ooooboooao
1130 19710 71-90

71

AN APPLICATION OF THE EPSILON TECHNIQUE

TO THE SOLUTION OF PURSUIT AND EVASION PROBLEMS

Yoshiyuki Sakawat

tFaculty of Engineering Science, Osaka University, Toyonaka, Osaka, Japan.



72
ABSTRACT

A necessary and sufficiént condition for attaining éapture in
pursuit and evasion problems described by nonlinear differential equa-
tions are presented. It is shown that the "epsilon technique" developed
by A. V. Balakrishnan for computing optimal control can be applied for
solving the pursuit and evasion problems. The existence of the solution
for the epsilon problem is proved, and the relation between the original

pursuit problem and the epsilon problem is shown.

1. Introduction

In this.papér, we shall discuss pursuit and evasion problehs re~
lated to a max-min problem first considered by Kelendzheridze [1]. A ne-
cessary and sufficient condition for attaining capture will be presented,
on the basis of an inclusion relation between two attainable sets of a
pursuer and an evader. The "epsilon technique" which was developed by
A. V. Balakrishnan [2], [3] for computing optimal control will be applied
for solving the pursuit and evasion problems. The advantage of the epsilon
technique lies in the fact that the optimization problem containing dif-
ferential equation constrains can be reduced to a nondynamic optimiéation
problem. It will be shown that the solution of the pursuit and evasion
problems described by differential equations can be obtained by solving
a nondynamic sup-inf problem. The existence of the solution of the epsilon
problem is proved, and the relation between the original pursuit and eva-

sion problem and the epsilon problem is shown.
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2., Statement of the Problem

Let there be two players, the one called pursuer and the other
called evader. The states of the pursuer and the evader at any time
t, 0 <t<w,are represented by m-dimensional vectors Xx(t) and y(t),
respectively. The dynamics are given by the following differential

equations,
ax/ae = £(x(n), uw, t), w0 =x,, | | (1)

where X, and Yo are initial states of the pursuer and the evader,

respectively.

Let U be a nonempty compact subset of an r-dimensional
Euclidean space Rr, and let V be a nonempty compact subset of
an s-dimensional Euclidean space RS. The control u{-) of the pursuer
is said to be admissible if u(-) is measurable on [0, T] and for each

t €[0, T}
ut) e U. - (3)

Let Qu denote the set of admissible controls of the pursuer defined on
[0, T]. Analogously, the control v(-) of the evader is said to be admissible

if v(-) is measurable on [0, T] and for each t €0, T]
v(t) e V. ; (4)

Let QV denote the set of admissible controls of the evader definéd on

[0, T].
For the functions f and g, the following assumptions will be made:

Assumption 1, The function f(x, u, t)'is continuous on meUx

[0, T] and continuously differentiable in x. Similarly, the function gly,v, 1)

is continuous on ExVx [0, T} and continuously differentiable in y.



Assumption 2. There exists a positive constant ¢ such that

[x, f(x,u,t)] Sc(1+ "x"z) (5)
for all erm, ueU, and t €[0, T], and that
[y, gly.v, 01 = c(1 +[y]?
for all y eEm, veV, and te[0, T}, where [ *, '] denotes the inner product,

Assumption 3'. The set F(x,t) defined by

"F(x,t) = {f(x,u,t): ueU} (6)
is convex for every x and te[0, T].

With Assumptions 1 and 2, for each u €., (1) has a unique solu-
tion uniformly bounded on [0, T} which will be denoted by x(:,u), and for
each v €Q , (2) has a unique solution uniformly bounded on [0, T] which

will be denoted by y (-, v) [4], [ 5].

Let Ax(T’ xo), or in short Ax(T), denote the attainable set of the

pursuer defined by

A (T, %)) = (7

' T
xy+ S; flx(t, u), u(t), t)dt: u(*) eQu

In the same manner, the attainable set of the evader, denoted by Ay(T, yo)

or Ay(T), is defined by

(8)

~T
Ay(T,yO) = {y0+ S; g(y(t,v), v(t), t)dt s v(s) er

Under Assumption 3', the attainable set Ax(T) of the pursuer turns out to

be compact [4], [5].

Now, let 7 be an nxm (n = m) matrix corresponding to the orthogo-~

nal projection from R~ onto an n-dimensional linear subspace. We

say that the capture is attained from the initial states X, and Yo if, no

matter what admissible control may be chosen by the evader, the pursuer

4
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can choose an admissible control corresponding to the evader' s control

such that
|71 -7 y(T) =6 (9)

for some finite time T, where 62 0 is a given constant. Let Bx(T)
and By(T) denote the projections of the attainable sets Ax(T) and Ay(T)

into the n-dimensional linear subspace, i, e.,
B(T) =7 A(T) ={r x: xeA (T}C R, | (10)
B(T)=nA_(T) = {rx: xeA (D)} CR",
y y { y }C
Let §6 denote a closed sphere in R" of radius & about the origin,
S, ={xer™: [x|= s}, | (11)
Then, it is clear that the pursuit-evasion game can be completed if and

only if
B(T) +5§, jBy(T). (12)

3. Completion of the Game

Let n be an arbitrary point of E”., The distance between a point

n and a set Bx(T) is defined by

. - (13)

p(n, BX(T)) = inf[”n -E ” :Ee BX(T)

Further, let us define an asymmetrical distance between two sets By(T)

and Bx( T) as follows:

1

p*(By(T), Bx(T)) sup p(n, BX(T)): ne By(T)

sup inf In-£l. (14)
neBy(T) £eB_(T) '
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By using the asymmetrical distance between the attainable sets of
: . n . cps
pursuer and evader in R, the necessary and sufficient condition for

completion of the game is obtained,

Theorem 1. Under Assumptions 1, 2, and 3!, the necessary and

sufficient condition for completion of the game is that the relation

sk .
pP(BUT), BAT) = sup  inf |ln-g]
( Y X ) neB (T)EeB (T)
v x
= sup inf ”ﬂy -nx”é 6 (15)

y eAy(T) xeA (T)

holds for some finite time T.
Proof. To prove the necessity, let us assume

BX(T) + Sé3 DBy(T) . (12)

The above relation implies that for all n eBy(T) there exists a & eBx(T)
such that
[n-elss.

Therefore, it follows that

inf [ln-glls6 forall neB (T). (16)
SeBX(T) Y

Hence we obtain

sup inf ”n - & “ 5.

n sBy(T) §eB_(T)

For proving the sufficiency, let us assume that there is a point
ﬁ\eBy(T) such that {7\¢ BX(T)_, + 56‘ Since the set By{’f) ig compact, it
follows that

A e

p(n, BX(TS) = inf

fif’?—%’ﬁ:Ech(T) > 5. (17)




~i
=1

Therefore
p*(By(T), BX(T))Z p(%,_ BX(T)) >5 .

This is a contradiction, (Q.E.D.)

4. Application of the Epsilon Technique ~
Now, the problem has been reduced to computing

sup inf ” n-§ H =  sup inf "'nx Ty “ . (18)
neBy(T) EEBX(T) yeAy(T) xeAx(T)

Since the sets Ax(T) and Ay(T) are the attainable sets, most known methods
for computing (18) will involve the solution of the dynamic equations (1)

and (2) as an essential step.

If the epsilon technique [2], [3] is applied, however, (18) can be
computed without solving the dynamic equations. Thus we formulate a
non-dynamic problem for fixed €>0 and e" >0. We seek a sup-inf of

the following functional, the time T being fixed,

hT(E' , €1 X, uy, V)= ”ﬂ x(T) —_Wy(T)”
. L gT[[;;(t) Ce(x(w), uwy, t)]%at
2¢' Jg s )

1 Ty 2 |
ok (s e, v, 1) 1% e, (19)
o

over the class of absolutely continuous state functions x(-) and y(-) satis-
fying the given initial conditions, and over the class of control functions

u(-) and v(-) subject to u(t)e U and v(t) eV for each time te[0,T]. It

will be shown in Theorem 3 that the solutions of this problem approximate

as closely as desired the original sup -inf problem (18) for sufficiently

small € and e". The epsilon problem can be solved computationally in
.many ways, e.g., by use of the gradient method, or Rayleigh-Ritz procedure,

or Newton-Raphson method, or the combination thereof [3].

v
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) Now let us formulate the epsilon problem more exactly. Let

X1 be the class of absolutely continuous functions x(-) over [0, T] subject
to x(0) = Xg> with the derivative square integrable cver [0, T]. Likewise,
let Y1 be the class of absolutely continuous functions y() over [0, T]
subject to y(0) = Yoo with the derivative square integrable over [0, T].
Let us define product spaces X and Y by

X=X1x§2u , Y=Y1xQV. v (20)

We introduce new notations defined by

0 = (xC), u()) , () = (y(), v<->)§ 21
21

€=(¢, €").
Further let us define subsets of X and Y, respectively, by
P={sC)=(x(,w, u()):uen }CX,
* (22)

E = {w(‘) = (y(',V), V(-)) : VEQV}C Y,

where x(-,u) and y(-,v) are solutions of the differential equations )]
and (2) corresponding to controls u e , and v e QV .
By using the notation (21), (19) can be abbreviated as

hple’s e xu; y,v) = hp(e s 5 9).

For proving the existence of the solution of the epsilon problenm,
we shall make another assumption:

Assumption 3. The sets f(x,U,t) and g(x,V,t) defined by

f(x,U,t) ={f(x,u,t) :vueU} » 8(x,V,t) = {g(x,v,t) : veV} (23)

are convex, respectively, for every x and t.

Concerning the existence of the solution of the epsilon problem,
Wwe obtain the following theorem. The way of proving the theorem follows

Balakrishnan[3] and Choudhury [6].
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Theorem 2. Let us denote the sup-inf of (19)_by hT(e' ,€") or
hT(e), i.e., )
hT(e) =h_(e',e") = sup inf h(€, €5 ¢;9), (24)
veY ¢eX
where the terminal time T is fixed. Let the sets Uand V be compact.
Then, under Assumptions 1, 2, and 3, the sup-inf is attained for each
€ >0 and e" >0; i.e., there exist ¢°e X and y® € Y such that

hT(e',e“) = sup inf hT(e',e";¢;«//)
veY ¢eX

=h_(e', € ¢% v°) . | (25)

Proof. Let {xn(- ), un(' )} be a minimizing sequence for (19), ¢
being fixed. It can be shown that the sequence xn(') is equi-bounded and
equi-continuous [2]. Hence, using an appropriate subsequence, we may
take xn(') to converge uniformly to an absolutely continuous function
x°(+) eXl. Also it can be shown that )'(n(') converges weakly over L2(0, T)
to X9(-) as in[2]. Now, as in Choudhury (6], let us define xn(-) by

Xl(.) + ...+Xn(.)

x ()= _ (26)

n n

Then, since )'cn(') converges weakly to 5{0(' ), by the Mazur Theorem
[7],it follows that ;n(.) converges strongly to 5(0(-). Also En(‘) converges

uniformly to x°(-).

By the convexity assumption (Assumption 3), there exists a Gn(t)e U

such that
n . .
%i;lf(;cn(t), u®,6) = 1 (5 (0, 50,9, )

It can be shown that {;{n‘ En} is a minimizing sequence [6]. In fact, let
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z (1) = % (1) - £ (xn(t), un(t),t) ,

1.
=

s

[f xk(t), uk(t),t)— f(SEn(t), uk(t),t)] . (28)

Then it is clear that

x () - £(X (0, §0,1)= 6. +2 (0, (29)

2,8+ +z ()

z () =
n n

Now let us show that L2— norm of Qn(-) defined by

Lo, =[] o]

(¢]

converges to zero. Since f(x,u,t) is continuously differentiable in X,
the admissible controls are uniformly bounded, and xn(-) and fn(-) converge '
uniformly to xo(-), it follows that for arbitrary number € > 0 there is an
integer N such that if k > N, then '

G0y 0, ) - 220, w0, ), < 6:]
‘ (30)
e (0 wd, ) - £ (%0, wr, Yl < e

Now it follows that

N |
. < T U . N s R . .
Toxint ) = 55 [kfé (el w0 ) = 1 GRg 0 w0 )

N+n ” o ”
X (’)J (');. - f ‘(.‘)) (' ))’
+ k=§+1 f(kk uk ) (x uk ) 9

-

N+n _ .
+k=§+1 Hf(xN+n(')’ uk(-),->— f(x {), uk(.)")an

10



N s :
1 - (- 0y
<% '[kzl ”f(xk('), w, (), )- f(xNJrn( ), v (), )”2 +2ne] . (31)

Letting n—c, we can conclude that

lim || en(-)!l2=o . | | (32)

n->o
From (29) and (32), we obtain
~ lim | xn(') - f xn('), un('),'>H2 = lim | zn(')"2 . (33)

n —> n—+>oo
Since zn(') converges weakly to z°(-) say, En(') converges strongly to
29(-). Hence

. ~ . - Oyr. < . ’ .

im |z ()], = 122035 1m [z ], (34)

n— [« o] n-’w
Inequalities (33) and (34) show that En ={§n, Gn} is a minimizing sequence
for hT(e; ¢ ; ¥), ¥ being fixed. Thus, we obtain

inf h (€ ¢;¢¥) = lim h (e;x, uy)
¢ eX T o - oo T n n

- 3 . o = .
= lim hT(e, X, un,g//) . (35)

n-—>oo

‘The existence of an ordinary control that attains the infimum may
be proved using the Blackwell theorem [8] on the range of a vector measure
and Filippov lemma [4] as in Balakrishnan [3] and in Neustadt [9]. Now,

since the function
_ 1 .0 (o} ) 2
F(t, w) = = ||X(1) - £(7(D), u, O]

is continuous in u and the set U is compact, the set defined by

F(t, U) = { F(t, u) : ueU}

i;' compact. Hence, by the closure property of the range of vector integrals

11



as proved by Blackwell {8], the set

{ JJ‘a(t)dt :a(t)e F(t, U) }
o

is closed. Therefore, by the same argument as in Blackwell [8] and in
Neustadt [9], there is a measurable function a(+) such that

T T ‘
‘J F(t, ﬁb(t))dt-——~e>J‘ a(t)dt,
0

n+>«
(o]

a(t)eF(t, U) for every te [0, T].

[12],

By the Filippov lemma [4]ﬂAFhere is an admissible control uo(-) such that

a(t) = F(t, uo(t)) a.e. in [0, T].

Thus, we obtain that there is an admissible control u° ¢ Qu such that

lim h(e; x°, ﬁh; Y) = ho (g5 x°, v’ ¥)

N> oo

= inf (&5 ¢59). | | 36)
sex T (

Since x° and u® are dependent on the value of y(D),

we write them as
x°(-, y(T)) and u°(-, y(T)). Further let

12
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(1) = (x°C, (TN, w0, ().

Then

inf h(e:4:y) =hy (6% ¥)
peX

- [l = (r, () - 7 31|

S llx(t D) - £ (%00, ¥ (T, O (8, (TN, £) 1%t

- sar H y(t) -g(y(t) v(t), t) I2at . (37)

2 eﬂ

If we define a function CIJT by
2 (e' 3w ()= () -7 yo

26. ”x(t) -f(x(t) u(t), t) I2at | (38)

then (37) can be rewritten as

inf h (e‘,e ;oY) = T(e', e"; ¢°( y(T)) ;y.V>

pex
=9, (e' ;%0 (-, (T, w® (-, y(T); y(T))

2 9 el ” y(t) 'g(y(t) v(t), t)” dt . (39)

Let {yn(') , vn(' ) } denote a maximizing sequence for (39). Inthe same
way as before, we may take the sequence yn(') to be converging uniformly
to an absolutely continuous function y©(-) € Yl' Let us define another

maximizing sequence {§n s ;n} such that

"13
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yl(t) +0 o+ yn(’t)

n(t = n P

g(v,0, v, )= gy 0, v0,1), Vwev.

<

L (4®;
n

,_'I:M:S

1

For fixed y_(T), since ¢°(-, ¥, (D)) = (-, ¥,(1), v°(*, ¥,(1))) attains
the infimum of @T(e'; X, U; ?ﬁ(T)), it follows that
@T.( e x°(, ¥, (M), u’(-, ¥, (D); YH(T))

< @T(e'; x5 y°m), v0C, YO m); ?,ﬁ)). (41)

Since it holds from (41) that

hp( &5 0°(,(M)s ¥, V)

A

he(es ¢°0°(M); ¥, V)  for alln, (42)
we obtain

lim  hi( 5 ¢°G,(D); ¥y V)

N >

< lim ho(e; ¢°G°M); ¥, V). (43)

Nl 5> o
Since '}.7n(-) converges strongly to )'70(~),' and yn(-) converges uniformly to .
y°(-), it follows that

lim  hy( &5 ¢°0°M); Yy V)

n-»

= lin hCes 0°0°M); YO, V).

N+

Thus, from (43) we obtain



o
1t

lin - hp( e $°0,M);5 ¥pp V)
< lim  hi(e; ¢’ (M) y°, Voo o | ()

Since {Sf_n(-), Vn(-)} is a maximizing séquence for (39), (44) implies that

lim  ho( &5 6% (M) ¥, V)

n- o

= 1im hyCes 0°6°M); ¥°, V)

n-—+x«

= sup inf  hp(es 65 W) | )

PpeY ¢eX
The function G(t, V) = HbyQ(t) - g(yo(t), v, t)| 2/28" is continuous

in v. Therefore, applying again the Blackwell theorem [8] and Filippov lemma
[4], [12] as before, we obtain that there exists an admissible control
vo(-) eQ, such that

. . (o] rO
lim hT (e,él(}

n —»co°

;5 y°, ;n)

= by, (€976 ¥°, %)

= sup inf hT(e;qf);!/J) . (Q.E.D.) - (46)
veY ¢peX

Now the relation between the solution of the epsilon problem (24)

and the original problem (18) is given by the following theorem.

Theorein 3. Suppose there exist qSO € X and woe Y , which are

dependent on ¢ , such that (25) holds. Then
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lim hT(e) = lim hT(e', €") = lim sup inf hT(e; ¢;v)
e~ 0 €,e" -0 €e+0yYeYgeX
= sup inf  |lrx -7y l. (47)

yeAy(T) xeAx(T)
Proof. hT(e ;95 ¢) is defined by
hples ¢59) = [nx(T) -7 51 |

+ ok STH 20 -1 (xt0, u(o, )%

o]

T
- 2‘_*2" S‘ Iy - g(y(t), V(t),t) H?dt : (48)
(o]

Now it is clear that the relation

sup inf hT(e;qS;t//)_Z_ inf hT(e;qb;l//) - (49)
VveY ¢eX ¢eX

holds for all yeY, and € = (¢',e")>0. In particular, (49) holds for a

¥ = (y, v) which satisfies the differential Equation (2). Hence,

sup inf hT(c—:;qS;ll/)i- inf [”ﬂx(T)—ﬂy(T)”
veY ¢geX peX

1 T ‘ 9 : ,
tga ) a0 -1 (o, w, 4] at| (50)
holds for any € = (', €")> 0 and y(T) eAy(T). By [2, Theorem 3. 1] it
follows that

, | o
lim  inf l:”w x(T) - 7 (7 +§3'«S [ %) - ¢ (x0), u(t),t)llzdtJ
€ -0 geX € Y

= inf  |rx-7x | . (51)
Xe€ AX(T)

Letting € - 0 in (50), we obtain

1€
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lim sup inf h(e;¢;9)z inf  [wx -7y, (52)
€—>0yYeY ¢eX xeAx(T)

Since (52) holds for all y(T) € Ay(T), it follows that

lim sup inf hT(€;¢;w)
€e~+0 YyeY ¢eX

Z sup inf ” TX - T y” . (53)
ye Ay(T) X€ Ax(T)

On the other hand, since P X, where P is defined by (22), we obtain:

ir'lf h ‘(e;¢>;¢) g_; inf h_(e; ¢;¢), (54)
peX T ¢eP T

Further it is obvious that

inf |7 x(D -7 9D = inf |rx-ay(D]. (55)
$eP xeA (T)

Therefore, the inequality

inf hT(e;qb;z//)é inf‘ |[1rx—17y(T)”

peX xeAx(T)
1 ~T )
iy g [l ¥t .- g(y(t). v(t),t) [<at (56)
o .
holds for all € =(€',€") >0 and Yy €Y. From (56) it follows that
sup inf h (e ; = sup[ inf | 7x-7 (D |
veY deX veY XEAX(T)
1 Ty, \n2
o ) @ -e (v, v(t), t)[[“at | . (57)
o

Applying [2, Theorem 3. 1] again, we obtain

17



lim ‘sup [ inf | 7x-n y(T) "
€ >0 yeY xeAx(T)

T‘ B :
rer ) 190 -8 (30, voo, )]
o o R

=  sup inf ”ﬂxA-'ny” . (58)
.YeAy(T) xeA (T) - o '

Relations (57) and (58) imply that

lim sup inf h (e é; w)
€E-0yeY peX :

<

=  sup inf ”nx -1ry” . (59)
yeAy(T) xeA (T) '

From (53) and (59), we finally obtain

lim sup inf h (e é; x//)
€ >0 ¢geY ¢eX

= sup inf [rx-ny [ . (Q.E.D.) ' (60)
yeA (1) xeA (T)

Theorem 3 shows that the epsilon problem approximates the original
pursuit and evasion problem as closely as desired and provides an approximating
sequence of controls of pursuer and evader that approximates the optimum.
Furthermore, Balakrishnan [3] showed in the particular example of optimal con-
trol problem that the solution may be relatively insensitive to how small ¢
has to be. ,

If for sufficiently small €' > 0 and " > 0, and for a suitable value
of T > 0, the value of hT(e’ ,e" )’is smaller than 6, then the pursuit may be
regarded as attained. ‘

In the case where the convexity condltlon (Assumptlon 3) does not
hold, by introducing the relaxed or generalized controls as in (3], [10], [11],

we can show that there exist the reclaxed controls which attain the sup-inf of
the epsilon problem (19).

18



89

ACKNOWLEDGMENT

This research was done while the author was visiting the School
of Engineering and Appliedecience, University of California, Los Angeles,
California (1968-1969). The author would like to thank Professor A. V.
Balakrishnan for his suggestion of the application of the epsilon tech-
nique to the pursuit and evasion problems and for valuable discussions on

the epsilon technique.

19



(11

(2]

(3l

(41

(5]

(6]

(7]
(8l

(9]

[10]

REFERENCES

D. L. Kelendzheridze, "On the Theory of Optimal Pursuit," Soviet
Math. Dokl., Vol. 2, pp. 654-656, 1961. :

A.V. Balakrishnan, "On a New Computing Technique in Optimal Control"
SIAM J. Control, Vol. 6, No. 2, pp. 149-173, 1968.

A.V. Balakrishnan, "On a New Computing Technique in Optimal Control
and its Application to Minimal Time Flight Profile Optimization,"

-J._of Optimization Theory and Applications, Vol. 4, July 1969, or
Report No, 68-59, Department of Engineering, UCLA, October 1968,

A.F. Filippov, "On Certain Questions in the Theory of Optimal Control, "
SIAM J. Control, Vol. 1, No. 1, pp. 76-84, 1962.

H. Hermes, ''On the Closure and Convexity of Attainable Sets in Finite
and Infinite Dimensions," SIAM J. Control, Vol. 5, No. 3, pp. 409 -417,
1967, v ’

A.K. Choudhury, "Existence Theorems for Optimal Control by the
Epsilon Method, " Ph, D. Thesis, Department of Engineering, UCLA,
1969,

K. Yosida, Functional Analygis, Springer-Verlag, Berlin, 1966.

D. Blackwell, "The Range of Certain Vector Integrals,' Proc. Amer.
Math., Soc., Vol. 2, pp. 390-385, 1951,

L. W. Neustadt, '""The Existence of Optimal Corntrols in the Absence of
Convexity Conditions, ' J. Math., Anal. Appl., Vol. 7, pp. 110-117,
1963,

J. Warga, '"On a Class of Pursuit and Evasion Problem,' Proc. of
International Conference on Differential Games, Amherst, Mass.,
September 1969.

[11] A.V. Balakrishnan, "The Epsilon Technique - A Constructive Approach

[1z]

to Optimal Control,'" in A.V. Balakrishnan (Ed.), Calculus of Variations
and Control Theory, Academic Press, New York, 1969.

C. Olech, "A Note Concerning Set-valued Measurable Functions,' Bull.
Acad. Polon. Sci., Sér. sci. math. astr. et phys., Vol. XIII, No. 4,
Pp. 317-321; 1965. ’

20



