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PURSUIT-EVASION PROBLEMS UNDER NONLINEAR
INCREASE OF THE PURSUER’S RESOURCE

B.T. Samatov, B.I. Juraev

In the paper, we investigate pursuit-evasion problems in a simple motion differential game with two players,
termed a pursuer and an evader. We put different kinds of non-stationary integral constraints, which restrict
the energy consumption rate of the players. On the other hand, it is assumed that at each time the players
have some additional amount of control resource. The integral constraint on the control of the pursuer is given
under certain conditions, which include a non-stationary integral constraint. Firstly, the reachable set of each
player is determined. We put forward the parallel approach strategy, which is known as a Il-strategy, for the
pursuer, and as a result, we get necessary and sufficient conditions of capture. To solve the evasion problem,
a specific admissible strategy is provided for the evader and a sufficient condition is obtained. Furthermore, in
the pursuit problem, an optimal capture time is found through the strategy of the evader. In order to illustrate
the obtained results, several examples are given, where guaranteed capture times are proposed for the pursuit
problems and lower bounds for the distances between the players are obtained for the evasion problem. This
work extends the results and methods from the works of R.Isaacs, L.A.Petrosjan, N.N.Krasovskii, A.A.Chikrii,
A.A.Azamov, and other authors.

Keywords: pursuit-evasion differential games, simple motion, non-stationary integral constraint, pursuer,
evader, strategy, guaranteed capture time.

B.T. Camaros, B. 1. 2KypaeB. 3agauyu npecjenoBaHusi-yKJIOHEHUsS IIPU HEJIMHEMHOM yBeJin4de-
HHUH pecypca IpecJe0BaTeJ .

Wccnenyiores 3a1aqu npecsieoBaHus-yKJIOHeHUs B auddepeHMaibHoil urpe ¢ IPOCThIM JBUKEHUEM U JIBY-
Msl UTPOKaMU, Ha3blBaeMBIMU IpecienoBareieM u yberaomum. Ha ynpaBiieHusi UTPOKOB HAKJIAIbIBAIOTCS Pa3-
JINYHBIE TUIBI HECTAIIMOHAPHBIX MHTErPAJIbLHBIX OTPAHUYEHU, CBSI3aHHBIX CO CKOPOCTBIO PACXOIOBAHUS SHEPIHUH.
uTerpanbHoe orpaHnYeHre Ha yIpaBJIeHNUe [IPECIe0BATEIs 33/IaHO IIPU OIPEJIEJIEHHBIX YCIOBUIX U BKJIIOYaeT
B cebsl HECTAIMOHAPHOE WHTErPAJIHLHOE OTPAHMYCHUE. Y IPaBJIeHUe yOeraonero noJunHsaeTCs TeOMETPUIECCKOMY
OrpaHUYeHHIO. BO-IepBbIX, HalIEHO MHOXKECTBO JIOCTHXKMMOCTU KarKJ0ro urpoka. Ilpu ucrnosib3oBaHuM mpe-
cJIeloBaTeNIeM CTPATErnu NapalIeIbHON CXOIUMOCTHU, U3BECTHON Kak [I-cTparerust, mojydeHbl HEOOXOIUMbBIE U
JOCTaTOYHBIE YCJIOBUSI MOUMKU. JlJIsi peleHus 3a1a4n yKJIOHEHHsI YKa3aHa KOHKPeTHasl JOIyCTUMAasi CTPATEerust
yBEeramero 1 moJly9eHO JTOCTATOYHOE YCJIOBUE yKJIOHeHusl. Jlajiee, ¢ IOMOIIBIO cTpaTernu yGerarolero B 3a1a4e
Mpecyie/IOBaHus HAMJIEHO ONTUMAJIBLHOE BpeMsl MOUMKU. J[Jis MLTIOCTPAIH TTOJIyYeHHBIX PE3YJILTATOB TPUBOIUT-
Cs1 HECKOJIBKO TIPUMEPOB C YUCJIEHHBIMU PElIeHUsIMU U pucyHKamu. Hacrosimasi pabora JOMOJIHSIeT pe3yJIbTaThl
u Meroznl pabor P. Aiizekca, JI. A. Ilerpocsna, H. H. Kpacosckoro, A. A. Yukpus, A. A. AzamoBa u apyrux
YYeHBIX, BKJIIOYasl aBTOPOB JAaHHOH CTaTbU.
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Introduction

The pursuit—evasion problems began to be studied systematically by the American mathematician
Rufus Isaacs in the 1950s. His studies were published in the form of monograph [16], which contained
many interesting examples of differential games. The author regarded them as problems of variational
calculus and tried to apply the Hamilton—Jacobi method, now known as Isaacs’ method. But the
subject turned out to be far more complicated for the classical methods. The idea used by Isaacs had
a heuristic character only. In the 1960s, fundamental results of the theory of differential games were
obtained by Pontryagin [24], Krasovskii [18], Bercovitz [5], Subbotin and Chentsov [33], Fleming [9],
Friedman [10], and others.
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A great amount of the works on differential games that have ever been published consider the
cases where the control functions are subject to integral constraints. Integral constraints represent
restrictions on resources, energy, power, fuel, and so on. The papers [4;21;22] considered linear
differential games with integral constraints from the standpoint of Pontryagin’s first direct me-
thod [24]. A more thorough approach, based on Krasovskii’s extreme aiming method for solving
differential games with integral constraints, was developed by Krasovskii et al. [19] and then in
[8;17;34] and other papers. In [7;31], linear differential pursuit games with integral constraints were
investigated by the method of resolving functions and sufficient conditions for the completion of the
pursuit were obtained. The positional method of approach for the regular case was transferred to
the case of integral constraints in the work of Pshenichnii and Onopchuk [25] and was continued in
the works [6;8] and others for games with different types of constraints. The works [14;15;27; 32|
are devoted to the study the pursuit and evasion differential games with many pursuers and one
evader under integral constraints.

In [11], a control problem with disturbances is examined for a linear dynamical system with
delay in the control. The works [12;13] were devoted to the construction of reachable sets for linear
and nonlinear control systems when the controls are subject to quadratic integral constraints. In the
works [20;35], a linear differential game of pursuit when integral constraints on the control functions
was studied for the case of the presence of delay, and sufficient conditions of capture were defined.

The desire for greater adequacy of mathematical models with practical problems has led to the
need to study differential games with different constraints on the players’ controls. In the works
[2; 3;8; 26;28; 29|, differential pursuit-evasion games where different constraints are imposed on the
players’ controls, were studied.

In the work [30] of Samatov et al., a differential game with non-stationary integral constraints
was first examined and the Il-strategy of the pursuer, which pursuit can be completed from a given
initial point, was constructed. A sufficient condition of capture was determined. To solve an evasion
problem, a particular strategy for the evader was proposed, and using this strategy, necessary and
sufficient conditions of evasion were found.

In this paper, a pursuit-evasion differential game with two players is studied. It is assumed
that the control functions of the evaders and the pursuers are subject to non-stationary integral
constraints; i.e., it is assumed that at each time the players have some additional amount of control
resource. Both the evader and the pursuer use simple motions. The capture is considered possible if
the pursuer captures the evader at a finite time, and the evasion is considered possible if the evader
is not captured by the pursuer. To solve the pursuit problem, the parallel approach strategy (the
[I-strategy [1;23]) will be constructed for the pursuer. To solve the evasion problem, the evader is
offered a special admissible strategy and sufficient conditions for the evasion are found.

1. Statement of the problems

Suppose that in R™ a controlled object P called Pursuer chases another object E called Evader.
Denote by x the position of Pursuer and by y the position of Evader in R™. Let the objects move
in accordance with the equations

P: i=u, z(0)=ux, (1.1)
E: g=v, y(0)=yo, (1.2)
where z,y,z0,y0,u,v € R" ¢t € Ry = [0,+00), n > 2; xg,yo are the initial positions of the

objects P and F, respectively, zg # yo; u and v are the velocity vectors which serve as parameters
of the equations.
In equation (1.1), the temporal variation of v must be a measurable function u(-) : Ry — R"™,
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and this vector function is subject to the constraint

t t

/|u(s)|2ds < oz/go(s)ds for t > 0, (1.3)

0 0

where « is a positive number and ¢(t) satisfies the conditions

(a) (+) is continuous and strongly decreasing on the interval [0, c0);
(b) ©(0)=1, (t)>0 for t >0, and ¢(t) -0 as t — +oc;
t

(1.4)
(©) /0 o(s)ds < 1.

Further, we denote by U the class of all measurable functions u(-) for which the constraint (1.3),
(1.4) holds.

Similarly, in equation (1.2), the velocity vector v of Evader as a function of time is a measurable
function v(-) : R4 — R™ satisfying the constraint

t
/yv(s)Pds <ot, t>0, (1.5)
0

where o is a positive number. Further, we denote by V; the class of all measurable functions v(-)
for which the constraint (1.5) is valid.

Definition 1. Functions u(-) = (u1(-),u2(:),...,un(-)) € Ur and v(:) = (v1(-),v2(*), ..., vn () €
V7 are called admissible controls of the players P and E, respectively.

Depending on the equations (1.1), (1.2), the pairs (xg,u(-)) and (yo,v(+)), where u(-) € Ur and
v(+) € V7, generate the trajectories

x(t) = x0 + /u(s)ds, (1.6)
0

) =+ [ ols)ds (1.7)
0

of the players P and F, respectively.

In the differential game (1.1)—(1.5), the goal of Pursuer P is to catch Evader E (the pursuit
problem) at some time 4, 0 < § < +00, i.e., provide the equality x(J) = y(9) for (1.6) and (1.7),
where x(t) and y(t) are the trajectories generated during the game. The notion of “trajectories
generated during the game” needs to be clarified. Evader F tries to avoid meeting Pursuer P (the
evasion problem), i.e., to guarantee the relation x(t) # y(t) for (1.6) and (1.7) on the time interval
[0,4+00), and, if it is impossible, to postpone the moment of the meeting as far as possible. Naturally,
this is a preliminary setting of the problems.

Now let us introduce the notation z(t) = z(t) — y(t), 20 = xo — Yo.

Definition 2. We call a function u: Ry x R" — R" a strategy of Pursuer if

(a) wu(t,v) is a Lebesgue measurable function with respect to ¢ for each fixed v and a Borel
measurable function with respect to v for each fixed ¢;

(b) u(-) = u(-,v(:)) € Uy is satisfied for any v(-) € Vr;

(c) if v1(-),v2(+) € Vr and satisfy the equality v;(7) = v2(7) a.e. (almost everywhere) on [0, ],
then ui(7) = ua(7) a.e. on [0,t], where u;(-) = u(-,v;(+)), ¢ =1,2.
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Definition 3. We call a strategy u(t,v) a parallel pursuit strategy or, briefly, a Il-strategy if,
for an arbitrary control v(-) € Vi of Evader, the solution z(t) of the initial value problem

z2=u(t,v(t)) —v(t), =2(0)=z

can be written as

Z(t) = ZOC(t7U('))7 C(O,’U()) =1,
where C(t,v(-)) is a scalar function of ¢, t > 0. We usually term it as the convergence function in
the pursuit problem.

Definition 4. We say that a strategy w(t,v) guarantees capture by a time T'(w) if, for any
control v(t), t > 0, we have x(7) = y(7) at some time 7 € [0, T (w)], where (z(-),y(-)) is the solution
of the initial value problem

= u(t,v(t)), x(0)=x, (1.8)

y=wv(t), y(0)=yo, (1.9)
where t € [0, 400).

Definition 5. An admissible control function v(t) : Ry — R™ is defined as a strategy for Evader
E if, for any control u(-) € Uy, the relation x(t) # y(t) is retained for each ¢ € [0, +00), where x(t)
and y(t) are solutions of the initial value problems

z=u(t), x(0)=mx, (1.10)

g =), y(0)= o (1.11)

Lemma 1. For any control u(-) € Ur, the corresponding solution of equation (1.1) satisfies the
inclusion x(t) € S,y for any t € [0,+00), where u(t) = \/at and S, (xo) is the closed ball of the
space R™ with radius p(t) centered at the point xq.

Proof. Let u(-) € Ur. Applying Cauchy—Bunyakovskii’s inequality and taking into consideration
inequality (1.3) and condition (c) in (1.4), we have from (1.6) the estimate

for all ¢, ¢ > 0.

Lemma 2. For any control v(-) € Vi, the corresponding solution of equation (1.2) satisfies the
inclusion y(t) € Sy for any t € [0,+00), where A(t) = \/at.

Proof. The proof is similar to the proof of Lemma 1. O
In the differential game (1.1)—(1.5), we will study the following problems:
Problem 1. The pursuit problem (in short, the I-game of pursuit).

Problem 2. The evasion problem (in short, the I-game of evasion).

2. The main results

2.1. Definition of the II;-strategy

o
Proposition 1. If a > o, then the equation ¢(t) = — has a unique solution Ty on the time
Q@

interval (0,400).
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Proof. The proof follows from (a) and (b) in (1.4). O
Definition 6. The function
u(t,v) = v — c(t,v)&o (2.1)

is called the II;-strategy of Pursuer in the I-game of pursuit (1.1)—(1.5), where

c(t,v) = (v,6) + v (v.&)? + ap(t) — o, (2:2)
& = 20/|20/, and (v, &y) denotes the inner product of the vectors v and &y in R™.

Proposition 2. If a > o, then for each pair (t,v) € [0,Ty] x R™
(a) the scalar function (2.2) is well defined, continuous and nonnegative;
(b) for u(t,v) the equality
u(t, v) = |v]* + ap(t) — o (2.3)

holds.

Proof. (a) It follows from the definition of the scalar function c(¢,v) (see (2.2)) and from
Proposition 1 that condition (a) is satisfied.

(b) From (2.1) and (2.2) we obtain
lu(t,v)|* = (u(t,v), u(t,v)) = (v —c(t,v)&,v — c(t,v)&) = lv|? + c(t,v) [e(t, v) — 2(v, &)]
= |v]® + ap(t) — 0.

This completes the proof of Proposition 2.

2.2. Solution of the pursuit problem

Consider the function

T(t) =1t (\/oup(t) - \/E) L te0,Ty). (2.4)

It is obvious that the function I'(¢) is continuous on the interval [0,Ty], I'(0) = 0, and I'(Ty) = 0.
Hence it reaches its maximum on the closed and bounded interval [0, Ty]. Let

I, =T(t,) = Tt 2.5
(ts) L (t) (2.5)

and t, € [0,Ty].

Proposition 3. If a > o, then T'(t) > 0 for all t € (0,Ty).

Proof. From the definition of the function ¢(t) (see (1.4)), we have g < (t) < 1 for all
t € (0,7T,), which proves Proposition 3. O

Theorem 1. In the I-game of pursuit (1.1)=(1.5), if & > o and T'x > |zo|, then the II;-strategy
of Pursuer (2.1) guarantees capture on the time interval [0,Tg], where

T, = min{t € [0,Ty] : T(t) = |z0]}. (2.6)

Proof. Let Evader choose an arbitrary control v(-) € V; and let Pursuer realize the II;-
strategy (2.1). According to equations (1.8) and (1.9), the pairs (zo, u(t,v(t)) and (yo,v(t)) in the
I-game of pursuit generate the trajectories

(1) = o + / u(s,v(s))ds, y(t) = yo + / o(s)ds (2.7)
0 0
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of Pursuer and Evader, respectively. Let z(t) = x(t) — y(t), 2(0) = zp. Then from (2.7) we have

=z + /t v(s)]ds.
0

Hence from (2.1) we get
2(t) = 200 (¢, v("), (2.8)
where

L
C(t,v(-) = ——00/ (2.9)

Let us estimate the function C(t,v(-)) from above for each ¢ € [0,T}] and for all v(-) € V;. For this,
from the form (2.2) and from the definition of the function ¢(t) we have

1 t
C(t () ——;!‘ G+ ap(s) o+ (u(s), &) ds

_LOO/ \/]1) )2+ ap(s )—O’—”U(S)‘] ds

—i%!«ww I+ ap(t) o — [o(s)]] ds

or

C(t,v( - i/ \/ [v(s)]? + ap(t) — o — \v(s)]} ds. (2.10)
0

0

In (2.10), we take w = |v(s)], 0 < s < t, ((t) = ap(t) — o. Then we have the function f(w) =
d2

B
f()

w? + ((t) —w, and here

inequality

> 0; i.e., f(w) is a convex function in w > 0. Then from Jensen’s

ﬁ(%/ﬂ$®>§jfw&wk
0 0

for (2.10) we get the inequality

t 1 2 1
Clto() < 1_@[ (zo/w(s)ms) +C(t)—¥0/|v(s)|d8]. (2.11)
If we take
c= () = [ s

0
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where v;(-) = {v(s): 0 < s <t} € Vj is considered as a variable, then from the expression in square
brackets on the right-hand side of (2.11), we have the function f(¢) = /<2 + ((t) — ¢ which is
monotonically decreasing with respect to ¢. Then from the Cauchy—Bunyakovskii inequality

f ¢ 1/2
!h@ﬁh§¢%!M@W@>

and from (2.11) we get the estimate

| =

cwwwgl—i1 %/MMMH«@— /wwwﬂ.
0

|20
0

Therefore, from (1.5) we obtain

C(t, () < C(t), (2.12)

I'(t
where C(t) =1 — % According to (2.6) we have I'(T;) = |2/, and hence C(T,) = 0. Then (2.12)
0

implies that
C(Tyv(-) <0 (2.13)

for every v(-) € V;. From (2.9) we find that C(0,v(-)) = 1 and the function C(¢,v(+)) is continuous
and decreasing for every v(-) € Vi on [0,T]. As a result, from (2.13) it follows that there exists
some time t* € [0,Ty] for which C(t*,v(-)) = 0 and therefore, by virtue of (2.8), we have z(t*) =0
or z(t*) = y(t*).

Now, prove the admissibility of the strategy (2.1) for all ¢ € [0,t*]. Let a control v(-) € V be
arbitrarily chosen on [0,¢*]. Then, by virtue of (1.5) and (2.3), we obtain the inequality

t ¢ t
/\us v \2ds—/\v )| ds+oz/<p(s)ds—at§a/cp(s)ds,
0 0 0

which implies that inequality (1.3) is satisfied for every v(-) € Vi and ¢ € [0,¢*]. This completes the
proof of Theorem 1. O

2.3. Solution of the evasion problem

First, we will define a strategy for Evader that solves the evasion problem.

Definition 7. In the I-game of evasion (1.1)—(1.5), the function

o(t) = —Voky, €0 =r

0
= 2.14
o] (2.14)

is called the strategy of Evader.

Theorem 2. In the I-game (1.1)—(1.5),

(a) if a > o, then the strategy (2.14) guarantees evasion in the time interval [0,T,), where T, =
|20]

(b) if a < o, then the strategy (2.14) guarantees evasion in the time interval [0, 400).
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Proof.

(a) Let Pursuer apply an arbitrary control u(-) € U and let Evader use the strategy (2.14) in
the time interval [0,7,). According to equations (1.10), (1.11), and (2.14), the pairs (x, u(t))
and (yp, v(t)) in the I-game (1.1)—(1.5) generate the trajectories

t t
z(t) = zo + /u(s)ds, y(t) = yo — /\/E&)ds
0 0
for each t € [0,T,). Hence
t ¢
2(t) = 20 + /u(s)ds +/\/E§0ds,
0 0
where z(t) = z(t) — y(t), z0 = xo — yo. Let us estimate from below the distance between the
players:
t t ¢
12(0)] = |20 + /\/Egods + /u(s)ds > |20 + /ot — / (u(s)|ds. (2.15)
0 0 0
From the Cauchy-Bunyakovskii inequality and from the constraints (1.3), (1.4) we obtain
¢ ¢ 12
/ fu(s)|ds < \/E</|u(s)|2ds> < Jat.
0 0
Consequently, from (2.15) we have
[2(t)] = X (2), (2.16)
where Y (t) = |z0| + t(v/o — /). Since Y(t) > 0 for all ¢ € [0,T},), from (2.16) it follows that
|z(t)] > 0, i.e., x(t) # y(t) in the interval [0,T,).
(b) Let o < 0. Then we come to the estimate (2.16) again. We can see that Y (t) > |zg| for all

t > 0 and, thereby, from (2.16) it follows that |z(¢)| > 0 or z(¢) # y(¢). This completes the
proof of Theorem 2.

Remark. If o > o, then T, < T}, which follows from the definition of the function ¢(t) in (1.4).

3. Examples

3.1. Example 1

1
Let in the I-game (1.1)—(1.5), ¢(t) = ; and « =9, 0 = 1, |29] = 1. Here it is easy to check

+1

the fulfillment of all the conditions in (1.4) for the function ¢(t). Then from (2.4) it follows that

(1) :t(

3
Vt+1

— 1>. According to Proposition 1 and (2.5), we get Ty = 8 and

I'y = max I'(t) = 1.51.
te(0,8]

Thus, the conditions of Theorem 1 are satisfied, and, in this example, it is easy to check that the
guaranteed time of capture is T, ~ 0.81.
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For the evasion problem, from (2.16) we get Y(t) = 1 — 2t and 7, = 0.5. Therefore, in this
example, according to Theorem 2, evasion is possible in the time interval [0,0.5).

3.2. Example 2

Let in the I-game (1.1)-(1.5), p(t) = e™* and o = 4, 0 = 0.25, |29| = 1, k = 0.5. Here, all the
conditions in (1.4) are also satisfied for the function o(t) = e=*. Then from Proposition 1 we have
Ty = 5.5. Hence, by (2.4) and (2.5), we get I'(t) = ¢ (2¢7°%*" — 0.5) and

' = max I'(t) = 1.44,
te€[0,5.5]

which means that the conditions of Theorem 1 are satisfied. For the pursuit problem, from (2.6) we
obtain the guaranteed time of capture 7, ~ 1.25.

2
For the evasion problem, from (2.16) we find that Y(¢) = 1 — 1.5¢ and T, = 3 that is, evasion
2
is possible in the time interval [0, g)
3.3. Example 3
Let now p(t) = and o = 2.25, 0 = 0.25, |zg| = 0.5. In this example, it proceeds T; = 16

9
— — —05) and
8Vt +4 )

1
2Vt +1
from Proposition 1. Then from (2.4) and (2.5) it follows that I'(t) = t(

' = max I'(t) = 0.71.
te[0,16]
Then from (2.6) we have the guaranteed time of capture T, ~ 1.75.

In this example, for the evasion problem from (2.16) we find that Y (¢) = 0.5 — ¢, T, = 0.5, and
evasion is possible in the time interval [0,0.5).

Conclusion

In the present work, the problem of pursuit—evasion is solved in the case where the objects move
without inertia and the controls of the players satisfy integral non-stationary constraints, i.e., it is
assumed that at each time the players have some additional control resource. This situation makes
the problem more attractive and adequate for applied processes. The pursuit is considered possible
if the pursuer captures the evader at a finite time and the evasion is considered possible if the
evader is not captured by the pursuer. To solve the pursuit problem, a parallel approach strategy
is proposed, and a special strategy is proposed for the evasion problem. The results obtained in the
article are original and can be further generalized to more general classes of differential games.

Acknowledgements: The authors would like to thank Professor A.A. Azamov for discussing
this work and for many helpful comments and recommendations to correct some defects.
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