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Abstract. In this article we consider a discrete-time dynamical system consisting from two controllable objects. The dynamics of
the first object (the main object of the system) and the second object (the auxiliary object of the system) are described respectively
by nonlinear and linear discrete-time recurrent vector equations. In this dynamical system there are two levels of control. The quality
of process implementation at first and second levels of the control system are estimated by the terminal convex and linear functionals
respectively. For the dynamical system under consideration, a mathematical formalization of a two-level hierarchical minimax
adaptive control problem in the presence of perturbations, and an algorithm for its solving are proposed. The construction of this
algorithm can be implemented as a finite sequence of solutions of a linear and a convex mathematical programming problems, and
a finite discrete optimization problems, and operations on a convex sets.

INTRODUCTION

In this article we consider a discrete-time dynamical system consisting from two controllable objects. The dynamics of
the first object (the main object of the system) and the second object (the auxiliary object of the system) are described
respectively by nonlinear and linear discrete-time recurrent vector equations. In the system under study, there are two
levels of control — the first control level (the main or dominant control level) and the second control level (auxiliary
or subordinate control level). Both levels of control have a priori certain information and control connections. It
is assumed that in the dynamical system under consideration, at each instant all the a priori undefined parameters
are constrained by the given geometric constraints in the form of convex, closed and bounded polyhedrons in the
corresponding finite-dimensional vector spaces, and at each instant there are only finite sets of control actions. The
quality of process implementation at first and second levels of the control system are estimated by the terminal convex
and linear functionals respectively. For the dynamical system under consideration, a mathematical formalization of
a two-level hierarchical minimax adaptive control problem in the presence of perturbations, and an algorithm for its
solving are proposed. The construction of this algorithm can be implemented as a finite sequence of solutions of a
linear and a convex mathematical programming problems, and a finite discrete optimization problems, and operations
on a convex sets.

Results obtained in this article are based on the studies [1]-[6] and can be used for computer simulation, design
and construction of multilevel control systems for actual economic, technical and other dynamical processes operating
under deficit of information and uncertainty. M athematical models of such s ystems are presented, for example, in
works [1]-[3], [7]-[11].

OBJECT’S DYNAMICS IN THE CONTROL SYSTEM

On a given integer-valued time interval (simply interval) O,_T ={0,1,---,T} (T € N; where N is the set of all natural
numbers) we consider a controlled multistep dynamical system which consists of the two objects. Dynamics of the
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object I (main object of the system) controlled by dominant player P, is described by the vector nonlinear discrete-time
recurrent relation of the form

Yt + 1) = f(t, y(1), u(?), v(1), £1)), y(0) = yo, ey

and the dynamics of the object II (auxiliary object of the system) controlled by subordinate player E, is described by
the vector linear discrete-time recurrent relation:

2t + 1) = A(Dz(t) + BOu(®) + Cv(t) + DED (1)), z(0) = zo, 2)

where t € 0,7 — 1; y(t) = (v1(®), y2(¢),...,y,()) € R is a phase vector of the object I in the time period #; z(f) =
(z1(2), 22(2), . . ., z5()) € R’ is a phase vector of the object II in the time period #; (r,s € N; for n € N, R" is an
n-dimensional Euclidean vector space of column vectors); u(f) = (ui(t), u2(t), ..., u,(t)) € R” is a vector of control
action (control) of the dominant player P in the time period ¢, that satisfies the given constraint:

u(f) € Uy(t) C RP, Uy (1) = {u(@®) : u(®) € {uP @), u® (@), -, u™ (1)} c RP}, 3)

where U, (¢) for each time period ¢ € 0,7 — 1 is a finite set of vectors in the space R”, consisting of N, (N, € N) vectors
in the space R? (p € N); v(t) = (vi(1),v2(2), ..., v4(1)) € R? is a vector of control action (control) of the subordinate
player E in the time period ¢, which depends on admissible realization of the control u(f) = u e Ui(0) ( jE€ TN,) of
the player P and must be satisfy the given constraint:

v(t) € Vi(t;u(d) C R, Vit u(t) = (vt) - v(e) € V@), vP(), - v &0} c RY, @)

where V(#; u(?)) for each time period r € 0, T — 1 and control u(t) € U;(¢) of the player P is the finite set of vectors in
the space RY, consisting of Q; (Q; € N) vectors in the space R? (¢ € N).

In the equations (1) and (2) describing dynamics of the objects I and II, respectively, &(f) =
D, 6@, ... En®) € R and V() = (fgl)(t),fél)(t),..., ;1)(t)) € R/ are a perturbations vectors for these ob-

jects that at each time period ¢ (r € 0, T — 1) satisfies the given constraints:

£ e Ei() cR™, €V e EV () R, )
where E,(r) is convex, closed and bounded set, and E(ll)(t) is convex, closed and bounded polyhedron (with a finite
number of vertices) in the spaces R” and R/, respectively and restrict admissible values of realizations of perturbations
vectors of the objects I and II respectively in the time period .

We assume, that for every time period r € 0,7 — 1 the vector-function f: 0,7 — 1 X R" X R? X R Xx R" — R”
in a vector recurrent equation (1), describing dynamics of the object / is continuous by collection of the variables
(@), u(t), v(t), £(1)), and for every convex, closed and bounded set Y. c R*, and controls u.(¢#) € U;(¢) and v.(¢) €
Vi(u.()), the set f(t, Y., u.(t),v.(2),E1) = {f(t,y(0), u (1), v.(1),E(1)), y(t) € Y., &) € =} is convex, closed and
bounded set of the space R”; all matrixes A(f), B(f), C(f), and D(¢) in a vector recurrent equation (2), describing
dynamics of the object /1, are real matrices of dimensions (s X ), (s X p), (s X g), and (s X [) respectively.

INFORMATION CONDITIONS FOR THE PLAYERS IN THE CONTROL SYSTEM

The adaptive control process in discrete-time dynamical system (1)—(5) are realized in the presence of the following
information conditions.

It is assumed that in the field of interests of the player P are both possible terminal (final) states y(T) of the object
I and possible states z(7') of the object II, and for every time period 7 € 0,7 — 1 the player P also knows a future
realization of the adaptive control v(7) € V(r; u'7T)) of the player E in this time period, which communicate to him,
and he can use it for constructing his adaptive control u(7) € U;(1)).

We assumed that in the field of interests of the player E are only possible terminal states z(7') of the object II and
for any considered time period 7 € 0,7 — 1 he also knows a future realization of the adaptive control u(r) € U;(1))
of the player P in this time period, which communicate to him, and he can use it for constructing his adaptive control
v(1) € V(7; u(t)). Therefore, the behavior of player E explicitly depends on the behavior of player P.

It is also assumed that in the considered control process for every time period 7 € 0, T players P and E knows all
relations and constraints (1)—(5).
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Then on the basis of given assumptions we will say that such possibilities of the behavior of player P combined
with the player E, and objects I and II are defined as the level I or the dominant level of the control process in
considered system (1)—(5).

The player E and object II controlled by him form the level II or the subordinate level of control in considered
system (1)—(5) (which is subordinate to the level I or the dominating level of the control process).

It is assumed that the player P estimate the result of the realization of this control process (1)—(5) by the values
of the convex functional & : R” x R* — R!, which is defined on the final (terminal) phase states y(7') and z(7') of the
objects I and II respectively.

The aim of player P on the level I of this control process and fixed time interval 7,7 C 0,7 (r < T) can be
formulate in the following way. The player P using his information and adaptive control possibilities has interest in
such result of adaptive control process in dynamical system (1)—(5) on the interval 7, T when functional & has minimal
admissible value at worst for him realization of perturbation vectors &(-) = {£()}, 7= and £V(-) = {£V ()} 7.
And this aim he can realize by the way a choice his adaptive control u(-) = {u())}, 777 (V1 €7, T —1: u(r) € Uy(1))
and on the base of adaptive control v(-) = {v(t)}teﬂ—_1 Mter,T—1: v(t) e Vi(t;u(t)), u(®) € Uj(7)) of the player E
at this time interval, which communicate to him. Note that the player E helps to him in achieving this without harming
his interests.

It is assumed that the player E estimate the result of the realization of this control process (1)—(5) by the values
of the linear functional B : R* — R! , which is defined on the final (terminal) phase states of the object II.

Then the aim of the player E on the level II of this control process and fixed interval T,_T C O,_T (t < T)canbe
formulate in the following way. The player E using his information and adaptive control possibilities has interest in
such result of control process in dynamical system (1)—(5) on the interval 7, T when linear functional 3 has minimal

admissible value at worst for him realization of perturbation vector £&1(-) = {£1(#)},_——. And this aim he can realize

by the way a choice his adaptive control v(-) = {(v()}, ;77 (V1€ ., T —1: v(1) € Vi(u@®)), u@®) € U(2)) on the

base of adaptive control u(-) = {u(t)}teﬂ—_l Mter,T—1: u(®) € U(2) of the player P at this time interval, which
communicate to him. Note that the player P helps to him in achieving this without harming his interests.

DEFINITIONS AND CRITERIONS OF QUALITY FOR THE CONTROL PROCESS

For a strict mathematical formulation the two-level hierarchical minimax adaptive control problem by a final states
phase vectors in discrete-time dynamical system (1)—(5) with perturbation we introduce some definitions.

For a fixed number k£ € N and an integer-valued interval 7,9 C O,_T (t < ¥9), we denote by Sk(‘r,_ﬁ) the metric
space of functions ¢ : 7,77 — R* of an integer argument ¢ where the metric oy is defined as

Pr(@1(), 92()) = max || @1(t) — o2(0) e ((@1(-), @2() € Si(T, 9) X Si(7, P);

ter,

by comp(Sk(T,_ﬂ)) we denote the set of all nonempty and compact (in the sense of this metric) subsets of the space
Sk (T,_ﬁ). Here for x € R¥ in what follows || x ||x denotes the Euclidean norm of vector x in the space RX.

Based on constraint (3) we define the set U(z, 9) € comp(S,(r,? — 1)) of all admissible program controls u(-) =
{u(t)} T of the player P on the interval 7,9c0,T (t < 19) with relation

U, 9) = {u() : u() €S,(r,9 - 1), Vier,d—1, u(t) € Uy}
__Similarly, for a fixed program control u(-) € U(z,9) of the player P according to constraint (4) we define the set
V(7,9; u(-)) of all admissible program controls of player E on the interval 7,9 C 0, T (r < ¥) of the corresponding
u(-), by the following relation

V@, 9 u(-) = (v(-) s v() € S (r,9=1), Vter, 9 -1, v(t) € Vi(t;u(h))}.

It should be noted that by virtue of (3) and (4) the U(z,9) and V(7,9; u(-)) are finite sets in the corresponding
vector spaces.
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Analogy, according to constraints (5) we define the sets Z(t,9) and ED(7, 9; u(-)) of all admissible program

perturbations vectors that respectively affect on the dynamics of the objects 7 and I on the interval 7,9 C 0, T (t < )
by the following relations:

E(r0) = {£(): EC)ES (I - 1), Vren,d 1, £&1) € Ei(D);
EV@O) = eV eV eSimd-1), Viernd -1, &V e 2 @)

Let for time period 7 € 0,7 the set W(r) = 0,7 x R” x R is the set of all admissible T-positions w(t) =
{0, ¥(1),z(7)} € 0,7 x R” X R of the player P (W(0) = {w(0)} = Wy = {wp}, w(0) = wo = {0, y0, z0}) on level I of the
control process.

Then, for any interval T C O,_T, and admissible realizations of 7-position w(t) € W(t), program controls
u(-) € U(r,T) and v(-) € V(z,T;u(-), and program perturbation vectors £(-) € E(r,T) and £&V(-) € EV (1, T), for
estimating from the point of view of the player P the quality of the control process on the level I we define the
following convex terminal functional

a: WOXUGLDHXVE T xEGT)xEV@T) =T, T,a) — E =] — 00, +o0], (6)

and its value for each collection (w(7), u(-), v(-), £(-), €V (-)) e W(r) x U(r, T) x V(1, T) x E(t, T) x EV(7, T) is defined
by the following relation

aw(), u(),v(-), €0, V) = @W(T), «T)) = p - G(T) +uV- < e, z(T) >, . @)
Where V(z,T) = (VT T; u(-)), u(-) € U, T)}; by W(T) = yr(r. T, y(1), u(-), v(-),£()), and by 2(T) = zr(z, T, 2(7), u(-),
v(+),&D()) we denote the sections of motions of object I and object II respectively in the final (terminal) instant T on
the interval 7, T: & : R” x R® — R! is convex terminal functional; e € R* is fixed vector; here and below, for each
k € N, a € RF and b € R* will be denoted by the symbol < a, b > scalar product of vectors a and b of the space R¥;
ue R and uV € R! are fixed numerical parameters which satisfying the following conditions:

w>0; V>0 p+pu?=1. (8)

We denote by W(7) = 0, T x R the set of all admissible 7-positions w (1) = {r,z(1)} € 0,7 xR* of the player
E (WD) = (wh(0)} = WE)” = {w(()')}, wD(0) = wgl) = {0, zo}) on level II of the control process.
Then we define the following linear terminal functional

B: WO xUE T)x V(r,T)x EV(z,T) =TIz, T,5) — E, ©

which estimate for player E a quality of the final phase states of the object II, and its value for each collection
WO, u(), v(-), V() e W () x Ur, T) % V(T, T) x EV(t,T) is defined by the following relation

B @), u), (), EV ) = BE(T)) =< eV, «(T) >, (10)

«T) = zr(1, T, 2(7), u(-), v(-), £V () is the section of motion of object II in final (terminal) instant 7" on the interval
7,T: ¢V € RS is fixed vector.

Let also, for any interval 7,T c 0, T, and admissible realizations of 7-position w(t) € W(7), program controls
u() € U, T) and v(-) € V., T; u(-)), and program perturbation vector &(-) € =(t, T) we shall consider the convex
terminal functional

y: WO x U@ T)x V(@ T)xEx,T) =T, T,y) — E, (11)

which estimate for player P a quality of the final phase states of the object I, and its value for each collection
(W(T), u(-), v(-), £()) € W(t) x U(t, T) x V(1,T) X E(7, T) is defined by the following relation

yw(T), u-),v(-), () = a((T)), (12)

where the convex terminal functional & is contained in the formula (7); y(T') = yr(t, T, y(7), u(-), v(-),&()) is the
section of motion of object I in final (terminal) instant 7" on the interval 7, 7.
Then if we also consider the vector-functional § = (y, 8) such that it define by relation

§: I'x,T,y) xT(,T,p) — E?, (13)

and its two values for admissible on the interval 7, T realizations of all arguments are defined according to relations
(9)-(12), and we can assert that functional @, which is defined by relations (6)—(8), is its convolution after using the
scalar’s method for vector functionals [6].
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FORMALIZATION OF TWO-LEVEL HIERARCHICAL MINIMAX ADAPTIVE
CONTROL PROBLEM FOR THE CONTROL PROCESS

According to the work [5] for fixed interval 7,7 C 0,7 (r < T), admissible T-position w'(1) = {r, z(r)} € W (1)
w0y = wf)l) IS Wf)l)) of the player E and every admissible realization of the program control u(-) € U(t,T) of
the player P on the level I of the control system let VO, T,w (1), u(-)) € V(r,T; (u(-)) is the set of the minimax
program controls $©)(-) € V(t, T; u(-)) of the player E and 6;6)(7',_T, w(1), u(-)) is his minimax result corresponding
the control u(-) of the player P, which satisfies the following condition:

VO T, wV (@), u() = H9C) : 99C) € V@, T; u(-)),

ETwO@,u() = max  pwD@, 990, u(),£00) =
£0(ye EOET)
=  min max B (@), v(), u), EV O, (14)

VOEV(T,Tu(-) éD()e EV(TT)

where the functional S is defined by the relations (9) and (10).

And let for fixed interval 7, T C O,_T (t < T) and admissible T-positions w(t) = {1, ¥(7),z(7)} € W(1) (w(0) =
{0, 0, 20} = wo € Wo) and w(7) = {1, 2(r)} € WD (1) wD(0) = w{” € W(") of the players P and E respectively, let
ﬁ(e)(n_T, w(T)) C U(T,_T) is the set of the minimax program controls of the player P and cff)(r,_T, w(7)) is his minimax
result, which satisfies the following condition:

U9 T, w(r) = {a“¢) : 4“¢) e UE,T),

@ T, wr) = min max  a(w(r), 89C), ), £C), V() =

YOV T, T w(1),2) ()  EOEET)
DT

= min min max  a(w(t), u(-), "), &), £V} (15)

u(EUET) POOEVOET WD (@u())  EO=ED
£DoeD @)

And let for fixed interval 7,7 C 0,7 (t < T), and admissible T-positions w(t) = {7, ¥(7),2(1)} € W(r) (w(0) =
{0,y0,20} = wo € Wo) and w(1) = {r,2(1)} € W(z) (wD(0) = )’ € W") of the players P and E respectively,
let U9, T, w(t)) C ﬁ(e)(‘r,_T, w(t)) C U(t, T) is the set of optimal minimax program controls of the player P on the
level I of the control system, which satisfies the following condition:

U@ T, w(m) = () : () € U@ T, w(r),

@ T,w(1) = min_ max _ AN (@),990),u9(),£V() =
POOEVOET () €D()e ED(T)

= min min max __ Bw(@), 90), 290), V), (16)
a©OOEUOET,w(@) ¥OOeVOETu () £V ()e EOET)
and for any optimal minimax program control u©(-) € U©(r,T,w(r)) of the player P let VO(r, T, wV(r),
u@) ¢ VOT,T,wh(@),u®¢)) C V(T T;u®(-) is the set of optimal minimax program controls P©(-) €
VO, T, w (1), u®(-)) of the player E on the level II of the control system and cg))(‘r,_T, w((1)) is his optimal
minimax result, which satisfy the following conditions:

VO@T,wh(@),u) = 90 :

VO e VO T, w(@),u (), @ T, wr) = max  aw®),u(),vO0),0,60(0) =
E()EETT),
D e ET)

= _ min max  a(w(1), u® (), vO0), £0), EV O (17)
PO HeVEO (T, T, wh(1),u®(-)) f(lﬁ((-))eET((r].;%)
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@ T, W) = 80@T,wh(@),u®) = max__ BV (@),vO0), u® (), D) =
p g EV()EEOET)

= min max __ Bw(@), 990, u9(), £00)). (18)
HOEVETuO) ED()eEDET)

Then we introduce some definitions.

An admissible adaptive control strategy U, of the player P on the level I of the control system for considered
dynamical process (1)—(5) on the interval 0,7 is the mapping U, : W(r) — U;(7), which appoints to every time
period 7 € 0,7 — 1, and any possible realization of the 7-position w(t) = {r, y(7),z(7)} € W(r) (Ww(0) = wy) the set
U,(w(t)) € Uj(7) of the controls u(r) € U;(7) of the player P. We denote the set of all admissible adaptive control
strategies of the player P for this control system by U.

We define the minimax adaptive control strategy of the player P on the level I of the control system for considered
dynamical process (1)—(5) on the interval 0, T as arealization of a specific adaptive control strategy Uff) = Uff)(w(r)) €
U,, 1 €0, T -1, wrt) € W(r) w(0) = wp) from the class of admissible adaptive control strategies U, which is
formally described by the following relations:

1) for all time period 7 € 0, T — 1, and 7-positions w(7) = {1,y (1), 2(1)} € W(1) (W9 (0) = wy), let

U w(1) = UL W (1) € Uy (7); (19)
2) for all time period 7 € 0, T — 1, and 7-positions w*(t) = {7,y"(7), 2" (1)} € {W(r) \ (WO (1)}} (W*(0) # wyp), let
U w* (1) = Ui (0). (20)

Here, wy = {0, y0,20} € Wy; for admissible past realizations on the interval 0,7 (t > 1) of the controls u.(-) =
{u(t)}, 5= € U(0,7) of the player P and v;(-) = {ve(0)}, 5= € V(0. 7;u-()) of the player E on the levels I and IT of
the control system respectively, and perturbations &(-) = &-(1),.g7—7 € 2(0,7) and £V() = é:‘(fl)(t)teo,‘r—l e 20, 7),
the 7-position W@ (1) = {r,y9(1),z(r)} € W(r) of the player P formed due by the following relations: y©(r) =
V20,7, 30, e (), ve(),£()); 29T = 20,7, 20, (), v (), £ ()); the set U (w)(r)) according to (14)~(18) must
satisfy the following relation:

U ) = (@) : (1) € Ui(r), ul(7) = w9 (x), u'9¢) = (1) e U, T,w ().

ter,T—1

An admissible adaptive control strategy V, of the player E on the level II of the control system for considered
dynamical process (1)—(5) on the interval 0, T is the mapping V, : W(r) x U(r, T) — V,(7), which appoints to
every time period 7 € 0, T — 1, and any possible realizations of the 7-position w('(r) = {r, z(1)} € W (r) W (0) =
w(()l)), and any program control u(-) € U(t,T) of the player P the set V,(w" (1), u(-)) € V(r;u(t)) of the controls
v(t) € Vi(t;u(r)) C \71(7) of the player £ (where \71(7)) = {Vi(r;u(1)), u(r) € U;(r)}. We denote the set of all
admissible adaptive control strategies of the player E for this control system by V.

We define the minimax adaptive control strategy of the player £ on the level II of the control system for
considered dynamical process (1)—(5) on the interval 0,7 as a realization of a specific adaptive control strategy
VO = VOWO(@),u() € Vi, 1€ 0,T -1, w(r) e W), u) € UL T) wh(0) = w("”) from the class of
admissible adaptive control strategies V,, which is formally described by the following relations:

1) for all time period 7 € 0, T — 1, and 7-positions w19 (1) = {1, 29 (1)} € WD (1) (w19(0) = wgl)), and optimal
program controls u©(-) € U (z, T; w9 (1)) w(1) = {1,y (1),29(1)} € W(1)) of the player P, let

VOWI (@), () = VW (1), u () € V(13 u(1)); 1)

2) for all time period 7 € 0,7 — 1, and 7-positions w'(7) = {r, 2(1)} € (WD (1) \ (w1 (1)}} W D(0) # wg)l)), and
any program controls u(-) € U(t, T) of the player P, let

VOWD (), u(-)) = Vi(t;u(r)). (22)

Here, wél) =1{0,z0} € WBI); for admissible past realizations on the interval 0,7 (r > 1) of the controls u,(-) =
{ur(D} 5777 € U(0, 7) of the player P and v-(-) = {ve(0)}, .57 € V(0, 7; u:(+)) of the player E on the levels I and II of
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the control system respectively, and perturbations &(-) = &(1),.57—7 € 2(0,7)and £V() = §§1)(t)t607 - e 21(0,7), the
T-positions W (1) = {1, (1), z9(1)} € W(7) and w9 (1) = {1,79(1)} € W (1) of the players P and E respectively,
formed due by the following relations: y© (1) = yT(O T, Y0, U(-), ve(-), &()); 29(1) = 200, 7, 20, ur(+), v+ (*), & 1)( -)); the
set V9 (wL9(7), @ () according to (14)—(18) must satisfy the following relation:

VOW I @),u90) = @) : v (@) € Vi u (@),

W@ =@ 00 = OOy € VOET W@, 1))

Let the realizations of the control u(e)( ) ={u (e)(t)}[eo 7-1 € U(O_T) of the player P, and the perturbation &,(:) =
{€u(0} 57— € E(0, T) for the object I, and the control WO = (v 7= € VO, T;u()) of the player E and
the perturbation fal)( D) = {§§”(t)},€0 7 "(1)(0 T) for the object II, are the results of using the adaptive minimax
control strategies U( ) e U} and V( ) e V* respectively, on the interval 0,7. And let the perturbations §(e) (T -1)and

al 6)(T 1) satisfy the next conditions:
a(wo, (T = DT =D, EXT =D, &M (T =) = max — a(wo, uf (T = 1), V(T = 1), (T = 1), &(T = 1));

£a(T=DeZ, (T-1),
éDer- 1>e'“’(T D

B (T = DT = D, 8T = 1) = max — Bowy”,uld (T = D,vT = 1), 0T = 1)),
EDa-nes(r-1

Then, we call the numbers

90, T) = a(wo, u? (), vV (), £9(), (1, ), (),

and

¢0,T) = Bowg, ul?(), v (), £,

the optimal guaranteed results of the players P and E respectively, corresponding to the realizations of the minimax
adaptive control strategies U e U;, of the player P on the level I and V9 e U;, of the player E on the level II
of the control system, corresponding to the interval 0,T. Here, the perturbation f(g)() = {§<e>(t)}l€w—_l € E(0,7)
for the object I such, that for all # € 0,7 — 2 : £9(1) = &), and £)(T - 1) = £9(r), the perturbation £"(-) =
1£19)) b= € E1(0, T) for the object IT such, that forall 7 € 0,7 — 2 : £€9() = £&1(r), and £(T - 1) = £€9().

In view of the above definitions, we can formulate the main problem of the two-level hierarchical minimax
adaptive control problem in the presence of perturbations for the considered dynamical process (1)—(5) on the interval
0,T.

Problem. For the initial position w(0) = wy = {0, ¥, z0} € Wy of the player P on the level I, and corresponding
to it the initial position w(0) = W(l) {0,y0,20} € WE)U of the player E on the level II of the control system for the
discrete-time dynamical process (1)—(5) it is required to determine minimax adaptive control strategies UY e U} and
V9 e V: players P and E respectively, and the optimal guaranteed results c(e) 2(0,T) and c(e) (O T) for the players P

and E respectively, corresponding to the realizations of these strategies on the interval 0,7, as the realizations of the
finite sequences of one-step operations only.
In the following section the constructive recurrent algorithm for solving this problem is described.

ALGORITHM FOR CONSTRUCTING OF MINIMAX ADAPTIVE STRATEGIES FOR
THE CONTROL SYSTEM

Thus, for any fixed and admissible interval 7,T C0,T (t < T), and realization T-position w(t) = {1, ¥(1), 2(1)} € W(1)
w(0) = {0,v0,20} = wo € W) of the player P on the level I of the two-level hierarchical control system for the
discrete-time dynamical system (1)—(5) and corresponding to it T-position w'(r) = {r,z(1)} € W(r) w(0) =
{0,20} = wg) € Wf)l)) of the player E on the level II of this control system we can describe the algorithm for solving
Problem 1 formulated above.
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For fixed collection (1, z(7), u(-), v(-)) € {7} x R* x U(r, T) x V(z, T; u(-)) according to (1)—(5), we introduce the
following set:
GO, 2(0),u(),v(), T) = {«(T) : «T) eR’, Vier,T -1,

2t + 1) = A@0)z(t) + B(Ou(t) + Ct)v(t) + DOEDV @), (z(0), V() € {20} x BV (@, T)}, (23)

where G(t, (1), u(-), v(-), T) is a reachable set [2] of all admissible phase states of the object II in final instant 7.

Then, for every admissible realization of the program control u(-) € U(t, T) of the player P on the level I of the
control system, and on the basis of the above definitions and results of the works [3], [4], and [5], we can construct
the set VO(r, T,w (1), u(-)) and the number Z'g)(‘r,_T, wD(1), u(-)) as realization a sequence of operations consisting
from solving of the following three sub-problems:

1) constructing for every admissible control v(-) € V(T,_T; u(-)) of the player E of the reachable set
G(1,z(1), u(-),v(-), T) (note, that this set can be constructed with a given accuracy by solving the finite sequence
a linear mathematical programming problems and operations on a convex sets, and this set is a convex, closed and
bounded polyhedron (with a finite number of vertices) in the space R* [3]);

2) maximizing values of the linear terminal functional 8 which is defined by the relations (9) and (10) through
optimization of the linear functional 5 on the set GI(r, z(1), u(-),v(), T), namely, the formation of the following
number:

K@ T, w (@), u(), () = < e 2(T) >,=< eV, 20T > = P (T)) =

max
AT)EGD (1,2(T),u().v(-).T)

=BV (@), u(),v(),EM() = max _ BwP(@),u),v(), V() (24)

&h(e ENGET)

(note, that the solving of this problem is reduced to solving the linear mathematical programming problem [3], [6]);

3) constructing of the set V©(z, T, w"(r), u(-)) and the number Z’;f) (7, T, w(1), u(-)) from solving the following
optimization problem:

VO@T,wh(@),u() = (790) : 79¢) € V@ Tiu()),
& @ T @,u() = '@ TV @u().790) = min @ T w0 @), u0)v()) (25)
v(EV(T.Tu()

(note, that the set V(z, T; u(-)) is the finite set in the space Sq(T,_T), and then the solving of this problem is reduced to
solving the finite discrete optimization problem).

Taking into consideration (9), (10), (14), (23)—(25), and the conditions stipulated for the system (1)—(5), one can
prove (on the basis of the works [3]-[5]), that the following equalities are true:

VOET, W@, u() = VO T, W@, u0); & @ T, wP@),u() = &)@ T, w @), u()), (26)

where the set V© (T,_T, wI (1), u(+)) and the number ég) (T,_T, w(1), u(-)) determined by the relation (14).

Then from these equalities follows that the procedure of constructing the set V©(z, T, w"(1), u(-)) and the num-
ber 6;;)(7',_T, wD(1), u(-)) can be formed due from a finite number procedures of solving the linear mathematical
programming problems, and the finite discrete optimization problem, and operations on a convex sets, on the basis of
construction of the set V(z, T, w (1), u(-)) and the number E}f) (7, T, wI (1), u(-)).

For fixed collection (t, y(1), u(-), v(:)) € {t} X R¥ X U(T,_T) X V(T,_T; u(-)) according to (1)—(5), we introduce the
following set:

G(t, (1), u(-),v(-), T)={(T): W(T)eR", Vteer,T-1,

Yyt +1) = f(t,y(0), (), v(1), 1), (1(7),()) € (D)} X E(T, T)), 27

where G(r, y(1), u(-), v(-), T) is a reachable set [2] of all admissible phase states of the object I in the final instant 7.
Then, on the basis of the above definitions and results of the works [3]-[5], we can construct the set
U@, T, w()) and the number Eff)(r,_T, w(T)) as realization a sequence of operations consisting from solving the
following three sub-problems:
1) constructing the reachable set G(, y(7), u(-), v(-), T') (note, that this set can be constructed with a given accuracy
by solving the finite sequence a linear mathematical programming problems, and operations on a convex sets, and this
set is convex, closed and bounded set in the space R” [3]);
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2) maximizing values of the convex terminal functional @ which is defined by the relations (6)—(8)
through optimization of the convex functional & and linear functional 8 on the sets G(t,y(7), u(-),v(-),T) and
G(1, z2(1), u(-), v(-), T) respectively, namely, the formation of the following number:

w-a(y(T)) + max uV < eV «(T) >=

29T, w(r), u(-),v()) = max
YT)eG(r,y(1),u(-),v(-),T) 2AT)eGD (1,2(7),u(-),v(),T)

= - @) + - < eV, 20T >= a('/(D), 21T =
= aw(D),u(-),v(),E9C), M) = max  aw(@), u),v(), ), V() (28)

£()eEET)
e E@T)

(note, that the solving this problem is reduced to solving the linear and convex mathematical programming problems
(31, [6D); o o
3) constructing the set U©(r, T, w(r)) and the number Eff)(‘r, T,w(7)) from solving the following optimization
problem:
U@ T, wm) = {@9¢) : @9¢) e U T),

&T T, wr) = A9 T, w(x), i), 79 () = min A9 T, w(x), i), 7)) =
(4 a a
f,(e)(.)e\'/(e) (ﬁyw(l)(-r),g(e)(.))

= min_ _ min AL @ T, w®), u(-), #9()) (29)
u(eU(r,T) 79)eVO (T, T wD(1),u(-)
(note, that the set U(, T) is the finite set in the space S,,(T,_T), and the finite set V©(z, T, w (1), u(-)) is constructed
from (25), and then the solving this problem is reduced to solving the finite discrete optimization problems).
Taking into consideration (6)—(8), (15), (27)—(29), and the conditions stipulated for the system (1)—(5), one can
prove (on the basis of the works [3]-[5]), that the following equalities are true:

U T, w(n) = U9, T, wr); O, T, w(t)) = &, T, w(1)), (30)

where the set U)(, T, w(7)) and the number ¢ (7, T, w())) determined by the relation (15).

Then from these equalities follows that the procedure of constructing the set ﬁ(g)(n_T, w(t)) and the number
cff)(‘r,_T, w(7))) can be formed due from a finite number procedures of solving the linear and convex mathematical
programming problems, and the finite discrete optimization problems, and operations on a convex sets, on the basis
of construction of the set U(t, T, w(t)) and the number &9 (, T, w(7)).

On the basis of the above algorithms we can construct the sets U€(r, T, w(r)) and VO (z, T, w (1), @“)(-)), and
the number Eif)(‘r,_T, w(1)) from solving the following two sub-problems:

1) constructing the set U“)(t, T, w(t)) and the number El(;)(r,_T, w(1)) from solving the following optimization
problem:
U9 T, w®) = {@¢) : @) € U9 T, wia)),

E}J@(T, T, w(7)) = min K,(ge)(T, T, w V), 7 (), 7)) =
7O ()eVO@T W (1), (-))

= min min Kl(;)(‘l', T,w (1), d9), 79()) =
@ (-)eUO (T, T, w(1)) 7 ()eV© (T,T,wh (1),d®)(-))

= k5 (0, T, w(0), #9(), 1)) = BE(T)) = BET)) (31)

max

AT)eGV (7,2(1), 4 (-),7(),T)
(note, that the set U (t, T, w(t)) and the number E[(f) (r, T, w (1)) are constructed from solving the problems describ-
ing by the relations (23)—(25), and (27)—(29), and then the constructing of these elements is reduced to solving the
linear and convex mathematical programming problems, and the finite discrete optimization problems, and operations
on a convex sets);

2) for any control #©(-) € U (t, T, w(t)) of the player P the constructing the set V©(z, T, w'(r), 2®(-)) from
solving the following optimization problem:

VO@T,wh(@),d) = (190) - 19¢) e VO T, w (@), 5 (),
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&' @ Towh@) = & @ T w V@), a90) = min kg @ Tow D (@), @90), 790)) =
#OOeVO T, T W (1),7@(-))

= min_ min kg @ T (@), 890, 790)) =
1O ()eUOT,T w(t)) 7O)eVOTT w(1),i®())
1 - - Soa(l A
= KO T w (0, 79, 79() = BE(T)) = max () (32)

ATEGD (7,2(1), i (-),7(),T)

(note, that the set V©(z, T, w)(7), a®(-)) is constructed from solving the problems describing by the relations (27)—
(29), and then the constructing of this set is reduced to solving the linear and convex mathematical programming
problems, and the finite discrete optimization problems, and operations on a convex sets).

Taking into consideration (6)—(10), (14)-(16), (23)—(32), and the conditions stipulated for the system (1)-(5),
one can prove (on the basis of the works [3]-[5]), that the following equalities are true:

U9, T,w(1)) = U9, T, w); VO, T,w (), 0 () = VO, T,w (1), a9 ());
@ T,w(@) = & @ T,w (@) = &) @ T, w (@), 7)) = & @ T, (@), 7). (33)

Then from this assertion follows that the problem of construction the sets U€(z, T, w(r)) and V©O(r, T, wV(1),
i9(-)), and the number c;f) (1, T, wD(1)) for the discrete-time dynamical system (1)—(5) can be formed from the finite
number procedures of solving the linear and convex mathematical programming problems, and the finite discrete
optimization problems, and operations on a convex sets.

On the bases of procedures describes by relations (23)—(32) we define the admissible adaptive control strategy
fJEf) = ﬁi,e) w(r)eU, 7€0,T -1, w(r) € W(r) (w(0) = wy) of the player P on the level I of the control system for
considered dynamical process (1)~(5) on the interval 0, T by the following relations:

1) forall T € 0, T — 1, and 7-positions w' (1) = {7,y (1), 79(7)} € W(T) (W(0) = wy), let

U 0v @) = U2 w() € Uy (v); (34)
2)forall T € 0,T — 1, and 7-positions w*(1) = {1, y*(7), 2 (1)} € {W(1) \ (W (1)}} (W*(0) # wy), let
09w (1)) = Uy (7). (35)

Here, wo = {0, y0,20} € Wy; for admissible past realizations on the interval 0,7 (t > 1) of the controls u.(:) =
{u,(t)}tem € U(O,_T) of the player P and v.(-) = {VT(I)}tem € V(E; u-(+)) of the player E on the levels I and II of
the control system respectively, and perturbations &(-) = &(1),.57—7 € E(0,7) and £V() = fﬁl)(t)rem e 210, 7),
the T-position w(1) = {r,y9(1),z29(r)} € W(7) of the player P formed due by the following relations: y(1) =
Y20, 7,30, e (), ve(), £()); 29T) = 200, T, 20, (), v (), £7()); the set UL (w (7)) according to (23)~(32) must
satisfy the following relation:

UOW () = (@) : @(r) € Uy(r), @(x) = (1), @) = (@) (1)) e UG T, w9 (36)

rer,T—1

Then we define the adaptive control strategy fo) = fo) WD), u() € V., € 0T-1, w(r) €
WO, u(-) e UT, T) (wh(0) = wél)) of the player E on the level II of the control system for considered dynamical
process (1)=(5) on the interval 0, T, which is formally described by the following relations:

1) for all T € 0,T — 1, and 7-positions w''9(1) = {1,79(1)} € WD(r) w'90) = wgl)), and any program
controls #©(-) € UO(r, T; w9 (1)) (W9(7) = {r,59(1),79(r)} € W(1)) of the player P, let

V@), 1) = VO@I(@), 190) € Vi@ a9 (x)); (37)

2)forall T € 0, T — 1, and 7-positions w(7) = {1, 2(1)} € (WD @)\ (w(1)}} (wP(0) # wf)l)), and any program
controls u(-) € U(T,_T) of the player P, let

VWD), u()) = Vi(r; u(r)). (38)
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Here, wél) =1{0,z0} € W( ). for admissible past realizations on the interval 0,7 (t > 1) of the controls u.(-) =
{u-(O} 577 € U(0, 7) of the player P and v.(:) = {v(7)} € V(0, 7; u-(-)) of the player E on the levels I and II of
the control system respectively, and perturbations &;(-) = g—‘,(r)teok1 € ._.(0, 7) and fil)(-) = é‘;l)(t)teofl _.(1)(0, 7), the
T-positions W' (1) = {1, 7(1),2(1)} € W(r) and w1(1) = {1,79(1)} € W(7) of the players P and E respectively,
formed due by the following relations: 3'(7) = yr(0,7, yo, z(-), ve(-), & ()); Z9(T) = 20,7, 20, (), vo(), £(); the
set Vi”(w“’e)(r), #“)(+)) according to (23)—(32) must satisfy the following relation:

1€0,7—1

VO@LI(@),79() = (7() : () € V(13 7(1)),

7(0) = vO0), V) = (VOO € VOE T 0 (0), 79 (). (39)

On the base of the above algorithms, and constructions, and relations described by (23)—(39), one can prove that
the following assertion is true.

Theorem. For the initial position w(0) = wy = {0, yo, 20} € Wy of the player P on the level I, and corresponding
to it the initial position w(’(0) = w(l) {0,v0, 20} € Wf)l) of the player E on the level II of the control system for the
discrete-time dynamical process (1)—(5) for the minimax adaptive control strategies Uif) € U}, and fo) € V;, of the
players P and E respectively, the following equalities are true

Ugle) — ﬁile)’ Vile) — vif)a

and let the control &;”(-) = {ﬁff)(t)}teo 7=7 € U(0, T) of the player P, and the perturbation &,() = {£,(1)} 57— € E(0,T)
for the object I, and the control () = {7\ ()} 57— € V(0.T; () of the player E and the perturbation & () =

{55,1)0)},60 =7 "(1)(0_T) for the object I, are the results of using the adaptive minimax control strategies U( 9 ¢ U,

and V( ) e V: respectively, on the interval 0,7, then for optimal guaranteed results cff(),(O T) and c(e) (O T) for the

players P and E respectively, corresponding to the realizations of these strategies on the interval 0, T, the following
equalities are true

0.T) = E,0.T) = alwo, 1007080800,
and
(6) (O T) ~(€) (O T) ,B(W(l), ~(e)( ) 17(6)( ) é._.(])( ))

and both the strategies and both the numbers calculations as the realizations of the sequences of one-step operations
only by the ways of solving finite sequence procedures of solving the linear and convex mathematical programming
problems, and the finite discrete optimization problems, and operations on a convex sets.

Note, that on the basis of the above algorithm of solving the Problem formulated above the procedure of the
construction a solution of the main problem of two-level hierarchical minimax adaptive control by the final states of
the objects I and II for the discrete-time dynamical system (1)—(5) in the presence of perturbations can be formed from
realization of the finite number procedures of solving the linear and convex mathematical programming problems, and
the finite discrete optimization problems, and operations on a convex sets.

CONCLUSION

Thus, in this paper we have presented the mathematical formalization of the main problem of two-level hierarchical
minimax adaptive control by the final states of the objects I and II for the discrete-time dynamical system (1)—(5) in
the presence of perturbations. This paper proposes the algorithm for solving this problem, which is a realization of
the finite sequence procedures of solving the linear and convex mathematical programming problems, and the finite
discrete optimization problems, and operations on a convex sets.

Results obtained in this paper are based on the studies [1]-[6] and can be used for computer simulation, design
and construction of multilevel control systems for actual technical an economic dynamical processes operating under
deficit of information and uncertainty. Mathematical models of such systems are presented, for example, in [1]-[3],

[7]-[11].
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