the best of our knowledge, a non zero-sum differential game with a
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partial cheap control of at least one player has been considered only in two works [33, 44] in
the literature. It should be noted that the PCCNEG differs considerably from the partial cheap
control Nash equilibrium games studied in [33, 44]. Moreover, in the present paper we are going
to analyze the open-loop solution of the PCCNEG, while in [33, 44] the feedback solutions of
the considered there partial cheap control Nash equilibrium games were analyzed.

3.2. Solvability condition and solutions of the PCCNEG for a given € > 0. Following the
results of [3] on the obtaining an open-loop solution to a regular differential Nash equilibrium
game, we write down the variational Hamiltonians for the PCCNEG

H, (u(t),v(t),t,€) = AL (&) (Au(t)ult) +4,(t)v(t)) + %uT(t)(Ru(t) +&)u(r), 1t € [0,17],(3.4)

H, (u(t),v(t),t) = A} (t) (Au(t)u(t) + 4,(t)v(t)) —l—%vT(t)Rv(t)v(t), t€0,¢7], (3.5)

where A, (¢) and A,(¢) are the corresponding n-dimensional costate variables.
The costate variables satisfy the following terminal-value problems:

- S - S . 0o
0 _ —aHV(L;(; >(’t)v(t 1) _ 0, 1 0.yl lty) = a(%x;(;fz;x(tf ) _ ). 61
The components of the open-loop Nash equilibrium solution to the PCCNEG are
us(t) = argrblll(itngu (u(t),v(t),t,€) = —(Ru(r) +£)_1J/ZMT(t)7Lu(t), t €[0,17], (3.8)
vi(t) = al‘gr‘l)l(ngv (u(t),v(t),1) = =R, (0) AT ()M (2), t€0,2/]. (3.9)
Solving the terminal-value problems (3.6) and (3.7), we obtain
Au(t) =x(tp), t€][0,ty], (3.10)
A(t) = Fx(ty), t€]0,ty]. (3.11)
Substitution of (3.10) and (3.11) into (3.8) and (3.9), respectively, yields
wi(t) = —(R(0)+ &)l (0)x(tp), 1 €01, (3.12)
Vi(t) = =R, (1) AT (t)Fx(ty), t€[0,t/]. (3.13)

Finally, substitution of (3.12) and (3.13) into system (2.31)-(2.32) yields the following initial-
value problem for the functional-differential system:
dx(t)
dt

— —W(t,e)x(ts), t€[0,z7], x(0)=nxo, (3.14)

where
~1 _
W(t,e) = M,(t)(Ru(t) + &) M) (t) + M,t)R, (1) M] (1)F. (3.15)
The solution of initial-value problem (3.14) is called the Nash equilibrium trajectory of the
PCCNEG. Integrating system (3.14), from ¢ = 0 to r = t7, we have

x(tf) —x0 = —/Oth(t,s)dtx(tf). (3.16)
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The latter yields the following algebraic equation for the obtaining the vector x(ts):
A I
L(e)x(ty) =x0,  T(€) 21+ / W (t,€)dr. (3.17)
0

Remark 3.3. If, for a given € = € > 0, the matrix I'(€) is invertible, then the algebraic equation
(3.17) has the unique solution x(¢5). The latter implies the existence of the unique open-loop
solution to the PCCNEG given by (3.8)-(3.9). The invertibility of I'(€) is a particular case of the
necessary and sufficient condition for the existence of the unique open-loop solution for a reg-
ular differential linear-quadratic Nash equilibrium game (see, e.g., [3] and references therein).
However, in the present paper, we are interested in deriving an €-independent condition which
will guarantee the invertibility of I'(¢) for all sufficiently small € > 0. Thus, such a condition
will guarantee the existence and the uniqueness of the open-loop solution to the PCCNEG for
all sufficiently small € > 0. To derive this condition, an asymptotic behaviour with respect to
€ of the matrix I'(¢) will be studied in the next section. Based on this study, an asymptotic
behaviour with respect to € of the open-loop solution to the PCCNEG will be analyzed.

4. ASYMPTOTIC ANALYSIS OF THE OPEN-LOOP SOLUTION TO THE PCCNEG

4.1. Asymptotic analysis of the invertibility of the matrix I'(g). To analyze the invertibility
of I'(g) for all sufficiently small € > 0, first we are going to transform equivalently this matrix.
For this purpose, we partition the matrix .#,(t), t € [0,17] into blocks as:

M) = (M (0) , Mu20)), 1€ (0.1, (4.1)

where the matrices .#,, | (t) and .#,,>(t) have the dimensions n X ¢ and n x (r — g), respectively.
In the case 0 < g < r, the following inequality is valid:

rank.#,»(t) <n, t€[0,tf]. 4.2)

Using the equations (3.3), (4.1) and the invertibility property of the matrix R, 1 (), we obtain
forallz € [0,¢¢] and € > 0

M(0)(Ru(t)+ &) ML (1) = My (OR, 1 (1)1 (1) + é///u,Z(l)//uTQ(t). (4.3)

Let us introduce into the consideration the following symmetric and positive semi-definite

matrix:
A

'y
Kyr= A My (1) M (1)dt. (4.4)
Further analysis is based on the following assumption:
A7. The matrix K, » has zero eigenvalue of the algebraic multiplicity k, where n —r+g < k <n.
This assumption and the results of [45] yield the existence of an orthogonal n X n-matrix L,
(LT = L"), for which the following equality is valid:

Duaf1katl = (gt Qo ), @5)
(n—k) xk u,2

where the block ®,, has the dimension (n — k) x (n — k), and it is a positive definite and,
therefore, nonsingular matrix.
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Furthermore, since the integrand in (4.4) is a positive semi-definite matrix for all # € [0,7/],

the equations (4.4) and (4.5) imply

Ltlya(t) = ( 22*2((;;” ) . 1e0.y], (4.6)

where the block A, »() is of the dimension (n —k) x (r —g).
Moreover, due to (4.4)-(4.6),
Ir
i Aua ()AL (1)dt = @, 4.7)

Using the equations (3.15), (3.17), (4.3)-(4.5), and the orthogonality of the matrix L, we can
represent the matrix I['(g) as

r(e) = L (UL )L = 1+ L [t 0RO )01 41D,

4L /0 //lv(t)Rv_l(t)//lvT(t)thLT]L

(4.8)
Let us partition the matrices Lféf M\ (I)R;i (t)//flz1 (t)dtL" and
L) A,)R;" (t)//sz (t)dtFLT into blocks as:
Q Q
[t o)y 0 = (G5 e )
L / My(OR; @) AT (1)dtFLT = ( 2:; g:i )
| | 4.9)

where the blocks Q, 11 and Q, 1 are of the dimension k& X k; the blocks €, 1> and Q, > are of the
dimension k x (n —k); the block Q, 3 is of the dimension (n — k) X k; the blocks Q, ;3 and Q4
are of the dimension (n — k) x (n— k); the matrices €, 11 and €, 13 are symmetric.

Due to (4.5), (4.8), (4.9), the matrix I'(g) is invertible if and only if the following matrix is
invertible:

AY LY
A(g) = ;
() (A3 <1/8>A4<e>)
Al =L+Q,11+Q2,1, A=Q, 10+,

A3 =0l 1 +Qy3, As(€) =Oup+ €Ty i+ Qi3+ Q).
(4.10)

If the matrix A(g) is invertible, then
I (e)=LTA(e)L. (4.11)

Let us derive e-independent conditions, providing the invertibility of the matrix A(¢g) for all
sufficiently small € > 0.
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Since the matrix ®, is invertible, then there exists a positive number € such that, for all
€ € (0,¢&;], the matrix A4(¢€) is invertible and the following inequality is valid:

18, (e) —©,3|| < are, (4.12)

where a; > 0 is some constant independent of €. By virtue of this inequality, the matrix AZI (€)
is bounded for all € € (0, &].

In what follows, we assume
A8. The matrix Ay, given in the equation (4.10), is invertible.

Using the above established invertibility of the matrix A4(€), we consider the following ma-
trix:

Y(¢g) SA- eMA, (8)As, €€ (0,g]. (4.13)

Using the aforementioned boundedness of the matrix AZI (€) and the assumption A8, one can
conclude that there exists a positive number &, < g such that, for all € € (0, &, the matrix Y(g)
is invertible and its inverse matrix satisfies the inequality

Y~'(e) =AY < aze, (4.14)

where a; > 0 is some constant independent of €.

Now, applying the Frobenius formula (see, e.g., [46]) to the calculation of A~!(¢) and taking
into account the existence of A, ' (¢), Y~!(¢) for all € € (0, &,], we obtain that A~! (¢) exists for
all € € (0,&] and has the form

A (e) L d(e) = ( g;g zig ) : (4.15)

where

@1(e) =Y""(g), D) =—eY"(e)ArA;'(e),
D3(e) = —eA; (e)AsY ! (g), DPa(e) = eA (e) +2A. 1 (e)AY () AA,  (e).
(4.16)

For the sake of the further asymptotic analysis of the matrix A~!(¢), the matrix I'"! (&) (see
the equation (4.11)) and, therefore, the open-loop solution to the PCCNEG, we are going to
estimate the matrices @ (), ®3(€) and P4(€). Using the expressions of these matrices and the
inequalities (4.12), (4.14), we obtain the existence of a positive number & < & such that. for
all € € (0, &], the following inequalities are valid:

[@a(e)|| <aze,  [[@3(e)]| <aze, || Pa(e)]| < ase, (4.17)
Héq)z(ﬁ')—FAl_lAz(@M_’é < aze, Hé¢3(8)+®;%A3A1_1 < az€,
%@(e)—@;} < aze. (4.18)
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4.2. Zero-order asymptotic expansion of the open-loop solution to the PCCNEG. First of
all, let us note the following. Due to the results of the previous subsection (see the equations
(4.11) and (4.15)) and the results of Subsection 3.2 (see the equation (3.17)), the value x(tf) on
the Nash equilibrium trajectory of the PCCNEG exists, is unique and has the form

x(tr) = LT®(e)Lxy, €€ (0,). (4.19)

Therefore, due to the results of Subsection 3.2 (see the equations (3.12)-(3.13)), for all € € (0, &;]
the open-loop solution to the PCCNEG exists, is unique and its components have the form

wi(t) = —(Ru(t) + &) AL (1) LT @(e)Lxo, 1 € [0,17], (4.20)

vi(t) = =R, (1) 4] (1) FL"®(e)Lxy, t € [0,1f]. (4.21)

Based on this observation, we start the construction of the zero-order asymptotic expansion
of the open-loop solution to the PCCNEG with its component u(z). Substitution of (3.3) and
(4.1) into (4.20) yields for all # € [0,7/] and € € (0, &)]

ao=-(#0 2, ) (0 )reem=(g ). e

u:‘,l(” = _Rl;,i(t)%u]:l (I)LTCI)(S)LX(% S [Oatf]7 €cC (0782]7
u;Z(t) = _8_1%$2(I)LTCI)(£)L)C05 re [07tf]77 €c (0782]‘

where

(4.23)

Let us analyze separately the vector-valued functions u} (¢) and u} ,(¢). We start with the

first one. For the sake of the asymptotic analysis of u} | (¢), we introduce into the consideration
the following n X n-matrix:

—1
®y 2 ( A Ot (n-1) ) . (4.24)
Ot—t)yxk  On—t)x(n—k)
Due to the equations (4.15), (4.16), (4.24) and the inequalities (4.14), (4.17), we directly have
the inequality
|P(e) — Po|| <ase, Vee (0,8, (4.25)

where a4 = a; + 3as.
Now, replacing the matrix ®(¢) with the matrix @ in the expression for ug | () (see the
equation (4.23)), we obtain the following €-independent vector-valued function:

A
G, (1) = =Ry 1 (1)1 (LT RoLxo, 1 € [0,17]. (4.26)
Due to the inequality (4.25), we immediately have the inequality

Hu;](t) —ual(t)H <cy1€ Vie0,zy], € €(0,8), 4.27)

where ¢,,1 = asmax;c(, | HR;i(t)//luTl (1) H HL”ZHXOH.
Proceed to the asymptotic analysis of ”z,z(t)- From (4.6), we directly have

MEOLT = (0(_ gk » ALa(1)), 1 €1[0,t7]. (4.28)
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Substitution of (4.15) and (4.28) into the expression for u}; , () (see the equation (4.23)) yields
after a routine matrix algebra the following expression for all # € [0,7/] and € € (0, &]:

wh(t,€) = — <8_1A;2(I)Cb3(8) , 6_1A;2(I)<D4(£))on. (4.29)

Replacing £~ ®;(¢g) and £~ 'd4(g) with -0, 5A3A1_1 and G);é, respectively, in the expres-
sion (4.29) for u3(z,€), we obtain the following -independent vector-valued function:

. A _ _ _
w5 (1) = (A,iz(t)G)uéMAl L _A;z(z)@u,;)on, t € [0,17). (4.30)

Due to the estimates for £~ '®3(¢e) and e '®4 (&) in (4.18), we obtain the inequality
g o (1) = (1)|| < cune V1€ [0,14], € € (0,85], (4.31)

where Cu2 = 2a3 maxte[()’,f} ||Au72(t) H HLH ||X()H
Consider the following block-form vector-valued function:

(1) 2 col(up 1 (1) , (1)), 1€ [0,87]. 432)

Using the equations (4.22), (4.32) and the inequalities (4.27), (4.31), we directly have the
following inequality:

|ug(t) —us(0)|| < cue Vi €0,1f], € € (0,€3], (4.33)

where ¢, = ¢y,1 + cu 2.

The inequality (4.33) means that u(z) is the zero-order asymptotic expansion with respect to
€ > 0 of u(t), and this expansion is uniform in z € [0,¢].

Proceed to the constructing the zero-order asymptotic expansion of the component v} (¢) of
the open-loop solution to the PCCNEG. Replacing the matrix ®(g) with the matrix @y in the
expression for v;(¢) (see the equation (4.21)), we obtain the following €-independent vector-
valued function:

vo(t) 2 =Ry Y (0). T (1) FLT @oLxg, 1 € [0,17). (4.34)
Using the inequality (4.25) directly yields the inequality
[ve(r) —vo(0)|| < cve  Vie[0,17], € €(0,83], (4.35)

_ 2
where ¢, = asmax,cio | R (0.4 0] || L1l
The inequality (4.35) means that vjj(¢) is the zero-order asymptotic expansion with respect to
€ > 0 of v(t), and this expansion is uniform in ¢ € [0,7].

4.3. Zero-order asymptotic expansion of the Nash equilibrium values of the functionals in

the PCCNEG. We start with the Nash equilibrium value J; . of the functional J,, ¢ (u(-),v(-))
in the PCCNEG (see the equation (3.1)). By virtue of Remark 3.1 and Definition 2.1, we have

Toe = Jue(up(t),ve(r)) = %xT(rf)x(rf) + % /0 ! (uz(t))T (Ru(t) + &) ug(t)dr. (4.36)
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Substitution of (4.19) and (4.20) into (4.36) yields after some routine rearrangement the fol-
lowing expression for J; . valid for all & € (0, &]:

Jie= %xg L'®' (¢) {In +L /0 ! M) (R) +£)1%MT(t)dtLT] D(e)Lxg.  (4.37)

Using the equations (4.1)-(4.5), we can rewrite (4.37) as:

1 Iy 1
Tie= Exg Lo (¢) [ln +L /0 M) (DR (0).A) (0)dILT + EDM] ®(e)Lxg.  (4.38)

Calculating the product %CIDT (€)D, »®(&) and using the block representations of the matrices
D, > and ®(¢€) (see the equations (4.5) and (4.15), we obtain

1 1 [ ®I()0,,P3(¢) ®L(£)0,2P4(e)
P (ODu2®(e) = ( &1 (€0, 203(e) D] (£)0, 1@4(e) > | (439

Due to the inequalities for ®3(€) and P4(€) (see the equation (4.17)), the equation (4.39)
yields the inequality

1
ngﬂ(e)Du,z@(e) <ase Vec(0,&), (4.40)
where a5 = 4a%||®u72 H
Consider the value
. Al Iy _
0= Exg LTol [ln +L /0 M) (DR, (0).A) 1 (D)dILT | Do L. (4.41)

Note that the value J;,o is obtained from the value J; . (see the equation (4.38)) by the replace-
ment of the matrix %CI)T(S)DMCD(:S) with zero matrix and the matrix ®(g) with the matrix
®,.

Using the block representations of the matrices L féf My (R (t) A (t)drL" and Py (see

u,l
the equations (4.9) and (4.24)), we can rewrite the value J;  as:
1 —\T -1
o= EngT ( (OAI ) (Ik + QM’U)AI gkx(”k) ) Lx. (4.42)
(n—k)xk (n—k)x (n—k)

Due to the equations (4.38), (4.41) and the inequalities (4.25), (4.40), we have the inequality
e —Juo| < oue Vee(0,e)], (4.43)

where o, = | a4

‘1,1+L i (R, @) et | (47 +0.56;) +0.5a5> Lol

The inequality (4.43) means that J} , is the zero-order asymptotic expansion with respect to
€>00f J .. ’

Proceed to constructing the zero-order asymptotic expansion of the Nash equilibrium value
Jii of the functional J, (u(-),v(-)) in the PCCNEG (see the equation (2.36)). Due to Remark
3.1 and Definition 2.1, we have

e = (w0 20)) = 37 (1) Fxteg) + 5 [ 020) RO @ad
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Substituting (4.19) and (4.21) into (4.44), we obtain after some routine rearrangement the
following expression for J;, valid for all € € (0, &]:

Replacing the matrix & (&) with the matrix @ in (4.45), we obtain the value

_1 xpLT®T (e)L [F +F /0 f,//lv(t)Rv1(t),///VT(t)th]LTCI>(£)Lx0. (4.45)

1
o= ; xo L' @) L{F—I—F /0 f//lv(t)Rv_l(t)///VT(t)th} L dyLxp. (4.46)

Using the equations (4.45), (4.46) and the inequality (4.25), we directly obtain the inequality
“]3:8 _J:,O| <oe Vee (0783]7 4.47)

where Q, = ay

F+LF [ A1 (0RO AT ()t FLT | (|| +0.5es ) 1L [lxo]|

The inequality (4.47) means that J;‘ o 18 the zero-order asymptotic expansion with respect to
€>0of Ji,.

4.4. Game-theoretic interpretation of the values J;,o and J;‘io. In this subsection, we are
going to show that the pair (J;:O,J;O) is the outcome of the OSNEG generated by the pair of
the controls (u(t),v{(t)), t € [0,1f], i.e

up(1),v(1)), (4.48)
V(1)) (4.49)
tively.

Let x;(t), t € [0,¢/] be the solution of the initial-value problem (2.31)-(2.32) generated by the
pair of the controls (uf(r),v§(t)), t € [0,17]. Thus,

%5 (1) —xo+/ () + A, (1)V(1)] . (4.50)
Substituting (4.1) and (4.32) into (4.50), we obtain after some routine algebra
I I I
X5(ty) = %0+ /0 M (O, (1)t + /0 Mo (05 (1)t + /0 MWVEDdE. (451

Let us treat separately the first, second, third and forth addends in the right-hand side of
(4.51). We start with the first addend. Since the matrix L is an orthogonal n X n-matrix, then

X0 = LTon. (4.52)
Continue with the second addend. Substitution of (4.26) into this addend yields

[ a0 =~ [ A OR SO ML O Bolve. 45

Since LT L = I, we can multiply both sides of (4.53) from the left by LT L, which yields the
equivalent equality

Otf///u,mr)ual(r)dr:—ﬂ( ", (0R, <>//ZMT1<>erT)¢oon. (4.54)
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Using the block representations of the matrices L f(;f My (DR (t)e///MT’l (t)dtLT and @ (see

u,l
the equations (4.9) and (4.24)), we can rewrite the equation (4.54) as:
’f Quit Q2 Al Orx (n—k
My (0)ug GdG:—LT< w ' 1 x (n—k) Lxg =
o " (o)1) Qf 1y Quis Otm—t)xk  O(n—ic)x (n—k)

QAT O
T QT,llAl_1 0k><(n k) Lxo.
u,1251 (n—k)x (n—k)

(4.55)

Proceed to the analysis of the third addend in the right-hand side of (4.51). Substitution of
(4.30) into this addend yields after some rearrangement

Iy 1y

MO0 o0t = [ MO (8T, L) Lxo @456
0 ’ 0 9 5

Multiplying both sides of this equality from the left by LTL = I,, we obtain the equivalent
equality

’s ’s
[ a0 =7 |7 (L2 AL (005 (887" <1, L,

0
(4.57)
By virtue of the equations (4.6) and (4.7), we can rewrite the equation (4.57) as:
s x 7 [ Okx(r—k T - -
A Mup(1)upo(t)dt =L /0 ( Au,xz((t) ) )Au,Z(l)dt(amz (A3A1 y — n—k)onz
v ( O
LT/ kx(n—k) dt®‘1<A AU >Lx -
0 (Au,2<t)AZ72(t) u,2 381 n—k 0
L7 G ®‘1<A3A_1 1 k)on -
fof/\u,z(t)/\iz(t)df u,2 1 > n—
Ot (n— _ _
o ( Our )% (880t ) Lo =
0 o Ot x(n—
1T kx (n—k) > <A ATV >Lx :LT( kxk kx (n—k) )Lx _
(4.58)

Finally, let us treat the fourth addend in the right-hand side of (4.51). Substituting (4.34) into
this addend, we obtain

s tr
"t vidi = — [ty (0OR (0). 4T (1) dt FLT oL, 4.59)
0 0

Similarly to (4.54), we multiply both sides of (4.59) from the left by LTL = I,, which yields
the equivalent equality

Otf M)V (t)dt = —LT (L Otf M (OR ' (0) T (t)thLT) DoLxg. (4.60)
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Using the block representations of the matrices L f(;f M (R, (t) AT (t)dtFLT and & (see
the equations (4.9) and (4.24)), we can rewrite the equation (4.60) as:

tr Q1 Q0 ) ( AT Ok (n—k
o V(D df — —LT ( v, v, 1 x (n—k) Lxo =
(t)vo(r) Q3 Qa On-tyxk  On—k)x(n—k) ’

QAT Oy
—LT( w121 kx(n—k) >Lx '
QAT O iyinry )0

0

(4.61)
Using (4.52), (4.55), (4.58) and (4.61), we can rewrite the equality (4.51) as:
~1
xo(tp)=L" ( ?(A;E%Tl jj_%:z)AAlll g’:(’z)‘znk) >on. (4.62)
Due to (4.10),
I = (Quin+ QAT = fe— (&1 — I)AT! = AT,
(A3 — Q) 1) = Q3)AT = 01y -

(4.63)
Substitution of (4.63) into (4.62) and use of P, yield immediately
-1
xg(tp) =L" ( A Oksc(n—t) ) Lxg = LT ®yLxy. (4.64)
Ot—)yxk  Otn—k)x(n—k)

Now, substituting x{5(¢7) and ug(¢), t € [0,2/] (see the equations (4.64) and (4.32)) into (2.35)
instead of x(¢7) and u(t), t € [0,#/], respectively, as well as using the equations (2.7), (4.26),
(4.41) and taking into account that the matrix L is orthogonal, we directly obtain the equality
(4.48). Similarly, substituting x;j(¢¢) and vj(¢), t € [0,1f] (see the equations (4.64) and (4.34))
into (2.36) instead of x(¢¢) and v(z), t € [0,#/], respectively, and using the equation (4.46), we
immediately obtain the equality (4.49).

5. OPEN-LOOP SOLUTION OF THE OSNEG

Lemma 5.1. Let the assumptions Al-A8 be satisfied. Then, the following inequality is valid in
the OSNEG:

L (0).95(0)) <4, (5(0),v(0)) ¥ v(0) € 20,1, 5.1
where the functional J,(u(-),v(-)) is given by (2.36), the control uj(t), t € [0,17] is given by
(4.26), (4.30), (4.32), the control vj(t), t € [0,t/] is given by (4.34).

Proof. First of all, let us note that the inequality (5.1) is valid if and only if the control v{(z),
t € [0,¢] is an open-loop solution (an open-loop optimal control) of the optimal control problem
consisting of the dynamics

dx(t)

o = Auug(0) + 4, (0)V0), e [01], X(0) =x0 (5.2)
and the performance index
F 0 = S+ L [T R -
(7)) = 57 (1) Fi) + /0 TOROI > min (5.3)
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Let us derive the solution of the optimal control problem (5.2)-(5.3). Following the results of
[2], we write down the variational Hamiltonian for this problem

H(%(1),1) = AT (&) (A (1) () + A, (£)5(2)) + %VT(I)Rv(t)V(Z), 1 €[0,1], (5.4)

where 4 (t) is the n-dimensional costate variable.
The costate variable A (r) satisfies the following terminal-value problem:

dA(t)  OH(¥(1).1) 0. il 7 (tf):a(%ﬂ(zf)m(tf))

:Ff(lf). (5.5)

it~ 0x(t) Ix(ts)
The open-loop optimal control of the problem (5.2)-(5.3) is
V(1) = arg%?ﬁ(wo,t) — R\ (0). 4T (A1), 1€(0,1]. (5.6)
Solving the terminal-value problem (5.5), we obtain
i(t) =FXx(tf), te€][0,tf]. (5.7)
Substitution of (5.7) into (5.6) yields
Vi (t) = —R, ()4 (t)FX(tp), t€][0,t/]. (5.8)

Finally, substitution of (5.8) into the system (5.2) instead of v(¢) yields the following initial-
value problem for the functional-differential system:
dx(t)
dt

Integrating the system (5.9) from ¢ = 0 to ¢ = ¢y, we directly obtain the following linear
algebraic equation with respect to x(¢¢):

= MO (t) — M (OR ()] (1)FX(t7), t€[0,t7], F0)=x0. (5.9

x(ty) = A (x(tf)) _x0+/[f — MR (1)) (1) FX(1r))dt. (5.10)

Let us show that x(tf) = LT dyLxg is a solution of the equation (5.10). Substituting this
expression into ¢ (x(t7)) and using (4.34), (4.50), (4.64), we have

A (LT PoLxg) = xo + / ! [, (0 (1) — R, (2) AT (1) FLT DoLxo) dt
—m+/ﬁ (t) + A, (t)v(t)]dt = LT @y Lxo, (5.11)

meaning that x(¢¢) = LT &y Lx satisfies the equation (5.10).
Now, let us show that x(¢ f) = LT ®yLx is the unique solution of the equation (5.10). For this
purpose, it is necessary and sufficient to show that the matrix

t
gé@+/ﬂ%ﬂf@%€@mF (5.12)
0

is invertible. Let us observe that the matrices [y .#,R; ' (1).#] (t)dt and F are symmetric
and positive semi-definite. Let the matrix f(;f MR N(8) AT (1)dt has zero eigenvalue of the
algebraic multiplicity /, where 0 <[ <n. If | = n, then f(;f MR () A (t)dt = Oy, meaning
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that ¢ is invertible. Proceed with the case / < n. Since féf MR () AT (2)dt is a symmetric
matrix, then, due to the work [45], there exists the orthogonal matrix .Z (Z.¢7 = I,,) such that

t
z( ! MR (r)///vT(t)dt) ZLT = diag (011, 0y), (5.13)
0

where @, = diag(Vi,...,V,_). Moreover, since [y’ 4R, (1).4] (1)dt is a positive semi-
definite matrix, then v; >0, (j =1,...,n— ).

Let
_ 1 1
©\/% £ diag(v/V1,..../Vusl), ©; l/zédiag(\/v_l,.--,\/v_l), (5.14)
-
Y, £ diag(1,0; '/%). (5.15)
Then,
Y, ! = diag(;,0)%). (5.16)

Multiplying & by Y,.Z from the left and by Z7 Y, ! from the right, as well as using the
equations (5.12)-(5.16) and that .Z is an orthogonal matrix, we obtain

t .
Y, 2927 =1,.2 (In + / ! MR ) AT (t)th) 72BN
0

t .
=1I,+ {Tv.,% ( / ! MR (). (t)dt) .,Q”TYV] Y, l2FeTY !
0

=1, +diag(01X1,In_1)YV_1$F,ZTYV_1.
(5.17)

Let us note the following. Since the matrix F is symmetric and positive semi-definite, then
the matrix Y, . ZF 7Y ! is symmetric and positive semi-definite.
To continue the proof of the invertibility of the matrix ¢, we consider two cases with respect
tothe number /: 1) [ =0; (i) 0 < < n.
In the case (i), we have from (5.17) that YV,,%%,%TYV_I =1+ Y, ' Z2F27Y 1. Thus, in this
case the matrix Y,.Y9Y.% TYV_ I'is invertible, meaning that the matrix ¢ is invertible.
Proceed to the case (ii). Let us partition the matrix Y lYFy TYV_ I into blocks as:
1 T—1 F1 P
Y, XFL°Y, = ( FI 7 ), (5.18)
where the blocks .71, .%, and .%3 have the dimensions [ x [, [ x (n—1) and (n—1) x (n—1),
respectively; the matrices .#| and .%3 are symmetric and positive semi-definite.
Using the equations (5.17) and (5.18), we obtain
F1 P
sz F3

rvgggTrvl:1n+diag(0,xl,1n_,)< b O > (5.19)

B ( FT L+ F3
implying the invertibility of the matrix Y,.2%.27Y,’! and, therefore, the invertibility of the
matrix ¢.

Thus, for any 0 </ < n, the matrix ¢ is invertible, yielding the uniqueness of the solution
x(tr) = LT ®yLxg to the equation (5.10).
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Substitution of X(z7) = LT ®yLxg into (5.8) yields the following final expression for the open-
loop optimal control of the problem (5.2)-(5.3):

v (t) = =R, N (t) ] (1) FLT ®oLxg, 1€ [0,14]. (5.20)

Comparing (5.20) with (4.34), one can directly conclude that v*(r) = vj(¢), t € [0,7/], mean-
ing that the control vjj(¢), t € [0,#/] is the open-loop solution (the open-loop control) of the
optimal control problem (5.2)-(5.3). This yields the validity of the inequality (5.1), which com-
pletes the proof of the lemma. UJ

Lemma 5.2. Let the assumptions Al-A8 be satisfied. Then, the following inequality is valid in
the OSNEG:

T (0)73(0)) < Julue) W)V ule) € (0,875, (521)
where the functional J, (u(-),v(-)) is given by (2.35), the control ug(t), t € [0,t7] is given by
(4.26), (4.30), (4.32), the control vj(t), t € [0,t¢] is given by (4.34).

Proof. First of all, let us note that the inequality (5.21) is valid if and only if the control u(z),
t € [0,/] is an open-loop solution (an open-loop optimal control) of the optimal control problem
consisting of the dynamics
dx(t)
dt
and the performance index

= M(t)u(t) + A,(t)vo(t), t€0,t7], X(0)=xo (5.22)

~ ool g 1 (Y 4 N )
Ju(u(-)) = =x (t7)x(t +—/u t)R,(t)u(t)dt — min . 5.23
(00)) £ 5T ) + 5 [T ORaOE i 523)
Let us observe that, due to the assumption A5 (see the equation (2.7)), the matrix R,(z),
t € [0,17] is singular. Therefore, the optimal control problem (5.22)-(5.23) is singular (see, e.g.,
[471). To show that u(t) = uy(t), t € [0,¢/] is an open-loop optimal control of this problem, it is
necessary and sufficient to prove the equality
inf  J,(a(t)) = Ju (up(t 5.24
L W (1)) = Ju (u5(1)) (5.24)
along trajectories of (5.22).
To show the validity of the equality (5.24), we apply the regularization method, i.e., we
replace approximately the singular optimal control problem (5.22)-(5.23) with the regular one
consisting of the system (5.22) and the new performance index with the new (regular) functional

7 2l rivein X [TanT 7 i
Ju’e(u( )) = 2x (tf)x(tf)+2/() u(r) (Ru(t)+é”‘)u(t)dt%ﬁ(t)eg[lgtf;Er],
(5.25)

where the r X r-matrix & is given by (3.2) and € > 0 is a small parameter of the regularization.
Let us solve the optimal control problem (5.22), (5.25). By virtue of the results of [2], we
write down the variational Hamiltonian for this problem

H(@(r),t,8) = AT (1) (M (0)id(t) + A (1)V5(1)) —l—%LTT(t)(Ru(t) +&)u(t), t €[0,tf], (5.26)

where A () is the n-dimensional costate variable.
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The costate variable A (1) satisfies the following terminal-value problem:

d/i(t) _ _8ﬁ(ﬁ(z),t,s) — 0’ te [O,If], /);(lf) — a(%fT(tf)f(tf))

—%(ty).  (5.27)

ar Ix(t) ox(tr)
The open-loop optimal control of the problem (5.22), (5.25) is
(1) = arg%ﬁ(ﬁ(t),t,e) — —(R()+&) I (DA(), t€0,1]. (5.28)
The solution of the terminal-value problem (5.27) is
Z(I) =x(ty), tel0,tf]. (5.29)
Substituting (5.29) into (5.28), we have
@i(t) = —(Ru(t)+ &)~ AL (O)R(ty), 1 €[0,1]. (5.30)

Finally, substituting (5.30) into the system (5.22) instead of u(z), we obtain the following
initial-value problem for the functional-differential system:

@:—///u(r)(leu(twg)—l MIOX(tf) + A (0)V(1), t€[0,17], X(0)=x0. (5.31)

Integration of the system (5.31) from 7 = 0 to r =t yields after a routine algebra the following
linear algebraic equation with respect to x(¢¢):

T(e)x(tf) = %o, ) =1+ / M(0)(Ru(t)+ &) ] (1), (5.32)
where .
f

o= xo+ / ()W) (5.33)
0

Let us show the existence and the uniqueness of the solution to the equation (5.32) for all
sufficiently small € > 0 and derive this solution.

Quite similarly to the results of Subsection 4.1, we obtain the existence of a number €, > 0
such that, for all £ € (0,,], the matrix I'(g) is invertible and I'~!(¢) has the form

I le)=LTd(e)L, (5.34)

where the matrix L is the orthogonal matrix appearing for the first time in the equation (4.5);

the matrix ®(g) has the form
- (210 B0 ),
D; () Ds(e)
-1

-~

Dy (€) = [T+ Qut — €Qu12(Ouz + €T+ Qu13)) Q1) -

D;(e) = —®@(€) Q12 (Oun + €Ly k +Qu13)) -

Ds(e)=¢ (Oup+ e(Iy—k + Qu,13)) ! [I,,_k

+2Q] 1 B1 ()12 (Ou + 2l i+ Qu13)) .
(5.35)

Remember that the matrix ®,; is given by the equation (4.5); the matrices €2, 11, €2, 12 and
2,13 are given in the equation (4.9); the number & is given in the assumption A7.
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Similarly to inequalities (4.14), (4.17), and (4.18), we have the following inequalities for
CI)l(S), sz(S) and @3(8):

[®@a(e)|| <@g, || ®s(e)|| <are Ve e (0,2)], (5.36)
[®@1(e) — (I + Qi)' <@ie Ve e (0,8),

1~ N R ~
H (I)Z(S)+(Ik+Qu,ll)7IQu,12®,;é < ae, <aje Vee(0,8)],

&

—P5(e)— 0]
€ 3<8) u,2

(5.37)

where 0 < & < €| is some number; @; > 0 is some number independent of €.

Using the above established invertibility of the matrix lA“(s) and the equation (5.34), we obtain
the unique solution of the equation (5.32) as: X(t5) = LT®(g)Lxy, € € (0,8], yielding, along
with the equation (5.30), the following expression for the open-loop optimal control of the
problem (5.22), (5.25):

05(t) = —(Ru(t) + &) AL (LT ®(e) %0, 1€[0,f], €€ (0,8]. (5.38)

Let us derive the expression for the optimal value J, . of the functional in the problem (5.22),

(5.25). Using the symmetry of the matrix &D(s), we obtain similarly to the results of Subsection
4.3 (see the equations (4.36)-(4.38)) the following expression for J;f’g:

= l 4. 7 I _ 1 S
Jue =% L' ®(e) {In +L /O M) (OR, (1)) (0)dILT + EDM] d(e)Lxp,  (5.39)

where the matrix .2, 1 (¢) is defined in (4.1); the matrix D, » is defined by (4.5).
Consider the following n x n-matrix and value:

&, 2 ( e+ Qi)™ Okxnn) ) (5.40)
O (n—k)xk Otn—k)x (n—k)
5 Al g 7o Iy _ ~
ho= EngTq)O [In-l—L /0 M (DR, (1).A) (t)dtLT} DyLxp. (5.41)

Using the inequalities in (5.36) and the first inequality in (5.37), we obtain quite similarly to
the inequality (4.43), the following inequality:

e —Juol S@e Vee(0,8)], (5.42)

where a, > 0 is some constant independent of €.
Based on the inequality (5.42), we are going to calculate the value

~ A ~
I, = inf Jy (ult 543
“er?0pE] «(#0)) 64

along trajectories of (5.22).
Using the equations (5.23), (5.25), (5.43) and the inequality (5.42), we have the following
chain of the inequalities and equality:

0<Jy < T (5(1)) < Tue (@) =Ji e <Tig+are Ve e (0,8). (5.44)
Since the values JA,;* and JA;ZO are independent of &, then (5.44) yields the inequality

I <Tio- (5.45)
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Let us show the validity of the equality

)

~

J, = ,’;0. (5.46)
To prove (5.46), we assume the opposite which, due to (5.45), is
Ii < i (5.47)

This strong inequality implies the existence of the control #(¢) € L?[0,t; E"] such that
T < J(a(r)) < Jyo. (5.48)
Using the inequalities (5.42) and that 3 (z), t € [0,¢/] is the open-loop optimal control of the
problem (5.22), (5.25), we obtain
Too— @€ <Jyo=Jue(@2(t)) < Jue((r)) = Ju(i(r)) +be Ve € (0,8)], (5.49)

where b =0.5 fo "al (1) tiow (t)dt and tjey (¢) is the lower block of the vector #(¢) of the dimen-
sion r —g.

The chain of the equalities and the inequalities (5.49) implies the inequality JA;"O <. (u(t)) +
(b+ @) valid for all £ € (0, &,]. This inequality yields the inequality J; , < J, (i(t)), which
contradicts the right-hand side inequality in (5.48). This contradiction means that the inequality
(5.47) is wrong, meaning the validity of the equality (5.46).

Now, we are going to show the validity of the equality

o =70, (5.50)

where J*0 is given by (5.41); J* 0 18 given by (4.41).
Comparmg (5.41) with (4. 41) one can conclude the following. To show the validity of the
equality (5.50), it is sufficient to prove the validity of the equality

Dy Lx) = DyLxy. (5.51)
Using equations (4.9), (4.24), (4.34), (5.33), and (5.40), we obtain

~ ~ tf
DyLxg = P {In — (L / ///v(t)Rv_l(t)///detFLT> Dy | Lxg
0

)

e Ox (n—) ) (Qvl Q. ) ( Al ka (n—k) }
:(D — ’ ) Lx
0 |:( 0(n—k)><k Lk -Qv,3 Q'v74 O(nfk) k 0

_ ( I+ Qua1) ™ Okx(ni) ) < Ik—Qle ka (k) ) Ly
O (n—k)xk O (n—k)x (n—k) —Q,3A7" I,
_ < (4 Qi) ™ (e — QA7) ka(n—k) )on.
O(n—k)xk O (n—k) % (n—k)
(5.52)

Let us treat the upper left-hand block of the matrix in the right-hand side of (5.52). Using the
expression for Aj (see the equation (4.10)), we have

(e +Qu11) I — QAT = e+ Quat) [l — (A — L — Qu11)A] ]
:(Ik—f—Qu_‘ll) [Ik—lk—f—(lk-i—ﬂu“)A ] A L
(5.53)
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Taking into account (4.24) and (5.53), the expression for CTJOL)?O in (5.52) can be rewritten as:

Al Okx (n—k)

DyLxy = ( ) Lxo = ®oLxo. (5.54)
Ot—t)yxk  Otn—t)x(n—k)

Thus, equality (5.51) is valid and, therefore, equality (5.50) is valid. The latter, along with the
equations (4.48), (5.23), (5.43), (5.46), yields the validity of the equation (5.24) along trajecto-
ries of (5.22). This completes the proof of the lemma. U

Based on Definition 2.1, Remark 2.6, equations (4.48)-(4.49), and Lemmas 5.1-5.2, we di-
rectly obtain the following assertion.

Theorem 5.1. Let assumptions AI-A8 be satisfied. Then the pair of the controls (ufj(1),v}(t)),
t € [0,tf] (ui(t) and vi(t) are given by (4.26), (4.30), (4.32), and (4.34), respectively) is the
open-loop solution of the OSNEG. Moreover, the values J, , and J, ,, given by (4.41) and (4.46),
are the Nash equilibrium values of the corresponding funétionals in the OSNEG.

6. EXAMPLES

Consider the following particular case of system (2.1):

dilh(l) = 21 (t—2) + 2u1 (£) — 2ua () — duy (7 — 2.5) + 2un (t — 2.5)
—2v1(t) +2va(t) +2vi(t —2) — 2 (t —2), t€[0,4], (6.1)
dz;t(t) =20t —2)+4uy(t) —2us(t) + 2uy (t —2.5) + 2ur(t — 2.5)

F201 (1) +2va(f) — 201 (1 —2) = 2 (1 —2), 1 €0,4]. (6.2)

where z; (1), 22(¢), u (¢), ua(t), vi(t), and v, (¢) are scalar variables.
System (6.1)-(6.2) is subject to the initial conditions

21(t) =0, 1€[-2,0), z(0)=8, (6.3)
2(1)=0, 7€[-2,0), 2(0)=2, (6.4)
ur(n) =0, w(n)=0, ne[-25,0), (6.5)
vi(€)=0, »(f)=0, &e[-2,0). (6.6)

Comparison of the systems (6.1)-(6.2) and (2.1) yields thatin (6.1)-(6.2) n =2,r=2,5 = 2,
N;=1, Ny=1, Ny=1, h;1=2, hy1 =25, h, =2,
=4 0=y ). reloal

(6.7)

and the matrices of the coefficients have the form

Ao(t)z(g 8) Al(t)E((l) ‘1)) re[0,4], 6.8)

G(t,7) = ( 8 8 ) (1,7) € [0,4] x [~2,0], 6.9)
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Bo(t) = ( j :; ) Bi(t) = ( _; 22 ) 1 €10,4], (6.10)
P(t,n) = ( o0 ) (t,n) € [0,4] x [-2.5,0], 6.11)
Colt) = ( _22 22 ) Cilt) = ( _22 __22 ) re0,4], 6.12)
0t.5)=( o ). @OebIx-20] 6.13)

Comparing the initial conditions (6.3)-(6.6) with the initial conditions (2.2)-(2.4), we can see
that in (6.3)-(6.6)

0m=(0) rel20 m=(3). (6.14)

am=(g). nel2500 w@=(() ¢el20. 619

99,99

In this example, the functional to be minimized by the player ”u” with the control u(z) =

99,9

col (u1 (¢),ua(t)), t € [0,4] and the functional to be minimized by the player v” with the control
v(r) = col(vi(2),v2(t)), 1 € [0,4] are, respectively,

Ly 4 2 2 d 6.16
Julu()v0) = 57 @)+ 5 [ ko, (6.16)
and L, - 2 2
Io(u(-),v(+) =57 (4)Fz(4)+§/0 [vi(t) +v5(r)]dr, (6.17)
where z(1) = col(zl (t),@(t)), t €[0,4];
F:(;1 f) (6.18)

Comparing the functionals (6.16) and (6.17) with the functionals (2.5) and (2.6), respectively,
and taking into account the assumption A5 (see the equation (2.7)), we have that ¢ = 1 and

R =1, R(t)= (é (1)> re0,4] 6.19)

Thus Nash equilibrium differential game (6.1)-(6.6), (6.16)-(6.17) is a particular case of Nash
equilibrium differential game (2.1)-(2.6). Let us convert the game (6.1)-(6.6), (6.16)-(6.17) to
the form of the game (2.31), (2.32), (2.35), (2.36). For this purpose, first, we should obtain the
matrix-valued function ¥(¢), defined by the terminal-value problem (2.12). In this example (see
the equations (6.8)-(6.9)), the problem (2.12) becomes as:

d¥(r)
dt
Solving this problem, we directly obtain

¥(r)=y(t)h, t€]0,4], (6.20)

=—-Y(t+2), t€]0,4]; Y4) =h; ¥({)=024, t>4
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where the scalar function y/(¢) has the form

{ 3—t, t€][0,2],

1, te(2,4]. ©.21)

y(r) =

Using equations (6.7), (6.10)-(6.13), and (6.20-(6.21), we can calculate the matrix-valued func-
tions ., (t) and .#,(t), defined by (2.24)-(2.29), as follows:

( 2—-2t 2t—4
( 14— 4 2:—4)’ O=r=15,
6-2t 2t—6
My (t) = ( 12— 4 2t—6>’ 1.5<r<2, (6.22)
2 =2
<
(22) s
2t—4 4-—2t
(4—2r 4—21 ) f0=r=2,
My(1) = (6.23)
-2 2
<4.
(22). aeies
Furthermore, using equations (2.18), (2.33), (6.14)-(6.15), and (6.20)-(6.21), we can directly
calculate the vector xg
X0 = ( 264 ) . (6.24)

Remark 6.1. Thus, the Nash equilibrium differential game (6.1)-(6.6), (6.16)-(6.17) is con-
verted to the equivalent Nash equilibrium differential game (2.31)-(2.32), (2.35), (2.36), where
the state vector x(¢) € E2, the coefficients .#,(t) and .#,(t) in the equation of dynamics are
given by (6.22) and (6.23), the initial state vector of the game is given by (6.24), the final time
instant 7 = 4, the coefficients in the functionals are given by (6.18), (6.19). Due to Remark 2.7,
we call this game the Original Singular Nash Equilibrium Game (OSNEG) in the example.

Due to equation (4.1), let us partition the matrix .#,(t) into two blocks .#, 1 (t) and .4, »(t).

Using (6.22), we obtain
([ 22t
( 14— a4 ), 0<r<1.5,

My (1) = ( ?2__22” ) , 1.5<t<2, (6.25)

2
<
\(4), 2<t<4,
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(
<2t_4), 0<1<1.5,

2t —4
Mya(t) = ( Z:g ) . 15<1<2, (6.26)

-2
<
\ (_2), 2<t <4,

Continue with the calculation of the matrix K, », given by the equation (4.4). Using (6.26), we

directly have
65 65

3 3

Ko = : (6.27)
65 65
3 3

This matrix has zero eigenvalue of the algebraic multiplicity 1, meaning that the assumption A7
is fulfilled.
Let us choose the orthogonal matrix L, appearing in the equation (4.5), as follows:
1 1

Va2
L= . (6.28)
1 1
VzooV2
Thus, using the matrices K, >, L, given by the equations (6.27), (6.28), and calculating the
matrix D, >, defined by the equation (4.5), we obtain

0 0
D> = . (6.29)
130
0 5
The latter, along with (4.5), yields
130

Calculating A, »(1), defined by the equation (4.6), we obtain
(2t —4)v/2, te[0,1.5],
Aua(t) =< (2t—6)v2, tec(1.52], (6.31)
—2v/2, te(2,4].
Now, we are going to calculate the block-form matrices, given in (4.9). Using (6.19), (6.23),
(6.25) and (6.28), we obtain by a routine algebra

533 _ 654

( Qi Qui2 ) B 6 6
T - )

Q12 Quis 654 927

6 6

56
5 56

( -Q'V,l Qv,Z ) _ 3
3 Qv 56 168

(6.32)
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Furthermore, using (4.10) and (6.32), we have

217

Thus, A; # 0, i.e., the assumption A8 is fulfilled.

Now, based on the equations (4.24), (4.26), (4.30), (4.32), (4.34) and using the equations
(6.18), (6.19), (6.23)-(6.26), (6.28), (6.30), (6.31), (6.33), we can derive the components u (1),
u 5 (¢) and vg () of the open-loop solution to the OSNEG in the example. Namely,

6-1, 0<r<1.5,
w1 (1) =0.1659¢ 3—1, 1.5<r<2, (6.34)
1 2<1<4,

2—t, 0<r<1.5,

upo(t) =1.7904 ¢ 3—1t, 1.5<t<2, (6.35)
1 2<t <4,
2—t
<t <
(3t—6>’ Osr=2,
v () = 0.1659 (6.36)

1
<4.
(1) 2eres

Furthermore, based on the equations (4.24), (4.41), (4.46) and using the equations (6.18),
(6.19), (6.23)-(6.25), (6.28), (6.33), we can calculate the Nash equilibrium values J;O and J;O
of the functionals of the OSNEG in the example. Namely,

w0 =0.6181,  J n=0.6456. (6.37)

7. EXAMPLES ON NON-UNIQUENESS OF OPEN-LOOP SOLUTION TO THE OSNEG

7.1. Example 1. Consider the following particular case of the initial-value problem (2.31)-
(2.32):
dx(t)
dt
where x(t), u(t), v(t) are scalar variables; xq is any given scalar value.

9999

In this example, the functional to be minimized by the player “u” with the control u(z),

t € [0,2] and the functional to be minimized by the player ”v” with the control v(¢), ¢ € [0,2]
are, respectively,

= (t4+2)u(t) + (> = 1)), t€0,2], x(0)=xo, (7.1)

Ju(u().v()) = 32(2). 72)
and
Jo(u(),v()) = gxz(Z) +%/02 VA (t)dt. (7.3)

The differential game (7.1)-(7.3) is a particular case of the OSNEG (2.31), (2.32), (2.35),
(2.36), where

n=1, r=1, s=1, ¢=0, t;=2, (7.4)
M) =142, M(1)=1>—1, R,(1)=0, R,(t)=1, t€[0,2], F=5. (1.5
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Based on the results of Sections 4,5 and taking into account that in the present example g =0,
let us derive the open-loop Nash equilibrium solution (1j(¢),vj(t)) € L?[0,2] x L?[0,2] to the
game (7.1)-(7.3).

First of all let us observe that, due to ¢ = 0 and the equation (4.1), #,2(t) = (1), t €
[0,2], while .#,,(t) disappears. Therefore, due to the equations (4.26), (4.32), u(t) = ug (1),
t € [0,2], where u,(¢) is given by (4.30). Using this observation, as well as the equations
(4.4)-(4.6), (7.4)—(7.75) and the assumption A7, we directly have

56 56
3 k=0, L=1, @ujzz?, Aup(t) =142, t€]0,2]. (7.6)

Since k = 0, then the block-form matrices of the equation (4.9) become the scalar values €2, 13
and Q, 4 respectively, while the other blocks disappear. Therefore, the block-form matrix A(¢€)
(see the equation (4.10)) becomes the scalar value A4(g) = 53—6 +&(1+ Q13+ Qy4), while the
other blocks disappear. Since the block A; disappears, the assumption A8 becomes irrelevant.
The matrix ®g (see the equation (4.24)) becomes the following scalar value: ®g = 0.

Since the blocks A; and A3 of the matrix A(¢) disappear, the control u , () (see the equation
(4.30)) becomes as follows: ug,(1) = _A:f,z (1)©, 5Lxo, t € [0,1]. Hence, using the aforemen-
tioned equality ug(t) = uj,(t), t € [0,2] and the equation (7.6), we obtain

Ku,2 -

3
u;;(r):—%(muz), t€10,2]. (7.7)
Furthermore, using the equations (4.34), (7.4)-(7.5) and the equality ®¢ = 0, we have
vo(t) =0, t€]0,2]. (7.8)
Thus, the pair
3
(5050) = (- 220+2).0) € 202 <202

is the open-loop Nash equilibrium solution to the differential game (7.1)-(7.3). Using the equa-
tions (4.41) and (4.46), as well as the equality &y = 0, we obtain the Nash equilibrium values
of the functionals in this differential game

Jio=0, Ji=0. (7.9)

u

It should be noted that any pair of controls (u(r),v(t)) = (u(t),0) € L*[0,2] x L*[0,2], where
u(r) satisfies the Fredholm integral equation of the first kind

/02(t+2)b7(t)dt = —Xp,

is an open-loop Nash equilibrium solution to the differential game (7.1)-(7.3). The correspond-
ing Nash equilibrium values of the functionals also equal zero.

Proceed to the derivation of another solution to the differential game (7.1)-(7.3). For this
purpose, we extend the set L?[0,2] x L*[0,2] of admissible open-loop solutions in this game.
Namely, the extended set of admissible solutions in the game (7.1)-(7.3) is

7a (U5UL2[0,2]> x L2[0,2], (7.10)
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where Ug 2 {Bo(t—1)}, B is any real number; 7 € [0,2] is any time instant; (¢t —7), t € [0,2]
is the 6-function of Dirac with the impulse at r = 7.

Let us show that, for any 7 € [0,2], the pair of controls (i(¢),%(r)) = (B(7,x0)8(r —7),0) €
& with a properly chosen number f3(7,xp) is an open-loop Nash equilibrium solution to the
differential game (7.1)-(7.3).

Substituting u(t) = i(t) = B(f,x0)8(¢t —17), v(¢t) = ¥(¢) = 0 into the initial-value problem (7.1),
we have

d’;(t’) = (t+2)B(T,x0)8(t—7), 1€[0,2], x(0)=uxp. (7.11)
Integrating (7.11) from t = 0 to t = 2, we obtain
x(2) =xo+ (F+2)B(7,x0). (7.12)

Let us observe that 42 # 0 for any ¢ € [0,2]. Therefore, the choice of B(7,xp) = —xo/(f+2)
yields x(2) = 0 in (7.12). Thus, the values of the functionals in the differential game (7.1)-(7.3),
corresponding to the pair of controls (ii(¢),7(t)) = (—x06(t —7)/(T+2),0), are J, (i(t), v(t)) =
0, J, (@(t),v(t)) = 0. Since Jy, (u(r),v(r)) >0, J,(u(t),v(t)) > 0 for any pair (u(t),v(t)) € &
then the pair (if(r), 7(r)) = (—xo8(r —)/(7+2),0) is the open-loop Nash equilibrium solution
to the differential game (7.1)-(7.3) for any 7 € [0,2].

Thus, along with the above derived open-loop Nash equilibrium solution (uj(1),v§(t)) €
L2[0,2] x L?[0,2] C . to the game (7.1)-(7.3), we have obtained infinitely many its open-loop
Nash equilibrium solutions, namely, (u(z),0) € L?[0,2] x L?[0,2] C . and (i(t),%(t)) € ..
The Nash equilibrium values of the functionals in the game (7.1)-(7.3), corresponding to all
these solutions are the same, namely, zero. It should be noted that, due to the presence of the
Dirac §-function in i(t), the solution (iz(),7(r)) can be useful rather for a theoretical analysis
of the game, while the solutions (u(t),v;(¢)) and (u(r),0) can be useful for both purposes,
theoretical analysis of the game and practical implementation of these solutions.

7.2. Example 2. Consider the following particular case of the initial-value problem (2.31)-
(2.32):

dx1t(l) ={t=2)u1(t)+ 2t —4up(t) +vi(t) —va(t), t€]0,2], x1(0)=uxo1,
dx;t(t) = (4=20ur1(t) + (2 — o (t) —vi(t) +v2(t), t€1[0,2], x2(0) =xqpp,

(7.13)

where x1(t), x2(t), ui(t), ua(t), vi(t), vo(t) are scalar variables; xp; and xp; are some given
scalar values.
In this example, the functional to be minimized by the player “u” with the control u(t) =

col (u1(¢),ua(t)), t € [0,2] and the functional to be minimized by the player *v”” with the control
v(r) = col(vi(2),v2(2)), t € [0,2] are, respectively,

2
Ju(u(-),v(+) = %xT(Z)x(Z)—F% A ul(t)dt, (7.14)
and . L
Jv(u(-),v(-))ZExT(Z)Fx(Z)—FE A [vi(2) +v3(1)]dt, (7.15)
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x(t)z(xl(t)), 1 €10,2]; F:(;t f) (7.16)

x2(t)
The differential game (7.13)-(7.15) is a particular case of the OSNEG (2.31), (2.32), (2.35),
(2.36), where

where

n=2 r=2 s=2, g=1, ty=2, (7.17)

= (5 570) o= 1 7). ena

Ru’l(l‘)El, RV(I)Elz, t e [0,2]
(7.18)
Based on the results of Sections 4 and 5, let us derive the open-loop Nash equilibrium solution
(ugs(1),vj(1)) € L?[0,2; E?] x L?[0,2; E?] to the game (7.13)-(7.15).
Due to the equation (4.1), let us partition the matrix .#,(t) into two blocks .#, (t) and
Ay 2(t). Using the expression for .#,(t) (see the equation (7.18)), we obtain

0= ({5 ) 0= (320) el 7.19)

Furthermore, let us calculate the matrix K, >, given by the equation (4.4). Using (7.19), we
directly have

2 _16
3 3

Kyr = . (7.20)
_16 8
3 3

This matrix has zero eigenvalue of the algebraic multiplicity kK = 1, meaning that the assumption
A7 is fulfilled.
Let us choose the orthogonal matrix L, appearing in the equation (4.5), as follows:

1 2
N
L= . (7.21)
21
N

Thus, using the matrices K,, >, L (see the equations (7.20), (7.21)) and calculating the matrix
D, >, defined by the equation (4.5), we obtain

0 0
D> = . (7.22)
40
0 35
The latter, along with (4.5), yields
40
Oun = 3 (7.23)

Calculating A, »(t), defined by the equation (4.6), we obtain
Aua(t) =V502-1), te]0,2]. (7.24)
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Now, calculating the block-form matrices, given in (4.9), and using (7.18), (7.19) and (7.21),
we obtain by a routine algebra

72 9%
( Qi1 Q12 ) BB
Q5,12 Qu13 96 128 ’
15 15
_l6 12
( -Qv,l QV,Z ) o >3
-Q'v,3 Q'v,4 _ 48 36
5
(7.25)
Furthermore, using (4.10) and (7.25), we obtain
13 16
AN=—, A3=——. 7.26
1 5 ) 3 5 ( )

Thus, A; # 0, i.e., the assumption A8 is fulfilled.
Now, based on the equations (4.24), (4.26), (4.30), (4.32), (4.34) and using the equations
(7.16), (7.18), (7.19), (7.21), (7.23), (7.24), (7.26), we can derive the components i (1), Uuj o (1)

and v;(t) of the open-loop Nash equilibrium solution to the differential game (7.13)-(7.15).
Namely,

" 3
ug, (1) = E(XOI +2xp)(t—2), t€]0,2],

§ 3
oo (t) = W(me —9%02)(2—1), 1€]0,2],

volr) = %(Xm +2x02) ( _11 ) , t€]0,2].

(7.27)
Furthermore, based on the equations (4.24), (4.41), (4.46) and using the equations (7.16),

(7.18), (7.19), (7.21), (7.26), we can calculate the Nash equilibrium values J; , and J, of the
functionals of the differential game (7.13)-(7.15). Namely,

. 29 . 40
Tio= ﬁ(xm +2x2)%, Ty = @(xm +2x02)>. (7.28)

Proceed to the derivation of another solution to the differential game (7.13)-(7.15). For this
purpose, we extend the set L?[0,2; E?] x L*[0,2;E?] of admissible open-loop solutions in this
game. Namely, the extended set of admissible solutions in the game (7.13)-(7.15) is

7L 7, % 12]0,2;E2), (7.29)
where

Zu 2 {col(ul(t),uz(t)) tuy (1) € L20,2], ua(t) € (Ug ULZ[O,z]) }, Us 2 {BS(t—1)},

B is any real number; 7 € [0,2] is any time instant; 6(r —7), ¢t € [0,2] is the §-function of Dirac
with the impulse at t = 1.
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Let us calculate the outcome of the game (7.13)-(7.15), corresponding to the pair of controls
(@(2), (1)), t € [0,2], where

i(t) =col(0,B8(t—17)), ¥(r)=0, r€l0,2]. (7.30)

Substituting u(t) = i(t), v(t) = v(¢) into the initial-value problem (7.13), we have
dxy
90 _ s, 102, 00 =
dx;t( ) (2-0BSG—1), 1€, (0)=xn.
(7.31)
Integration of (7.31) from t =0 tot =2 yields
x1(2) = xo1 + (2 - 4)B,
x2(2) = X0 + (2 - f)ﬁ
(7.32)

Using (7.30) and (7.32), we directly obtain the following outcome of the game (7.13)-(7.15),
corresponding to the pair of controls (i(t),v(t)), t € [0,2]:

Ju(@(0),50) = 5 [ (o1 + (27— 4)B) + (0 + (2~ D))

5 (a0).5(0)) = 5 [2(o0r + (27— 4)B) + (s0o+ 2~ D))"
(7.33)

The sufficient condition for the pair of controls (u( ), v(t )) t € [0,2] to be an open-loop Nash
equilibrium solution of the game (7.13)-(7.15) is

Ju (), v(t)) =0, Ju(i(r),5(r)) =0, (7.34)
which, along with (7.33), yields
X01 (21‘ — )ﬁ 0
{ Yop+(2—7)B = 0. (7.35)

This set of equations with respect to the unknown f3 has a solution if and only if

Xo1 = —2x02, (7.36)

and this solution is B = B(7,x02) 2 xo2/(f—2) for any 7 € [0,2).
Hence, subject to the condition (7.36), the pair of controls

(a(t),5(t)) = (col(O, ﬁ(t_,xoz)S(t—t_)),0> e

is an open-loop Nash equilibrium solution to the differential game (7.13)-(7.15) for any 7 €
[0,2), and this solution yields zero Nash equilibrium values of the functionals.

It should be noted that, subject to the condition (7.36), the component ué 1(t) of the above de-
rived open-loop Nash equilibrium solution to the differential game (7.1 3)—7(7. 15) becomes zero
(ug,1 (1) =0, € [0,2]), the component i , (¢) of this solution becomes as ug , (1) = 2x02(t—2),
t € [0,2], the component v;(¢) of this solution becomes zero (v;(f) =0, ¢ € [0,2]). Also, due to
(7.28) and (7.36), the Nash equilibrium values J* .0 and JV o of the functionals of the differential
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game (7.13)-(7.15), corresponding to the above mentioned solution <C01 (ué 1(1)ug 5 (1)), v§ (t))
€ L?[0,2; E?] x L?[0,2; E?], become zero. Moreover, subject to the condition (7.36), any pair of
controls (ii(t), ¥(t)) = (col(ﬁl (1),i(1)),5(t)) = (col(o,ﬁz(t)),o) € 12[0,2;E%) x L2[0,2; E2],
where u;(t) satisfies the Fredholm integral equation of the first kind

/0 (= i)t = x00,

is an open-loop Nash equilibrium solution to the differential game (7.13)-(7.15). The corre-
sponding Nash equilibrium values of the functionals also equal zero. Thus, subject to the
condition (7.36), we have derived infinitely many open-loop Nash equilibrium solutions to

the differential game (7.13)-(7.15). Among these solutions are <col(ual(t),u872(t)),vé(l)) €
12[0,2;E?] x [2[0,2;E?] € . and (col(o,ﬁz(t)),o) € 12[0,2;E2] x L2[0,2;E?] C ., while

the other solutions are (if(¢),(t)) € .# valid for any 7 € [0,2). The Nash equilibrium values
of the functionals in the game, corresponding to these solutions are the same, namely, zero. As
in the previous example, it should be noted that, due to the presence of the Dirac §-function in
i(t), the solution (i(¢),7(t)) can be useful rather for a theoretical analysis of the game, while

each of the solutions (col(ué (1), uaz(t)) V) (t)) and (col(O, Uy (t)),O) can be useful for both
purposes, theoretical analysis of the game and practical implementation of this solution.

8. CONCLUSIONS

In this paper, the deterministic finite-horizon two-person linear-quadratic Nash equilibrium
differential game was considered. The dynamics equation of the game has multiple point-wise
and distributed delays in the state variable and control variables of both players. The weight
matrix of the control cost of one player (the ”singular” player) in its own functional is block-
diagonal with two blocks on the main diagonal. One of these blocks is a positive definite
matrix, while the other is zero matrix. Thus, the aforementioned weight matrix of the control
cost is singular, meaning that the considered game is singular. The control coordinates, which
are present in the functional are regular, while the other control coordinates are singular. The
weight matrix of the control cost of the other player (the “regular” player) in its own functional
is positive definite. A set of admissible solutions (the pairs of the players’ controls) in the game
is chosen as the set of all pairs of square integrable control functions.

By two consecutive linear changes of the state variable, the initially formulated differential
game was transformed equivalently to a much simpler one. This new game also is a singular
Nash equilibrium game, while its equation of dynamics does not have delays any more. In the
sequel of the paper, this new un-delayed game was considered as an original Nash equilibrium
game. To solve this game, the regularization method was applied. Namely, the original game
was replaced by a regular Nash equilibrium game, which depends on a small positive parameter
€. This new game has the same dynamics, the same functional of the “regular” player and the
same set of admissible controls as the original game has. However, the functional of the ’sin-
gular” player in the new game differs from the one in the original problem. The new functional
is the sum of the original functional and the finite-horizon integral of the squares of the singular
control coordinates with the small positive weight €. Thus the obtained parameter dependent
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Nash equilibrium game is a partial cheap control game, and it becomes the original game for
€ = 0. Asymptotic analysis with respect to € of the solution to this partial cheap control game
was carried out. Based on this analysis, the open-loop solution of the original singular Nash
equilibrium game was derived. The corresponding values of the players’ functionals also were
obtained.

It was demonstrated by examples that, subject to some additional conditions, the singular
Nash equilibrium game can have infinitely many solutions in the original set and in some ex-
tended set of admissible pairs of the players’ controls.
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