Thai Journal of Mathematics
Vol. 18, No. 1 (2020),
Pages 199 - 211

ISSN 1686-0209

A MODIFIED DYNAMIC EQUATION OF EVASION
DIFFERENTIAL GAME PROBLEM IN A HILBERT
SPACE

Jewaidu Rilwan'-3, Poom Kumam?2-*, Abbas Ja’afaru Badakaya?®, Idris Ahmed 14

LKMUTTFixed Point Research Laboratory, Department of Mathematics, Room SCL 802 Fixed Point
Laboratory, Science Laboratory Building, Faculty of Science, King Mongkut's University of Technology
Thonburi (KMUTT), 126 Pracha-Uthit Road, Bang Mod, Thrung Khru, Bangkok 10140, Thailand.
2KMUTT-Fixed Point Theory and Applications Research Group, Theoretical and Computational Science
Center (TaCs), Science Laboratory Building, Faculty of Science, King Mongkut's University of Technology
Thonburi (KMUTT), 126 Pracha-Uthit Road, Bang Mod, Thrung Khru, Bangkok 10140, Thailand.

3 Department of Mathematical Sciences, Bayero University, Kano, Nigeria.

4 Department of Mathematics and Computer Science, Sule Lamido University, PM.B 048 Kafin-Hausa, Jigawa
State, Nigeria

Email addresses: jrilwan.mth@buk.edu.ng (J. Rilwan), poom.kum@kmutt.ac.th (P Kumam),
ajbadakaya.mth@buk.edu.ng (A.J. Badakaya), idrisahamedgml1988@gmail.com (I. Ahmed)

Abstract We study a modified dynamic equation of evasion differential game problem of one-pursuer-
one-evader in a Hilbert space. Control functions of the players are subject to integral constraints. Suffi-
cient conditions for possibility of evasion from the pursuer were obtained. In addition, we estimate the
distance that the evader can maintain from the pursuer on some interval of time. An illustrative example

is presented to demonstrate the efficiency of the results obtained.
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1. INTRODUCTION

Evasion differential game problem involve finding sufficient conditions for avoidance
of contact of atleast one dynamic object, evader, from countably many other dynamic
objects, pursuers, whose goal through the game is to establish contact with the evader.
This class of differential game problem have been extensively studied and fundamental
results have been obtained (see e.g.[2], [3] and some references therein).

Among the works dedicated to differential games of several players, equation of motions
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described by

ij(t) = a(t)ui(t), x;(0) =29, j=1,2,...
y(t) = a(t)v(t),  y(0) =",

with integral or geometric constraints on players control parameters, where a(t) is a
scalar function defined on some intervals, were investigated in [9], [8] and [6]. Ibragimov
et. al.[3] obtained sufficient conditions that guarantees evasion in a two dimensional space
with a(t) = 1 and integral constraints on players control functions. Also in the space R?,
Ibragimov and Salleh [6] obtained sufficient conditions for avoidance of contacts of the
evader from all the pursuer where a(t) = 1 and players control functions were subject to
coordinate wise integral constraints. Recently, Ibragimov et. al. [9] also studied evasion
differential game problem of countably many pursuer and evaders with a(t) = 1 and ob-
tained sufficient condition of evasion of at least one of the evader from pursuer. Alias
et. al [1] investigated evasion differential game problem of countably many pursuer and
countably many evaders in the Hilbert space R™ with a(t) = 1 and integral constraints
imposed on players control functions. They proved that evasion is possible under the
assumption that the total resource of evaders exceeds (or equals) that of the pursuer and
initial positions of all the evaders are not limit points for initial positions of the pursuer.

In [4] and [5], pursuit-evasion differential game described by (1.1) was studied in the
Hilbert space R™ with geometric and integral constraints on control functions of the play-
ers respectively, where a(t) = 6 — t, and 6 is the duration of the game. In both papers,
sufficient conditions for completion of pursuit as well as value of the game were obtained.

Ibragimov and Satimov [7] considered differential game problem of many pursuer and
many evaders described by (1.1) on a nonempty convex subset of R™ where all players
are confined within the convex set. In the paper, a(t) is a scalar measurable function
satisfying some conditions and the control functions of players are subjected to integral
constraints. It was proven that pursuit can be completed if the total resources of the
pursuer is greater than that of the evaders.

The work in [10] dealt with the case when all players are endowed with equal dynamic
possibilities with geometric constraints, where a(t) = 1. The pursuit problem was solved
with the assumption that the evader’s initial position must lie in the convex hull of that
of the pursuer, else evasion is possible. The results in [10] was later adopted in developing
an efficient method of resolving functions for a linear group pursuit problem in [11].

Motivated by the work in [8], we consider evasion differential game problem of one-
pursuer-one-evader in n-dimensional space with motion of players governed by (1.1), where
a(t) is an arbitrary nonnegative measurable scalar function and the control functions of
players are subject to integral constraint. We solve the game by presenting explicit strat-
egy for the evader which guarantees evasion. We find sufficient conditions that guarantees
avoidance of contact of the evader from the pursuer by presenting an explicit strategy for
the evader. We also estimated the distance of the evader from the pursuer on some time
interval.

(1.1)

2. STATEMENT OF THE PROBLEM

Let the motions of the pursuer P and the evader E be described by (1.1) with j = 1,
where z(t), xo, u(t), y(t), vo, v(t) € R™ u(t) = (u1(t),uz2(t),...,un(t)) and v(t) =
(v1(t),v2(t), ..., vn(t)) are control functions of the pursuer P and evader E respectively,
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a(t) is a nonnegative measurable scalar function for all ¢ > 0. The moment players admis-
sible controls u(-),v(-) are chosen, the corresponding motion, solutions of equations (1.1)
is given by

t t
x(t) = 20 + / a(s)u(s)ds, y(t) =3° + / a(s)v(s)ds.

to tD

Denote A(tg,t) = ftt(, a?(s)ds.

Definition 2.1. A function u(-) = (u1(-), u2(-), - ,un(-)) with Borel measurable coor-
dinates uy, k € I, satisfying the inequality

o0
RIS 2.1)
0
where p is a given positive numbers, is called admissible control of the pursuer.

Definition 2.2. A function v(-) = (v1(+),v2(:), -, vn(+)) with Borel measurable coordi-
nates vg, k € I, satisfying the inequality

o0
[ e Par< o, (2.2
0
where o is a given positive number, is called admissible control of the evader.
Definition 2.3. A function
Viz,y,u), V:R"xR"xR" — R",

is called strategy of the evader if:

(1) for any admissible controls of the pursuer u = wu(t), ¢t > 0, the system (1.1)
with j = 1 has a unique solution at v = V(z,y,u), t > 0;
(2) the inequality

/ IV (. w)|2dt < o2
0
holds.

Definition 2.4. Evasion is said to be possible in the game described by (1.1), (2.1) and
(2.2) with initial positions x°,9° € R"™, if there exists a strategy V of the evader such
that for all admissible controls of the pursuer u(-), the relation z(t) # y(t) holds, for all
t €10, 00).

Research Problem:
Find necessary and sufficient conditions that guarantee evasion in the differential game
problem described by (1.1), (2.1) and (2.2).
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3. MAIN RESULTS

In this section, we present the main results of the research work.

For a game of one-evader- one-pursuer, we begin by dropping the index j in the game
problem described by (1) and the corresponding motion of the players takes the form

(3.1)

with players control functions u(t),v(t) satisfying (2.1) and (2.2). We now state the
following theorem

Theorem 3.1. If p < o , then evasion is possible in the game described by (5.1), (2.1)
and (2.2).

The proof will be presented in two parts;
i. Reduction;
ii. Solution to the evasion problem (which involves construction of the evader’s strategy,
admissibility of the strategy and estimation of the distance guaranteed by the strategy.

i. Reduction

Here, we reduce the game with p < ¢ to the game with p < o and show that evasion is
possible as follows;

Let d = ||lzo — yol| and r = %. For p = o, we set

v(t) =0

for all t > 0.

Consequently, we have

(a) y(t)=yo forallt>0

(d) |lz(T) — zg|| = 7, for some 7 > 0 (such 7 may or may not exists) or ||z(t) — xo|| < r
for all ¢ > 0.

We first show that at time 7, the total energy resources p(7) of the pursuer is less than
that of the evader (1), where

o) = (= [ lutslPas) 5
o) = (o~ [ ||U<5>||2ds)% .

(3.2)
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Considering the first case of (b), we have
r=[z(r) = zol|
a(s)u(s)ds
s/|w@mw@ws
([ ([ o)
< AY0,7) (/ Ju(s |ds) ,
thus
T ) T2
ds > . 3.3
| s> o (33)
Using the inequality (3.3), we obtain
—p—/|m s
<
</ A(o,T) (3.4)
< p?
= o%(1).

That is, at time 7, p*(7) < o%(7).

The last equality in (3.4) follows from (3.2), using the evader’s strategy v(t) =0, ¢ > 0.

We now show that evasion is possible in the interval 0 < t < 7 as follows

Hwﬂ—xm—Hwﬂ—xw+Aa@MM$—u@D®

> llyo = oll —/O |a(s)[[[u(s)l|ds

Yo — To — /0 a(s)u(s))ds

Zywma—Aﬂmwuwm

zd—A%mﬂ(Aﬂww>%Q§

>d—r
=3r—r=2r>0.

Hence, y(t) # «(t) for all ¢ € [0, 7].

Considering the second case of (b), that is, |z(t) — x¢|| < r for all ¢ > 0, evasion is also
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shown as follows
ly(t) — (@) = lly(t) — z0 + 20 — z(1)|]

> llyo — 2ol - 120 — 2(0)]

> d— A%(0,7) ( / ||u<s>2ds)
0

>d—r

=3r—r=2r>0.
Therefore, |y(t) — x(t)|| > 0, for all ¢ > 0.

1. Construction of the evader’s strategy

Next, we consider possibility of evasion in the interval [r, 00) with both player’s (that is,
pursuer and evader) initial positions as x(7), y(T) respectively.

With the assumption of the theorem, we construct the evader’s strategy (interval wise)
as follows

(0,0,0,...,0) ,0<t<m
V() = ((£(aa(t )+ ur()), (@a(t) + fuz (D)), - - (ealt) + [un(®))) 7 <t < 7'1;
(0, (a(t) + [ua(t)]), (ca(t) + uz(t)]), - .., (aa(t) + |un(?)])) T <t <7

(O, lu@I] lwIL, w1, u@l; - - - lu@)) > 1y,

(3.5)

where 7, = 7, + U a; <aA(r,t), 0<a; <min{l,d} and |y(r1) — x(71)|| = a1. That
is, 7 is the first time that the pursuer comes to a; distance of the evader for all ¢ < 7.
In the construction of the strategy,

Vie(t) = £(aa(t) + Jug(t)]), ts <t < tsyq means Vi(t) = +(aa(t) + Jug(t)]), if zp(ts) <
yr(ts) and Vi (t) = —(aa(t) + Jug(t)]), if xk(ts) > yr(ts) for all k € {1,2,3,--- ,n}

115. Admissibility of the strategy
We now show that the strategy (3.5) is admissible, that is, it satisfies (2.2). Let « satisfy
na?A + np? < 02(1 — 200/A), where A = A(my, 1, + o).

| e I2ds</ / /Tl+ of . >||v< )I2ds
(/ / REYA >||v<>||2ds

=/ Sy (a(s)o + fuk(s)])?ds

oo

71+%
w0 St )P+ [ - Dlu(s)Pas

’
1 7'1"‘*

(3.6)
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The first term on the right hand side of (3.6) yields

/

’

[ Sttt +lue)D2ds = [ i@ 6)a? + o) + 200(s) o)) ds

’

1 Ti
:/ };zlaz(s)azds—f—/ Y21 ug(s)2ds

1
’

1
—|—2a/ a(8)Xp_1|uk(s)|ds

1

’
T n

< naA(r, 1) + 2a/ 1 a(s) Z |ug(s)|ds

1 k=1

’

+ [ uts) s

The second term yields

n+d n+d n
[ e i = [ Y @
T T k=

)o? + |ui(s)|* + 20a(s) ur(s)|)ds

a

—|—2a/ Z\uk )|ds

<(n- 1)a A (Tl,Ti + %)

+2a/ Z|uk )|ds

1

e
2
+ / [[u(s)[|*ds.
.

1

=

7—{_’_71 n ! il n
< / > a?(s)atds + / Z s)[2ds
1 k=2 1 k=
T+

® \

(3.8)
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Hence, (3.6) takes the form

’
T

()i us(o)ds + [ fu(s)|Pds

T1

- , .
/‘HW$W@§anﬁhﬁHQa/
0 T1

a1
T1+ @

+(n—1)a*A (7‘1,7'1 + 5 ) + Qa/ a(8)X} _o|uk(s)|ds

1

‘rl/Jr(%1 [e%¢]
[T P+ 0= 1) [ )

1 1

/ a
+2L

a

<na? (Al + A (rr+ ) w20 [ o)) P
e [ lutoPas

e
<na’A (7'1,71 ) + 2a/ a(s)||u(s)||*ds + np?

1

| /\
Q
m
A~

’ a
7-1,71 ) + 2ap2A2 (7‘1,7'1 + El) + np2

<na’A (71,71 ) + 2002 A% (71,71 + %) + np?
e

(3.9)

Hence, [;° ||V (s)||?ds < o®. That is, the strategy (3.5) is admissible. It should be noted
that the last inequality in (3.9) follows from the condition on .

w. Solution to the evasion problem
We now solve the evasion problem (1.1), (2.1) and (2.2) as follows;
Observe that for each k € {2,3,...,n}, we have

!
1

yk(7y) =z (1) = ye(m) — 2 (1) + / a(s)(vr(s) — uk(s))ds

=omt /T1 a(s)(aa(s) + [uk(s)] — uk(s))ds
™ (3.10)
z—m+a/lf@m5

1
= —a +OLA(7'1,7‘1)
>0

The last inequality follows from (3.5). This implies that at time T{, the pursuer can not
be above the hyperplane y = 27 _,yx (7).
Also, for t € (11,7, + “]and k € {2,3,...,n} we have
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Let t > 7, + L. Then using the last inequality at ¢ = T+ <L, we obtain

’

n® — an(®) = (] + 2 (e + 2 [ als)(Ju)] - unle)ds
> yu(ry + 2 —ulry + )

> aA(r, 7 + %) > 0.
(3.11)
Hence, y(t) # x(¢) for all t > 0.
v. Estimation of the distance ||y(t) — z(t)||, 7 <t <7

By Cauchy Schwartz inequality,

1

< </t a2(3)ds>é (/t ||V(s)||2ds>2 < oA} (1)

Therefore Hf:l a(s)V(s)dSH < 0Az(1,1).
Similarly,

/75 a(s)V(s)ds

T1

< pA3(7i,t) < 0 A% (11, t).

/Tt a(s)u(s)ds

1

Consequently

t

() — 2(0)]| = Hym) )+ [ aoVas— [ aopuls)as

| h /Tta(s)u(s)dSH (3.12)

‘ 1

The last inequality of (3.12) holds if f:l |lu(s)]|?ds < p? and f:l lv(s)||?ds < o2 .

> [ly(m) —2(n)l =

/ )V (s)ds

1

> ay — 2047 (11, t).
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Also, using the argument that ||y(t)—z(t)| = ||((y1(t)—21(2)), (y2(t)—22(2)), - - ., (yn(t)—
2y (t)))]], we have

Nl

() = 2] = (91(5) = 21 () + lya(t) — 22O + ...+ [ga(t) — 2a(B)?)
> (|l (t) — 21 (1)]2) 2
= [y1(t) — 1 (t)]
— y1(n) — 21 (m) £ / a(s)(aa(s) + ur (s / o(s)ur (5)ds|
> [y1(r) — 21 (m)| + / a(s)(aa(s) + ua (s / a(8)lur (5)|ds

t

= |y1(m) —x1(m)| + a/ az(s)ds

T1

¢
> a/ a*(s)ds = aA(m, t).

1
(3.13)
From the two inequalities (3.12), (3.13), to estimate the distance ||y(t)—z(t)||, 7 <t < 79,
we let
g(t) = max{a; — 2042 (11, 1), aA(r1, 1)},

so that [ly(t) — z(t)[| = g(t). /
Note that at boundaries of the interval, that is, at t = 71, g(t) = a1 and at t = 7, ¢(t) =
max{a, — 2042 (1, 7,), vA(11, 7))}

It can be shown that the minimizer ¢* € [y, 7,] of the function g(t) can be obtain from

2
ay
(0 4+ Vo2 +a10)?

Using the inequality aja < 02 and (3.14), we now estimate the distance as follows

A(Tl,t*) — (314)

lly(t) — z(t)]] > max{a; — 20’A%(T1,t),OZA(T1,t)}

> aA(m,t)
ala
> (O'+\/0'2J,»a106) (3.15)
- ata
T (o + Vo +02)?
~ 902’

2
Hence, ||ly(t) —z(t)|| > g&z. That is, the value gty is the smallest distance the evader can

keep from the pursuer on the time interval 7 <t < 7'1. n
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- <>\‘p Time t=0
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-l
N

172

v

Figure 3.1 Initial positions of the pursuer P and evader E.

3.1. ILLUSTRATIVE EXAMPLE

Consider a simple motion evasion problem of one Pursuer P one Evader F in the space
R? governed by the equations

i(t) = u(t), z(0)=2a"

gt) =v(t), y(0) =y’
where all the variables are defined as in section 2 with control functions wu(-) and v(-)
satisfying the inequalities

|t Pae < 2
0
/ | w(t) ||2dt < o2
0

Given the values p? = % and 02 = 1

which satisfies the hypothesis of the theorem,

and initial positions of the both players as in Figure 3.1 below, then for any admissible
control law u(-) = (u1(+), u2(+)) of the pursuer, if the evader adopt the admissible strategy
V(t) = (v1(t), v2(t)) where
(F(a+ [ @), (@ +[uz(®)])))  ,0<t<5v2
(01(8), 02(0)) = { (0, (o + ua(8)])) BVI<t<10V2  (3.16)
(0, [[u()) > 10V/2,

with o = 0.1 and a; = g, then the conclusion of Theorem 1 follows.
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That is, using similar argument in (3.10) and (3.11) with n = 2, then the strategy (3.16)
guarantees y(t) # x(t) for all ¢ > 0. Based on the given values, the smallest distance the
pursuer can get to the evader for all time is approximately 6.607 x 1074,

Lastly, the admissibility of the strategy (3.16) for all ¢ € [0, c0) follows from

- 2 2 Ve 2 2
/0 1V (s)]?ds < 2a%A(0,5V2) +2a/0 ; luk(s)|ds —l—/o lu(s)||*ds
< 2(0.1)2A(0,10v/2) +2(0.1) <\/1%> AZ(0,10v/2) + 1
10 9
< =o°.

4. CONCLUSION

We have studied a more general evasion differential game problem in the Hilbert space
R™ with integral constraints, where the scalar function a(t) is such that it is identically
non-zero for all time ¢ > 0. We have 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. An
estimate of the smallest distance the pursuer can get to the evader is obtained. Lastly, an
example is provided in R? with a(t) = 1 to illustrate the efficiency of the results obtained.
The problem studied in this paper with countably many pursuers P;, j =1,2,--- is an
open problem.
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