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Abstract

We study a fixed duration pursuit-evasion differential game problem of one pursuer and
one evader with Gronwall-type constraints (recently introduced in the work of Samatov
et al. (Ural Math J 6:95-107, 2020b)) imposed on all players’ control functions. The play-
ers’ dynamics are governed by a generalized dynamic equation. The payoff is the greatest
lower bound of the distances between the evader and the pursuers when the game is termi-
nated. The pursuers’ goal, which contradicts that of the evader, is to minimize the payoff.
We obtained sufficient conditions for completion of pursuit and evasion as well. To this
end, players’ attainability domain and optimal strategies are constructed.
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1 Introduction

Differential game problem of many players has received attention from numerous
researchers due to its applications in various field of study (see, for example Ibragimov
and Salimi 2009; Badakaya et al. 2021; Ibragimov et al. 2012; Ibragimov 2002; Ibragi-
mov et al. 2018; Ibragimov et al. 2021b; Ibragimov 2005; Ibragimov and Hussin 2010;
Levchenkov and Pashkov 1990; Alias et al. 2015; Ferrara et al. 2017; Ibragimov et al.
2021a; Kornev and Lukoyanov 2016; Dar’in and Kurzhanskii 2003; Rilwan and Bada-
kaya 2018; Ivanov and Ledyaev 1981; Pashkov and Terekhov 1987; Sun and Tsiotras
2014; Jin and Qu 2010). In most of the research works, players’ dynamics are governed
by

X0 = au,(t), x,0)=x,, i=12,...;

30 = a@vi @), y0) =y, j=1.2... @

where u,(-), v;(-) are the control functions of the i pursuer P; and j* evader E; respectively,
usually subjected to integral constraints (Ibragimov and Salimi 2009; Badakaya et al. 2021;
Ibragimov et al. 2012; Ibragimov 2002; Ibragimov et al. 2018; Ibragimov et al. 2021b),
geometric constraints (Ibragimov 2005; Ibragimov and Hussin 2010; Levchenkov and
Pashkov 1990; Alias et al. 2015; Ferrara et al. 2017; Ibragimov et al. 2021a), or mixed con-
straints (Kornev and Lukoyanov 2016; Dar’in and Kurzhanskii 2003; Rilwan and Badakaya
2018). The function a(+) is a specified or arbitrary scalar function.

Simple motion differential games (i.e. the case a(t) = 1) were studied in Ivanov and
Ledyaev (1981); Pashkov and Terekhov (1987); Sun and Tsiotras (2014); Jin and Qu
(2010), and the conditions for completion of pursuit and also evasion was obtained by con-
structing optimal strategies of the players in each problem. The case a(f) = 0 —t (0 is the
duration of the game) is studied in the papers (Ibragimov and Hussin 2010) and (Ibragimov
and Salimi 2009) with geometric and integral constraints imposed on the player control
functions respectively. The authors Ibragimov and Salimi (2009); Ibragimov and Hussin
(2010) obtained sufficient conditions for the game value (which involves finding condi-
tions for completion of pursuit and also evasion) of the game using a certain half-space.
Recently, Badakaya et al. (2021); Badakaya et al. (2022) extended the results in Ibragimov
and Salimi (2009); Ibragimov and Hussin (2010) to the case of n” order dynamic equa-
tions (but reduced to the dynamics (1) with a(t) = (0 — )" ' /(n—1)!, i =m,j = 1). The
authors (Badakaya et al. 2021) and (Badakaya et al. 2022) also obtained the game value
of the game with integral constraints and geometric constraints (respectively) imposed on
the players control functions. Following the works in Ivanov and Ledyaev (1981); Pashkov
and Terekhov (1987); Sun and Tsiotras (2014); Jin and Qu (2010); Ibragimov and Salimi
(2009); Ibragimov and Hussin (2010); Badakaya et al. (2021); Ibragimov and Satimov
(2012), where a(-) is specified, pursuit and evasion problems described by a more gen-
eral dynamic equations (1) have been studied by a handful of authors (Ahmed et al. 2019;
Ibragimov and Satimov 2012; Ibragimov and Rikhsiev 2006; Rilwan et al. 2020; Rilwan
et al. 2020) mostly with integral constraints. Moreover, pursuit and evasion problem with
geometric constraints has received less attention compared to the integral constraints to the
best of our knowledge. Hence the need for further research.

Recently, a generalization of the geometric constraint (the Gronwall-type constraint) is
introduced in Samatov et al. (2020b), where the authors (Samatov et al. 2020b) considered
a simple pursuit problem of one pursuer one evader in the space R”. The constraints are
given as follows
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@I < 5 + 2 / a(s)luCs)|ds: @
0

MOIP < o + 2k / a(s)Iv(s)|ds, 3)
0

where a(t) = 1, p and o are given positive numbers, and & is a given non-negative number.
They constructed optimal strategies for the players and obtained the optimal pursuit time
of the game. The problems considered in Samatov et al. (2020a); Samatov et al. (2020b)
brought forth interesting research questions such as: for an arbitrary scalar function a(?),
can we find conditions for completion of pursuit in the game described by (1) with the
Gronwall-type constraints (2-3)? what conditions can guarantee evasion in the game
described by (1) with the constraints (2-3)?

The answers to these questions will indeed generalize the results on pursuit and evasion
problems considered in Samatov et al. (2020b); Ibragimov and Hussin (2010); Alias et al.
(2015); Ferrara et al. (2017); Ibragimov et al. (2021a).

Summarizing, the main objective of this research is to address the research questions
stated above. That is, finding conditions for completion of pursuit and also for evasion.
To this end, we will construct the players’ attainability domain and optimal Gronwall-type
strategies.

2 Problem formulation

Let the dynamics of the pursuer P and evader E be governed by the equations (1) (with
i=j=1), where x,y,xy, 9,4, v €R", and also let the function a(-) be a positive scalar
function on the interval [0, c0). The duration of the game, denoted 0, is fixed. The payoff
function is the infimum of the distances between the evader and the pursuers at 0 :

7(0) = inf |x(0) — y©O)| )
The pursuer’s goal is to minimize the payoff, and the evader’s goal is to maximize it.
Definition 1 Samatov et al. (2020b) Functions u(:) = (u;(-),...,u,(-)) and
v(-) = (v;(), ..., v,(+)) satisfying conditions (2) and (3) are called the admissible controls
of the pursuer and evader respectively.
Given the players admissible controls u(-) and v(-), the corresponding paths x(7), y(¢), at

any time 7 > 0 of the players determined by u(-), v(-), for any initial positions x, y,, (respec-
tively) are given by

x(t) = xp + / a(s)u(s)ds; (@)
0

y@®) =y, + / a(s)v(s)ds. (6)
0
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Lemma 1 Let y(t), t > 0 be a measurable function, p and k be non-negative real numbers.
Then

In@)l < pefo “s @)
whenever

O < 5 +2¢ [ alnco s, @)

Proof Let the assumptions of the lemma and (8) hold. Then

a(®)ln)I>
2+ 2k [ a()lin(ri2dr ~

a(s).

It follows that

ﬁdis In (ﬂ2 + 2k/0 a(r)lln(r)llzdr) < a(s)
or
s
dln <ﬂ2 +2k / a(V)||'1(r)||2dr> < 2ka(s)ds. ®)
0
The conclusion (7) follows by integrating both sides of (9) froms =0to s =¢. O

According to the lemma 1, if u(-) and v(-) are admissible controls then we must have
1 t
@Il < pelo %, v < ok o, 1> 0.

Denote by B(O, r) the ball of radius r centered at the origin O.

Definition 2 A continuous function U(xy, y, #, V),
U: R"xR"x R* x B(O, Gekfo'a(s)ds) — B(O, pe Jo sy,

such that the system

x() = a@®U(xp, g, 1, v), x(0) = xp,;
@) = a(v(®), y(0) = y,,
has a unique solution for an admissible control v() of the evader is called a strategy of the

pursuer. The strategy U is said to be admissible if each control generated by this strategy is
admissible.

(10)

Definition 3 A continuous function V(xy, y,, £, X, y),
Vi R"xR"x R x R" X R" — B(O, ge* o 165y,

is called a strategy of the evader if the following initial valued problem
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x(1) = a(u(r), x(0) =xp,;

$(0) = V(g ¥, 6,1, (0) = yp, an

has a unique solution (x(#), y), t > 0. The strategy V is said to be admissible if each control
generated by this strategy is admissible.

Definition 4 The strategy U = U(xy, ¥, #, v(f)) guarantees the completion of pursuit at time
0 if, for any admissible control of the evader v(¢), t > 0, we have x(7) = y(r) at some time
T € [0, 8], where (x(-), y(-)) is the solution of the initial value problem

X(t) = a@®U(xy, yy, 1, v(@), x(0) = x,;

@) = a(@v(®), y(0) = yp. 12

Definition 5 The strategy V(x,,y,,?) guarantees evasion in the game (1)-(3) with an ini-
tial positions x,, y,, if, for any admissible control of the pursuer u(f), ¢ > 0, the relation
x(t) # y(¢) holds for all ¢ > 0.

3 Main results

3.1 The extended I, —strategy

*0—Yo
[Ixo=yoll
strategy constructed in Samatov et al. (2020a) for the simple motion differential game of

one-pursuer—one-evader

Given x, # y,, let &, = and § = p? — o2. The following is an extension of the I1g,—

Ug,(t,v) 1= v(t) — (W(1), &)&y + \/ S Iy ads 4 (1), £,)2¢,, 13)

where v(-) € R" is an admissible control of the evader. It can be verified that the strategy
(13) satisfies

a(OUg,(1,v) = a()v(t) — AD&, (14)

UG, @I = vl + 52 o 95 for all ¢t > 0, (15)

where A(t) = a(?) <<V(t), &) = \/5@2"/0' ads 4 (y(f), 50)2>. The following lemma is crucial

in establishing the admissibility of the strategy (13).

Lemma 2 The relation

t
Pk fyads 1 4ok / a(s)e™ i a0 gg (16)
0

holds for all positive real-valued function a(s).

Proof Proof Setting

F(S) c= €2k /0S a(rydr
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yields
dF(s) = 2ka(s)e* Jo ardr g, (17)

The relation in the lemma 2 follows by integrating both sides of (17) froms =0to s = ¢.
From (14), (15) and the lemma 2, we obtain the admissibility of (13) as follows.

UG, (6 WI? = @] + e Jo @ds

IA

t
o2 4 ey s | g / a@Ive)IPds
0
t ; t
=024+ 6+2k / a(s)se Jo O g 4 ok / a(s)[lv(s)|I*ds
0 0
t
— p2+2k/ Ll(S)(”V(S)||2+5€2kfd a(r)dr>ds
0
t
=p+ Zk/ a(®)|Ug, (s, v(s))|*ds.
0
That is, || Ug, (t, V)II* < p* + 2k [ a(s)||Ug, (s, v(s))[|ds.

3.2 Attainability domains of players

The attainability domain of the pursuer P at any given time 6 from the initial state x is the
closed balls B(x,, 7p(0, 6)), where

0 50
rp(0,0) 1= <p2 + 2k / a(s)llu(s)||2ds> / a(s)ds. (18)
0 0

Based on the classical method of showing players attainability domain (see, for example
Ibragimov and Salimi 2009), we must establish the following i. [|x(8) — x,|| < (0, 8);

ii. given any point X in B(x,, rp(0, 0) there exists an admissible control of the pursuer P
that guarantees x(6) = x. We show (i) using (5) as follows.

4
[1x(0) — x,l S/ a(r)||u(r)||dr
0

6 r %
5/ a(r)<p2+2k/ a(s)||u(s)||2ds>ndr
0 0
)
/ a(r)dr
0

< <p2 Y / ra(s)”u(s)”zdsy
0
'] 5 6
< <p2 +2k/ a(s)llu(s)||2ds> / a(rydr =: rp(0,0).
0 0

Thus, [|x(8) — x,|| < rp(0,0) . Note that to obtain the third inequality, we truncated some
negative terms resulting from the integral in the second inequality. To show (ii), let
X € B(xy, rp(0, 0)). That is,
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IX = xoll < 7p(0,0), . (19)

We now establish x(8) = x using the pursuers’ control

X — Xy

u(t) 1= v
/0 a(s)ds

0<tL9,. (20)

as follows.

=

0 X-x, 0
x(0) = x, + / a(ru(r)dr = x5 + — / a(r)dr =
0 /0 a(s)ds Jo

Hence x(8) = X. Moreover, the admissibility of (20) follows easily from (19). That is
1% — xo ”2

( /09 a(s)ds>

Using similar argument, it can be shown that the attainability domain of the evader E at
time 6 from the initial state y, is the closed ball B(y,, (0, 8)), where

(o) = s <42 [ a o
0

0 ;0
rg(0,0) 1= (62 +2k/ a(s)llv(s)llzds) / a(s)ds. 2D
0 0

3.3 Conditions for completion of pursuit

To state the conditions, we introduce the following notations. Consider the game problem
(1-3) and let:

Ar :=7r25(0,0) — (0, 6)
2

0 0
- [<p2—az>+2k /0 a(s)(lu()|? = ||v(s>||2>ds] < /0 a(s)ds) )

0 2
= 6<ekfog “(S)ds/ a(s)ds> s
0
and the half space X be defined as follows
.- n . 2 2
X :={z€R": 2y —x0,2) < Ar+ Iyl = IIx |1} (23)

Theorem 1 If6 > 0 and y(0) € X, then the I1,-strategy (13) guarantees the completion of
pursuit in the game (1)-(3) for the pursuer.

Proof Let the assumptions of the theorem hold and the strategy (13) be defined for all ¢ in
the interval [0, 7]. For 7 in (7, 6], we set

UGr(ts V) = V(t)a (24)
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where 7 is the time instant at which x(z) = y(r). Indeed, the strategy (24) is admissible in
the time interval (z, 8] since

t
UG I < o + 2k / o)) ds

T

t ¢
<P+ 2k / a(s)(1Ug; . VI = 664 0 )ds
0

<P’ +2k / a(®)||Ug, (s, v(s))||*ds.
0

Now let x;, # y,. By (5) and (6) we have y(r) — x(t) = &,f(f) where

F@ = llyg = %ll + / a(){(v(s), &)ds - / a(s) ((1(6). &) + 8 )
0 0

ds.

Since f(0) = |lyy — x,ll > 0, then the conclusion of the Theorem 1 follows if we can estab-
lish f(8) <0. That is, f(8) < 0 implies the existence of = € [0, 8] such that f(zr) = 0. To
this end, we further introduce the function

u(@) = (5 a0, av, &) ).

Observe that

6 s 1 0
/ a(s) ({15 &) + 3P ) s = / lu(s)lids
0 0

0
/ u(s)ds
0

= VK,

>

s 2 2
where K 1= 5( S a(s)ek “(’)d’ds> ¥ ( N a(s)(v(s),g())ds) ‘
It follows that

[4

£6) < llyo — 5ol + / a(s){(v(s). E)ds — VK.
0

The assumption y(8) € X implies

29 = %0, ¥(0)) < Ar+ lygll* = llxoI*.

Since y(0) = y, + f(;9 a(s)v(s)ds and y, — x, = ||y, — %o |&,, then we have

Hence

@ Springer
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O = — L —x 0 <
(GO0 = = O~ O = =

0
(&0 (0)) = (&, v0) + / a(s)(v(s). E)ds
0

=:.d.

(25)

(26)

27

(28)
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implies
0
/ a(s){v(s), &)ds < d — (&), yo)- (29)
0

In view of the fact that the function ¢(r) = ||y, — X, |l + ¢ — (Ar +¢*)!/? is an increasing
function of ¢, then it follows from (26) and (29) that

£00) < llyo — xoll +d = (&, yo) = (Ar+(d = (&, yo)?) 2. (30)

It can be verified that (|[yy—x,ll +d — (&), Yo))? = Ar+(d — (&, ¥))* using the
equations.

[lyo _xo”2 = ||)’0||2 + ||x0||2 —2(yp>Xp)
2llyo = xolI> = Ar + Ilyoll* = llxoll® (31
2]lyo = Xoll1{yg- &) = 2||yo||2 = 2(¥p, Xo)-

Hence f(6) < 0. Consequently f(zr) = 0 for some 7z, 0 <t < 7. That is, x(7) = y(7).
Since we already have U, (t,v) = v(t), 7 < t < 6 then it follows that

0 0
x(0) = x(7) + / a($)Ug, (s, v(s))ds = y(r) + / a(s)v(s)ds = y(6).

That is, x(8) = y(6). O

3.4 Conditions for evasion

Theorem 2 [f6 < O for all, then evasion is possible in the game (1-3).

Proof Let the hypothesis hold. Consider the evader’s strategy
V(1) 1= —gekh@0bg, (32)
Indeed, the strategy (32) is admissible since from lemma 2 we have

'
” V(t)||2 — 0_262](/0 a(s)ds

t ¢
=¢? <1 + 2k/ a(s)ekfd “(’)d’ds>
0

t
=02 +2k / a(s)0'262kf(5 ardr g
0

=042k / a(s)||V(s)||>ds.
0

Let u(-) € R" be any admissible control of the pursuer, we show evasion using lemma 1 as
follows.
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t

Ix(t) = @) = Il = 3o - /0 a6 Vs)ds + /0 a(u(s)ds]
> flxp - vo - /0 Vsl — | /O ' au(syds)
> o =50 - | O Vs)dsll — / e lullds
= It —oll + /0 a(s)e i i g /0 @ lullds

t t
> |lxg — yoll + 0/ a(s)ek o «rgg — p/ a(s)ek Jo «dr g
0

0

t
2 [lxg = yoll = 5/ a(S)ek[d “drds > 0
0

Hence, x(¢) # y(¢) for all # > 0. This completes the proof. a

4 Concluding remarks and suggestions for further research

We have studied a fixed duration pursuit-evasion differential game problem with the Gron-
wall-type constraints on players control functions. By virtue of the constraints on the play-
ers control functions, we constructed the players attainability domains. For the pursuit
problem, we constructed the admissible I, strategy which is an extension of the well-
known P—strategy, and proved under mild conditions on a certain half-space that the I1;,
strategy can guarantee completion for pursuit. For the evasion problem, we proved that
if the total energy resources of the pursuer is less than that of the evader, then evasion is
guaranteed through out the game. The problem studied in this paper with multiple players,
and also estimating the game value for the game (1) with the Gronwall-type constraints (2)-
(3) are open problems for further research.

Author contributions All authors contributed to the study conception and design. Material preparation, data
collection and analysis were performed by JR, MF and AJB. The first draft of the manuscript was written
by BAP. All authors commented on previous versions of the manuscript. All authors read and approved the
final manuscript.

Funding Open access funding provided by Universita degli Studi Mediterranea di Reggio Calabria within
the CRUI-CARE Agreement. This work was partially supported by a grant from the Simons Foundation.

Declarations
Conflict of interest The authors have no relevant financial or non-financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not

@ Springer



On pursuit and evasion game problems with Gronwall-type. ..

permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahmed, I., Kumam, P., Ibragimov, G., Rilwan, J., Kumam, W.: An optimal pursuit differential game prob-
lem with one evader and many pursuers. Mathematics 7, 842 (2019)

Alias, I., Ramli, R., Ibragimov, G., Narzullaev, A.: Simple motion pursuit differential game of many pursu-
ers and one evader on convex compact set. Int. J. Pure Appl. Math. 102, 733-745 (2015)

Badakaya, A., Halliru, A., Adamu, J.: Game value for a pursuit-evasion differential game problem in a
Hilbert space. J. Dyn. Games 9, 1 (2021)

Badakaya, A., Halliru, A., Adamu, J.: A game problem of pursuit-evasion with nth order differential
equations describing players’ dynamics. J. Control Decis. 9, 193-201 (2022)

Dar’in, A., Kurzhanskii, A.: Control under indeterminacy and double constraints. Differ. Equ. 39, 1554—
1567 (2003)

Ferrara, M., Ibragimov, G., Scalzo, V.: Differential games and discrete dynamics in applied sciences.
Discret. Dyn. Nat. Soc. 2017, 6023140 (2017). https://doi.org/10.1155/2017/6023140

Gronwall, T.: Note on the derivatives with respect to a parameter of the solutions of a system of differen-
tial equations. Ann. Math. 292-296 (1919)

Ibragimov, G.: A game of optimal pursuit of one object by several. J. Appl. Math. Mech. 62, 187-192 (1998)

Ibragimov, G.I.: On a multiperson pursuit problem with integral constraints on the controls of the play-
ers. Math. Notes 70(2), 201-212 (2001)

Ibragimov, G.: A game problem on a closed convex set. Sib. Adv. Math. 12, 16-31 (2002)

Ibragimov, G.: Optimal pursuit with countably many pursuers and one evader. Differ. Equ. 41, 627-635
(2005)

Ibragimov, G., Hussin, N.: A pursuit-evasion differential game with many pursuers and one evader.
Malays. J. Math. Sci. 4, 183-194 (2010)

Ibragimov, G., Rikhsiev, B.: On some sufficient conditions for optimality of the pursuit time in the dif-
ferential game with multiple pursuers. Autom. Remote Control 67, 529-537 (2006)

Ibragimov, G.I., Rikhsiev, B.B.: On some sufficient conditions for optimality of the pursuit time in the
differential game with multiple pursuers. Autom. Remote Control 67(4), 529-537 (2006)

Ibragimov, G., Salimi, M.: Pursuit-evasion differential game with many inertial players. Math. Probl.
Eng. 2009, 653723 (2009)

Ibragimov, G., Satimov, N.: A multiplayer pursuit differential game on a closed convex set with integral
constraints. Abstr. Appl. Anal. 2012 (2012)

Ibragimov, G., Satimov, N.: A multiplayer pursuit differential game on a convex set with integral con-
straints. Abstr. Appl. Anal. (2012). https://doi.org/10.1155/2012/460171

Ibragimov, G., Salimi, M., Amini, M.: Evasion from many pursuers in simple motion differential game
with integral constraints. Eur. J. Oper. Res. 218, 505-511 (2012)

Ibragimov, G.I., Salimi, M., Amini, M.: Evasion from many pursuer in simple motion differential game
with integral constraints. Eur. J. Oper. Res. 218(2), 505-511 (2012). https://doi.org/10.1016/j.ejor.
2011.11.026

Ibragimov, G., Alias, A.L., Waziri, U., Ja’afaru, A.B.: Differential game of optimal pursuit for an infinite
system of of differential equations. Bull. Malays. Math. Sci. Soc. 19(3), 963-976 (2015)

Ibragimov, G., Ferrara, M., Kuchkarov, A., Pansera, B.: Simple motion evasion differential game of
many pursuers and evaders with integral constraints. Dyn. Games Appl. 8, 352-378 (2018)

Ibragimov, G., Ferrara, M., Alias, L., Salimi, M., Ismail, N.: Pursuit and Evasion Games for an Infinite
System of Differential Equations. Bull. Malays. Math. Sci. Soc. 45, 69-81 (2021a)

Ibragimov, G., Ferrara, M., Ruziboev, M., Pansera, B.: Linear evasion differential game of one evader
and several pursuers with integral constraints. Int. J. Game Theory 50, 729-750 (2021b)

Ivanov, R., Ledyaev, Y.: Time optimality for the pursuit of several objects with simple motion in a dif-
ferential game. In: Trudy Matematicheskogo Instituta Imeni VA Steklova. vol 158, pp 87-97 (1981)

Jaafaru, A.B.: A pursuit differential game with different constraints on the control of the players. Trans.
Niger. Assoc. Math. Phys. 8, 17-22 (2019)

Jaafaru, A.B., Gafurjan, I.: On some pursuit and evasion differential game problems for an infinite num-
ber of first-order differential equations. J. Appl. Math. (2012). https://doi.org/10.1155/2012/717124

Jin, S., Qu, Z.: Pursuit-evasion games with multi-pursuer vs. one fast evader. In: 2010 8th World Con-
gress On Intelligent Control And Automation, pp. 3184-3189 (2010)

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2017/6023140
https://doi.org/10.1155/2012/460171
https://doi.org/10.1016/j.ejor.2011.11.026
https://doi.org/10.1016/j.ejor.2011.11.026
https://doi.org/10.1155/2012/717124

J.Rilwan et al.

Kornev, D., Lukoyanov, N.: On a minimax control problem for a positional functional under geometric
and integral constraints on control actions. Proc. Steklov Inst. Math. 293, 85-100 (2016)

Kuchkarov, A., Ibragimov, G., Ferrara, M.: Simple motion pursuit and evasion differential games with
many pursuers on manifolds with Euclidean metric. Discret. Dyn. Nat. Soc. (2016). https://doi.org/
10.1155/2016/1386242

Levchenkov, A., Pashkov, A.: Differential game of optimal approach of two inertial pursuers to a nonin-
ertial evader. J. Optim. Theory Appl. 65, 501-518 (1990)

Nikolskii, M.S.: The Direct Method in Linear Differential Games with Integral Constraints in the Con-
trol System, pp. 49-59. IM, IK, SO AN SSSR (1969)

Pashkov, A., Terekhov, S.: A differential game of approach with two pursuers and one evader. J. Optim.
Theory Appl. 55, 303-311 (1987)

Rilwan, J., Badakaya, A.: Pursuit differential game problem with integral and geometric constraints in a
Hilbert space. J. Niger. Math. Soc. 37, 203-215 (2018)

Rilwan, J., Kumam, P., Badakaya, A., Ahmed, L.: A modified dynamic equation of evasion differential game
problem in a Hilbert space. Thai J. Math. 18, 199-211 (2020)

Rilwan, J., Kumam, P., Ibragimov, G., Badakaya, A., Ahmed, I.: A differential game problem of many pur-
suers and one evader in the Hilbert space ¢,. Differ. Equ. Dyn. Syst. (2020). https://doi.org/10.1007/
$12591-020-00545-5

Salimi, M.: A research contribution on an evasion problem. SeMA J. 65(3), 139-144 (2018)

Samatov, B.T.: Problems of group pursuit with integral constraints on controls of the players, I. Cybern.
Syst. Anal. 49(5), 756-767 (2013)

Samatov, B., Soyyiboev, U., Akbarov, A.: A linear differential game with Gronwall type constraint. Sci.
Bull. Phys. Math. Res. 2, 17-26 (2020a)

Samatov, B., Gafurjan, I., Iroda, V.: Pursuit-evasion differential games with Gronwall-type constraints on
controls. Ural Math. J. 6, 95-107 (2020)

Satimov, NYu., Tukhtasinov, M.: Game problems on a fixed interval in controlled first-order evolution equa-
tions. Math. Note 80(4), 613-626 (2005)

Satimov, NYu., Tukhtasinov, M.: On game problems for second-order evolution equations. Russ. Math.
51(1), 49-57 (2007)

Siddiqova, N., Muksimova, S., Rakhmov, A.: Research of one problem of pursuit with different constraints
on the controls. Int. J. Sci. Res. Publ. 7(5), 65-73 (2017)

Sun, W., Tsiotras, P.: An optimal evader strategy in a two-pursuer one-evader problem. In: 53rd IEEE Con-
ference On Decision And Control, pp. 4266—4271 (2014)

Vagin, D.A., Petrov, N.N.: A problem of group pursuit with phase constraints. J. Appl. Math. Mech. 66(2),
225-232 (2002)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.1155/2016/1386242
https://doi.org/10.1155/2016/1386242
https://doi.org/10.1007/s12591-020-00545-5
https://doi.org/10.1007/s12591-020-00545-5

	On pursuit and evasion game problems with Grnwall-type constraints
	Abstract
	1 Introduction
	2 Problem formulation
	3 Main results
	3.1 The extended strategy
	3.2 Attainability domains of players
	3.3 Conditions for completion of pursuit
	3.4 Conditions for evasion

	4 Concluding remarks and suggestions for further research
	References


