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A pursuit differential game of many pursuers and one evader in a nonempty closed convex
compact hyperspace is studied. Pursuit is completed when at least one pursuer coincides
with the evader. Control functions of players are constrained by geometric constraints.
A pursuit game in a set containing a closed convex compact set is solved, and pursuit
is shown to be completed in a pursuit game within a finite-dimensional cube. Parallel
strategy and fictitious pursuers are used to solve the game, and a guaranteed pursuit time
is obtained.
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1. Introduction

Differential game is basically a study about the mathematical strategy of a party to achieve its objective
against an opposing party in the game. It is either pursuit or evasion differential game and was
started by Rufus Isaacs in 1965 [1] and was further elaborated by Petrosjan [2] and Friedman |[3].
Pursuit differential game is where a strategy is constructed for pursuer to capture evader (see for
example, [1,2,4-11]). In many pursuit games, parallel strategy is used as one of the methods for
pursuer to capture evader. It was first introduced by Petrosjan [2| as an admissible strategy for pursuit
to be completed by any pursuer.

On the other hand, a strategy for evader is constructed in evasion differential game, to avoid being
captured by pursuer (see for example, [12-18]).

Movement of players are controlled by their respective control function which is constrained either
by geometric or integral constraint. Games with geometric constraint, for example, were discussed
in [6,12-14], and the games with integral constraint in [15-18].

Differential game was studied in various spaces such as Hilbert space (see for example, [5,7,19,20])
and in R™ for some integer n (see for example, [1,3,5,7,19,20]). The game is said to have a state
constraint if trajectories of all players are only within a specific subset of R”, for some integer n. The
following works [4,8-11] have stated the constraint in the form of convex space in R”.

The game of pursuit of many pursuers versus one evader in a compact convex set was studied in [4].
In this work, the motions of all players were described by the following differential equation:

T; = Uj, :L'Z(O) = T50, |U2| <L, +=0,1,2,...,m,

where x;, u;, x;0 € R™, u; is the control parameter of the ith pursuer and wg is the control parameter of
the evader. During the game, all players must not leave a given compact convex subset A of R™ and
their control functions are constrained by geometric constraint. It was proven that if the number m of
pursuers is strictly less than the dimension n of the space, then evasion is possible. Otherwise, that is if

This work was fully supported by by the National Fundamental Research Grant Scheme FRGS of Malaysia, No.01-01-
20-2295FR.
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m > n, then pursuit can be completed and the guaranteed pursuit time obtained is d(n® —2n? +n+1),
where d is the length of the side of the cube.

A two-person differential game in a convex space was then studied in [9] but with integral constraint
on the control function of each player. The motion of players was described in a linear system as follows:

5(t) = A(®)z + B —1u), 2(0) = =0,

where z, zg,u,v € R™. The terminal time of the game was prefixed to the time when the pursuer and
evader coincide by reaching a closed convex subset M and the game is completed. This work was then
followed by a study on pursuit differential game of many pursuers and many evaders on a closed convex
set of R™ for n > 2. The study was done by [8] with control function of each player is constrained by
integral constraint, and motion of players were described as follows:

ii :cp(t)ui, x,(O) = T;0, 1= 1,2,...,m,

y] :(10(1:)’0]7 yj(o) = Yj0, J = 172771{77
where x;,y;,u;,v; € R", u; and v; are control parameters for the pursuers and evaders respectively.
This work used a scalar function (t) that satisfies the following expression:

a(t) £ </0T gpz(t)dt> v <oo, 7>0, lim a(r)=oc.

T—00

It was shown that if the total resource of the pursuers is greater than that of the evaders, then
pursuit can be completed. In this study, the concept of fictitious pursuers were used.

On the other hand, the work of [10] studied a pursuit differential game of many pursuers and one
evader with geometric constraint. The work was motivated by [4] with the purpose of improving the
guaranteed pursuit time obtained in [4]. The game was first studied in an n-dimensional cube in which
the method of fictitious pursuers was used and motion of players were described as follows:

:'vi:u,-, .’L’Z(O) = 20, ]u,] < 1, i:1,2,...,m,
y=v,  y0)=yo, [ <1
where x;, ¥y, Zi0,yo € R™. The game was then studied in a nonempty closed bounded convex subset of
R™ contained in the cube. Parallel strategy was used for each pursuer but with a different method of
trajectory from the one in [4]. The guaranteed pursuit time was found to be %l(n2 —n++/n+1), where
d is the length of the side of the cube. The time was an improved result from the result in [4].
Pursuit differential game in a convex space was studied by [11] with a different condition on the

control function of each player, which was subjected to coordinate-wise integral constraint. It was a
game in a convex set of many players against one evader. The motion of players were described by:
:'vi:u,-, JJ,’(O):Z'Z'(), i:1,2,...,m,
y =, y(O) = Yo,
where z;,7,u;,v € R2. The game is said to be completed when at least one pursuer can catch the
evader. Parallel strategy was applied by each pursuer to capture the evader. The sufficient condition
for the completion of the game was obtained and the study also provided a guaranteed pursuit time.
The purpose of the current project is to solve a pursuit game with geometric constraint between
finitely many pursuers against one evader, in a closed convex compact set contained in R™. The game
is completed when at least one pursuer captures the evader. The first study is on a pursuit game where
the pursuers can move everywhere in a set M that contain a closed convex compact set S, but the
evader can only move within S. In this part, parallel strategy and the concept of fictitious pursuers
are used.
The second part is on a pursuit game where all players are confined within an n-dimensional cube.
A new method of trajectories for pursuers using parallel strategy and concept of fictitious pursuers, is
constructed to obtain a sufficient condition for the pursuit to be completed with a guaranteed pursuit
time.

Mathematical Modeling and Computing, Vol.9, No. 1, pp. 9-17 (2022)



Pursuit differential game of many pursuers and one evader in a convex hyperspace 11

The final part of this study use the results in the first two parts to obtain solution of a pursuit
differential game of finitely many pursuers against one evader in a closed convex compact hyperspace,
with an improved guaranteed pursuit time from the one in [10]. We note that in this article, real
pursuer is meant to be pursuer, when it is necessary to distinguish from fictitious pursuer.

2. Notation and preliminary results

In this section we state some necessary basic definitions for this study.

Definition 1. G(A, B) is a game where all pursuers are in space A and evader in space B.

Definition 2. Control function for pursuer in the space A of the game is a measurable function
wi(-) = wi(t), t =0, if | u;(t) |< 1, t > 0, and the solution x;(-) = z;(t), t > 0 of the initial value
problem &; = u;(t), x;(0) = x40, i € {1,2,...n} satisfies the inclusion

X; (t) € A.

Definition 3. Control function for evader in the space A of the game is a measurable function
v(-) =o(t), t >0, if | v(t) [< 1, t > 0, and the solution y(-) = y(t), t > 0, of the initial value problem

y =w(t), y(0) = yo, satisfies the inclusion
y(t) € A.

Definition 4. Strategy of the pursuer in the space A of the game is a function U;: R"xR"x H(0,1) —
H(0,1), such that U; = U;(x;,y,v) fori € {1,2,...,n}, for any control of the evader v(t), if the initial
value problem

:i'i = Ui(xi,y,v(t)), l‘Z(O) = Z;0, (1)
y = v(t), y(0) = yo, (2)

has a unique absolutely continuous solution (x;(t),y(t)), t > 0, with x;(t),y(t) € A, t > 0.

Definition 5. Pursuit can be completed at some time 7 > 0 by the pursuer x;, if z;(1) = y(7) for
some i € {1,2,...,n}.

Definition 6. T is called guaranteed pursuit time if there exist strategies of pursuers Uy, Us, ..., U,
such that for any control of the evader v(-), an equality x;(7) = y(7) holds for some i € {1,2,...,n}
and 0 < 7 < T, where (x;(t),y(t)) is the solution of (1), (2) at v =v(t), t > 0.

3. Main result

3.1. Pursuit game in a set containing a closed convex compact set

In this subsection, we study a pursuit game where fictitious pursuers can move within a set which is
beyond the area of movement allowed for real pursuers and evader, which is a closed convex compact
set. It is proved that pursuit can be completed in this game. It is also shown that, the guaranteed
pursuit time of this game is the same for the guaranteed pursuit time of the pursuit game confined in
the area of trajectories of the real pursuers and the evader.

Theorem 1. Let M be a set containing a closed convex compact set S and y(t) € S for t > 0. Then
pursuit can be completed in G(M,S).

Proof. Suppose S C M and y(t) € S for ¢t > 0. Now consider game G(S,S) which means z;(t) € S
for i = 1,2,...,n and y(t) € S for t > 0. Note that S is contained in M and pursuers could only
move within S for game G(S,S) using parallel strategy. Therefore, in order to maintain the parallel
movement of pursuers against evader at all time, we introduce fictitious pursuers &1, Zo, ..., 2, that
can move inside or outside of .S, but still within M, such that

Mathematical Modeling and Computing, Vol. 9, No. 1, pp. 9-17 (2022)
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xi(t) = F(z(t)), i=1,2,...,n, (3)
for time ¢ > 0, and the function F': M — S is a projection function defined by the equation:
|F(%;) — &;| = min |a — &;|, &; € M. (4)
aesS
By (4), it is clear that the line z;%#; is a normal line at point x;, on the border of S. Indeed, if
Z; € S, then |F(z;) — 24| = mig la — ;| = 0 which implies #; = F(#;) = z;. In other words, when
ac
movement of real pursuers are in S then fictitious pursuers coincide with the real pursuers, that is, if
Z;(t) € S then 2;(t) = x;(t) = F(&;(t)). On the other hand, when fictitious pursuers are outside S but
still within M, the real pursuers will move according to the function F' defined in equation (4).
As a note, the dynamics of the fictitious pursuer are defined by the following equations:

J.AJZ' = ?li, fﬁiO = T;0, |’[LZ| < 1, 1= 1,2, ey N, (5)

where z;(t),4; € M.

We note that the strategy of &; in M is the same parallel strategy as that of z; in S.

By the property of function F, z;(t) is an absolutely continuous function and hence differentiable
almost everywhere in S. Thus, the control u;(¢) of z;(t) is as follows:

i(t) = %:pi(t) - %F(ii(t)) —w(t), i=1,2,...,n. (6)

Indeed, the control u;(¢) in S is admissible, that is |u;

—~

t)] < 1 as shown below:

. zi(t + h) — z;(t)
() =1
i)l = 1o, h
_ lim F(z;(t+ h)) — F(2;(t))
h—07+ h (7)
< lim Zi(t + h) — &;(t)
h—07+ h
= |ai(?)]
<1
Finally, by the parallel strategy, pursuit can be completed in game G(M, S). [

The second theorem justifies the use of fictitious pursuers in finding the guaranteed pursuit time
for the pursuit game in our study.

Theorem 2. The guaranteed pursuit time for G(S,S) and G(M,S) are the same.

Proof. Suppose pursuit can be completed in G(M,S) with guaranteed time 7. Hence, there exist
strategies 1, 4s,...,U, in M by fictitous pursuers Zy,&9,...,2I, such that Z;(7) = y(r) for some
i€{1,2,...,n} and 0 < 7 < T, where z;(t) € M for t € [0,T], i = 1,2,...,n. However, y(7) € S,
and so we obtain y(7) = Z;(7) = z;(7) € S and thus pursuit is achieved in G(S,S) with the same
guaranteed pursuit time 7. [

3.2. Many pursuers and one evader game in an n-dimensional cube

In this subsection, we begin by solving a pursuit game within a geometrical structure in the form of
an n-dimensional cube with the center at the origin. The guaranteed pursuit time is obtained thru a
new method in applying parallel strategy for the pursuers.

The pursuit differential game of geometric constraint with many pursuers against one evader, where
movement of all players are confined within a cube N of side a, is defined as follows:

For n > 3,

NZ{(QlaQ%aQn)?éQzé 7221727"'7n7a>0}' (8)

|
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The center of the cube defined in our project is the origin, unlike the cube in [10]. Motion of players
are described by the following differential equation;

T T = Uy, xz(o) = Z40, ‘ul,

y:y=uv, y(0) =yo, |v]

<1, 1=1,2,...,n,

(9)
<1,
where x;, y,u;, v, xi0,yo € N. Note that from (9), the maximum speed of each player is assumed to
be 1. The following theorem is to be proven.
Theorem 3. For n > 3, the guaranteed pursuit time in the pursuit differential game of n pursuers

against one evader in the cube N is the time

T:g(\/ﬁ—l—n\/n—l—l—n).

Proof.

I. Constructed Strategy.
We divide the motion of each pursuer into two stages. The strategy of movement of each pursuer
is different from the one in [10], especially in Stage 2. The difference here is largely based on
movement of players to catch the projection of the evader in a space, rather than on the side of
cube.
Stage 1.
To consider the guaranteed pursuit time, we first assume that z;o # (0,0,...,0) fori =1,2,....n
and each pursuer x; starts from time zero. Also, all pursuers move on the time interval [0, |z;o]]
along their respective distinct straight line towards the center O = (0,0, ...,0) of the cube N. The
control function of each x; in this stage is then defined as follows:

o
ui(t):—’lfg’, 0<t<|mnl, i=1,2,...,n (10)

1
Note that |z;o| # 0 since z;0 # (0,0,...,0) and also at time ¢; = |z;0|, the pursuer x; reaches

the point O. The control function w;(t) is a unit vector which means, each pursuer moves with
maximum speed 1.

Stage 2.

Stage 2 describes a new method of constructing the strategy for pursuer x; when ¢t > ¢;. In [10],
movement of pursuers after reaching the center of its cube, are on the side of the cube but here,
each pursuer moves from the origin O of N and captures the projection of the evader on the
(n — 1)-dimensional cube Q;, i € {1,2,...,n} defined as follows:

Qi:{(317327---73n) s5i=0,—2 < 855 < 2 s;€ER, j#4, j€ {1727---771}}- (11)

2 2
From the definition above, note that the length of the diagonal of @Q); is av/n — 1 and thus, at any
time of the game, the distance of each pursuer from the center O of N is at most “Tm
Also observe that the center of each ); is the same as the center O of N, and each Q); is perpendicular
to g-axis, i € {1,2,...,n}.
Now for ¢ > t;, pursuer z; moves from stage 1 to stage 2. Hence, time t; = |z;| is
called switch time and x; moves from the center of @Q; and capture the projection of the
evader y on ;. We consider the projection z(t) of y(t) = (yi(t),y2(t),...,yn(t)) on Q;
as Zi(t) = (yl (t), yQ(t), ce 7yi—1(t)a 0, yi+1(t), e ,yn(t)), with yz(tz) = Y0, and Zi0 = Zi(ti) =
(Y10, 9205 - - s ¥i-1,000, Yi+1,05 - - - » Yn0)-
Also for t > t;, the velocity of the evader on Q; is v(t) = (v1(t),v2(t),...,v,(t)), and the velocity
w;(t) of projection z;(t) is w;(t) = (v1(t),va(t), ..., vi—1(t),0,vi11(t), ..., vp(t)).
The pursuit differential game in @Q; is then described by the following equations:
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II.

win =, xi(t) = a0, Ju| <1, i=1,2,...,n, (12)
zit Zi =w;, zi(ti) = zio, |wi| <1,

where x;, z;, u;, Wi, Ti0, Zio € Q.
Observe that |w;|? = |[v|?> —v? for i = 1,2,...,n. Let 7; be the first time when z;(7;) = z;(7;), that
is, the time when x; captures the projection z; of the evader in ;. Next, we specify the strategy
of z; in Q; when x;(t) # z;(t) as

U; = W; — (wi,ei)ei+ei\/1— |wi|2—|—(wi,ei)2, t; <t< Ty, (13)
where ¢; = %
Now let Q; = {(s1,82,...,8,)|8i =0, s; €R, j#1i,j€{1,2,...,n}} be an unbounded (n — 1)-
dimensional hyperplane that contain @);. By Theorem 1, the pursuit can be completed in G(Q;, Q;),
that is, z;(t') = x;(t) for some t' > t;.
Now, since @; is an (n — 1)-dimensional cube and the length of its diagonal is ay/n — 1, then for
t > t;, we have the dot product

(2:(t) — mi(t), &) < L”Z‘l

This implies that if x; travel the distance of a nz_l, then the projection z; of the evader is already

captured at time ', meaning that pursuit is completed and thus,

avn—1
—

s ()] < (14)

Therefore,
avn —1
5 .
For t > 7;, pursuer x; will pursue the real evader y within the hypercube N and use the following

strategy,
u; = &/ 1 — |wil?, (15)

g _ 17 yZ(TZ) > 07
L -1 wilm) <.

(zi(t'),ei) <

where

Guaranteed Pursuit Time.
Next, we calculate the guaranteed pursuit time for the game within the cube. In stage 1, the
distance D1 between all pursuers and the center O of N is estimated from above as

Dy < =av/n. (16)

All pursuers move along distinct respective straight lines at the same time from their respective
initial positions to the center O of N. Since 0 < |x;9| < %a n, each pursuer is at the center O of
N by the time 71 = %a\/ﬁ, where each pursuer moves with maximum speed 1.

In stage 2, strategies (13) and (15) are parallel strategies of which pursuit can be completed. Recall
that 7; is the time such that z;(7;) = x;(7;) for i = 1,2,...,n. To obtain the guaranteed pursuit
time for the whole game, we assume z;0 # 0 for i = 1,2,...,n.

Now, for t; < t < 7, the total distance Dy between the pursuers and the projections of the evader
is estimated from above as follows:

n
vn—1 1
Dy < Z BT v — 1, (17)
P 2 2

where the diagonal of Q; for i =1,2,... ,nis avn — 1.
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For t > 7;, the total distance D3 between the pursuers and the evader is estimated from above as
follows: .
a an
D3 < — = 18
2575 09
=1
Note that the length of the side of N is a.

By strategies (13) and (15) and noting that 0 < /1 — |w;|? < 1, these distance decreases at the
rate of a(t) which is calculated as follows:

z": <\/1—|wi|2+(wi,el )+ Z < 1 — wy] )

10t <t<T; 1 I>T;
n
> (1 = |wil?)
Z ’ (19)
n
= > 1= (P~ f)]
1 t>T;
> 1.

Hence by stage 1 and 2, the total time 7" taken by n pursuers to catch the evader is estimated
from above as:

o D1t D2t Ds
. (20)
<3 (Vn+nyvn—1+n)
and hence, the guaranteed pursuit time is 7' = § (\/ﬁ +nvn—1+ n) ]

3.3. Guaranteed pursuit time of the game in a closed convex compact set

Any closed convex compact set S can be contained in the hypercube N defined by (8). Motion of the
real pursuers and the evader only occur within S but the fictitious pursuers can move either inside or
outside of S but still within N at all time. If a fictitious pursuer &; for ¢ € {1,2,...,n} is inside S
then it coincides with the real pursuer x; and they move as one player. On the other hand, if Z; is
outside S but still inside IV, the corresponding real pursuer z; will move according to the projection
of Z; in S as described by (3). Therefore, we have game G(S,S) and G(N, S). We note that Z,0 = 4o
for i = 1,2,...,n and the strategy of Z; and z; is the same as described by (13). Now, we state our
main result which is the guaranteed pursuit time in G(S, S).

Theorem 4. Let S be a closed convex compact set of diameter a which is contained in a hypercube
N of side a in R™. Then, a guaranteed pursuit time in the pursuit differential game G(S,S) of n
pursuers against one evader in S for n > 3, is the time

Zg(\/ﬁ—i-n\/n—l—kn).

Proof. Since S C N, then by Theorem 2 and Theorem 3, the result is obtained. ]

4. Conclusion

In this project, it is proven that pursuit can be completed for a pursuit game that occur in a set that
contain a closed convex compact set, with its guaranteed pursuit time, is the same as the guaranteed
pursuit time for the pursuit game confined within the closed convex compact set. This result leads to our
finding of the guaranteed pursuit time 7" for a pursuit differential game in any closed convex compact
hyperspace by solving a pursuit problem within a hypercube with side a and of n-dimension that
contain the convex hyperspace. The guaranteed pursuit time obtained is 7' = § (\/ﬁ +nvn—1+ n)
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HwudeperuianbHa rpa nepecnigyBaHHsa ofgHoro yTikada baratbma
nepecnigyBadamu B ONyKJIOMYy rinepnpocropi

Amiac . A., Jlxxaman K., I6parimos I

Kagedpa mamemamuru ma cmamucmuku,
Incmumym mamemamuurux docaidxHcen,
Vwisepcumem Iympa Manatisii,
48400 UPM Cepdane, Cenarzop, Manratizis

Hocuimxeno mudepeHIiiaapbHy TPy IePecIiLyBaHHs OJHOTO yTiKada OaraTbma mepecsiiry-
BavYaMU B HEOPOXKHBOMY 3aMKHEHOMY OIYKJIOMY KOMIIAKTHOMY Timepripoctopi. [lepeci-
JIyBaHHs BBaXKaE€ThCs 3aBEPIIEHNM, SKINO Xo4da 6 OIUH IepeciiilyBad CIIBIAIAE 3 yTiKa-
qeMm. PyHKIIT KepyBaHHS TpaBIggMu 0OMeKeHi reoMmeTputdno. Po3B’sa3yeThest rpa mepecsi-
JIYBaHHS Y MHOXKWHI, 10 MiCTUTH 3aMKHEHUH OMyKJNH KOMIAKTHHI HAOIp, i moKa3aHo,
10 TIePEeC/IilyBaHHS 3aBEPIITYEThCS Y Me2KaX CKIHIeHHOBUMIPHOTO Kyba. [y po3s’s3anus
I'PU BUKOPHUCTOBYIOTHCs ITapaJiejibHa cTpaTeris Ta hikTuBHI mepeciiiyBadi, mo 3abe3mneaye
rapaHTOBAHUIT YaC TePeCIi[yBaHHS
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