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Abstract The subject of this paper is a non-autonomous linear quadratic
case of a differential game model with continuous updating. This class of
differential games is essentially new where it is assumed that, at each time
instant, players have or use information about the game structure defined
on a closed time interval with a fixed duration. During the interval informa-
tion about motion equations and payoff functions of players updates. It is
non-autonomy that simulates this effect of updating information. A linear
quadratic case for this class of games is particularly important for practical
problems arising in the engineering of human-machine interaction. Here we
define the Nash equilibrium as an optimality principle and present an ex-
plicit form of Nash equilibrium for the linear quadratic case. Also, the case
of dynamic updating for the linear quadratic differential game is studied
and uniform convergence of Nash equilibrium strategies and correspond-
ing trajectory for a case of continuous updating and dynamic updating is
demonstrated.

Keywords: differential games with continuous updating, Nash equilibrium,
linear quadratic differential games, non-autonomous.

1. Introduction

The theory of games and global optimization problems are related to each other.
As game theory examines the behavior of multi-agent systems, games can be viewed
as a multi-objective optimization problems. Therefore game theory plays an impor-
tant role as an application of global optimization. From the other side a number
of concepts such as Nash equilibrium are taken from the theory of games to con-
struct a special class of heuristic algorithms. In the theory of differential games the
conditions of optimality such as Hamilton-Jacobi-Bellman equation or Pontryagin’s
Maximum principle are constructed using the approaches initialy developed in the
theory of optimization. Dynamic programming and Bellman equation were the basis
for HIB equations. Pontryagin’s Maximum principle was preceded by the method
of Lagrangian multipliers.

In the theory of classical differential games, it is usually assumed that players
have all information about game dynamics and can forecast each others’ actions. In
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particular classical differential games are defined on finite or infinite time intervals
(players have information about the dynamics of the game on finite or infinite time
intervals) (Basar et al., 1995; Isaacs, 1965), on a random time interval (players have
information on a given time interval, but the duration of this interval is a random
variable) (Shevkoplyas, 2014). One of the first works in the theory of differential
games is devoted to the differential pursuit game (the player’s gain depends on
the time of capture of the opponent) (Petrosyan and Murzov, 1966). Classical dif-
ferential game models assume that players know all information about the game
dynamics (equations of motion) and about players’ preferences (cost functions) at
the beginning of the game. Different types of differential game models help to model
players’ behavior for different scenarios, but one important idea is usually missing.
In real-life processes, information about the dynamics of the process is not known
in advance; i.e. the form of motion equations is not known in advance. Furthermore,
participants in the process — the players — cannot usually make a perfect forecast
about others’ preferences for the whole interval over which the process is defined.

Most real conflict-driven processes evolve continuously over time, and their par-
ticipants constantly adapt. This paper continues along the lines of others related to
continuous updating where it is assumed that players

— have information about motion equations and payoff functions only on [t, ¢+ T],
where T is the information horizon and ¢ is the current time instant.

— receive updated information about motion equations and payoff functions as
time ¢ € [tg, +00) evolves.

In this paper, it is supposed that motion equations and payoff functions explic-
itly depend on the time parameter. Therefore, in the general form of the differ-
ential game with continuous updating, information about motion equations and
payoff functions updates because its form changes as the current time ¢ € [tg, +00)
evolves. This allows one to fully implement the concept of continuously updat-
ing information, in contrast to the autonomy case. While the Nash equilibrium
is used to model the individual behavior of players, the unusual introduction of
information updating makes the Nash equilibrium difficult to derive. This is be-
cause control problems that include a moving information horizon suffer from a lack
of fundamental approaches. Such classical methods as dynamic programming, the
Hamilton-Jacobi-Bellman equation (Bellman, 1957) and the Pontryagin maximum
principle (Pontryagin, 1996) do not allow for directly constructing Nash equilibrium
in problems within a moving information horizon.

The class of games with continuous updating is represented in the literature
by the following papers (Kuchkarov and Petrosian, 2019; Kuchkarov and Petrosian,
2020; Petrosian and Tur, 2019). In the paper (Petrosian and Tur, 2019) the system
of Hamilton-Jacobi-Bellman equations are derived for Nash equilibrium with con-
tinuous updating. In the paper (Kuchkarov and Petrosian, 2019; Kuchkarov and
Petrosian, 2020) the class of autonomous linear-quadratic differential games with
continuous updating is considered and the explicit form of the Nash equilibrium
is derived for feedback-based and open-loop-based cases. Actually, the continuous
updating approach was the extension, or generalization, of the dynamic updating
case wherein the following papers were published (Gromova and Petrosian, 2016;
Petrosian, 2016a; Petrosian, 2016b; Petrosian and Barabanov, 2017; Petrosian et al.,
2017; Petrosian et al., 2018; Petrosian et al., 2019; Yeung and Petrosian, 2017). Here
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the updating procedure occurs not continuously in time, but in discrete time in-
stants.

The class of differential games with dynamic and continuous updating has some
similarities with Model Predictive Control (MPC) theory which is worked out within
the framework of numerical optimal control (Goodwin et al., 2005; Kwon and Han,
2005; Rawlings and Mayne, 2009; Wang, 2005). The MPC approach achieves the
current control action by solving a finite-horizon open-loop optimal control prob-
lem at each sampling instant. For linear systems there exists a solution in the explicit
form, (Bemporad et al., 2002; Hempel et al., 2015). However, in general, the MPC
approach demands the solution of several optimization problems. Another related se-
ries of papers corresponding to the class of stabilizing control is (Kwon et al., 1982;
Kwon and Pearson, 1977; Mayne and Michalska, 1990; Shaw, 1979) where similar
approaches were considered for the class of linear quadratic optimal control prob-
lems. But in the current paper, and in papers about the continuous updating ap-
proach, the main goal is different: to model players’ behavior when information
about the course of the game updates continuously in time.

In this paper, we extend the results of papers (Kuchkarov and Petrosian, 2019;
Kuchkarov and Petrosian, 2020), where the class of autonomous linear-quadratic
differential games with continuous updating is considered and the explicit form of
the Nash equilibrium is derived. One of the main results of this paper are the suf-
ficient conditions for the existence of a feedback-based and open-loop-based Nash
equilibrium with continuous updating for a non-autonomous case. The current pa-
per is focused on a non-autonomous case for the class of games with continuous
updating. For this approach it is very important that motion equations and payoff
functions are the functions of time or the system itself is non-autonomous. It is pos-
sible to make use of information updating and adaptation because motion equations
and payoff functions are functions of the current time and, in the framework of the
continuous updating approach, may not be known in advance. The implementation
of previously unknown functions models the behavior of the system as if it used
limited information at each moment in time. The popularity of the so-called linear
quadratic differential games (Engwerda, 2005) can be explained by practical appli-
cations in engineering. To some extent, this kind of differential game is analytically
and numerically solvable. On the other hand, this linear quadratic problem setting
naturally appears if the agents’ objective is to minimize the effect of a small per-
turbation of their nonlinear optimally controlled environment. By solving a linear
quadratic control problem, and using the optimal actions implied by this problem,
players can avoid most of the additional cost incurred by this perturbation. Also in
this paper it is proved that Nash equilibrium in the corresponding linear quadratic
game with dynamic updating uniformly converges to the introduced controls. This
procedure allows concluding that the constructed control indeed is optimal in the
game model with continuous updating, i.e. in the case when the length of the up-
dating interval converges to zero. A similar procedure is performed for the corre-
sponding trajectory. Another important issue addressed in the paper is the issue of
the non-uniqueness of the Nash equilibrium for interval [t, ¢ +T] and what the Nash
equilibrium with continuous updating will look like in this case.

The paper is structured as follows. Section 2 presents a description of the initial
differential game model and corresponding game model with continuous updating
as well as a conceptual strategy for it. In section 3, the Nash equilibrium is adapted
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for a class of games with continuous updating and the explicit form of it for a class
of linear-quadratic differential games is presented. Section 4 provides a descrip-
tion of the game model with dynamic updating and the form of Nash equilibrium
with continuous updating. It also demonstrates the convergence of Nash equilibrium
strategies and corresponding trajectories for a case of dynamic and continuous up-
dating. The illustrative model example and corresponding numerical simulation are
presented in section 5. The demonstration of the convergence result is also presented
in the numerical simulation section. In section 6, conclusions are drawn.

2. Classical Differential Game Model and Model with Continuous
Updating
2.1. Linear Quadratic Non-autonomous Game Model

Consider n-player (|N| = n) linear quadratic non-autonomous differential game
I'(zg,t9,T) defined on the interval [tg, T':
Motion equations have the form

(t) = A({t)x(t) + Bi(H)ur(t) + ... + Bp(t)un(t),
l‘(to) = Xy, (1)
v ERYL u=(up,...,u), wi =u;(t) €U; CRF, t €ty T).

The payoff function of player ¢ € N is defined as

Ko, to, T 1) = / x’(t)Qi(t)x(t)+Zu;(t,z)Rij(t)uj(t,x) dt, ic N, (2)

where Q;(t), R;;(t) are assumed to be symmetric for t € [to,T], Ri;(t) is positive
defined for ¢ € [to,T], (- )’ means transpose here and hereafter.

Furthermore, for the right-hand side of (1) we suppose that the conditions of
Theorem 5.1 from (Basar et al., 1995) are satisfied so that the state equation admits
a unique solution for every corresponding N-tuple of strategies. For a strategy space
we consider the so-called Markov functions, that is, the set of functions where each
function depends only on the current state of the system and time, u;(t) € I’ if b,i €
N:

TP = {u;(0,7) | wilt) = ug(t, 2(t)) and (ui(.), ..., un(.)) € U}.

Later in the paper we will directly refer u(t, z(t)) = (u1(t, z(t)),. .., un(t, z(t))) as
a strategies in a feedback form and use this notation.

2.2. Linear Quadratic Non-autonomous Game Model with Continuous
Updating
The difference between a non-autonomous game model and an autonomous one
for the class of games with continuous updating is that here the right hand side
of motion equations and the integrand in the payoff function explicitly depend on
the current time ¢. For the case of a linear quadratic model, the dependency on the
current time ¢ in (1), (2) is introduced by the following matrices:

A(t), Bz(t), Qz(t), Rij(t)7 Z,j = 1,...,7’L. (3)

There is a special meaning to this dependency. At the begging of the overall game,
at time instant ¢y, players have only information about the motion equations and
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payoff functions for the interval [tg,tg + T]. Thus they know values of matrices (3)
for interval [to,to + T, because the form of matrices (3) can be different for the
interval [to + T, +00]. In the case of autonomous system matrices, (3) are constants
and it can be said that they are known for the whole interval on which the game is
defined.

Consider n-player differential game I'(z,t,t + T), t € [to, +oc) defined on the
interval [t,t + T, where 0 < T' < +o0.

Motion equations of I'(x,t,t + T) have the form

it(s) = A(s)zt(s) + Bi(s)ul (s, xt) + ... + Bp(s)ul (s, z),
xt(t) =, (4)
ot e R b = (uf, ... ul), ut = ul(s,at) € U; CRF, t € [ty, +00).

The payoff function of player i € N in game I'(x,t,t + T) is defined as
t+T "
K!(x,t,T;u") = / (JCt(S))/ Qi(s)x'(s) + Z (ué(s,:ct))/ Rij(s)u;(s,xt) ds,
t J=1
(5)

where 2!(s), u'(s,2") are trajectory and strategies in the game I'(x,t,t + T). It
is easy to see for each strategy profile u!(s,z') = (u{(s,z?),...,u% (s, 2")) for fixed
time instant ¢ we receive a trajectory x'(s), s € [t,t+7T) (in section 2.1 the conditions
of positive definite and symmetry are satisfied). As the current time ¢ € [tg, +00)
changes the strategy profile uf(s, ') changes and corresponding z*(s) as well. There-
fore, further we will keep additional indexing ¢ for ? that represents the trajectory
or the state in the game starting in the current time instant ¢. It is supposed that
the same conditions as in the section 2.1 are satisfied for a N-tuple of strategies,
but for every current time instant ¢.

In the class of differential games with continuous updating, time parameter
t € [to, +00) evolves continuously. As a result players continuously receive updated
information about motion equations and payoff functions under I'(xz,t,t + T). Ac-
cording to the model (4), (5) we assume that, at each current time t € [to, +00),
the strategy u®(s, ') can be different for fixed s. Using the strategies u(t,z), it is
possible to model the behavior of players for continuously updated information:

u(t, ) == u'(s,2"(s))|s=t, t € [to, +00),

where u(s,z'), s € [t,t + T] are some fixed strategies defined in the subgame
I(z,t,t+T) starting in time instant ¢ and initial state z*(s)|s—¢; = x. Such a complex
construction is needed because the decision in the whole game with continuous
updating is based on particular decisions in each subgame, but only at one moment
in time. The state or the trajectory corresponding to u(t,z) in the model with
continuous updating is defined according to the motion equations in the initial
game without updating

z(t) = A[t)x(t) + By ()ur(t, ) + ... + Bp(t)un(t, x),

I(to])Rl: Zo, (6)
T e

with strategies with continuous updating u (¢, x) involved.
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The essential difference between a game model with continuous updating and
a classic differential game I'(xg,to,T) with a prescribed duration is that players
in the initial game are guided by the payoffs that they will eventually receive for
interval [to,T]. But in the case of a game with continuous updating, at the time
instant ¢ they orient themselves on the expected payoffs (5), which are calculated
using information about the game structure defined on the interval [t,¢ + T.

3. Nash Equilibrium with Continuous Updating in LQ Differential
Games

3.1. Nash Equilibrium with Continuous Updating

In this section we present the definition of Nash equilibrium with continuous
updating presented for the first time in (Petrosian and Tur, 2019).

For a class of games with continuous updating the concept of Nash equilibrium
uVE(t, ) = (udE(t,z),...,ulP(t,x)) will be defined such that each fixed t €
[to, +00) coincides with the feedback (open-loop) Nash equilibrium in the game (4),
(5) defined for the interval [t,¢ + T at the instant ¢. This concept is used to model
the behavior of players that use Nash equilibrium strategies under the information
they have at every current time instant t.

As has been stated above and in the previous papers on continuous updating,
it is impossible to directly use the definition of Nash equilibrium and the classical
procedures to obtain it. Therefore direct application of classical approaches such as
the Hamilton-Jacobi-Bellman equations or the Pontryagin maximum principle for
determining Nash equilibrium in feedback (open-loop) strategies is not possible.

Definition 1. Strategy profile U%E(t,x) (u(])\l’E(t,x)) is called the feedback-based
(open-loop-based) Nash equilibrium with continuous updating, if it is defined in the
following way:

up(ta) =upl(t s, 2 e = (@ (8,30 sm, - U (E 5,2 a2, -
(ué\{E(t,x) = ﬂé\{E(t, 5,2t = (ﬂg{f(t, 5,2 o=ty .. ,ﬂé\l’ﬁ(t, s,a:t)|szt)) ,

where t € [to,+00) and NP (t,s,2") (@lP(t,s,2")) is the feedback (open-loop)
Nash equilibrium in the game I'(x,t,t + T) defined on the interval [t,t + T).

We suppose that the strategy with continuous updating obtained using (7) is
admissible or that the problem (6) has a unique and continuable solution. Corre-
sponding conditions of existence, uniqueness and continuability of A. F. Filippov
(Filippov, 2004) are presented for the system (4)-(5).

Strategy profile U%E(t, x) (uzo\le(t, x)) will be used as a solution concept in the
game with continuous updating. It is important to notice that Nash equilibrium
with continuous updating U%E(ﬁ, x) (ué\l’E(t, a:)) is not the Nash equilibrium in the
classical sense, but can be used as a solution concept related to Nash equilibrium for
a class of games with continuous updating. Trajectories corresponding to U%E (t,x)

(Ué\l[E(t, x)) we will denote by Z%E(t) ($NE (t))

ol
3.2. Theorems on Nash Equilibrium with Continuous Updating for LQ
Differential Games

One of the main results of this paper is the establishment of sufficient con-
ditions for the existence of a feedback-based Nash equilibrium with continuous



138 lldus Kuchkarov, Ovanes Petrosian, Yin Li

updating for the non-autonomous case. Related results can be found in papers
(Kuchkarov and Petrosian, 2019) and (Kuchkarov and Petrosian, 2020) where the
sufficient conditions for a Nash equilibrium with continuous updating for an au-
tonomous case were presented.

Theorem 1. For an N-person linear-quadratic differential game I'(zo,to,to + T)
with continuous updating with Q;(-) > 0, R;;(-) >0 (4,5 € N,i # j), let the system
of N coupled matriz Riccati differential equations
O 1 ZU ) F () + (F (7)) Z0(7) + Qalt + Tr) +
+T° Y ZHm)By(t + Tr)R;} (t + Tr)Riy(t + Tr) x
JEN
—1 —1 —1
xR (t+Tr)Bi(t+T1)Zi(1) =0, 7€/0,1],
Zi1) =0, i€N, (8)
where
Fi(r) =TA(t +Tr) ~T" Y Bi(t + Tr)R;(t + Tr)Bi(t + T1) Z(r),
ieN

A(t), B(t), Q(t), R(t) are bounded continuous functions, has a unique bounded
solution Z!(-) >0, i € N fort > to. Then a linear-quadratic differential game with
continuous updating has a continuous in t linear feedback-based Nash equilibrium
with continuous updating

uffi(t,e) = —R;H (O Bi(t)Z{(0)Tw, i€ N. 9)

Proof. In order to prove the Theorem we introduce the following change of variables
s=t+1TT,
yi(1) = x’}b(t +T7), (10)
vi(T,y) = upi(t+Tr,y), i € N.
By substituting (10) to the motion equations (4) and payoff function (5), we obtain
_ _ N __ _
gi(r) = TA(t + Tr)yt (1) + Z; TB;(t+ TT)vi(r,y) (11)
and
Ki(y' ') = [ ('(n)) Qu(t +Tr)y'(m)
(12)

(v;-(ﬁ, y))/Rij(t +T7’1)U;(T1,y)d7’1, i€ N.

_|_

'MZ ﬂ\»—'

1

J

The corollary 6.5 from (Basar et al., 1995) (sufficient conditions for the existence

of Nash equilibrium in affine-quadratic game) and the existence of solution Z!(7) >

0 for the system of differential equations (8) lead to feedback-based Nash equilibrium
strategies in the subgame I'(z,t,¢t + T') that have the form

vpNP (1Y) = =R (t+ Tr)Bl(t + T7) ZH(7)Ty. (13)

3
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From (10) we have

s—t
T=—=,
T
returning to original variables we obtain the following strategies
—t\ —
u’}b’i(&x) = —R;l(s)Bg(s)Zf (ST ) Tx. (14)

These strategies are Nash equilibrium in feedback-based strategies in the subgame
I'(z,t,t +T) by construction.

Task (11), (12) and solution (13) have the same form for all values ¢ in the
original game with continuous updating. Then a feedback Nash equilibrium in all
subgames has the parametric form

TE(s.0) = R B2 (T ) T (19

Apply the procedure (7) to determine the Nash equilibrium with continuous
updating using (15), s = t:

u%{”;(t,ac) = —R; (t)B/(t)Z}(0)Tx, t € [ty,+00), i € N.

To prove continuity of (9) we use classic theorem from ODE theory: if right part
of ODE is continuous, bounded and for every point (¢g,z¢) it has unique solution
then solution of this ODE continuously depends on an initial point and right part
of ODE. Thus, ODE (8) satisfy this classic theorem, hence Z!(0) is continuous as
function of ¢. Thus, right part of (9) is continuous.

This proves the theorem.

Remark 1. The non-autonomous case differs from the autonomous case in that
the solution to the Riccati equations may differ at each moment in time, thus it is
necessary to find a solution to the family of Riccati equations. In addition, in the
autonomous case, the continuity in t of the strategy followed from the constancy
of the solution to the Riccati equations, while in the non-autonomous case this
continuity must be shown explicitly.

The form of open-loop-based Nash equilibrium with continuous updating was
presented in (Kuchkarov and Petrosian, 2020). We will use these results later to
study convergence in section 4.

Theorem 2. For an N-person linear-quadratic differential game with Q;(-) > 0,
R;ij(:) >0 (i,5 € N,i # j), let there exist a solution set {M},i € N,t > to} to the
coupled matriz Riccati differential equations

dM} — — — = =

— (7) +TM(T)A(t+T7) +TA (t+T1)M{(1) + Qi(t + T7)—

-
~T'M{(r) Y. Bj(t +T7) (Ryj(t +Tr)) ' Bj(t + Tr)Mi(r) =0, (16)
JEN
M}(1)=0, T€]0,1], i€ N.

Then, the differential game with continuous updating admits an open-loop-based
Nash equilibrium with continuous updating solution given by

ulZ(t,2) = —R; (t)B/(t)M}(0)Tz, i€ N.

ol,i
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Remark 2. Notice that the open-loop-based solution with continuous updating
has a feedback form; i.e. the open-loop-based Nash equilibrium with continuous
updating explicitly depends on the current state. This happens because of the way
the solution is constructed, when at each current time ¢ players reconsider their
decisions under the continuously updated information.

Ezxample 1. Consider the following autonomous differential game model with two
players in order to compare an open-loop-based and feedback-based Nash equilib-
rium with continuous updating. Let the motion equations in the subgame have the
form .

' (s) = —Ba'(s) + uy (s, 2'(s)) +uy(s, 2'(s)),

17
r'(t) =z, o' € R (a7)

and payoff function of player i € {1,2} is defined as

t+T
K; (z,t,T,u") = / (q (a:t(s))2 + 7 (uf(s,act(s)))2 + 7o (ué(s,xt(s)))Q) ds, (18)

t

where j € {1,2}, j # 4, q,r1,72 > 0.

As we need to consider only one equation because of players’ symmetry, for a
feedback-based Nash equilibrium with continuous updating the Riccati differential
equation has the form:

(1) = 2TB2(1) + 2?222(7') (TZ — :;) —q, T€][0,1],
1 1

z(1) = 0.
For an open-loop-based Nash equilibrium with continuous updating we obtain

m(r) = 2TB8m(T) + 2?2@ —q, T€]0,1],
1

m(1) = 0.

Note that, since in this example we consider a case of two players, the conditions
of Theorems 1 and 2 become necessary as well. Therefore, one can say that a
feedback-based and open-loop-based Nash equilibrium with continuous updating
for this model are unique. We have simulated Nash equilibrium obtained using Ric-
cati equations above for parameters f = 0.01, 11 = 1, ro = 0.1, ¢ = 5, T = 1,
t € [0,2], (0) = 100, plotted them (Fig. 1) and the corresponding equilibrium
trajectories (Fig. 2) for open-loop-based and feedback-based cases. It is possible to
see that the solutions are obviously different even though both of them are in fact
from the feedback-based form (depending on the state x).

3.3. Existence, Uniqueness

An important assumption made in the previous section is the assumption for the
existence of Nash equilibrium with continuous updating. According to the definition,
for the existence of Nash equilibrium with continuous updating u™¥(t, ), it is
necessary and sufficient to assume the existence of a Nash equilibrium u™V ¥ (¢, s, 2?)
in each subgame I'(z,t,t +T), t > to.
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Fig. 1. uf” (t) — feedback-based Nash equi- Fig. 2. a7 (t) — trajectory for feedback-
librium with continuous updating for (17), based NE with continuous updating for (17),
(18), ul}F(t) — open-loop-based Nash equi- (18), zNE(t) — trajectory for open-loop-

librium with continuous updating for (17), based NE with continuous updating for (17),
(18). (18).

The problem of the uniqueness of the Nash equilibrium in differential games
is not trivial. It is known (Eisele, 1982) that, even for the case of an autonomous
linear-quadratic game, the open-loop Nash equilibrium can be non-unique even
when sufficient conditions similar to the theorems presented above are satisfied.
Suppose that, in the games with continuous updating, in each subgame I'(z, ¢, t+
T), t > to there are at least two Nash equilibria on the interval [t,¢ + T]. Then the
set of Nash equilibria with continuous updating will be uncountable because players
can switch from one Nash equilibrium to another one at every current time instant
time ¢.

Ezxample 2. Consider the following game model with continuous updating defined
by the motion equations with strategies of players in open-loop form

iy |ui(s) 0
r'(t) =z, o' € R?
and payoff function of player ¢ € {1,2} defined as
t+2

K! (m,t, g,ut> = % / ((xt(s))/Qia:t(s) + (uf(s))2> ds,

t

where )
5 —1 15 -2
Q1:|:21 :|7 Q2:|:2§:|
If z = (0,0)" then according to example 4.1 in Eisele, 1982 this differential

subgame has trivial solution u{ = u} = 0 and set of nontrivial solutions u} = 2u} =

a, a € R. Thus the set of open-loop-based Nash equilibria with continuous updating
is formed by piece-wise continuous functions of the form

0, t € [to, t1),
uol,i(t):{ [O 1)

uf(t), te[tr,00],
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where 1 is a switching point from trivial to nontrivial solution and u}(¢) is some
nontrivial strategy of player i after this switching point. As you can see, the set of
switching points is uncountable, therefore the set of open-loop-based Nash equilibria
with continuous updating is uncountable.

Moreover, an open-loop-based Nash equilibrium with continuous updating may
have continuity or may have a point of discontinuity jump in at some time instant
t1, where players switch their strategies from trivial to nontrivial. Thus, if there are
several Nash equilibria in the subgames, then, in a game with continuous updating,
the Nash equilibrium with continuous updating may be discontinuous.

Lemma 1. Let the differential game be autonomous and the Nash equilibrium in
each subgame I'(z,t,t +T) be unique and continuous, then the Nash equilibrium
with continuous updating is unique and continuous.

Proof. The uniqueness of a Nash equilibrium with continuous updating follows from
its definition and the uniqueness of the Nash equilibrium in each subgame I'(z, ¢, t+
7).

In the autonomous case, players consider the same subgame I'(x,t,t+7) at every
moment of time ¢. Without loss of generality, let u*(s,z) be the Nash equilibrium
in this common subgame I'(x,tg,to + T), then, according to definition 1, the Nash
equilibrium with continuous updating has the form uN¥(t,z) = u*(to,x). Thus,
the Nash equilibrium with continuous updating does not explicitly depend on time,
and its continuity follows from the continuity of the Nash equilibrium in subgame
I(z,t,t+T).

Remark 3. In the case of non-uniqueness of the solution, an algorithm can be
constructed to select a single solution by imposing additional constraints on the
system. For example, the change in strategy should be as small as possible. For
such a criterion for resolving non-uniqueness in Example 2, we obtain the trivial
solution

uol,i(t) = 0, t e [t(), OO]

Study of the properties of Nash equilibrium with continuous updating is a di-
rection for further research.

4. Convergence Results for Strategies and Trajectories

In this section the convergent results of Nash equilibrium strategies and trajec-
tories with continuously updating are presented. In order to do so the concept of
dynamic updating is presented, which helps to model the noncooperative behav-
ior of players when information updates in discrete time instants. Convergence of
strategies and trajectories with dynamic updating and strategies with continuous
updating is proved both for open-loop-based and feedback-based cases.

4.1. LQ Game Model with Dynamic Updating

In papers (Gromova and Petrosian, 2016; Petrosian, 2016a; Petrosian, 2016b;
Petrosian and Barabanov, 2017; Petrosian et al., 2017; Petrosian et al., 2018; Ye-
ung and Petrosian, 2017) the method for constructing a differential game model
with dynamic updating is described. There it is assumed that players have infor-
mation about the game structure only over a truncated interval and, based on this,
make decisions. In order to model the behavior of players in a case when information
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updates dynamically, consider the case when information is updated every At > 0
and the behavior of players at each segment [tg + jAt, to+ (j+1)At], 5 =0,1,2,. ..
is modeled using the notion of a truncated subgame:

Definition 2. Let j =0,1,2,.... A truncated subgame I’ (x%, to+jAt, to+jAt+T)
is a game defined for the interval [ty + jAt, tg + jAt + T) in the following way. At
interval [to+jAt, to+jAt+T)] the payoff function, motion equation in the truncated
subgame, and initial game model I'(xg, tg, T) coincide:

i7(s) = A(s)z? (s) + Bi(s)v(s,27) + ... + By (s)vi (s, 27),

o (to + jAt) = @, S (19)
a2 e R, vl = (v],...,v}), v/ =v!(s,27) € U; C compRF, ¢ € [tg, +00).
to+j At+T
K] (27, 1o + jAt, to + jAt + T;07) = / (27(5)) Qi(s)2? (s)
to+j At (20)

+ (vk(s,xj))/Rik(s)vk(s,xj)ds, i€ N.
k=1

At any instant ¢t = tg + j At information about the game structure updates, and
therefore players adapt to it. This class of game models is called differential games
with dynamic updating.

In the same way as in section 3 we will need to define a special form of the
Nash equilibrium. According to the approach described above, at any time instant
t € [to, +0), players have or use truncated information about the game structure,
therefore classical approaches for determining optimal strategies cannot be directly
applied. In order to determine the solution for games with dynamic updating, the
notion of feedback-based (open-loop-based) Nash equilibrium with dynamic updating
is introduced:

Definition 3. Feedback-based (open-loop-based) Nash equilibrium with dynamic up-

dating
ot x) = (WA (), ot )
(var Bt 2) = (W E(t ), ..., v 5 (¢ x)))

of players in the game model with dynamic updating has the form:

(v ()}, =05t a), te (to+jAtto+ (j+1)Al, j=0,1,2,...
(ol Pt e}y, =005 (ta), te(to+idtto+ (G+1)At, j=0,1,2,...)
(21)
_ i NE iNE ~ ~j,NE
where 05 () = (0%, (t2),..., 0%, (tL2) (@35 2) = @) ¢ 2),...,

Ef;’lf\;E(t, x))) is some fixed feedback-based (open-loop) Nash equilibrium in the trun-

cated subgame f'j (mé’NE, to+jAt tg +jAt+T), j = 0,1,2,... starting along the
equilibrium trajectory of the previous truncated subgame: xO’NE = I~ LNE (¢ +
JAL).

It is important to notice that Nash equilibrium with dynamic updating v (t, z)
is not the Nash equilibrium in the classical sense, but can be used as a solution
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concept related to Nash equilibrium for a class of games with dynamic updating.
Corresponding trajectory &% (t) (£0/” (t)) is obtained by using motion equation (1)
and the feedback-based (open-loop-based) Nash equilibrium with dynamic updating

oNE(t2) = (0N E(t, ), ..., v (1, 2)).

4.2. Nash Equilibrium with Dynamic Updating
Another important set of results from this paper are sufficient conditions for the

existence of a feedback-based and open-loop-based Nash equilibrium with dynamic
updating for a non-autonomous case:

Theorem 3. For an N-person linear-quadratic differential game fj (zé, to + jAt,
to + jAt + T) with dynamic updating with Q;(-) > 0, Rix(:) > 0 (i,k € N,i # k),
let system of N coupled matriz Riccati differential equations
Y , . —
L+ 27 () FS () + (F5 (1) 27 (1) + Qult; + Tr) +
+T° Y ZU(7)Bi(t; + Tr) Ry (t; + Tr) Ri(t; + T7) x
kEN
X Ry (t; +T1)By(t; +T1)Z (1) = 0,
Zi(1)=0, t€l0,1], i€N, (22)

where

Fi(r) =TA(t; +Tr) - T > " Bi(t; + Tr)R; (t; + Tr)Bj(t; + T1)Z; (1),
i€EN

has a solution ij (-) > 0,i € N, fort > to+jAt. Then a linear-quadratic differential
game with dynamic updating has a feedback-based Nash equilibrium with dynamic
updating such that for t € [to + jAtL, to + (j + 1) At] it is given by

oNE(tx) = —R; (t)Bi(t) Z, (W) Tz, j=0,1,2,..., i € N. (23)
Proof. The proof of this theorem is similar to the proof of Theorem 1. The essential
difference is the time interval of solutions matching in the whole game and the
subgame. On one hand, the Nash Equilibrium with continuous updating coincides
with the Nash equilibrium in subgame I'(z,t,t + T) in only one point ¢. On the
other hand, the Nash equilibrium with dynamic updating coincides with the Nash
equilibrium in subgame I';(x), to +jAt, to+ jAt +T) on time interval [to+ jAt, to+
(j + 1) At]. Thus proof of this theorem repeats the proof of theorem 1 down to (14).

In a game with dynamic updating, we update information only in discrete time
moments t; = to+jAt, j € N, and specify (14) for the game with dynamic updating

v i(5,2) = —Ri; () Bl(s) 2 <_Tt> Tr

that equals to (23).

Theorem 4. For an N-person linear-quadratic differential game fj (zé, to + jAt,
to + jAt + T) with dynamic updating with Q;(-) > 0, Ry (-) > 0 (i,k € N,i # k),



Non-autonomous LQ Differential Games with Continuous Updating 145

let there exist a solution set {Ml-tj,i € N,t; > to} to the coupled matriz Riccati
differential equations

dM;? (r)
dr
—2 t. — e —1 ’ — ts

— T M’ (1) Z By(tj + T1) (Rix(t; + T7)) " Bp(t; + TT)M, (1) =0, (24)

keN

i1)=0, T€][0,1], i€N.

+ TM (7)A(t; + T7) + TA (t; + TT)MP (1) + Qq(t; + T7)—

t

M,

K3

Then, the differential game with dynamic updating admits a open-loop-based Nash

equilibrium with dynamic updating for t € [tg + jAL, to + (j + 1) At] is given by
(Tt —= (T j At
) = -rP B0y ()

t—(t AEL)\ —
« & <(0;J)> Tty + jAD), j=0,1,2,..., i € N,

where i € N, &% is the solution of following equation

%ﬁt = (A(t +T1) — i;vBi(t+TT)Ri_il(t +T7)Bi(t +TT)> o' (1),

'(0) = E.

Proof. The proof of this Theorem can be obtained using Theorem 2 in the same
way as we obtained the proof of Theorem 3 using Theorem 1.

4.3. Convergence of Nash Equilibrium Strategies and Trajectory

Now we show the convergence of Nash equilibrium and a corresponding equilib-
rium trajectory for a differential game with dynamic updating with corresponding
equilibria for a differential game with continuous updating.

Lemma 2. Let some matriz function U(t) be uniformly bounded when t > to, some

parametric matriz function P(T) is continuously differentiated with respect to both

d 42T g 4R
t T

t and T an are uniformly bounded when t > to, 7 € [0, 1].
For At — 0, z € X (X — limited set), t € [to+jAt, to+ (j +1)At] and At < T
the following convergence holds:

U@)P'(0)z = U(t)Pfoﬂ‘Af(

t—to+ jAt)
—_— | .
[to,+o0)

T

Proof. Introduce the notation t; L'ty + jAL, then t € [tj;tjt1]. We need to show

that

t—1t;
HU(t)Pt(())w —U(t)PY ( T ]) z|| — 0,
when At — 0.
From Taylor decomposition for P*() at the point ¢ = ¢; we obtain:
dpPt
Pi(r) =P (1) + dt(T) (t—t;) + ot —t;).
t=t;
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From Taylor decomposition for P (1) at the point 7 = 0 we obtain:

dPt (1)

PUi(1) = P%(0) + T+ o(T).
dr =0
In result we have estimation:
t + t — t]
U(t)P'(0)x — U(t)P" 7 z| <
. (25)
dp? Pt
< lw@lilel ( L2l v H @ |lae+ o(Aw),
t=t; dr 7=0
where 7 = t%tj .

When At — 0 the right hand side of (25) converges to zero and as a result the
left hand side of (25) also converges to zero. This completes the proof.

Theorem 5. Let the conditions of Theorem 1 be satisfied, the Nash equilibrium is
unique in game I'(x,t,t4+T) Vt > to, R;;* (t)Bi(t) is uniformly bounded when t > to,
the solution of Riccati equation (8) Zt( ) is continuously differentiated with respect
tot and T and dZ (T) , % are uniformly bounded when t > ty, 7 € [0,1].

For At — 0 and x € X (X — limited set) the feedback-based Nash equilibrium
with dynamic updating ”sz(t x) uniformly converges to the feedback-based Nash

equilibrium with continuous updating u%b; (t,x):

v%{”z(t,x) = uﬁcvbﬁ-(t,x), 1€ N. (26)
[t07+oo) :

Proof With notation t; L+ JjAt and t € [t;,¢;11] consider the expressions for
uly i E and o fb E

uphs(t, ) = =Ry () Bi(t)Z] (0) Tz,

WNE(t z) = —R;\ (1) Bl(H) 2" (’?) T, t € [to+ j At to + (j + 1) Atl,

where Z!() — solution of (8). Let U(t) = —TR;;'(t)Bi(t), P (1) = Z! (). Then
the application of lemma 2 completes the proof.

Theorem 6. Let the conditions of Theorem 2 be satisfied, the Nash equilibrium is

unique in game I'(x,t,t+T) Vt > to, R;;' (t)BL(t) is uniformly bounded when t > t,

the product of the solution of Riccati equation (22) Mf(T) and ®'(7) are continu-

d(M{(r)d'(r)) d(M] ()2 (7))
dt ’ dr

ously differentiated with respect to both t and T and are

uniformly bounded when t > tg, 7 € [0, 1], where

@t
¢ _< (t+T7) =Y Bi(t+T7)R (t+T7)B’(t+Tr)>¢t(7—),
dT 1EN

$'(0) = E.
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For At — 0 and x € X (X — limited set) an open-loop-based Nash equilibrium
with dynamic updating ’Uol Dt x) umformly converges to open-loop-based Nash equi-

librium with continuous updating uol E(t,x):

olz(tx) = olz(tx) i €N. (27)
[to,400)

Proof. With notation ¢; = to + jAt and t € [t;,t;41], consider the expressions for

NE NE.
Uy and CANE

ury (t,w) = =Ry (8) Bi(t) M{ (0)T'z,

K23 ?

”NEﬁﬂwzz—RM%wawﬂﬁf(t_“°+jﬂﬂ)x

ol,i T
T
where M!(7) is the solution of (22).
Let U(t) = —TR;;*(t)Bi(t), P'(r) = M} (7)®" (7). Then the application of
lemma 2 completes the proof.

)T:c t € [to+ jAt to + (5 + 1) At],

Lemma 3. Let some matriz functions Vi(t), Va(t) be uniformly bounded when t >
to, some parametric matriz function Pt(T) be continuously differentiated with respect

to both t and T and dP (T) and dPtT(dT) are uniformly bounded when t > to, T € [0, 1].
Consider dzﬁerentml equation for y(t), t € [to, +o0]

dy(t)
dt

= (Vi(t) + Va(t)P1(0)) v, (28)

where y(to) = yo- B
Consider differential equation for z;(t), t € [to + jAt to+ (j + 1)At], At < T

dz(0) _ (Vl(t) + Va(t)Plotiat (’w» %, (29)

dt T

where z;(to + jAt) = zj_1(to + jAL) for j > 1, zo(to) = yo.
Let y*(t) be a solution of (28) and

ZO(t)v te [t03t0+At]v

zj(t), te (to+ jAt to+ (j +1)At],

where z;(t) satisfies (29). Let y*(t), 2*(t) exist for t > to. Then z*(t) point-wise
converges to the y*(t) for At — 0:

St o v ().

Proof. Introduce the notation ¢; def to + jAt, then t € [t;,t;11]. We need to show
that ||z*(¢t) — y*(t)|| — 0 when At — 0.
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Trajectories z*(t) and y*(t) satisfy the differential equations (29), (28) for t €
[tj,tj_H]. Notice that

zﬁww*_P%(t;ﬁ)z*zpqm@*—f)+(Pmn_Pw(t;”>)f.
Let w;(t) = y*(t) — 2*(t) for t € [tj,t;41], Va(t) = Vi(t) + Va(t)P'(0) and
Ho=vio (P - (Z2))

Then w;(t) satisfies the following differential equation

d .
%(t) = Va(t)w; (t) + £;(t).
Consider
wo(t), t € [to,to + At],
COZY w0, b€ o+ iAo+ (G +1)AY, w0
and

fo(t), tE€ [to,to + At,

ft)= fi(t), te€(to+jAt to+ (5 +1)At],

then (30) satisfies the following differential equation
w(t) = Va(t)w(t) + f(1).

with initial state w(tog) = 0, since z(to) = y(to).
By the Cauchy formula we have for any t > tg

¢
w(t) =Y(0) [ Y@@,
to
where Y'(t) is the fundamental matrix of ‘(lj—lt” = Va(t)w(t). Taking this into account

we have for fixed ¢

lim Jw(®)[| < lim {[[Y @)[[@(t)BAL —to) + o(At)] =0, (31)

At—
where
w(t) = max [[Y ()|
E€(to,t]
dP(7) WWWﬂ )
= ||Va(t = M(2),

= 2<>||< il | Jmo

M(t) = (nax, I12(E)I]-

According to (31) w(¢) [ — ) 0, when At — 0. This proves the lemma.
to,+o00
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Theorem 7. Let the conditions of Theorem 1 be satisfied, the Nash equilibrium is
unique in game I'(z,t,t+T) YVt = to, A(t), B;(t)R;;* (t)BL(t) are uniformly bounded

fori € N and t > tgy, the solution of Riccati equation (8) Z!(T) is continuously
dZ (7') dz?!(r)

differentiated with respect to both t and T and , —a— are uniformly bounded
fort >to, 7 €[0,1].

A feedback-based equilibrium trajectory in the game with dynamic updating :i:%E(t)
point-wise converges to the feedback-based equilibrium trajectory xNE(t) in the game
with continuous updating for At — 0:

ﬁ%E(t) [to:oo) E%E(t). (32)

Proof. Let

Va(t) = [-TBi(t) R (1) B1(1), ..., ~TBn(t)Ryy(H)By(1)]

Then lemma 3 applying completes the proof.

Theorem 8. Let the conditions of Theorem 2 be satisfied, Nash equilibrium is
unique in game I'(z,t,t+T) YVt > to, A(t), B;(t)R;;' (t)BL(t) are uniformly bounded

1 2

for i € N and t > to, product M}!(T)®'(7) is continuously differentiated with
dM ()Pt (1) dM{(T)P(T)

respect to both t and T and o 3 are uniformly bounded for
t > to,7 € [0,1] where M}(7) is the solution of Riccati equation (22), ®'(t) is
solution of

d@t / m t
dT:< (t+T7)= > Bi(t+T7)R (+TT)Bi(t+TT)>¢(T)7
1EN
®'(0) = E.

An open-loop-based equilibrium trajectory in a game with dynamic updating :ENE(t)
point-wise converges to the open-loop-based equilibrium trajectory in a game with
continuous updating TNE(t) for At — 0:

o (1) = Ty (h). (33)

Lol

Proof. Let
Vi(t) = A(),
Va(t) = [-TBi(t)Ry) ()Bi(1), ..., ~TBn(t)Ryy(t)By(1)]
Mi(m)9" ()
Pi(1) =
MY (r)2! (1)
Then the application of lemma 3 completes the proof.

Later in section 5, convergence results will be demonstrated using one differential
game model.
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5. Example Model

5.1. Common Description

Consider some non-autonomous linear quadratic game model with two players.
Assume that dynamics of state x are described by

@(t) = —Bt?Pa(t) + tPuy (t,2) + tPus(t,z), x(to) = 0. (34)

Assume the cost function of both players is given by

T
Ki(xo,t0, T;u) = / (P qia® (t) + ryuf (t,2))dt, i =1,2. (35)

to

5.2. Game Model with Continuous Updating

Now consider the non-autonomous case with continuous updating. Here we sup-
pose that two individuals at each time instant ¢ € [tg, +00) use information about
motion equations and payoff functions on the interval [t, ¢ +T)]. As the current time
t evolves the interval, which defines the information shifts as well. Motion equations

for the game model with continuous updating have the form
it(s) = —Bs?Pat(s) + sPul (s, ) + sPub(s,z), z'(t) =z, t€ [to,+0).  (36)
Cost function of player ¢ € N for the game model with continuous updating is
defined as
t+T
K’Z’f(xt7 tafa ut) = / ((mt(s))Q Qi82p + (Uf(& I))Q) ds, 1 =1,2. (37)
t

According to the Theorem 2 defining the form of feedback Nash equilibrium
with continuous updating on the first step we need to solve the following differential
equation:

" . —\2p [.= —2 t 2 -
{ B(r) = (t+7T) ™ [2TBK! () + 3T (k' (7))° — ] 38)
kt(1) = 0.
The solution of (38) is
v Tv —\ 2p+1 — 2p+1 ) b
k() = 3—Ttanh [Zp—l—l ((t+T) — (t+7T) ) + tanh ol 3 (39)

where v = /3¢ + (2. According to (9) feedback Nash equilibrium with continuous
updating has the form: -
aNE(t,x) = —k'(0)xTtP. (40)

By substituting (40) in (39) we obtain:

aVE(t ) = bat?  wvat?

i 3 3 anh

Tv =201 o B
— ((t+T -1 p+1) tanh~' = 41
Zp+1 (( +7) ranh S (41)
by substituting (41) in (34) we obtain ZVF(t) as solution of equation

0 = —BEVE (@) + aVE (¢ @) + WY P (1, ), (42)
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5.3. Game Model with Dynamic Updating

Perform similar calculations for the resulting Nash equilibrium for a game with
dynamic updating based on the calculations for the original game and the approach
described in Section 4.1. and obtain

t—ti\ =
aNE(t,z) = kb <T> TP, t € [t ti]. (43)

By substituting (39) in (43) we obtain:

bat? tP T
aVE(t z) = at? _vat? op [ TV ((tz n T)2p+1 _ t2p+1) + tanh ™! B , (44)
2p+1 v

3 3

by substituting (44) in (34) we obtain 2V (¢) as solution of equation
NE(t) = —BaNE(t) +ay Pt x) + 6P (t ), #VF(0) = 0. (45)

5.4. Autonomous and Non-autonomous Cases

Suppose that information doesn’t change in time, i. e. consider autonomous case
with continuous updating. To do that we fix t = to in (36) and (37).
So, we obtain strategies as

Uy P (t, @)

v

3 3

bxth tP
=220 U0 tanh
20+ 1

by substituting (46) in (34) we obtain Z; ¥(t) as solution of equation

NE
~ _ ~NE ~NE
Ty (1) = =B (1) + 2uy,~ (¢, ). (47)
Xo 0
J—
T
up 4
AAAAA — Tt x)
..... — (L, x)
0 0 At 20t 3At 4At SAt 6At At 8At 0 At 20t 3t aht SAt  6At 7A¢ 8At

t t

Fig. 3. ZVF(t) (42) - blue line, #VE(t) (45) Fig. 4. @™V P (t) (41) - blue line, V(1) (44)
- red broken line . - red broken line .
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Xo 0
— XME(t)
— XMt

up 4

x(t)
u(t)

— Ot x)
— aYE(t,x)

0 5At 10At 15At 204t 25At 304t 35At 40At 0 54t 10At 154t 204t 25At 30At 35At 40At
t t

Fig. 5. 2VE(t) (42) - blue line, £V F (t) (45) Fig. 6. @ F(t) (41) - blue line, 4V F (t) (44)

- red broken line . - red broken line .
Xo 0
— ey
— X
e g
— DNE(f, X)
— Tt X)
0 Uo

to t to t
t t

Fig. 7. V7(t) (42) - blue line,z) ¥ (t) (47) - Fig.8. V¥ (t,2) (41) - blue line, up * (¢, z)
red line. (46) - red line .

5.5. Numerical Simulation

Consider the results of numerical simulation for the game model presented above
on the interval [0.1,4.1], i.e. tg = 0.1, T = 4.1. At the initial instant ¢, = 0.1 the
stock of knowledge is 100, i.e. g = 100. The other parameters of models: g = 0.01,
p=0.4,q=0.5,T = 1. Suppose that for the case of a dynamic updating (red solid
and dotted lines Fig. 3-4), the intervals between updating instants are At = 0.5,
therefore [ = 8. In Fig. 3 the comparison of resulting Nash equilibrium in the game
with dynamic updating (red line) and Nash equilibrium with continuous updating
(blue line) is presented. In Fig. 4 similar results are presented for the strategies.

In order to demonstrate the results of Theorems 8 and 9 on convergence of
resulting equilibrium strategies and corresponding trajectory to the equilibrium
strategies and trajectory with continuous updating, consider the simulation results
for a case of frequent updating, namely [ = 40. Fig. 5-6 represent the same solutions
as in Fig. 34, but for the case, when At = 0.1. Therefore, convergence results are
confirmed by the numerical experiments presented below.

To compare autonomous and non-autonomous cases with continuous updating,
consider the simulation results on t € [1,8], with parameters 5 = 0.01, p = 0.4,
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q = 0.5, g = 100. Obtained strategies V¥ (¢, z) and @j, ¥ (¢, ) in non-autonomous
and autonomous cases respectively are presented on Fig. 8. In additional obtained

trajectories V¥ (¢) and Z}) ¥ (t) are presented on Fig. 7.

6. Conclusion

The concepts of feedback-based and open-loop-based Nash equilibrium for the
class of non-autonomous linear-quadratic differential games with continuous updat-
ing are constructed and the corresponding Theorems are presented. The forms of
feedback-based and open-loop-based Nash equilibrium with dynamic updating are
also presented and convergence of feedback-based and open-loop-based Nash equi-
librium with dynamic updating to the feedback-based and open-loop-based Nash
equilibrium with continuous updating as the number of updating instants converges
to infinity is proved. The results are demonstrated using the differential game model
of knowledge stock. Obtained results are both fundamental and applied in nature
since they allow specialists from the applied field to use a new mathematical tool
for more realistic modeling of engineering system describing human-machine inter-
action.
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