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Abstract If a pursuit game with many persons can be formalized in the framework of zero-
sum differential games, then general methods can be applied to solve it. But difficulties arise
connected with very high dimension of the phase vector when there are too many objects.
Just due to this problem, special formulations and methods have been elaborated for conflict
interaction of groups of objects. This paper is a survey of publications and results on group
pursuit games.
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problems - Constant-bearing method - Maximal stable sets

1 Introduction

In the theory of zero-sum differential games, time-optimal games are most typical, but simul-
taneously most difficult. For example, a number of pursuers chase one evader. The objective
of the pursuers is to capture the evader as soon as possible. The pursuers can be joined into
a group, which is controlled by the first player, and the evader is the second player. The
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condition of capture defines a set M in the joint phase space whereto the first player tries to
guide the phase vector of the system; the second player counteracts this.

In a time-optimal problem, we are interested in finding the least guaranteed time of transfer
the system to the set M or an upper estimate of this time for each initial position. Under some
fixed control method of the first player (for example, under the optimal one), the transfer time
depends on the behavior of the second player. Sometimes, it happens that there are some initial
positions wherefrom the first player can provide reaching the target set M exactly at some
prescribed time instant under any control of the second player. In this case, we can talk
about passage to a problem with a fixed termination instant. Such games are simpler than the
time-optimal ones.

The first publication, in which such an approachina 1 x 1 game (a game with one pursuer
and one evader) has been applied, is paper [51] by Pontryagin. There for the case of linear
stationary dynamics, a method is suggested for description of dynamic advantage of the first
player over the second one. Under assumption of such an advantage, there is a procedure for
constructing some special setin the space time x phase variable wherefrom the first player can
transfer the system to the set M at the given instant. But to produce the corresponding control,
the first player should discriminate the second one. Namely, the second player announces its
control at the current instant or for some small future period to the first one. In paper [52],
Pontryagin has described a procedure for constructing the maximal set in the space time X
phase variable wherefrom the transfer is possible. This procedure does not need any dynamic
advantage of the first player, but still needs discrimination of the second player.

N.N. Krasovskii has started to call such sets the stable bridges and maximal stable bridges.
It was proved [27,28] that if the transfer to the set M is possible under discrimination of
the second player, then the positional strategy extremal to a corresponding bridge keeps
the system motion in some small neighborhood of this stable bridge up to the termination
instant. Therefore, such a strategy transfers the system into some small neighborhood of the
set M. The size of this neighborhood decreases with decreasing the time step in the discrete
control scheme. A time-optimal problem can be solved by means of solving a corresponding
stationary problem with fixed termination instant. Namely, for a given initial point xg, one
should find an instant 7o closest to the termination instant 7" such that the position (#g, xo) is
inside the stable bridge. Then, the value T — g is an upper estimate for the transfer time to
the set M from the point xp.

This was the state of art in the theory of differential games at the middle of 1970s, when
group pursuit problems had been started to study intensively. Here, we should emphasize that
by that time, the existence of the value function in time-optimal problems and problems with
fixed termination instant was proved. Of course, an outstanding contribution in development
of differential games has been made by Isaacs’ book [26]. In this book, it had been discovered
for a wide class of differential games that the value function obeys a first-order partial
differential equation of the Hamilton—Jacobi type and a method had been suggested for
constructing the solution. The method is based on finding singular surfaces in the game
space where the equation is violated (or has no sense) and which separate domains where
the equation is satisfied in the classical sense. But it was clear that the singular surfaces
can be found more or less effectively only in problems of small dimension. In games with
many objects, dimension of the phase vector is usually quite high, and one cannot practically
apply the Isaacs’ methodology. Numerical methods for differential games were invented at
the beginning of 1980s and also embraced only problems of low dimension.

The aim of this paper is to give a short survey of the group pursuit problems. We start
(Sect. 2) with publications dealing with certain pursuit problems 2 x 1 and 1 x 2. Also, works
by L.A.Petrosyan are mentioned where the constant-bearing approach method (well known
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in engineering practice) was applied to studies of differential games for the first time. Further
in our paper, the main attention is paid to the problems with many pursuers and one evader.
In Sect. 3, a problem is described, which has been considered by Pschenichnyi in work [56].
This problem involves equal inertialess objects. B.N. Pschenichnyi has shown how to solve
such a problem applying the constant-bearing approach method. In Sect. 4 on the basis of
book [17], we give a generalization of this approach for the case of general linear dynamics of
the objects. Except the general construction, we also give some important types of problems
that can be solved analytically without numerical methods. Usually, analytical solution of
capture problems of one evader by several pursuers can be obtained under assumption of
dynamic advantage of any pursuer over the evader. In Sect. 5, a computational procedure
for constructing maximal stable sets for games with linear dynamics and fixed termination
instant is considered. In Sect. 6, the simplest (from the point of view of number of pursuers)
problem with two pursuers and one evader is described and some examples of maximal stable
sets obtained numerically are given. In Sect. 7, a number of difficult group pursuit problems
are enlisted that are studied nowadays in various scientific teams.

Of course, problems with many participants include nonzero-sum formulations as well that
are usual for economic situations. Also, problems of this type are formalized in the framework
of mean-field games, evolutionary games, etc. We do not touch such formulations in this
survey. Moreover, we consider problems only where the phase vector is finite-dimensional
and the objects’ controls are constrained geometrically.

2 First Works on Group Pursuit

An objectis called having dynamics of simple motion, if it changes direction and/or magnitude
of its velocity instantaneously. The maximal velocity magnitude is bounded a priori. This
definition has been given by Isaacs in [26].

(1) In work [25], Breakwell and Hagedorn have considered a problem in the plane that
involves two pursuers and one evader. All three objects have simple motion dynamics. Two
pursuers have equal maximal velocities, which are less than the maximal velocity of the
evader. The evader should cross the segment between the pursuers “from left to right” at
some instant. The payoff is the minimal value of distance from the evader to the closest
pursuer. The first player that joins the pursuers minimizes the resultant payoff; the second
player (which is the evader) maximizes it. The authors have shown that in this problem there
are initial locations of the objects that produce curvilinear optimal motions for the evader
and one pursuer.

(2) Paper [11] by the same authors includes a similar fact about optimal curvilinear motions
in games with simple motion that has been established for a problem with one pursuer and
two evaders. In this game, three objects move in the plane and the pursuer minimizes total
time of capture both of two evaders. The pursuer’s velocity is now greater than the evaders’
ones. It was justified that there are singular surfaces of dispersal and focal types in this game.
When the system moves along the focal surface (in the 4-dimensional phase space of reduced
coordinates), trajectories appear, which correspond to curvilinear motions of the objects in
the original plane.

At the 8th International Symposium on Dynamic Games and Applications (took place at
Chateau Vaalsbroek, Maastricht, NL in 1998), P. Bernhard made a talk “Isaacs, Breakwell, and
their sons.” Unfortunately, the text of the talk has not been published. In this talk, P. Bernhard
remembered that at the First International Conference on the Theory and Applications of
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Differential Games held in Amherst in 1969, R.Isaacs pointed importance of the problem
“Obstacle Tag Chase game” formulated in his book [26]. Namely, R.Isaacs supposed that in
the chase problem with a round obstacle (phase constraint that forces the objects to be outside
around) curvilinear optimal motions can arise despite of simple motion dynamics. P. Bernard
noted also that J.V. Breakwell thought about this non-trivial idea during that Conference and
after it.

These two works by J.V.Breakwell and P. Hagedorn can be regarded as some result of
these reflections. So, maybe, the main outcome of these works is not a control method of
players that can be generalized to other problems, but just the fact of existence of curvilinear
optimal motions in zero-sum games with simple motion dynamics.

Computations in papers [11,25] are very complicated. It would be reasonable to check
them and, possibly, to rewrite in an easier way. The principal point of paper [11] is clas-
sification of appearing singular surfaces. But it is not clear enough whether it is correct or
not.

In work [2] among several formulations of pursuit problems 1 x 2, a time-optimal problem
is considered similar to that from [11]. Unfortunately, in [2] there is no detailed comparison
of obtained results with the ones of paper [11]. Also, there is no complete interpretation of
appearing singular surfaces.

(3) In the second half of 1960s, L.A.Petrosyan has published several works (see, for
example, [42,43,46]), in which he has studied the game with a life line formulated in the
R.Isaacs’ book. In this game, the evader tries to reach the boundary of a given set (the “life
line”); the pursuer tries to intercept the evader before the reach. L.A. Petrosyan studied this
problem assuming that the objects under consideration have simple motion dynamics. Also,
problems have been investigated, which involve many pursuers or evaders. In particular, it
was proved that if there are many pursuers and only one evader, then for many situations the
constant-bearing approach is the optimal behavior for the pursuers. Majority of the obtained
results has been included to books [44,45].

When the constant-bearing approach is used, the line of sight “pursuer—target” remains
parallel to its original direction during the entire pursuit. To implement this method in a game,
it is necessary for each pursuer to know the value v(¢) of the evader’s control v at the current
instant 7.

3 Pursuit Problem with Equal Objects Having Simple Motion Dynamics

Now, we pass to work [56] by Pschenichnyi published in 1976. The formulation of the problem
does not include anything connected with an optimality criterion. In a finite-dimensional
space R", a differential game is considered that includes one evader and k pursuers. It is
assumed that k > n 4 1. All objects have simple motion dynamics and are equal (that is,
have equal maximal velocities):

Ip =i, |ui| <1, i =1k,
Z'e:U, |U|§1

()]

A capture of the evader means coincidence z, (t) = z.(¢) for at least one index i and some
instant# > 0. Assume that when producing a control action at an instant ¢, the pursuers know
the control v(¢) of the evader at this instant. This is called the discrimination of the evader.
One needs to give conditions for possibility of the capture and to estimate its time.

Let us describe the main facts connected with game (1) on the basis of books [17, Section 3]
and [23, Section 3].
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After passage to relative coordinates z; = zp, — Z., one gets
Zi=ui—v, lu| <1, v|<1,i=1k. 2)

The capture happens if z; () = O for at least one i and some instant r > 0.
Let us fix the initial positions z;o, i = 1, k. Suppose that z;o 7% O for all i (that is, there is
no capture at the initial time instant). Let

Zo=co{zio: i =1,k}

be the convex hull of points z;9, i = 1, k. Below, the symbol int Zp denotes its interior.

It is not too difficult to prove that if 0 ¢ int Z, then the evader can escape capture in
the infinite time interval [0, 00). Indeed, let [* be a unit vector such that (I*,z) < 0 for
all z € Zy. Then, the constant control v* = —I* allows one to keep the relation z; () # 0 for
any open-loop control u; (-).

The main difficulty of this problem is in investigation of the case when 0 € int Zy. In the
original coordinates, this inclusion means

zeo €int co {zp0: i =1,k}.

B.N.Pschenichnyi does not seek for an optimal control of the first player (who controls
the group of the pursuers) in a time-optimal problem. Instead, he assigns the constant-bearing
approach method for all pursuers. He proves that this method provides the capture not later
than some instant despite the behavior of the evader and gives an upper estimate for this
instant.

Let the evader be initially at the point z,q in the original coordinates and the ith pursuer
be at the point z,0. Then the vector z;o = z),0 — zeo defines the direction of the initial line
of sight from the evader to the ith pursuer.

(1) Denote by S the ball of radius 1 with the center at the origin of the space R". For each i
and v obeying the inequality |v| < 1, consider relation

zio+ x (§—v)>0. 3

Find the minimal positive value x = x;(v) such that relation (3) holds. The value x;*(v)
is the first instant of absorption of the origin by relative system z; = u; — v, |u;| < 1,
under a constant value v of the second player’s control and with the initial position z;o. The
symbol z;g is not included to arguments of x;* because the point z;o # 0 is regarded to be
fixed. If for some i and v relation (3) is false for all x > 0, assume ;" (v) = +o0.

Denote o (v) = 1/x;(v). For x/(v) < o0, the value o (v) is the maximal positive «
such that the relation

(S —v) > —azjo

is true. If x(v) = 400, then let &} (v) = 0.
From the condition 0 € int Z, it follows that

8 = minmax & (v) > 0. 4)
v

Here, the minimum is taken over all controls v of the evader under constraint |v| < 1, and
the maximum is taken over all indices i = 1, k.

If at the current instant ¢ one has z;(#) # 0 and o (v(t)) # 0, then let us define a
vector u} (v(t)) € S in such a way that
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uf (v(0)) — v(1) = —af (())zio.

If 2 (1) = 0 or of (v(1)) = 0, assume u} (v(1)) = v(1).

(2) Let a feasible control v(¢) be given (that is, a measurable function ¢ — v(¢) obeying
the constraint |(v(t)| < 1). Show that for any i = 1, k the control t — ul* (v (t)) provides the
constant-bearing approach of the point z, (¢) with the point z.(¢) until they coincide for the
first time.

One has

t t

zi(1) = zio +/MT(U(S))dS —/v(s)ds
0 0
t t

= Zi0 —/oei* (v(s))ds - Zi0 = (1 —/ozi* (v(s))ds)zio.
0 0

Then for any instant ¢ such that
1
/al-* (v(s))ds <1,
0

the vector z; (t) has the same direction as the vector z;o = z),0 — ze0. Thus, the chosen control
of the ith pursuer indeed provides the constant-bearing approach. At the first instant  when

i
/a;“(v(s))ds =1,
0

one gets z; (f) = 0.
(3) Let z¢ be the vector with nonzero components z1¢, 220, ---, 2k0. Following [17, Sec-
tion 3], introduce the instant

t
T (z0) = minlt >0: ir(lgmax/a;k(v(s))ds = 1]. 5)
v 1
0
Consider an arbitrary feasible control v(-) of the evader. For the instant 7' (zq), one gets
T (z0)
k
max / o; (v(s))ds > 1. 6)
1
0

Let us fix the index i (without introducing an additional denotation) that provides the maxi-
mum in the left-hand side of (6). Thus,

T (z0)
/ af (v(s))ds > 1.
0

Suppose f < T(zp) to be such that
f
/a;‘(v(s))ds =1.
0
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Let write the component z; (f) of system (2) at the instant

7 i
zi(f) = zio + / ul (v(s))ds — / v(s)ds
0

0

f r
= zZjo —/af(v(s))ds - Zio = (1 —/af(v(s))ds)zio.
0 0

Thus, we obtain z; (f) = 0. For r > 7 until T'(z9), the control u} (¢, v(t)) = v(¢) is applied.
So, the suggested control of the pursuers based on the constant-bearing approach guaran-
tees the capture at the instant 7' (zo) for any evader’s control v(-).
(4) Let us prove the estimate
k
T (z0) < 5 @)

Take an ¢ > 0 and fix a measurable function v(-) that provides in (5) the value

T (z0)
max / al-*(v(s))ds <l+e.
1

For any ¢ < T (zp), it is true that

t

k
max / v(s) Z

0 i=1

v(s)

= \

O\N

t

1

(v(v))dv > E/ min Za (v)yds >

Il
| o=
O\N o
0

'M’*

—

1
> — mlnmaxoz *wds = - -t-6.
k lv|< k

Assuming t = T (zp), we get

1
14+e> ET(ZO)S

Therefore,

T (z0) < (1 +8)§.

Now vanishing €, one obtains estimate (5).

Let us draw some conclusions. The constant-bearing approach method is wide-used in
engineering practice in guiding and intercept problems. It has turned out that in many person
pursuit problems (in the case of equal objects with simple motion dynamics), this method
gives a clear geometric picture of the pursuit and allows one to finish the pursuit not later
the instant 7' (zo) despite of the evader’s behavior. Moreover, the first player (that joins all
pursuers) guarantees the pursuit termination exactly at the instant 7 (zo). This instant can be
easily estimated from above if the initial positions of objects are known. Also, the conditions
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providing possibility of the capture are clear from the geometric point of view: the evader
should be inside the convex hull of the initial positions of the pursuers.

Studying the problem, we assume that the initial instant #( is equal to O. In this case, the
instant 7 (zp) of the guaranteed capture depends on zo. One can do in an other way: fix the
termination instant 7', and let the initial instant 7o depend on zg. With that, choose it in such
a way that the difference T — #p(zo) would be minimal. So, in this case, we could talk about
capture of the evader in the framework of a differential game with a fixed termination instant.

4 Pursuit Problems with Objects Having General Linear Dynamics

Now, we are going to give some generalization of the facts from the previous section for the
case of objects having general stationary linear dynamics.
Let there be k pursuers and one evader:

2y, = Apzp, + Bpui, u;€P;,i=1k,

Z, = A.Z, + Bev, ve Q. ®)

Here, P;, Q are convex compact constraints on the controls of corresponding objects.

Take some initial positions z,,0, i = 1,k, z¢0, and an instant T that is considered as
the instant of termination of the game. Let z), and z.;, i = 1, k, be vectors composed of
some prescribed components of the vectors z,, and z., respectively. For each i, assume
that dimensions of the vectors z,, and z; are the same. The game is regarded to be finished
successfully if at the instant 7" atleast for one i the relation z, (T) = z; (T) is true. Emphasize
that for each number i, the capture condition of the evader by the ith pursuer is defined by
coincidence of some collections of components of the vectors z,, and z.. The collections of
components of z, can be different for different i.

Consider fundamental Cauchy matrices Z(T', t; Ap,), Z(T, t; A,) that correspond to the
matrices A, i = 1,k, A, of system (8). Since system (8) is stationary, these fundamental
matrices depend on the difference 7' — ¢ only.

Let Z;(T,t; Ap,), Z;(T, t; A,) be submatrices of the matrices Z(T, t; Ap,), i = 1, k,
Z(T,t; A,) composed of the rows with the same numbers as the components of the vec-
tors z,, Z¢; have in the vectors z),, and z,. Then

-xp,' (t) = Zi(Tv tv Ap,‘)zpi (t)’ l :]’77

Xei(t) = Zi (T, t; Ae)Ze(t) ®

are the forecast values of the selected coordinates of the pursuers’ and evader’s positions to the
instant 7 along a motion of system (8) under zero controls of the objects in the interval [, T'].
Note that

Xpi (T) = 2p;(T), Xei(T) = zei (T).
Let
xi (1) = xp; (1) — Xei (1). (10)
Evolution of the variables x; (), i = 1, k, is described as
%i = Zi(T,t; Ap)Bpui — Zi(T, t; A))Bev, u; € Pi, ve Q. (an
Now, instead of system (8), system (11) can be considered and all reasonings can be made

in the framework of this system.
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Denote
Di(t) = Zi(T, t; Ap) By, Ei(t) = Zi(T,t; A))Be, i = 1, k.
Then
i =Di(u; — E;v, uj e P, ve Q, i =1,k (12)

The objective of the first player that joins the pursuers is to provide the equality x; (7)) = 0
for at least one index i = 1, k. The second player, which is the evader, tries to hinder this.

Below, it is assumed that for any i = 1, k and for any + < T the following inclusions
hold:

Ei(t)Q C D;(t)P;. (13)

Presence of this condition is equivalent to the following requirement: for any v € Q, there is
such an u; € P; that

D;(t)u; — E;(t)v = 0.

Thus, we introduce some dynamic advantage of any pursuer over the evader. In book [17],
there are other, less tough variants of the advantage definition, but we limit us to condition (13).

For any i = 1, k, the initial location x;o = x;(#) in system (12) depends on the ini-
tial locations z,0, Z.o in original system (8) and on the chosen instant #), namely, on the
difference T — ty. One has

xi0 = Zi(T, to; Ap)Zp;0 — Zi (T, to; Ae)Zeo.

Our aim is to obtain conditions for choosing the instant 7o that provide fulfillment of at
least one of the equalities x;(T) = 0,i = 1, k.

(1) Fix an arbitrary instant fg < 7. At first, assume x;o # 0,1 = 1, k. Taking ideas of
book [17] as the basis, let us do in the same way as in the previous section.

For each i, consider the relation

xi0 + (Di()Pi — Ei(t)v)x 20, ve Q, 1 € 1, T]. (14)

Find the minimal x = x(¢, v) > 0thatmeets this requirement. If for some i, ¢, v relation (14)
is not true for all x > 0, take formally x/(, v) = +o0. In the case x;*(t, v) < +00, assume

af (1, v) = 1/x (2, v).

If x7(t, v) = 400, then o (¢, v) = 0.
If at the current instant 7 one has x;(t) # 0 and o (¢, v(t)) # O, then define a vec-
tor u} (¢, v(1)) € 0P; in such a way that

D (tuf (1, v(1)) — Ej()v(t) = —a (1, (1)) - Xio. (15)
If x; (1) =0 or o (t, v(t)) = 0, assume uf(t, v(t)) such that
Dj(tuf (1, v(1)) = Ei(H)v(r). (16)

Let x;o = O for some i. Then, the control u?‘(t, v(t)) is chosen by relation (16) in the
entire interval [#g, T'].

We should provide that for any feasible control v(-) (that is, a measurable function ¢
v(t) obeying the constraint v(t) € Q) the function t — u;k(t, v(t)) is measurable too.
Corresponding explanations are given in [17, Section 3].
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(2) Show that the control t — u (¢, v(¢)) provides the constant-bearing approach control
of the point x, (t) to the point x,; (t) up to the first instant of their coincidence, that is,
when x;(t) = 0. Let 1 — v(¢) be a measurable function. One has

t t

xi(t) = xio+/Di(s)uf(s,u(s))ds —/E,-(s)v(s)ds

10 0]
t '
= Xj0 +/ot;‘(s, v(s))ds - Xjp = (l —/ai*(s, v(s))ds)xio.
10 ]

Then for any instant ¢ such that

t

/a;"(s, v(s))ds <1,

fo

the vector x; (t) = x, (t) — x; (¢) has the same direction as the vector x;o = xp,; (o) — X¢; (to).
At the first instant 7, when

i
/af(s, v(s))ds = 1,

fo

one obtains x; (f ) = 0. After the instant 7, the control ul* (t, v(t)) is chosen in such a way that
relation (16) holds.

(3) For the given T, we are interested to choose 7o as close to T as possible in such a way
that to get x; (T') = O for at least one i = 1, k by means of the control u} (t, v(t)) constructed
as it is described above.

Let x;o # O for all 7p < T and for all i = 1, k. Consider the value

T
= sup[to <T: ir(n;max/af(s, v(s))ds = 1]. (17)
v 1
0]
If tj > —oo, then in (17) instead of sup one can write max.
Suppose that 75 > —oo. Take the instant £ as the initial one in system (8). Using it, define
the initial vectors x;(. Let us show that at the instant T the relation x; (7') = 0 holds for at

least one i.
Consider a feasible control v(-) of the evader. One gets

T

max/a;‘(s, v(s))ds > 1. (18)

ly

Let us fix (without introducing an additional denotation) the index i that provides the maxi-
mum in the right-hand side of (18). One has

T
of (s, v(s))ds > 1.
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Let 7 < T be such that

ot;"(s, v(s))ds =1.

—

One obtains
f f

xi (f) = xio +/Di(s)u;“(s, v(s))ds — / E;(s)v(s)ds

1 ty
; N
= X0 —/oti*(s, v(s))ds S X0 = (1 — /ai*(s, v(s))ds)xio =0.
1 ty

After the instant 7, the control ul?k(t, v(t)) is chosen in such a way that relation (16) holds.
Hence, x;(T) = 0.

So, if 5 > —o0, then the suggested controls of the pursuers based on the constant-bearing
approach (in the forecast coordinates) guarantee the capture at the instant 7 for any evader’s
control v(-). The value T' — f; is taken as the upper estimate for the capture time.

Assume that x;o = O for at least some ty < T and some i = 1, k. Consider an instant

ty =max{ty < T : x;o = 0 for at least one i = 1, k}.

Take the instant t(’)k as the initial one in system (8). Fix the index 7, for which x;o = O at this
instant. The control u¥(t, v(r)) computed by (16) in [¢, T] provides the equality x; (1) = 0
fort e [ty, T].

Thus, the suggested method for the first player’s control provides capture at the instant 7.
Until the first instant when the equality x; (#) = 0 holds, the ith pursuer control is generated
according to the constant-bearing method. With that, at any current instant ¢, it uses the value
v(?) [see (15)]. After the first instant when x; (¢) reaches the origin until the instant 7', the ith
pursuer also discriminates the evader; namely, the pursuer takes ] (t) according to (16). The
control law is simple, but it differs from (15). Thus, if we define formally the feasible strategies
of the first player a priori, then we would use strategies with instantaneous discrimination of
the second player of kind u; = u; (t, X0, v) but with a capability to change the control law
when the system reaches the manifold x; = 0.

Of course, a crucial question arises about a possibility of pursuers’ positional control
construction that guarantees the capture of the evader at the given instant 7. The word
“positional” means that the control is constructed on the basis of the current phase state of
the game without any discrimination of the evader. Taking into account the general statement
“if the capture can be done exactly with a discrimination, then it is possible to provide an
e-capture without discrimination,” one can hope to construct the corresponding positional
control. Nevertheless, an accurate investigation of this topic is usually very complicated and
is a problem itself.

Note that we do not speak here about conditions that guarantee evader’s escape. Such con-
ditions have been studied, but in contrast to the problem considered in Sect. 3, corresponding
statements are not so simple.
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Paper [56] by Pschenichnyi and further works by Chikrii, Grigorenko, Petrov, and their
colleagues (see, for example, [8,15,21,22,47-49,57,59]) have improved significantly the
theory of many person pursuit games.

At first, for games of this type, situations of capture have been started to study that imply
not exact coincidence of positions of the pursuer and evader, but guiding the evader to
some neighborhood of the pursuer. Also, problems with state constraints have been studied.
Moreover, techniques have been elaborated that reduce problems with state constraints to
ones without constraints. Sufficient conditions have been formulated that guarantee multiple
capture. At the same time, problems with one pursuer and many evaders are studied too.
Entire experience accumulated allowed one to explore problems with a group of pursuers
and a group of evaders.

There are three important books [7,16,23] published in Russian. They contain a systematic
description of theoretic results obtained on this topic during the last quarter of the previous
century and at the beginning of the current one. Book [16] has been translated into English
[17].

These books include a lot of examples that have been solved by the suggested meth-
ods. Among them let us note the problems with objects, whose dynamics is described by a
differential relation of the following type:

Z(P) +alZ(P_1) +...+ap_lz'+apz =Uu.

Here, z is a finite-dimensional phase vector of the object, 7P is the pth time derivative, a;,
i =1, ..., p, are numeric coefficients, and u is the vector control constrained by a convex
compactum.

All three books suggest both own authors’ investigations and ideas of other scientists. They
can be used as teaching aids too. In book [23], an evasion differential game with a linear
dynamics is considered, for which sufficient conditions are formulated that provide escape
for the evader in the infinite time interval for any initial locations of objects. The basis of
the method is the local evasion maneuver elaborated by Pontryagin and Mischenko in works
[53,55]. This method is expanded to the situation of many pursuers in paper [38]. Also, in
book [23] there is a section devoted to an evasion method worked out by Chernous’ko [14].
This method provides escape of an object with simple motion from a group of pursuers that
have simple motion dynamics too. Under assumption of advantage in velocity of the evader
over each pursuer, an algorithm has been suggested providing a certain distance evasion
from all pursuers with keeping the motion inside a prescribed neighborhood of a given basic
trajectory.

5 Procedure for Constructing Maximal Stable Sets

In Sect. 4, we have described an approach to solution of a stationary linear pursuit problem
with k pursuers and one evader. Underline the following essential points of our description.

1. The original dynamics of all objects is supposed to be linear and stationary. It is agreed
that the dynamic capabilities of each pursuer are not worse than the ones of the evader.

2. The initial locations of the objects are given.

An instant T is fixed that is regarded as the termination one.

4. A new phase vector is introduced, which is composed of vectors x;, i = 1, k [see (9)
and (10)]. Each x; (¢) is the difference of the forecasts under zero controls of the objects
to the instant 7" of the selected subvectors of the ith pursuer’s and evader’s phase vectors

bt
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that are involved in the relations defining the rendezvous of this pursuer and the evader
along the motion of system (8). System (12) obtained as a result does not contain the
new phase variables in its right-hand part. The capture condition can now be written
as x;(T) = 0 for at least one i = 1, k.

5. At the current instant 7, to generate their controls, the pursuers use the value v(¢) of the
evader’s control at this instant.

6. The initial instant £; is chosen in a special way.

7. Each pursuer produces its control on the basis of the constant-bearing method that is
implemented in the forecast coordinates. It is shown that for any behavior of the evader,
it is captured at the instant 7 if the initial locations are related to the instant #;.

Introduce the set M = {x : x; = Oforatleastonei = 1,k}. Let x = (xi,.. .,xk)T
and x(#)) be the initial vector at the instant #;. Consider the motion bundle appearing in
the space ¢, x when the first player produces its control on the basis of the constant-bearing
method. This bundle is emanated at the instant #; from the initial location x(zj) and is
generated by all feasible realizations of the second player’s control. The bundle is stopped
on the set M at the instant 7'. This bundle can be regarded as a stable set (a stable bridge).

(1) A general method for constructing a maximal stable set ending on a given arbitrary
terminal set M at the fixed instant 7 has been described for linear systems in papers by
Pontryagin [52,54]. Krasovskii [27,28] has formulated the concept of stable sets for a general
case and put it on the basis of the differential game theory. Procedures for constructing
maximal stable sets in differential games with a fixed termination instant have been considered
in works [39,58,68,69]. Below, following [52,54], we give a schematic description of a
method for constructing maximal stable sets in linear games.

We suppose that the original linear stationary game with a fixed termination instant 7T is
already reduced to the type

x=DMt)u—E({t)v, ueP,veQ, (19)

and a closed terminal set M is defined in the coordinates x. It is necessary to construct in
the space ¢, x, t € [t,, T], the maximal stable set W ending on the set M at the instant 7.
Here and below, t, < T is some instant that defines the interval of constructions. Further,
the symbol W (¢) denotes a time section (¢-section) of the set W at the instant : W (¢) = {x :
(t,x) € W}

(2) A theoretic computational scheme of a backward construction can be described as
follows. In the interval [z, T], introduce atime grid ® = {t; =t, <th <--- <ty =T}.
In each semi-interval [#;, #;+1), dynamics (19) is changed by a constant dynamics

x=D@)u—E(tj)v, ueP, ve 0. (20)

Here, thj: sets P and O are some approximations of the sets P and Q. Assume W(IN) =M
where M is some approximation of the set M. _
Suppose that the set W (#; 1) is built. Then, the set W (#;) can be found by formula

W) = (W(tis1) + (=A)D)P) = (=ADE(#)0. Q1)

In this formula, A; = ;11 — t;, the signs “+” and “£” mean Minkowski sum and difference
(algebraic sum and geometric difference):

A+B=la+biacAbeB), AxB=)(A-b).
beB
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The operation of geometric difference has been introduced to the control theory and theory
of differential games by Pontryagin in works [51,52] and nowadays is used widely both in
differential games and in computational geometry.

It can happen that for some #; the obtained set W () is empty. In this case, further backward
constructions are ceased.

(3) Formula (21) has a very clear sense. The term VT/(tiH) + (—A,‘)D(ti)?3 is a set
composed of points such that from any of them taken at the instant #;, the first player can
guide a motion of system (20) to the set W([H_]) at the instant 7,1 under some constant
control from the set P if the second player’s control v equals zero. Then, the set

(Wtis1) + (=A)D)P) — (—ADE (1)

is the collection of points at the instant #; wherefrom the first player can guide a motion of
system (20) to the set VT/(Z‘,'_;,_ 1) at the instant #;, 1 under some constant control from the set P
if the second player’s control v € Q is known. Intersection of these sets for all possible
controls v € O of the second player gives the set W (t;) wherefrom the first player can guide
the motion of system (20) to the set W(IH_ 1) if the second player reveals its constant control
in the interval [#;, tj+1).

The recurrent procedure for constructing sets W(tl-) in the backward time is actually
the dynamic programming procedure applied to a differential game of type (19). Van-
ishing diam ®, one can speak about the limit set W in the space ¢, x. With appropriate
approximations and quite small diameter of the grid ©, the sets W (t;) are close to the
sets W (t;) in Hausdorff metrics.

(4) The theoretic scheme being clear ideologically meets significant algorithmic difficul-
ties during practical implementation. They arise in subroutines for constructing Minkowski
sum and difference, especially, if the sets are non-convex. In the case of convex polygons in
the plane, these algorithms can be implemented very effectively and easy [24,31,67]. Com-
putational problems grow catastrophically with increasing dimension of the phase vector of
system (19). But despite this, there are some implementations of the sum and difference pro-
cedures for multi-dimensional convex polyhedra [10,50,70,71]. In the case of non-convex
sets in the plane [in the case of two-dimensional phase vector of system (19)], there are
some realizations (often, heuristic) made by mathematicians [18,41] and computer graphics
specialists.

In problems of group pursuit, dimension of the phase vector of system (19) depends on
the number of objects and conditions of capture. Often, dimension is extremely high. Due
to this, usually, the group pursuit problems are not studied by means of construction of the
maximal stable sets W. This concerns even well worked out grid methods for constructing
the sets W (see, for example, [37]) or the value function [6,9].

Nevertheless, there are interesting problems with few objects where the maximal stable
sets W can be built.

6 Game with Two Pursuers and One Evader
6.1 Problem Formulation

Let motions of the pursuers P;, P», and the evader E be described in the vector form as
follows:
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il’i = Apizp,- +Bp,-ui7 |ul| = Mis Z) € Rn[v i = 15 2,

Z, = Az, + B,v, lv| < v, z, € R". (22)

Here, uy, uz, and v are scalar controls; A, A),, and A, are square matrices; B, , B),, and
B, are column matrices.

Denote by zp,, i = 1, 2, and z, the first components of the vectors z,,, i = 1, 2, and z,
respectively. Assume that they are the geometric coordinates of the objects.

We fix an instant 7. The payoff function is introduced as

¢ = min{|zp, (T) = 2e(D)|, |2, (T) = ze(T)]}. 23)

’

Consider the following zero-sum differential game: the first player using controls u; and u,
minimizes the payoff ¢; the second one maximizes the payoff value by its control v.

6.2 Practical Motivation

The considered problem arises when studying a pursuit in upper atmosphere layers. The
scheme of the pursuit is given in Fig. 1 and is taken from works by J. Shinar. We assume
that both nominal trajectories are in the plane. The components of the nominal velocities
along the horizontal axis are quite large, and the angles between the nominal velocities and
the horizontal axis are quite small. Therefore, the longitudinal motion can be regarded as
uniform, and we can consider only the lateral motion and measure the lateral misses between
the pursuers and evader at the instants 77 and 7> of nominal collisions. Linearization of the
original nonlinear dynamics along the nominal trajectories gives a linear differential game.
Considering a particular case when 77 = T», we obtain the formulation described above.

6.3 Zero-Effort Miss Coordinates

We denote by x; (), i = 1, 2, the value of the difference z, — z, that is predicted from the
current instant ¢ and the current positions z,(t), Zp, (t) to the instant 7" under the condition
that zero controls act in system (22) in the interval [#, T']. (Here, we subtract the coordinates
of the pursuers from the coordinates of the evader instead of the opposite subtraction that
is used in the previous sections because this way is used in the works by J. Shinar and his
collaborators.) We have

(X P ’2) nom

Nominal
collision
with P,

- )

(Vo) uom Nominal ™~ (Vi) om

collision o~ (X£)om
B v with P, /\
(Xpl)nom Vi(t)

Fig. 1 Scheme of the interception with two pursuing objects
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xi(t) = ZN (T, t; A)ze(t) — ZN(T, 1; Ap)zy, (1), i =1, 2,

where the upper index 1 marks the first rows of the fundamental Cauchy matrices Z(7T', t; Ap,)
and Z(T, t; A,) that correspond to the matrices A, and A, and are written for the instants T
and ¢. Since the matrices A, A, do not depend on the time ¢, the matrices Z(T', t; Ap,) and
Z(T,t; A.) depend on the difference T — ¢ only. Often, the values x;(¢),i = 1, 2, are called
the zero-effort miss coordinates [64]. Note that x; (T) = z.(T) — z), (T).

Differentiating the values x; (¢) by ¢, we obtain

5i(1) = ZN(T. 1 A)Bev — Z\(T. 1 Ap,) By u;.

luil < i, vl <v, t <T;, i=1,2. @4

From results of the differential game theory, it follows (see, for instance, [12,27,28]) that the
differential game with dynamics (24) and the payoff function

x(T)[}

is equivalent (in the sense of magnitude of the value function) to the differential game with
dynamics (22) and payoff function (23). Dimension of the phase vector x = (xi, x) " s
equal to two and the phase vector x is absent in the right-hand part of system (24).

So, we have a standard differential game with a fixed termination instant 7. However, the
level sets (the Lebesgue sets) {x : ¢(x) < c}, ¢ > 0, of the payoff function ¢ are not convex.
This fact makes the problem interesting for a mathematical investigation.

@ = min{|x(T)

3

6.4 Variants of Dynamics

In the literature devoted to 1 x 1 pursuit problems, the following variants of the objects’
dynamics have been suggested.

1. First-order link The following dynamics gives the simplest description of inertiality of
the servomechanisms that transforms the control signal u to the acceleration (see, for
example, [62]):

Z=a, a=wm—a)t. (25)

The value t is called the time constant and defines the time interval until the acceleration
reaches the desired level.
2. Oscillating link Paper [63] investigates problems with the dynamics

f=a, di=-wa—1{a+u. (26)
Here, in contrast to (25), the servomechanisms’ dynamics is described by a second-order
differential equation that corresponds to an oscillating contour with the own frequency w
and viscous friction with the factor ¢.
3. Tail/canard control Work [61] studies 1 x 1 games in the case when the control is created
by deflection of aerodynamic rudders. The dynamics description is the following:

Z=a+du, a=(1-du—a)/t. 27

The parameter d is defined by disposition of the aerodynamic rudders. Its positive (negative)
values correspond to the case when the rudders are placed in the head (tail) part of the object.
As before, the symbol T denotes the time constant.

Games 2 x 1 with dynamics of types (25) and (26) were studied in works [20,30,36].
Games 2 x 1 with dynamics (27) have not been studied earlier.
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To make possible to take into account the dynamics variants (25)—(27), this section con-
siders a more general formulation, in which the linear dynamics of each object is described
by its own vector differential equation with a scalar control restricted on modulus. For each
object, the first coordinate of the phase vector is regarded as the coordinate of the object
position on the straight line.

6.5 Examples of Solvability Sets

Let for ¢ > 0 the set W, be the maximal stable set in the three-dimensional space ¢, x ending
at the set M, = {x : @(x) < c}. In other words, W, is the set where the magnitude of the
value function is not greater than c. The set W, is also called the solvability set corresponding
to the miss c. If (9, xo) € W,, then the first player guarantees the game termination with a
miss ¢ < c. If (ty, xo) ¢ W,, there is no such a guarantee.

We construct the solvability sets W, numerically. We cut off infinite strips of the cross-like
terminal set M. at some level in each coordinate x1, x» and further use our own algorithms
that are founded on theoretical constructions [27,28] developed in Ekaterinburg, Russia. The
algorithms implement a procedure of dynamic programming in the backward time. With that,
we use [20,29,30] the fact that the 7-sections We(t) = {x : (1,x) € W.} of the solvability
sets W, are sets in the plane R? (just these sets are produced by the algorithm).

When investigating the solvability sets, we try to detect their important structural pecu-
liarities. Some of them have been outlined by J. Shinar in works dealing with linear pursuit
problems of the type 1 x 1.

6.5.1 Example 1

Consider the case when the evader’s behavior is described by system (25), and the behavior
of each pursuer is described by system (27). Thus, if to use denotations of system (22), we
have

0 1 0 0
Ap; =10 0 1 ’ By, = dp, ’
0 0 =1/t (I —dp) /Ty,
0 1 0 0
Ac=10 0 1 , B, = 0 )
0 0 -1/t 1/7,

luil < i, i=1,2, v <v.
Let the pursuers P; and P> be equal. Choose the values of parameters as follows:
w1 =u2=09, v=1, 15 =15, =1/09, T =1, T = 15.

Firstly, let us suppose that d,,, = dj, = d = 0. Then each of the objects has the dynamics
of the first-order link for his control. Under this, for the chosen values of the parameters, the
following relations hold:

0.9 i 0.9 1
B _ D7 g BT T _081<1, i=1, 2.
) 1 voT) 1 1/09
This corresponds [62] to the case of weak pursuers. The three-dimensional solvability set W,
for ¢ = 2.0 in the 2 x 1 game is shown in Fig. 2b. Note that Wy(#) = @ forany ¢t < T in the
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Fig. 2 Example 1: Solvability
sets for three different variants of
dynamics,c =2.0:ad <0,b
d=0,¢d >0

case of weak pursuers, that is, there are no initial positions, from which the first player can
guarantee the exact encounter.

Let now d > 0. The three-dimensional solvability set for ¢ = 2.0 is shown in Fig. 2c. It
is seen that this set is significantly larger than one for d = 0. Figure 3 presents the set W,
corresponding to ¢ = 0. From any initial position in this set, the first player guarantees the
zero miss, that is, the exact encounter.

Atlast, let d = —0.5 < 0. In this case, again Wy(t) = @ for t < T. The solvability set
for ¢ = 2.0 is shown in Fig. 2a.

The sets in Figs. 2 and 3 are drawn in the same scale from the same point of view.
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Fig. 3 Example 1: Solvability set for ¢ = 0 in the case d > 0

6.5.2 Example 2

In the second example, all three objects have their dynamics of type (25) with the following
parameters:

1 =08, py =13, v=10, 1, =1/200, 1,, =1/0.5, 7, = 1.0, T = 15.0.

The peculiarity of this example is that the pursuers have qualitatively different dynamics
capabilities. Both of them have varying dynamic advantage over the evader. The first pursuer
is weaker than the evader in some period near the termination instant and stronger when there
is a lot of time until the end of the pursuit. The second one is, vice versa, weaker than the
evader when the time-to-go is large and stronger near the termination instant.

The solvability set corresponding to the miss level ¢ = 0.1 is shown in Fig. 4.

The obtained solvability set is finite in time. From the theoretical point of view, this is
due to the fact that the first pursuer, which is weaker finally, acts in the vertical direction and
cannot prevent the contraction of the solvability set in this direction. The capabilities of the
second pursuer are inessential in this situation. From the practical point of view, explanation

Fig. 4 Example 2: Solvability set for ¢ = 0.1, situation of different pursuers
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is the following: if the evader is stronger than a pursuer and has enough time, then he can
escape through the influence zone of this pursuer, and the desirable level of the miss cannot
be obtained.

6.5.3 Example 3

Now, let us take the dynamics of form (26) for the pursuers and the dynamics of type (25)
for the evader. We have

01 0 0 0
00 1 0 0

A=lo 0o o0 1 Be=of
0 0 —w; —ip 1
01 0 0

Ac=(0 0 1 |, B.=[ 0 |,
00 -1/z 1/7

il < i, i=1,2, [v] <.

Our aim is to show an example with “exotic” solvability setin a 2 x 1 game. Choose the
following parameters:

wr=p2=03,v=13, w, =w, =05,
Cpy = &p, =0.0025, 7, = 1.0, T = 30.

Figure 5 shows the solvability set W, for ¢ = 1.6. Its “peculiarity” is in the presence of two
time periods with narrow “throats.” Earlier, for three-dimensional solvability sets in model
problems 1 x 1 of cosmic pursuit, examples with one narrow throat have been constructed
[32]. For a problem 2 x 1 with dynamics of form (25) in work [29], an example is given
where in some period of time, the solvability set disjoins into two parts. Each of them has
a narrow throat. If in a problem 2 x 1 the pursuers have dynamics (26), then the number of
throats can be even greater. In the case of a 1 x 1 game of form (26) for the pursuer and
of form (25) for the evader, the possibility of situation with several narrow throats has been
predicted in [63].

z; \

Fig. 5 Example 3: “Exotic” solvability set with two areas of disconnectivity of time sections
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We have shown here results of numerical construction of solvability sets in a game 2 x 1
with fixed termination instant 7. From the ideological point of view, each of them is the
maximal sets in the space #, x, wherefrom the first player guides the system to the prescribed
terminal set discriminating the second one; the terminal set is cross-like. We have said nothing
about construction of the positional strategy of the first player that guarantees (with a suffi-
ciently small time step of the discrete control scheme) reaching any close neighborhood of the
terminal set at the termination instant 7. As it is said in Sect. 4, construction of such a strategy
is a separate problem. Theoretical investigations of this topic are set forth in books [27,28,66].

7 Other Pursuit Problems with Many Objects

1. Finalizing setting forth results of numerical study of the intercept problem at a fixed instant
with two pursuers and one evader, note again that we deal with a problem where all objects
move in a direct line. If a problem of planar intercept would be investigated in the same
way, we would have a four-dimensional space of forecast coordinates. Such problems are
very actual from the point of view of studying spatial intercept. In the literature on differ-
ential games, there are papers, whose results can be used as test examples for procedures
solving problems of this type. Namely, paper [40] suggests an investigation of a problem
with simple motion in the plane. The result is computed at some prescribed instant as the
distance between the evader and closest pursuer. It is shown there that the value function
is the program maximin function where the maximum is taken over open-loop controls
of the evader and the minimum is taken over open-loop controls of the pursuers. In work
[35], two inertial objects chase an inertialless one in the plane. The payoft at some fixed
termination instant is the distance between the evader and closest pursuer. Some formulae
are given for computation of the value function in different domains of the phase space.

2. Among pursuit problems with many persons, a very important class includes problems
with false targets. The evader at some instant or instants shoots off a false target (or several
targets) to put out the pursuer(s). The pursuer (or pursuers) can distinguish the false target
only when being not far from it than some distance r. Moreover, the pursuer is capable
of observing an object (the true or false target) if it is in its detection zone with radius
R > r.Thepursuer is interested to intercept the true target. How to formalize correctly and
adequately problems of this type? E.P. Maslov and his collaborates have suggested some
variants of formulations and studied the problem for objects with simple motion [1,3,60].

3. In works [4,5], problems with many pursuers and one evader in the plane are considered.
Their peculiarity is in assumption that each pursuer starts to chase only if the evader is
closer to it than to other pursuers. It is natural to use Voronoi diagrams during solving
problems of this type.

4. In problems of group pursuit, it is desirable to exclude too tight approach of pursuers.
Moreover, information interchange can be carried out only with objects that are not too
far. From the mathematic point of view, these demands can be included to the formula-
tion by means of some phase constraints. With that, of course, the aim of the group of
pursuers has some global objective, for example, to destroy all evaders. In work [65], it
is suggested to introduce some special objective and goal functions that allow one to take
into account local and global aims of all objects. The authors of that paper try to use these
functions to produce a Lyapunov function, whose change in time obeys to some inequal-
ity. Unfortunately, it is very difficult to construct explicitly the corresponding inequality.
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5. If one can formulate a zero-sum differential game, which takes into account the phase
constraints for the objects, adequately reflects objectives of pursuers and evaders, and
allows one to prove existence of the value function, then the value function is a Lyapunov
function that can be used for construction of optimal feedback controls. In works [13,19],
a fabulous plan is declared about realization of numerical methods for solving extremely
hard problems of group pursuit.

6. The problems are even more difficult when the objects are constrained by a “virtual con-
tainer” that can change its shape and/or orientation during motion. Such problems are
suggested in [33,34].

Finishing our survey, we should emphasize that the further development of methods for
solving pursuit games group x group, doubtless, will be connected with improvement of exist-
ing numerical procedures and creating new ones for the case of multi-dimensional differential
games and corresponding partial differential equations of Hamilton—Jacobi type. Nowadays,
such algorithms are worked out in workgroups of A.B.Kurzhanski (Moscow State Univer-
sity, Moscow, Russia), V.N. Ushakov (Krasovskii Institute of Mathematics and Mechanics,
Ekaterinburg, Russia), M. Falcone (Universitd degli Studi di Roma “La Sapienza,” Rome,
Italy), C.Tomlin, S.Sastry (Berkley University, Berkley, USA), N.L. Grigorenko (Moscow
State University, Moscow, Russia), N.D. Botkin (TU Miinchen, Munich, Germany).

8 Conclusion

Pursuit problems with one pursuer and two evaders or with two pursuers and one evader
can be formulated in such a way that their solution could be obtained by means of general
methods of zero-sum differential games. Solvability sets corresponding to certain values of
the payoff can be constructed, and singular surfaces can be found and classified. Both of
them are theoretically interesting because some exotic examples can be discovered.

But if the total number of objects is large, investigations involving general methods with
usual optimality criteria are hardly implementable due to extremely high dimension of the
phase vector of obtained games. In this case, one way of simplification is to seek for some
special formulations that are still adequate to original practical problems and provide some
solution. Formulations of this type have been found in the class of linear differential games
and games with simple motion. With that, the method of constant-bearing approach well
known to engineers has been successfully applied in the original or forecast coordinates.

Works included in this survey have been selected just according to these two ideas. Also,
a number of papers have been added where some formulations are discussed that reflect
modern practical situations. Necessity in capability to solve such problems will stimulate
development of theory and numerical methods for zero-sum differential games in the near
future.

Acknowledgements This work has been partially supported by Russian Foundation for Basic Research,
Project No. 15-01-07909.
References

1. Abramyants TG, Ivanov MN, Maslov EP, Yakhno VP (2004) A detection evasion problem. Autom Rem
Control 65(10):1523-1530

Birkhauser



Dyn Games Appl (2017) 7:609-633 631

11.
12.

20.

21.

22.
23.

24.

25.

30.

31.

32.

33.

Abramyants TG, Maslov EP, Rubinovich EY (1980) An elementary differential game of alternative
pursuit. Autom Rem Control 40(8):1043-1052

Abramyants TG, Maslov EP, Yakhno VP (2007) Evasion from detection in the three-dimensional space.
J Comput Syst Sci Int 46(5):675-680

Bakolas E, Tsiotras P (2010) On the relay pursuit of a maneuvering target by a group of pursuers. In: 50th
IEEE conference on decision and control and European control conference (CDC-ECC’2011). IEEE, pp
7431-7436

Bakolas E, Tsiotras P (2011) Optimal pursuit of moving targets using dynamic Voronoi diagrams. In:
49th IEEE conference on decision and control (CDC’2010). IEEE, pp 42704275

Bardi M, Falcone M, Soravia P (1999) Numerical methods for pursuit-evasion games via viscosity solu-
tions. In: Bardi M, Parthasaraty T, Raghavan TES (eds) Annals of the international society of dynamic
games, vol 4. Birkhauser, Boston, pp 105-175

Blagodatskih AL Petrov NN (2009) Conflict interaction controlled objects groups. Udmurt State Univer-
sity, Izhevsk (in Russian)

Blagodatskikh AI (2008) Group pursuit in Pontryagin’s nonstationary example. Differ Equ 44(1):40-46
Botkin ND, Hoffmann KH, Turova VL (2011) Stable numerical schemes for solving Hamilton—Jacobi—
Bellman—Isaacs equations. SIAM J Sci Comput 33(2):992-1007

Botkin ND, Ryazantseva EA (1992) Algorithm of constructing the solvability set for linear differential
games of high dimension. Trudy Inst Mat i Mekh 2:128-134 (in Russian)

Breakwell JV, Hagedorn P (1979) Point capture of two evaders in succession. JOTA 27(1):89-97
Bryson AE, Ho YC (1975) Applied optimal control. Optimization, estimation and control. Hemisphere
Publishing Corporation, Washington, DC

Chen M, Fisac J, Sastry S, Tomlin C (2015) Safe sequential path planning of multi-vehicle systems via
double-obstacle Hamilton—Jacobi—Isaacs variational inequality. In: Proceedings of the 14th European
control conference, pp 3304-3309

Chernous’ko FL (1976) A problem of evasion from many pursuers. J Appl Math Mech 40(1):11-20
Chikrii AA (1978) On the evasion problem in a linear differential game. Autom Rem Control 38(9):1291—
1295

Chikrii AA (1992) Conflict controlled processes. Naukova dumka, Kiev (in Russian)

Chikrii AA (1997) Conflict-controlled processes, mathematics and its applications, vol 405. Kluwer,
Dordrecht

Dvurechensky PE, Ivanov GE (2014) Algorithms for computing Minkowski operators and their applica-
tion in differential games. Comput Math Math Phys 54(2):235-264

Fisac JF, Sastry S (2015) The pursuit-evasion-defense differential game in dynamic constrained environ-
ments. In: Proceedings of the IEEE 54th annual conference on decision and control (CDC), pp 45494556
Ganebny SA, Kumkov SS, Le Ménec S, Patsko VS (2012) Model problem in a line with two pursuers
and one evader. Dyn Games Appl 2:228-257

Grigorenko NL (1989) On a quasilinear problem of pursuit by several objects. Sov Math Dokl 20:1365—
1368

Grigorenko NL (1989) The pursuit problem in n-person differential games. Math USSR-Sb 63(1):35-45
Grigorenko NL (1990) Mathematical methods of control of multiple dynamic processes. Moscow State
University, Moscow (in Russian)

Grigorenko NL, Kiselev YN, Lagunova NV, Silin DB, Trin’ko NG (1996) Solution methods for differential
games. Comput Math Model 7(1):101-116

Hagedorn P, Breakwell JV (1976) A differential game with two pursuers and one evader. JOTA 18(1):15—
29

Isaacs R (1965) Differential games. Wiley, New York

. Krasovskii NN, Subbotin AI (1974) Positional differential games. Nauka, Moscow (in Russian)
. Krasovskii NN, Subbotin Al (1988) Game-theoretical control problems. Springer, New York

Kumkov SS, Le Ménec S, Patsko VS (2013) Model formulation of pursuit problem with two pursuers and
one evader. In: Advances in aerospace guidance, navigation and control. Springer, Berlin, Heidelberg, pp
121-137

Kumkov SS, Le Ménec S, Patsko VS (2014) Level sets of the value function in differential games with
two pursuers and one evader. Interval analysis interpretation. Math Comput Sci 8:443-454

Kumkov SS, Patsko VS (2001) Construction of singular surfaces in linear differential games. In: Altman
E, Pourtallier O (eds) Annals of the international society of dynamic games: advances in dynamic games
and applications, vol 6. Birkhauser, Boston, pp 185-202

Kumkov SS, Patsko VS, Shinar J (2005) On level sets with “narrow” throats in linear differential games.
IGTR 7(3):285-312

Kurzhanski AB (2015) On a team control problem under obstacles. Proc Steklov Inst Math 291:128-142

T Birkhauser



632 Dyn Games Appl (2017) 7:609-633

34. Kurzhanski AB (2016) Problem of collision avoidance for a team motion with obstacles. Proc Steklov
Inst Math 293:120-136

35. Levchenkov AY, Pashkov AG (1990) Differential game of optimal approach of two inertial pursuers to a
noninertial evader. JOTA 65(3):501-518

36. Le Ménec S (2011) Linear differential game with two pursuers and one evader. In: Breton M, Szajowski
K (eds) Annals of the international society of dynamic games, vol 11. Birkhauser, Boston, pp 209-226

37. Mikhalev DK, Ushakov VN (2007) Two algorithms for approximate construction of the set of positional
absorption in the game problem of pursuit. Autom Rem Control 68(11):2056-2070

38. Mishchenko EF, Nikol’skii MS, Satimov NY (1980) The problem of avoiding encounter in n-person
differential games. Proc Steklov Inst Math 143:111-136

39. Nikol’skii MS (1983) On the alternating integral of Pontryagin. Sb Math 44(1):125-132

40. Pashkov AG, Terekhov SD (1987) A differential game of approach with two pursuers and one evader.
JOTA 55(2):303-311

41. Patsko VS, Turova VL (2001) Level sets of the value function in differential games with the homicidal
chauffeur dynamics. IGTR 3(1):67-112

42. Petrosjan LA (1965) A family of differential survival games in the space R". Sov Math Dokl 6:377-380

43. Petrosyan LA (1966) The multi-person lifeline games of pursuit. Proc Armen Acad Sci Ser Math 1:331-
340 (in Russian)

44. Petrosyan LA (1977) Differential games of pursuit. Leningrad State University, Leningrad (in Russian)

45. Petrosyan LA (1993) Differential games of pursuit. World Scientific Publisher, London

46. Petrosyan LA, Dutkevich YG (1972) Games with a “lifeline”. The case of [-capture. SIAM J Control
10(1):40-47

47. Petrov NN (1988) A group pursuit problem with phase constraints. ] Appl Math Mech 52(6):803-806

48. Petrov NN, Shuravina IN (2009) On the “soft” capture in one group pursuit problem. ] Comput Syst Sci
Int 48(4):521-526

49. Pittsyk MV, Chikrii AA (1982) On a group pursuit problem. J Appl Math Mech 46(5):584-589

50. Polovinkin ES, Ivanov GE, Balashov MV, Konstantiov RV, Khorev AV (2001) An algorithm for the
numerical solution of linear differential games. Sb Math 192(10):1515-1542

51. Pontryagin LS (1967) Linear differential games, 1. Sov Math Dokl 8:769-771

52. Pontryagin LS (1967) Linear differential games, 2. Sov Math Dokl 8:910-912

53. Pontryagin LS (1971) A linear differential evasion game. Proc Steklov Inst Math 112:27-60

54. Pontryagin LS (1981) An algorithm for the numerical solution of linear differential games. Math USSR-Sb
40(3):285-303

55. Pontryagin LS, Mishchenko EF (1969) A problem on the escape of one controlled object from another.
Sov Math Dokl 10:1488-1490

56. Pschenichnyi BN (1976) Simple pursuit by several objects. Cybern Syst Anal 12(3):484-485

57. Pschenichnyi BN, Chikrii AA, Rappoport IS (1981) An efficient method of solving differential games
with many pursuers. Sov Math Dokl 23(1):104-109

58. Pschenichnyi BN, Sagaidak MI (1970) Differential games of prescribed duration. Cybernetics 6(2):72-80

59. Rappoport IS, Chikrii AA (1997) Guaranteed result in a differential game of group pursuit with terminal
payoff function. J Appl Math Mech 61(4):567-576

60. Shevchenko II (1997) Successive pursuit with a bounded detection domain. JOTA 95(1):25-48

61. Shima T (2005) Capture conditions in a pursuit-evasion game between players with biproper dynamics.
JOTA 126(3):503-528

62. Shima T, Shinar J (2002) Time-varying linear pursuit-evasion game models with bounded controls. J Guid
Control Dyn 25(3):425-432

63. Shinar J, Glizer VY, Turetsky V (2013) The effect of pursuer dynamics on the value of linear pursuit-
evasion games with bounded controls. In: Krivan V, Zaccour G (eds) Annals of the international society
of dynamic games, vol 13. Birkhauser, Boston, pp 313-350

64. Shinar J, Medinah M, Biton M (1984) Singular surfaces in a linear pursuit-evasion game with elliptical
vectograms. JOTA 43(3):431-456

65. Stipanovi¢ DM, Tomlin C, Leitmann G (2012) Monotone approximations of minimum and maximum
functions and multi-objective problems. Appl Math Opt 66(3):455-473

66. Subbotin AI (1995) Generalized solutions of first order PDEs. The dynamical optimization perspective.
Birkhéuser, Boston

67. Subbotin Al Patsko VS (eds) (1984) Algorithms and programs for solving linear differential games. Insti-
tute of Mathematics and Mechanics, Ural Scientific Center, Academy of Sciences of USSR, Sverdlovsk
(in Russian)

68. Taras’ev AM, Ushakov VN, Khripunov AP (1988) On a computational algorithm for solving game control
problems. J Appl Math Mech 51(2):167-172

) Birkhduser



Dyn Games Appl (2017) 7:609-633 633

69. Ushakov VN (1981) On the problem of constructing stable bridges in a differential pursuit-evasion game.
Eng Cybern 18(4):16-23

70. Zarkh MA, Ivanov AG (1992) Construction of the value function in the linear differential game with the
fixed terminal time. Trudy Inst Mat i Mekh 2:140-155 (in Russian)

71. Zarkh MA, Patsko VS (1988) Numerical solution of a third-order directed game. Eng Cybern 26(4):92-99

9 Birkhauser



	Zero-Sum Pursuit-Evasion Differential Games  with Many Objects: Survey of Publications
	Abstract
	1 Introduction
	2 First Works on Group Pursuit
	3 Pursuit Problem with Equal Objects Having Simple Motion Dynamics
	4 Pursuit Problems with Objects Having General Linear Dynamics
	5 Procedure for Constructing Maximal Stable Sets
	6 Game with Two Pursuers and One Evader
	6.1 Problem Formulation
	6.2 Practical Motivation
	6.3 Zero-Effort Miss Coordinates
	6.4 Variants of Dynamics
	6.5 Examples of Solvability Sets
	6.5.1 Example 1
	6.5.2 Example 2
	6.5.3 Example 3


	7 Other Pursuit Problems with Many Objects
	8 Conclusion
	Acknowledgements
	References




