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Abstract

The paper deals with a control problem for a dynamical system under disturbances. A motion
of the system is considered on a finite interval of time and described by a nonlinear ordinary
differential equation. The control is aimed at minimization of a given quality index. In addition
to geometric constraints on the control and disturbance, it is supposed that the disturbance
satisfies a compact functional constraint. Namely, all disturbance realizations that can happen
in the system belong to some unknown set that is compact in the space L. Within the game-
theoretical approach, the problem of optimizing the guaranteed result of the control is studied.
For solving this problem, we propose a new construction of the optimal control strategy. In
the linear-convex case, this strategy can be numerically realized on the basis of the upper
convex hulls method. Examples are considered. Results of numerical simulations are given.

Keywords Control problem - Disturbances - Functional constraint - Optimal guaranteed
result - Optimal strategy - Reconstruction - Numerical method

1 Introduction

The paper deals with a control problem for a dynamical system under disturbances. A motion
of the system is considered on a finite interval of time and described by a nonlinear ordinary
differential equation. The admissible values of the control and disturbance are subject to
geometric constraints. The control is aimed at minimization of a given quality index. Within
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the game-theoretical approach [5-7,18], we study the problem of optimizing the guaranteed
result of the control.

In addition to the standard formulation of the guarantee optimization problem, we suppose
that the disturbance satisfies a compact functional constraint. According to [8] (see also
[2,16,17]), it means that all disturbance realizations that can happen in the system belong to
some unknown set that is compact in the space L. This notion of a functional constraint is
quite general and can be used in order to formalize an additional available information about
the properties of the possible disturbance realizations as functions of time. However, it should
be noted that this type of functional constraints substantially differs from the situation when
the specific set of the possible disturbance realizations is given. The guarantee optimization
problem in the latter case seems to be more complicated problem than the one studied in the
paper.

The considered control problem under the functional constraint on the disturbance is
formulated in the class of control strategies with full memory (see, e.g., [5,7,8]). The corre-
sponding value of the optimal guaranteed result is introduced. The main result of the paper
is a new construction of the optimal control strategy. This strategy can be considered as a
control procedure with a guide. The proximity between the motions of the original system
and guide is provided by the technique of dynamic reconstruction of the disturbance based
on the ideas from [10]. The quality of the control process is attained due to the use of the
optimal counter-strategy with full memory in the guide. Furthermore, we consider also a
particular case of the problem when the right-hand side of the dynamic equation satisfies
a certain additional condition [2,13,17], which allows to simplify the construction of the
optimal strategy.

The proposed new construction of the optimal control strategy makes it possible to develop
numerical methods for solving the guarantee optimization problems under consideration. The
main difficulty here is to construct the optimal counter-strategy used in the guide. However,
in the so-called linear-convex case, this can be done efficiently, for example, by applying the
upper convex hulls method [1,4] (see also [9]). We consider some examples, which are close
to pursuit—evasion games, and present the results of numerical simulations.

The paper is organized as follows. In Sect. 2, we give the informal statement of the
guarantee optimization problem under the functional constraint on the disturbance. In Sect. 3,
to emphasize the differences that arise in the mathematical statement of the problem because
of the presence of this additional constraint, we consider the standard statements of guarantee
optimization problem without functional constraints. The mathematical statement of the
problem with the functional constraint on the disturbance is given in Sect. 4. In Sect. 5, we
propose a new construction of the optimal control strategy with full memory. The proof of
the corresponding result is given in Sect. 6. Section 7 is devoted to the particular case when
the construction of the optimal control strategy can be simplified. Examples are considered
in Sect. 8.

2 Statement of the Problem

In this section, we give the informal statement of a guarantee optimization problem under
a functional constraint on the disturbance. A dynamical system and a quality index under
consideration are described. The notion of a functional constraint on the disturbance is intro-
duced. The strict mathematical statement of the problem is given in Sect. 4.
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2.1 Dynamical System and Quality Index

We consider a dynamical system which motion is described by the following differential
equation:

d’;gt) = (. x@), ul), v(@®), 1€ T:=[1. ], 0
x( € R", u(t)e P CRP, v(r)e QCRY,

with the initial condition
x(fo) = x0. X0 € B(Ro):= {x e R" : ||x| < Ro}. )

Here ¢ is the time, x is the state vector, u is the control vector, v is the disturbance vector;
to and ¢ are the initial and terminal times; P and Q are known compact sets; x is the initial
state of the system; Ry > 0 is a fixed number; the symbol || - || denotes the Euclidian norm
of a vector.

It is assumed that the function f : T x R” x P x Q — R” has the following properties:
f is continuous; for any compact set D C R”, there exists a number L > 0 such that

If(t, x,u,v) = ft.x" u,v)| <Lllx—x'|, teT, x,x’ €D, ueP, ve Q;
and, moreover, there exists a number a > 0 such that
If@ x,u,v)l <a(l+|xl), teT, xeR", ueP, vel.

We assume that the segment T = [fg, 9] is equipped with the Lebesgue measure. By
admissible realizations u(-) of the control and v(-) of the disturbance, we mean measurable
functions u : T — P and v : T — Q. The sets of all such realizations are denoted by
U and V, respectively. One can show that, due to the properties of the function f, for any
initial state xo € B(Rp) and any admissible realizations u(-) € U and v(-) € V, there exists
a unique motion x(-) = x(-; xg, u(-), v(-)) of system (1) that is an absolutely continuous
function x : T — R” that satisfies initial condition (2) and, together with the realizations
u(-) and v(-), satisfies Eq. (1) for almost all # € T. Moreover, one can choose (see, e.g., [7,
pp- 8,14,15]) a number R > 0 such that, for any motion x(-) = x(-; xg, u(-), v(-)) of system
(1), generated from any initial state xo € B(Rp) by any realization u(-) € U and v(:) € V,
the following inclusions are valid:

x(1)e B(R):={xeR": x| <R}, teT. 3)
Let quality of a motion x (-) of system (1) be evaluated by the index
y =0x(), “

where the function o : C(T', R") — R is continuous.

The goal of the control is to minimize the value y of quality index (4). Since there are
unknown disturbances acting in system (1), when we pose and solve this control problem, in
accordance with the guaranteed result principle (see, e.g., [3,5-7,18]), we should take into
account that, in the worst case, the disturbances may be aimed at maximization of y.

2.2 Functional Constraint on the Disturbance

According to (1), for any time ¢ € T, the value of the disturbance v(#) satisfies the inclusion
v(t) € Q. Constraints of this kind are called geometric (or instantaneous). In the present
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paper, the case is considered when the disturbance satisfies an additional functional constraint
imposed not on the instantaneous values v(¢), but on the realization v(-) as a whole.
By a functional constraint on the disturbance, we mean a family of subsets V 2V such
that
v=[JV. 5)

VeV

We say that the disturbance satisfies the functional constraint V if there exists aset V € V such
that every disturbance realization v(-) that can happen in system (1) satisfies the inclusion
v(-) € V.Thus,itis assumed that, when forming control actions, we know only the constraint
V, but the specific set V € V is not given. This notion of a functional constraint is quite
general and can be used in order to formalize an additional information about the structure
and properties of the possible disturbance realizations. A functional constraint V is called
compact if it consists of compact in L1(T,R?) subsets V C V. Let us give some typical
examples when an additional information about the disturbance can be formalized with the
help of such a functional constraint:

1. It is known that every disturbance realization v(-) is a piecewise constant function with
a fixed number / € N U {0} of possible discontinuity points; however, this number / is
unknown.

2. It is known that every disturbance realization v(-) is a continuous function with a fixed
modulus of continuity @; however, this modulus  is unknown.

3. It is known that every realization v(-) is generated by a Carathéodory function W :
T x R" — Q suchthat v(t) = W(t, x(¢)), t € T; however, this function W is unknown
(see, e.g., [14]).

In the paper, we consider a guarantee optimization problem for system (1), initial condition
(2) and quality index (4) in the case when the disturbance satisfies a compact functional
constraint V. In order to emphasize the differences that arise in the mathematical statement
of the problem due to the presence of this additional constraint, in the next section we give
the standard statements of guarantee optimization problem (1), (2) and (4) without functional
constraints.

3 Guarantee Optimization Without Functional Constraints

The mathematical statement of guarantee optimization problem (1), (2) and (4) depends on
the way of forming the control actions. In this section, we consider three types of control
strategies: quasi-strategies, counter-strategies and strategies with full memory. For each of
these types, the corresponding value of the optimal guaranteed result is introduced. The
comparison between these values is given.

3.1 Quasi-Strategies

The notion of a quasi-strategy, originating from works [11,12], formalizes one of the most
general ways of forming the control actions in real time without using information about
future. In the paper, by a quasi-strategy, we mean a function « : V — U/ with the following
property of nonanticipation: if, for any time € T and any realizations v(-), v'(-) € V,
the equality v(r) = v/(t) is valid for almost all t € [fo, t], then the corresponding images
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u(-) = a(v(-))andu’'(-) = a(v/(-)) satisfy the equality u(t) = u’(t) foralmostall T € [1, t].
The set of all quasi-strategies is denoted by QS.

For any initial state xo € B(Rp), the value of the optimal guaranteed result in the class of
quasi-strategies is defined as follows:

Igst)i= inf sup o (( x0, @), v() ). ©)

Note that any control procedure that forms the current value u(¢) on the basis of the
information about the initial state xo and the history of the disturbance actions v(-)|[z.r]
(including the current value v(¢)) can be considered as a quasi-strategy. Therefore, any such
control procedure cannot guarantee the value of quality index (4) less than FQOS (xp). It is
known that the quasi-strategies are a convenient tool in theoretical constructions, but they
are impractical in real control problems.

3.2 Counter-Strategies with Full Memory

In the paper, we use the following definition of a counter-strategy (with full memory), which
goes back to the constructions from [6,8]. Let A be a partition of the time segment 7 = [#g, 9]
by times t7;, i € 0...n4, i.e.,

A= {'Ei 1T =1g, Ti—1 < T, I € l..na, Thy :19}_

The set of all such partitions is denoted by A7. By a counter-control (with full memory) on
. LA =A .
the partition A, we mean a family U~ = (U; );c0...(n,—1) Of mappings

U Clto, 7] R") — B(Q, P), i<0...(na — 1),

where B(Q, P) is the set of all Borel measurable functions from Q to P. Respectively, a

counter-strategy is a family U = (ﬁA) Acap of counter-controls defined for every partition
A e Ar. The set of all counter-strategies is denoted by CS.

Letxo € B(Ry) and U = (U™) ac A, € CS. For any partition A € Ar, the corresponding

counter-control ﬁA = (ﬁiA)ieO...(n A—1) In a pair with a disturbance realization v(-) € V
forms in system (1) a control realization u(-) by the following step-by-step feedback rule:

u(t) = ﬁiA(x(')“to,r,-])(U(t))v teln. tip), i €0..(na—1), )

where x (-)|[1,,7;] 1S the motion history realized up to the time ;. Note that, since the function

—A . . N . .

U; (x(-)[s,7;1) is Borel measurable, the obtained control realization is admissible, i.e., u(-) €
. —=A . L .

U. Thus, from the initial state xp, the counter-control U™ in a pair with the disturbance

realization v(-) uniquely generates the system motion, denoted by x(-) = x(-; xo, ﬁA, v(-)).
For the counter-strategy U, the value of the guaranteed result is defined as follows:

I'cs(xp; U) := lim sup sup a(x(-; x0, 0%, v(-))). (8)
810 AeAr:D(A)<S v()eV

Here and below, we denote by D(A) := max;e1..n, (7; — 7;—1) the diameter of the partition A.

Respectively, the optimal guaranteed result in the class of counter-strategies is the following

value:

[Es(xo):= inf T'cs(xo; 0). )
UeCS
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Note that, according to the results of [6,7], for any number ¢ > 0, there exists a £ -optimal
counter-strategy U, € CS such that, for any initial state xo € B(Rp), we have

Ies(xo; Uy) < T (xo) + €. (10)

Due to the necessity of the direct measurement of the current value of the disturbance
v(?), the use of the counter-strategies is also quite complicated in practice.

3.3 Strategies with Full Memory

In accordance with [8], by analogy with the introduced above class of counter-strategies, we
define the class of strategies (with full memory) in the following way. By a control (with full
memory) on a partition A = (7;);c0..n, € Ar, we mean a family U2 = (UiA)iGO...(nAfl) of
mappings

U2 : C([t0, ], R") = Ul riey), 0 €0..(na — 1),

where the set U|[y, ;) consists of the restrictions on [7;, 7;41) of all the functions u(-) € U.
A strategy is a family U = (U#) aca, of controls defined for every partition A € Ar. The
set of all strategies is denoted by S.

Let xg € B(Rp) and U = (UA)AGAT € S. For any partition A € Ar, the corresponding
control U4 = (UiA)[g().“(nA_]) in a pair with a disturbance realization v(-) € V forms in
system (1) a control realization u(-) by the following step-by-step feedback rule:

u(t) = UiA(x(-)I[,U,Il.])(t), telt,tiq1), i€0...(na—1).

Thus, from the initial state xg, the control U4 in a pair with the disturbance realization v(-)
uniquely generates the system motion, denoted by x(-) = x(; xo, U4, v(-)). The value of
the guaranteed result of the strategy U and the value of the optimal guaranteed result in the
class of strategies are defined as follows:

I's(xp; U) := lim sup sup a(x(~;xo,UA, v(-))), (11)
30 AcA7:D(A)<8 v()eV
IJ(xo):= inf Ty(xo; U). (12)
UeS

Note that, when using strategies, there is no need in any information about the disturbance.
It makes this way of forming the control actions more preferable in comparison with the
quasi-strategies and counter-strategies.

3.4 Comparison of Optimal Guaranteed Results

The following relations between the values of optimal guaranteed results (6), (9) and (12)
are valid:

Igsxo) = I'és(x0),  Tgs(xo) < I (x0). x0 € B(Ro). (13)

The equality in (13) is derived from the results of [6, §§28, 29] [see also [5, §9]]. The
inequality in (13) is a straightforward consequence of the given definitions. Note that this
inequality can be strict, and a sufficient condition for the equality is the equilibrium condition
in a small game (see, e.g., [7, p. 8]) or, in another terminology, the Isaacs’ condition [3]:
min max(s, f(t, x, u, v)) = maxmin(s, f(z, x, u, v)),
veQ uebP

ueP veQ (14)
teT, xeR" seR",
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where the symbol (-, -) denotes the inner product of vectors. Thus, the result FQOS (xo) can
always be guaranteed with the help of the counter-strategies, but, in general, without condition
(14), cannot be guaranteed with the help of the strategies.

Another situation when the optimal guaranteed results in the classes QS and S coincide
regardless of condition (14) is described in the paper and related to compact functional
constraints on the disturbance.

4 Guarantee Optimization Under a Functional Constraint on the
Disturbance

In this section, for system (1), initial condition (2) and quality index (4), we define the value
of the optimal guaranteed result in the class of strategies S in the case when the disturbance
satisfies a compact functional constraint V. In accordance with the informal statement of the
problem (see Sect. 2.2), the presence of the functional constraint V leads to the fact that, in
definition (11) of the guaranteed result, we split the operation of taking the upper bound over
all disturbance realizations v(-) € V into two parts. Firstly, inside, the upper bound is taken
only over disturbance realizations v(-) from a set V € V, and, after that, outside, the upper
bound is taken over the sets V € V.

Let us note that, for any initial state xo € B(Rp), we can define the value of the optimal
guaranteed result in the class of quasi-strategies QS under the functional constraint V as
follows: o

Tae(x = inf sup su a(x-;x,otv~ ,u(- ) 1
os(xo | V) i Velgf v(~)£V (5 x0, 2(v()), v()) 15)

However, due to (5), (6) and (15), we have
Igsxo | V) = I'gs(xo). (16)

Therefore, the optimal guaranteed result in the class of quasi-strategies does not depend on
the presence of the functional constraints.

Further, let us define the value of the guaranteed result of a strategy U = (U pc Ar €S
under the functional constraint V and the corresponding value of the optimal guaranteed
result in the class of strategies S under the functional constraint V in the following way:

Ts(x0; U | V) := sup lim sup sup a(x(-; x0, U2, v(-))),
vev 30 AcarD(A)<s v()eV

Yo | V)= inf Is(xo; U V). (17)
UeS

According to [17], for any compact functional constraint V, the following equality holds:
I§(xo | V) = Iigs(x0 | V), xo0 € B(Ro).

Hence, due to (16), when the disturbance satisfies a compact functional constraint V, the
optimal guaranteed result FQOS (xo) in the class of quasi-strategies QS can be guaranteed with
the help of the strategies with full memory. Thus, the considered in the paper guarantee
optimization problem in the class of strategies S under the functional constraint V can be
formulated as follows. For any number ¢ > 0, we should find a strategy U, € S such that,
for any initial state xo € B(Ry), the following inequality is valid:

Ts(x0: Uy | V) < Iig(x0) +¢. (18)

The main contribution of the paper is a new construction of this -optimal strategy U,.
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5 Construction of Optimal Strategy

Let € € (0, 1) be an accuracy parameter. Let us define a strategy U, = (USA) AeAp € Ssuch
that it satisfies inequality (18) for any sufficiently small values of ¢. Let us introduce the
necessary notations and constructions.

According to (10) and (13), let us fix an e-optimal counter-strategy U, = (ﬁSA) Acar € CS
such that B
Ies(xo: Up) < Igg(x0) + &, %0 € B(Ro). (19)

For the compact set P, which determines the geometric constraint on the control (see (1)),
let us choose an e—net (u‘j.)_,-.e],,,ng C P:

max min |ju —uf| <. (20)
ueP jel..ng J

At first, it is convenient to define the control USA = (USAI-)I‘E()__.(” —1) only for partitions
A € Ar that satisfy the following condition:

D(A) <3d(A), (21)

where d(A) = min;¢;_,, (t; — 7;—1) is the inner diameter of the partition A. Let us consider
the auxiliary times

i(t; — 1/
dimn—edd), =g+ T o, ielama-D. @)
ne
Note that, since ¢ € (0, 1), the following inclusions are valid:
ti/j € (ti—1,wul, iel.(na—1), jeO.ng.

For any i € 0...(np — 1) and any function x® () e C([tg, i1, R™), let us choose a vector
v;i (@ (-)) such that

0, i =0,
argmin max | d;j(xP () — f(ri, xD(x), uf, v)||, i€ l.(na—1),
veQ jel..ng J

(23)

where, fori € 1...(np — 1) and j € 1...n,, we denote by d;; (xD(-)) the divided difference

vi(xD()) e

D¢y — 0O (7/
x(t) — x0T y)

vo T HmDl (24)
Lij ~ hG-n

dij (" ()=

Before proceeding to the formal definition of the control U2 on the partition A, let us describe
it as a control procedure with a guide.

5.1 Optimal Control with a Guide

The control U2 on the partition A can be treated as a control procedure with a guide (see,
e.g., [7, §8.2]). A motion of the guide is considered as an auxiliary motion y(-) of system (1).
We suppose that this motion y(-) satisfies the same initial condition y(fp) = xo as the motion
x(+) of the original system, and we denote by u(-) € U and v(-) € V the corresponding
control and “disturbance” realizations that determine this motion y(-). Thus, according to
the introduced notations, we have y(-) = x(-; xo, #(-), v(-)). Note that, according to choice

Birkhauser



708 Dynamic Games and Applications (2019) 9:700-723

(3) of the number R, for any such auxiliary motion y(-), the inclusions y(¢) € B(R),t € T,
are valid.

Let us describe this control procedure. In order to choose the “disturbance” v(-) in the
guide, when forming the control u(-) in the original system, we use the series of the test
control actions u?, J € l...ng, on the small part [tl.’H, 7i+1) of every step [t;, Ti4+1) of the
partition A. By the observations of the corresponding reactions of the original system to
these test controls, as in the theory of inverse problem of dynamics (see, e.g., [10]), we
choose “on the fly” the “disturbance” v(-) in the guide that in a some sense approximates the
disturbance v(-) acting in the original system. After that, by the found approximation v(-),
we choose the control u(-) in the guide according to the fixed e-optimal counter-control ﬁ?.
Finally, the constructed control #(-) is used in the original system on the current step of the
partition except for the “test” part [t/ 1> Ti+1)- Under a suitable choice of the parameters
(see Lemma 1), the obtained motion x (-) of the original system is close to the constructed
g-optimal motion y(-) of the guide.

Thus, we consider the following step-by-step procedure of forming a control realization
u(-) € U in the original system and piecewise constant realizations %(-) and v(-) of the form

ut)y=u;e P, vit)=v; € Q, telt, 1), i€0..na—1), (25)

in the guide. For any i € 0...(na — 1), let x(-)|{4.;7 and y(-)|{s.7] be, respectively, the
histories of the motions of the original system and guide realized up to the time 7;. “Recon-
structing” the disturbances acting in the original system on the interval [7;_1, 7;), we set

Vi = i (xOing,51)- =

Using the fixed counter-control ﬁ? = (U?i)ieo...(n —1) in the guide, according to (7), we put

—) _
i = Uy (YO liag,z7) Wi)- 27
After that, we define
u, teln, T,
u(t) = M; [Tz/ tl"r]) / . (28)
Wi L€ Ty Tapn ) T € Tene,

where ui. are the elements of the chosen e-net.
An illustration to the described control procedure with the guide is given in Fig. 1.

5.2 Optimal Control Strategy with Full Memory

The control procedure with guide (26)—(28) is formalized as the control with full memory
USA = (Ué)[eo,,,(,m_l) on the partition A as follows. Leti € 0...(ny — 1) and x®D) e
C([to, T;1, R™). Set

() = v (xD Oligr1)s € [t Thr1), k€00 (29)

Consider the auxiliary motion y® (¢) := x(z; x, ﬁf, v(-), t € [to, 7], of system (1) and
put

T O0DO)@@), 1 elm 1),

u&‘

U4 (xY0) )= .
i te [r(/i+1)(j_1), t(/i+1)j)’ j € l.ng.

(30)
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system
guide

y(-, i (0:), s)

D5 w(,uj,v())

LHQUACHRIO)

1! . / / .
Ti0Ti1 -+ Ti T(i+l)OT(i+l)l ceTid1

Fig. 1 The scheme of the strategy U,

Thus, the control with full memory Uf is defined for any partition A that satisfies condition
(21). Let a partition A = (7;);c0..n, do not satisfy this condition. Then, firstly, we “thin”
this partition to a partition A* € Ay, A* C A, satistying (21). This can always be done, for
instance, as follows:

A= irg =10, 7,,, =0,
‘c{“::argmin{r eA: t>=i2D(A)}, ieN, i <@ — to)/(ZD(A))}.
Note that this “thinned” partition satisfies the condition
D(A¥) < 3D(A). (31)
After that, the control USA is defined with the help of the control U?* for the corresponding
“thinned” partition by ignoring the times 7; € A \ A*. Note that, according to this defini-
tion, for any initial state xo € B(Rp) and any disturbance realization v(-) € V, we have

x(3x0, UA, v() = x (5 x0, U2, v ().
Hence, the strategy U, = (USA) AeAy is completely defined.

Theorem 1 Let V be a compact functional constraint on the disturbance. Then, for any
number ¢ > 0, there exists a number ¢* € (0, 1) such that, for any initial state xo € B(Rp)
and any number ¢ € (0, £*], the strategy with full memory U, € S, defined by relations (29),
(30), satisfies the inequality

Ts(xo: U | V) < Iigg(xo) + €. (32)

The proof of the theorem is given in the next section.
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6 Proof of Theorem 1

The basis of the proof of Theorem 1 constitutes the following lemma, which is also of
independent interest.

Lemma 1 Forany number & > 0, there exists a number g, € (0, 1) such that, for any number
& € (0, g4l and any set V.C V compact in L1 (T, R%), we can specify a number 8, > 0 such
that, for any initial state xy € B(Rg) and any satisfying (21) partition A € At with the
diameter D(A) < 8, the following statement holds. Let the motions x () and y(-) of system
(1) be generated from the initial state xo by realizations u(-), v(-) and u(-), v(-), respectively.
Let the inclusion v(-) € V be valid and these realizations satisfy relations (25) and (26),
(28) fori € 0...(na — 1). Then the following inequality holds:

x() —y®lIl <&, teT. (33)

Before proving the lemma, let us introduce the necessary notations. Due to the properties
of the function f from the right-hand side of Eq. (1) and compactness of the sets 7', B(R),
P and Q, we choose numbers » > 0 and L > O such that, foranyr € T, x € B(R),u € P
and v € Q, we have

If@ x,u, vl <3 |fE x,u,v)— ft,x u,v)| <Ljx—x|. (34
Let us denote

e (8)

max{||f(t,x,u,v) W x w0

1, €T, x e B(R), ucP, veQ, |t—t’|§8},
ny(8) == max{||f(t,x,u,v) — f(t,x,u’,v)| :

teT, xeB(R), uyu' e P, ve Q, IIM—M’IIE(S},
max{||f(t,x,u, V) — ft,x,u, V) :

teT,xe€B(R), ue P, v,veQ, IIU—U’IIE(S},
V() = i (8) + LS, 8> 0.

Note that these functions ;(8), w1, (8), y(8) and ¥ (8) are nondecreasing and tend to zero
when § | 0. Note also that, for any motion x(-) of system (1) generated from an initial state
x0 € B(Rp) by realizations u(-) € U and v(-) € V, the inequality

| £ x(), u,v) = £ x), u, )| < Wl =) + oo =0l (35)

holds forany ¢, € T,u € P and v,v' € Q.

Uy(8)

Proofof Lemma 1 Fix a number & > 0 and choose a number &, > 0 from the condition

Exexp(L(¥ —19)) <§. (36)
Let a number ¢, € (0, 1) be such that
2(0 — 10) (3 + pu(es)) < Ei/3. (37

Fix a number ¢ € (0, &,] and a set V. C V compact in L (7, R?). Taking into account [2,
Assertion 3], one can specify a number §; > 0 such that, for any § € (0, §;] and any function
v(-) € V, the following inequality holds:

1 5426 85*
/T@f (v —v@ i) drds < 2 (38)
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Here and below, it is assumed that v(¢#) = O for ¢ ¢ T. Further, choose a number 6, > 0 such
that
2287 +2(9 — zo)(2ut(282) + 3L%62) < &./3. (39)

Put §, = min{§;, 82} > 0. Let us show that the assertion of the lemma holds for the chosen
parameters.

In accordance with the statement of the lemma, let us assume that an initial state xoy €
B(Rp), a partition A € Ar, realizations u(-), v(-) and u(-), v(-), and the corresponding
motions x(-) and y(-) of system (1) are fixed. Let é := D(A) < §,. Let us estimate the value
llx(¢) — y(¢)| for ¢t € T. Since the motions x(-) and y(-) are generated from the same initial
state, we have

x(@) =yl =

t
‘ f (f(s.x(8),u(s), v(s)) = f (5. y(s),7(s), D(s))) ds
1o

In the right-hand side, we add and subtract under the integral sign the quantities
f(s,x(s), u(s), v(s)) and f (s, x(s), u(s), v(s)) (we continue the estimate):

=

/ (f (s, x(5). u(s), v(s)) = (5. x(5), w(s). v(s))) ds

0

t
+‘/ (f (s, x(5),7(), v(5)) — [ (5, x(s), (s), V(s))) ds
fo
t
+‘ f (5, x(5), 7(), Ts) — £(5, ¥(5), @ls), 7(s))) ds
0]

=L+ DL+ 5. (40)

Let us estimate the integral /1 in (40). Due to (22), (25) and (28), the measure of the set E
that consists of all points ¢ € T such that u () 7 u(¢) does not exceed (% — fg). Therefore,
applying (34), we obtain

I < / 1FCs, x(s), uls), vis)) — f(s, x(s), u(s), vis)llds < 2sce(P — 19). 41)
E
Let us estimate /> in (40). By the definition of e-net (see (20)), we derive

15,6, (5), vs)) = f s, 6(6), T(s). T
F s, 15 0(6) = 5,660, u5, T@) |+ 2ae). (42)

< max
jel..ng

Leti € 1...(na — 1), j € l..ng and s € [1;, Ti11). We have
| 76520, w806 = £5, 2050, uS, 55|
< | £ 0@, w5 060 = dig )| + iy ) = £ x6), 5, TG | @3)

Let us estimate the first term from the right-hand side of this inequality. Since, due to (24)

/

and (30), the equality u(tr) = uj holds for t € [rl./(jfl), ‘L’ij), we get

Lij ~ G-

_ H \/rl‘/j f(svx(s)! uj" U(S)) - f(tvx(t)v uj‘! U(T)) d-[ H

Hf(s,x(s), ui_’ v(s)) — X(Tij/) - x/(ri(j_l)) H

/ /
G- Tij ~ G-
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_ /Tfff Y(s—1)+ MU(IIU(S) - v(T)Il)
B AT ti/j l(J 1]
s+26

S py([lv(s) —v(D)]) dr. 44)

ed(A)

For the second term from the right-hand side of (43), taking into account (23), (26) and the
inclusion s € [t;, Ti4+1), we derive

max [|d;; (x(-)) — f (s, x(s), u§, V()|
jel..ng

jmax. lldij(x(-)) = f(s,x(s), uf, 0 (T )l

IA

o lldij(x () = f (T, x (i), u, Vi (@)l + ¥ (8)
= max lldij (x(-)) = f (T x (i), uy, v + ¥ (8)

VG
< jmax. lldij(x()) — f (s, x(s), uf, v + 29 (8)
’ . 5426
d(D) ). o (llv(s) —v(@)|) dr. (45)

From (42)—(45), adding the estimate of difference (43) on the interval 7, 1], we obtain

I < 2568 + 2 — 10)(¥/(28) + ¥ (8) + 1tu(e))

o, 5428
Sd(A) / / my(lu(s) —v(o)|) dr ds. (46)

For the integral /3 in (40), according to (34), we have

t
I < / Lilx(s) — y(s)1| ds. 47)

fo

Thus, from estimates (41), (46) and (47), for any t € T, we derive
lx@) =yl

t
/ Lix(s) — y(s) | ds + 23¢8 + 209 — 10) (3¢& + ¥ (28) + ¥ (8) + 11u(e))
s+26
// so(lo(s) — (o)) dr ds

< / Lix(s) — y(s)||ds + 255 +2(8 — to)(%e + wy(e) +3L368 + ZM,(Z(S))
fo

61’13 s+28 , ,
+ sup | —~ o (V'(s) = v'(0)|) dr ds
viyev | €8 Jr Js—as

t
= / Lix(s) — y(s)|ds + ¥ (e, §).
fo

ed(A)

Due to choice (37)-(39) of € and A, we have ¥ (¢, §) < &,. Then, applying the Bellman—

Gronwall lemma, we deduce ||x () —y ()| < &« exp (L(¥ — tp)),t € T.Therefore, according
to (36), inequality (33) holds. Lemma 1 is proved. O
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Proof of Theorem 1 Fix a compact functional constraint on the disturbance V and a number
¢ > 0. Let us consider the set D C C(T', R") that consists of all functions x(-) such that

lxIl < R, Nlx(®) = x| < st —1'|, t,' €T,

where R and s are taken from (3) and (34). Note that the set Dis compact. Hence, since the
function o from quality iniex (4) is continuous, there exists a number & > 0 such that, for
any functions x(-), y(-) € D, if ||x(t) — y(t)|| < &,t € T, then

lo(x(-) —a(y() =&/3.

By this number &, let us choose a number ¢, > 0 according to Lemma 1, and put ¢* =
minfey, £/3}. Let us prove that the assertion of the theorem holds for this value &*.

Fix an initial state xo € B(Ro) and a number ¢ € (0, £*]. According to (8) and (19), there
exists a number 3 > 0 such that, for any partition A € Ay, D(A) < 5, and any disturbance
realization v(-) € V, we have

o (( %0, U7, v())) = Tes(ro; Up) +¢/3 = T (o) +2¢/3. (48)

Fix aset V € V. Let §, be chosen by ¢ and V according to Lemma 1. Put §* = min{é, '5},
Let a partition A € A7 be such that D(A) < §*/3. We assume that A satisfies condition
(21). Otherwise, we replace A by the “thinned” partition A* (see Sect. 5.2). In any case, we
have a partition that satisfies condition (21) and has the diameter not exceeding the value of
8* (see (31)).

Let v(:) € V and x(-) = x(-; xo, UEA, v(-)). Let y(-) be the corresponding motion of
the guide. According to (27), we have y(-) = x(-; xo, ﬁf, v(-)) for some v(-) € V, and,
therefore, due to (48), we obtain

o (y(-)) < Igg(xo) +2¢/3.

Furthermore, by the choice ofN(S*, we have ||x(t) — y(t)|| < &,t € T. Hence, due to the
choice of &, since x(-), y(-) € D, we deduce

o(x() =a(y()+¢/3.

Thus, we have shown that, for any set V € V, there exists a number §* > 0 such that, for
any partition A € Ay, D(A) < §*, and any disturbance realization v(-) € V, the following
inequality holds:

"(x('; %0, UZ, ”('))) < Igs(xo) +¢.

From this fact, taking into account definition (17), we conclude the validity of inequality
(32). Theorem 1 is proved. ]

Let us give some remarks concerning Theorem 1 and Lemma 1.

1. For the guarantee optimization problem under a functional constraint on the disturbance,
Lemma 1 can be considered as an analog of the estimates from [7, §2.3], which play a
key role in establishing the properties of the extremal shift strategies.

2. Although the construction of the strategy U, and estimate (32) of its optimality are
independent on a set V € V (and even on a constraint V), according to Lemma 1, to
provide inequality (33) for a given number & > 0, a partition A should be chosen on the
basis of the specific set V.
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3. Coefficient “3” in condition (21) can be replaced by any other number from [1, 00).
This coefficient can only affect the rate of convergence of the guaranteed result of the
corresponding strategy to the optimal guaranteed result when the parameters € and D(A)
are decreasing to zero.

7 Reduction of the Disturbance Reconstruction Problem

In numerical realization of the optimal strategy U, the rapid growth when ¢ | O of the
dimension of disturbance reconstruction problem (23), (26) can cause difficulties. However,
it is known that when the function f from (1) satisfies Property 1 (see [2]), to reconstruct
the disturbance, it is sufficient to use any single value of the control instead of the series of
“test” controls as in the general case. Therefore, we can simply use the previous step control
value. The rest construction of the optimal control strategy remains the same.

Property 1 Foranyr € T, x € B(R) and v, v' € Q, if the equality
ft, x,u,0) = f(t,x,u,v)

holds for some value u = u’ € P, then this equality holds for any value u € P.

Note that Property 1 is valid for any function f that is injective with respect to v € Q for
any fixedtr € T, x € B(R) and u € P. Another example is given by the following particular
case of system (1):

dx (1)

- F(@,x(@0), u(®) + g, x (1), u(®)h(t, x(1), v(1)), (49)

wheref:TxR”xPﬁR”,ﬁ T xXR"x QO - R™, and g maps T x R" x P into
the space of (n x m)-matrices. Property 1 holds for system (49) if the kernel of the linear
operator g(t, x, u) : R — R” does not depend onu € P forany t € T, x € B(R). Note
also that Property 1, formulated in different terms, is considered in [13,15].

Let us define a strategy with full memory GSA = (ﬁSAi)iEO...(n —1) for any value of the
accuracy parameter € € (0, 1). Let a partition A € A7 satisfy condition (21). Since, instead
of the series of “test” controls, we now use only the previous step control, in accordance with
(22), we put

ne=1, tiy=tv=7n_1, t,=1, i€l.(na—1),

and, therefore, due to (23) and (24), we define

i=0

Ciel.ma—1, OO

| 0.
%) € L argmin |diy (6D 0)) — £ 2O (@), o1 v)|
veQ

where ) )
xO@) = xD(zin)

Ti —Ti—1

diy(xV()) =

By analogy with Sect. 5.1, we consider the following control procedure with the guide.
We define a piecewise constant control realization

u(t)y=u; € P, telr,ts1), i €0.(na—1), (51)
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system

guide

/

x (-, ;i (), ()

\/ y(, % (0:), ;)

Ti—1 Ty Ti4+1

Fig.2 The scheme of the strategy ﬁg

in the original system and realizations u(-) and v(-) of form (25) in the guide according to
the following rule:

V= (x(')|[t0,fi])’ (52)
i = Usy (yOlti.r1) (@), (53)
u; = uj, (54)

where ﬁ? = (ﬁfl’)ieo...(n A—1) is fixed e-optimal counter-control (19), and y(-) is the corre-
sponding motion of the guide.

Thus, by analogy with Sect. 5.2, the control U4 = (ﬁﬁ)ieo_“(w,l) on the partition A is
defined by

TA(xDO)0) =T (P O)@@), 1 €lt te), i €0ta—1), (55
where
(1) =V (xV Oltgm1)> 1 € [tk Ter1), k €0..d,
YO = x(t: %0, 02, 80)), 1 € [19, 7] (56)

Asusual, if a partition A € A7 does not satisfy condition (21), then we should use the control
ﬁf* on the corresponding “thinned” partition A*.

An illustration to the described in this section control procedure with the guide is given
in Fig. 2.

Note also that the strategy U, differs from the one proposedin [2,13]. This new construction
follows naturally from the general case (see Sect. 5) and has better convergence estimates.

Theorem 2 Let system (1) satisfy Property 1. Let V be a compact functional constraint on
the disturbance. Then, for any number { > 0, there exists a number £* € (0, 1) such that,
for any initial state xo € B(Ro) and any number ¢ € (0, £*], the strategy with full memory
ﬁg € S, defined by relations (56), (55), satisfies the inequality

Birkhauser



716 Dynamic Games and Applications (2019) 9:700-723

s(xo; Us | V) < Iigg(xo) +¢.

Theorem 2 is proved by the same scheme as Theorem 1, but the following lemma is used
instead of Lemma 1. This lemma establishes a suitable estimate of the closeness between the
motions of the original system and guide when Property 1 is satisfied and control procedure
(52)—(54) is used.

Lemma 2 Let system (1) satisfy Property 1. Then, for any number & > 0 and any set V. C V
compact in L1(T,R?), we can specify a number 8, > 0 such that, for any initial state
xo € B(Ro) and any satisfying (21) partition A € At with the diameter D(A) < 8, the
following statement holds. Let the motions x(-) and y(-) of system (1) be generated from the
initial state xq by realizations u(-), v(-) andu(-), v(-), respectively. Let the inclusion v(-) € V
be valid and these realizations satisfy relations (25), (51) and (52), (54) fori € 0...(na — 1).
Then the following inequality holds:

[x() -yl <&, 1eT. (57

In the proof of the lemma, we use the notation:
a8 = max [1£x,u,0) = £ x, w00
teT, x€B(R), u,u’ € P, v,v € Q, |f(t,x,u',v)— f(t,x,u',v)| < 8].

Note that, the inequality
1@ x u,v) = f@x,u, )| < o (I1F @ x 0’ 0) — fxu 0)]) (58)

holds for any t € T, x € B(R), u,u’ € P and v,v" € Q. Furthermore, if Property 1 is
satisfied, then, according to [2, Assertion 1], we have

lim py(8) = 0.
SIF(}M %) =0 59

Proof of Lemma 2 Fix a number & > 0 and a set V C V compact in L (7, R?). Choose a
number &, > 0 from condition (36). Taking into account [2, Assertions 2, 3] and (59), one
can specify a number §, > 0 such that, for any number § € (0, §,] and any function v(-) € V,
the following inequality holds:

s+28
258 +/ Muu<41ﬁ(25) + g/ o (lvs) —v(@)) df) ds < &, (60)
T s—28

Let us show that the assertion of the lemma holds for this value §,.

In accordance with the statement of the lemma, let us assume that an initial state xo €
B(Rp), a partition A € Ar, realizations u(-), v(-) and u(-), v(-), and the corresponding
motions x(-) and y(-) of system (1) are fixed. Let 6 := D(A) < .. Let us estimate the value
lx(t) — y(@)| for t € T. In view of (25), (51) and (54), we have

lx@ —y®l =

t
‘ / (f(5.x(). (), v(5)) = f (5, ¥(5),7u(s), D(s))) ds
1o

In the right-hand side, we add and subtract under the integral sign the quantity f (s, x(s), u(s),
v(s)) (we continue the estimate):

t
< ‘/ (f (s, x(5), (), v(5)) — [ (5, x(s), u(s), (s))) ds
to
t
+ / (f(5,x(5), (), V() — f (s, y(s),1(5), 0(s))) ds | := [y + . (6])
0]
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Let us estimate /; in (61). Leti € 1...(nx — 1) and s € [7;, 7;4+1). We have

| f (s, x(s), i1, v(s)) — f(s,x(s), ui—1,v(s))l
<N fls,x(s), ui—1, v(s)) —diy(x()II + Idin (x () — f(s, x(5), ui—1, v(s)|l . (62)

Let us estimate the first term in the right-hand side of this inequality. Due to (35), we obtain

x(7i) — x(ti-1)
T — Ti—1
fi f(s7 x(s)’ﬁl‘—l’ U(S)) - f(T,X(T), ﬁi—la U(T)) dr H
Ti—1 Ti —Ti—1
< Tyl =) 4 po(llvls) —v(@) dr
Ti—1 T —Ti—1

Hf(s’x(S), Ei*ls U(S)) -

s+28

=v¥(28)+ aa) /s po(flv@s) —v(o)]) dr

3 s+26
< w(25)+§f e — v 63)

For the second term in the right-hand side of (62), taking into account (50), (52) and the
inclusion s € [t;, Ti4+1), we derive

ldi1(x(-)) = f (s, x(s), i1, 0(s))l
= lldit(x(-)) = f(s, x(5), wi—1, v(z)l
< lldin(x () — f(wi, x(w), wi—1, 0(@)) | + ¥ ()
< it (x () = f (T, x(m), wi—1, v($)) | + ¥ (8)
< it (x () = f (s, x(8), ui—1, v()I + 29 (8)

s+26
§3¢(28)+§/ s po(llv(s) —v(@)|) dr. (64)

From (62)-(64), we obtain

Il f (s, x(s), ui—1, v(s)) — f(s,x(s), ui—1,v(s)l

6 s+26
< 4y (25) + gf i — vl

Therefore, due to (34) and (58), we deduce

5426
il 52%5+/ Muv(4tﬁ(25)+g/ Mv(llv(S)—v(f)ll)dT> ds. (65)
T s—28

For the integral 15 in (61), using (34), we obtain

t
I < / Lilx(s) — y(s)l| ds. (66)

fo
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According to (61), (65) and (66), we have

t

llx(r) = y@ll E/ Lilx(s) — y(s)ll ds

fo

6 5426
+ 225 + sup [ /;,uuv (41#(28) + g/ wo (V' (s) = v' (D)) dr) ds}

v'()eV —26

t
= [ L1 -y s+ 06,
10
Due to choice (60) of A, we get @ (§) < &,. Then, applying the Bellman—Gronwall lemma, we
deduce |[x(¢) — y(2)|| < &xexp (L(® — 19)), t € T. Therefore, according to (36), inequality
(57) holds. Lemma 2 is proved. ]

8 Examples

In this section, we give examples illustrating the availability for numerical realization of the
proposed in the paper (see Sects. 5 and 7) solution of the guarantee optimization problem for
system (1), initial condition (2) and quality index (4) under a compact functional constraint
on the disturbance V. The most difficult part in this solution is to construct the e-optimal
counter-strategy with full memory U,. With few exceptions, optimal strategies in guarantee
optimization problems (differential games) are hard to calculate. However, there are some
classes of the problems for which effective procedures are known for calculating the value
of the optimal guaranteed result (the game value) and, as a consequence, for constructing the
corresponding optimal strategies. For example, in the so-called linear-convex case, we can
apply the upper convex hulls method [1,4] (see also [9]). We use this method in Examples 2
and 3.

Example 1 The first example shows that Property 1 is essential in Lemma 2 and Theorem 2.
Let a motion of a dynamical system be described by the equation
dx (1)
dr

with the initial condition x(0) = 0, and let y = x(1) be a quality index. Note that system
(67) does not satisfy Property 1. In this problem, the optimal guaranteed result in the class
of quasi-strategies (6) is FQOS(O) = 0, and the counter-strategy Up(v) = 0 for v = 1 and

=u()v(), te€[0,1], x(#) e R, u(t) €{0,1}, v@) € {-1,1}, (67)

Up(v) = 1 for v = —1 is optimal. Suppose that a set V from a compact functional constraint
V consists of the only one function v(z) = 1, ¢ € [0, 1]. We consider a partition A of the time
interval [0, 1] with the constant step § = D(A) and define piecewise constant realizations
u(-), u(-) and v(-) by the following rule:
=T = 1, ifiis e.Ven, 5 = -1, ifiis e.ven, i €0..(na—1).
0, otherwise, 1, otherwise,

One can verify that such u(-), u(-) and v(-) satisfy relations (52)—(54). Substituting the
realizations u(-) and v(-) into system (67), we obtain

y =x(1) >1/2-4/2.
Thus, in this problem, the control procedure with guide (52)—(54), and, therefore, strategy
U (55), (56), does not guarantee for the quality index y the value FQOS (0). So, the assertion
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of Theorem 2 does not hold in this example. The analysis of the corresponding motion of the
guide shows that the assertion of Lemma 2 does not hold here either.

Example 2 Let a motion of a dynamical system be described by the equations

LD OO + ). 1 e0.2],
dxa(2) “
5 = eOuOv), x(0) = (110, x2(0) € B2,

and the initial condition x(0) = (0, 0). Let the geometric constraints on the control and
disturbance have the form

P:={(u1.up) e R*: 0.5 < |u;| < 1.5, i = 1,2},
0:={(vi,n) eR?: 1 <vi+0v3 <4}

Table 1 The results of the numerical simulation in Example 2

s 0.05 0.01 0.002 0.0004
y 4.1289 1.7502 1.4791 1.4694
lxC) =yl 3.1970 0.9695 0.1657 0.0361

In bold, we mark the results illustrated in Figs. 3 and 4

guide

system

Fig.3 Example 2. The motions of the system and guide: § = 0.01
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guide

system

Fig.4 Example 2. The motions of the system and guide: § = 0.0004

Let us consider the quality index

Y= \/(X1(1) =22+ (1) = D2+ x7(2) + (x2(2) +2)?). (69)

Note that the right-hand side of system (68) is not injective with respect to v = (vy, v2).
But since the system is of form (49), and the corresponding kernel is constant and equal to
{(0, 0)}, system (68) satisfies Property 1. Moreover, one can show that system (68) does not
satisfy condition (14).

Let a set V from a compact functional constraint on the disturbance V consist of all
functions from [0, 2] to Q that are piecewise constant on the partition of [0, 2] with the
constant step 0.05. So, the number of possible switchings of the disturbance is not greater
than 40. Note that, for the chosen Q, the set V is compact in L ([0, 2], R2).

In simulation below we use the strategy with full memory U, described in Sect. 7. We
construct the corresponding &-optimal counter-strategy U, and the value of the optimal guar-
anteed result ng (0, 0) on the basis of the upper convex hulls method. Furthermore, we
simulate disturbance realizations on the basis of the optimal counter-strategy of the distur-
bance (the second player), which is also constructed by the upper convex hulls method. The
step 8 of the partition A used in the corresponding control with full memory ﬁf we vary
within the set {0.05, 0.01, 0.002, 0.0004}.

For the value of optimal guaranteed result in the class of strategies with full memory under
the compact functional constraint V, we obtain

0.0 V) = Igs(0,0) ~ 2.8760.
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Table 2 The results of the numerical simulation in Example 3

s 0.05 0.01 0.002 0.0004
y 5.7575 1.8410 1.7109 1.7389
lxC) =yl 4.4871 0.5631 0.1739 0.0486

In bold, we mark the results illustrated in Figs. 5 and 6

guide

system

T2, Y2

Fig.5 Example 3. The motions of the system and guide: § = 0.01

The results of the numerical simulation are presented in Table 1, where § is the step of the
partition A; ||x(-) — y(-)|| is the maximal distance between the motions of the system x(-)
and the guide y(-); y is the realized value of quality index (69). The motions of the system
and guide for § = 0.01 and § = 0.0004 are shown in Figs. 3 and 4, respectively.

Example 3 Let us consider the same guarantee optimization problem as in Example 2 but
with the geometrical constraints

Pi={ueR?:ue{(-1.1),(=1,0),(1,0), 1, -1)}},
0:= {(v1,v) € R?: vy, |v2] € {0.5,2}}.

One can show that Property 1 is not fulfilled in this case. Therefore, in the numerical simu-
lations, we use the strategy with full memory U, described in Sect. 5. In (20), we putn, = 4
and choose the whole set P as its g-net. In (22), we choose ¢ = 0.01.

For the corresponding value of the optimal guaranteed result, we obtain

10,0 V) = I;gs(0,0) ~ 2.8359.

Birkhauser
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guide

system

Fig.6 Example 3. The motions of the system and guide: § = 0.0004

The results of the numerical simulation are presented in Table 2. The motions of the system
and guide for § = 0.01 and § = 0.0004 are shown in Figs. 5 and 6, respectively.
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