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AN EXTENSION OF ASCOLI'S THEOREM AND ITS
APPLICATIONS TO THE THEORY OF OPTIMAL CONTROL

BY
S.8. L. CHANG

I. Intreduction. Ascoli’s theorem deals with continuous functions and states
that the space of bounded, equicontinuous functions is compact. The present
paper extends it to the measurable functions. The space of bounded “equi-
measurable functions,” is compact, and it contains the bounded equicontinu-
ous functions as a subset. '

The above theorem is applied to two problems in the theory of optimal
control:

1. To give an existence proof of optimal control among allowed control
functions which are measurable and enter the system equations in a non-
linear manner.

2. To derive a necessary condition for optimal control in bounded phase
space (Theorem 8). The condition is different and simpler than the one
derived previously by Gamkrelidze [1]. It is proved to be also sufficient for
linear systems, and its applications to engineering problems are given in
previous papers [2].

In their classic paper [3], Boltjanskii, Gamkrelidze, and Pontryagin
derived the “maximum principle” by assuming the existence of optimal
control. Gamkrelidze [4] gave an existence proof for the linear case with
discontinuous control. Markus and Lee [5] sketched an existence proof for
the linear case with discontinuous control and also stated an éxistence
theorem for the nonlinear case with continuous control satisfying a Lipschitz
condition. None of these existence proofs are sufficiently general to form a
basis for proving Pontryagin’s maximum principle and the above-mentioned
condition for optimal control in bounded phase space.

The method used in deriving the latter is also different from that used by
earlier investigators. In place of the rigid bound, a cost function with a multi-
plier K is introduced for regions beyond the boundaries in phase space. It is
shown that in the limit of the multiplier K approaching infinity, both the
added cost and the maximum excursion of the optimal path beyond the
boundaries approach zero, and the condition for optimal control is thus
derived.

The generalized Ascoli theorem is useful in both the existence proof of
optimal control, and in proving the existence of a limit as K approaches
infinity.
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11. Equimeasurable functions.
DEFINITION. A function f(f) is said to be measurable if there exists a
sequence of step functions g,(f) such that

lim |g4(9) — £(8)| 0

except on a set of zero measure.

An infinite set of functions F is said to be equimeasurable on a closed inter-
val T if there exists a sequence of step functions g(f) for each f,() € F such
that the following conditions are satisfied:

2.1. gix(t) has no more than % discontinuities.

2.2. For every ¢, > 0 and 8, > 0, there is a finite number K(e;,5,) and for
every g;(t) with & > K(e, 61)

(1) |g1k(t) _"'fz(t)| < €1y i= 192a Sty O,
except on a set of total measure less than §;.

THEOREM 1. The following sets of functions are equimeasurable:

(a) functions with uniformly bounded variations on T (same bounds for all
the functions belonging to the set),

(b) piecewise equicontinuous functions,

(c) functions obtained by a finite number of addition, subtraction, and multi-
plication operations on equimeasurable functions.

Proof. (a) Given a function f(f) with bounded variation M in an interval
T = [ty,t5], and K(ey, 8;) is selected to be

M, — ¢t
K(e,8) = 2=t
191

The interval T is divided into % subintervals r; of equal length. Let

a;=supf(),  b;=inff(z).
e ter

The step function g;(¢) is defined by

1
.gk(t) = ‘é‘(ai + by, te T

Since the maximum variation is M, the number of intervals with a; — b;
= Z¢; is not greater than M /2¢. Therefore, for any & > K(e, 5,)

[f(t) — 8t)| < &
with the exception of at most M/2¢, intervals, the total length of which is

M-t
26]_ k

(b) For piecewise equicontinuous functions, as 7' is bounded and closed,
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amodulus of continuity §(A) can be defined [6] which holds for all functions
fiandbE T

|fib + 8) — fi(b)| <6(a).

6(4) = 6(]A|) —0 as |A|—0 except at a finite number (< N) of discontin-
uities which can be different for different f;. Given any e, 6,, a A, is defined
as the smaller of the two, Aj, and A

0
0(A) = €, Ap = oN’

Then
t— 1t
A

K(fb 51) =

For each value of k, the interval T is divided into k equal intervals and g;(f)
isassigned the mean value of f;(f) in each interval. Then (1) is satisfied. Q.E.D.

In the following, the functions f;(f) are assumed to be bounded from above
and below on an interval T. Consequently the step functions g;(t) are also
bounded from above and below. Let S; denote the sequence of step functions
gxt), k=1,2,..., ». Let G, denote the sequence of step functions g(?),
i=1,2,-.-, o Let L denote the length of the interval T. In what follows,
the length and measure of a subset 77 of T are synonymous, and is denoted
by u{ T } .

LEmMA 1. Given any k, a sequence of functions g,(t) can be selected from
G, such that it converges in measure to some function V,(t):

1 L
@ ‘u{tllgnk— Vk|g;} =3

Furthermore, each g,(t) is selected from the subset of G, with i = n.

Proof. Let t;,t5, - - -, ty denote all the points of discontinuity of gi.(f) and
Liwsy - - - ti De any other points in 7. These k points partition the interval
Tinto k + 1 subintervals. Let a;;,a;, - - -, @441 be the values of g,(f) in the
subintervals. The set ¢;,tq, - --,tu, @i,Qsq, --+,8iky1) defines a point P; in a
bounded (2k + 1)-dimensional space. It follows from the Weierstrass-Bolzano
theorem that the set of points { P;} representing G, has at least one point of
accumulation #,%,, ---,t, a5,ay ---,0,41. Therefore, a sequence of points
{ P | can be so selected that

[ty — & = 1=1,2,--k

;E9

la(n)l—'al|§%’, [=1,2,.--,k+ 1.
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The step function specified by 1,82, « -+, 8 Q1,82 + -+, Gryy i Vi(t), and B, is
the representative point of g () in (2).

The condition i 2 n can be met as follows: After selecting each P, which
is the representative point of g4({), the next point P,y is selected from the
subset { P § with i” > i’. Q.E.D.

Selection of two-dimensional array {{gu.(t) }}. Let the sequence lgu(t)} be
denoted H,. Then the sequence H;, is selected from G, as follows,

Each term g,(t) in H, is identical with a g4(¢) in G, Correspondingly there
is 8 Zigsn(8) I Giyy, and all the gip1y(?) so selected constitute a subset (41
of G.... The sequence g,y (t) is selected from G, in exactly the same way
as gu(?) is selected from G;. In identical manner g9 is selected from the
subset Giio of Gyis, ete.

Using the above procedure, and starting from & = 1, one obtains the two-
dimensional array of functions {{gu(®) }}, k=1,2,---, @ andn=1,2,..., co.
Each member of the array satisfies (2) and the following condition:

For any g.(f), and k' < k, there is a g,»(tf) which belongs to the same
sequence S;. That is,

g () = gu(t)
and

gor(t) = g (d) izn’ zn.

LeMMA 2. The diagonal sequence {g..(2) } of the array {{g.(t) }} is a Cauchy
sequence in measure.

Proof. Given ¢ and §, there is a K(¢/4, 6/4) as defined by (1). Let I{e, 5)
denote the least integer which is larger than all three: K(e/4, 6/4), 4/ and
4L/s. Consider any two functions in the sequence g,,(f) and g.,({) with
n>m > I(e,5). Because of the rule of selection, there is a g.,(f) with s = 72
which belongs to the same S; with g,,(t).

Inequality (1) gives

@) |(t) — £enlt) | < 180n(®) = £ |+ |gn(®) — fil8)| 5
except on a set of total measure less than §/2. Inequality (2) gives
PN
s m 2

Combining (3) and (4) gives
()
Q.E.D.

p{t] [ — Bnm| Z €} < 0.
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A by-product of the above proof is that no two members of the sequence
{gw| belong to the same S;. For each g,,(f) there corresponds an S; and
fi(?). Let f:(?) be redenoted f,(t). Then all members of the sequence{f,(¢) },
n=1,2,..., », are distinct. It follows from equations (1) and (5) that
{£.(%) } is a Cauchy sequence in measure.

THEOREM 2. Let {fi(t)} be an equimeasurable set of functions which are
bounded from above and below. An infinite subsequence | fw(®)} can be selected
from { f() | such that f,,(t) converges almost uniformly to a measurable function

(t).

Proof. By Lemma 2, a Cauchy sequence in measure {{,(t) | is selected from
{fi(?) }. A subsequence of {£,(¢) | is a Cauchy sequence [almost uniform] [7].
Let it be denoted by {|f»(#)}. By Cauchy’s theorem [8], {fw()} con-
verges to a measurable function almost uniformly on 7. Q.E.D.

DerintTIiONS. The norm of a vector a is defined as

(6) " (al’a27 " ',OéN) ” = Ssup Iai[ .
t=1,2,---,N

A vector function has a finite number of components. A set of vector func-
tions {w;(?) | is said to be equimeasurable if conditions 2.1 and 2.2 are valid
with (1) replaced by

M u{t] |ga — wi] 2 o} <oy
The norm of vector functions takes the place of the absolute values of

scalar functions.

COROLLARY 1. An infinite subsequence {w,(t) | can be selected from an equi-
measurable set {wi(t) } such that w,(t) converges almost uniformly to a measur-
able function V(t).

Proof. Let wi(t) denote the jth component of w;(¢). From each vector func-
tion w(t), a scalar function f;(f) can be defined:

i+ (-0 =wi(t), j=12,---,N.

Then {fi(t) } is an equimeasurable set defined on an interval of length NL.
By Theorem 2, a subsequence {f(?) | can be selected from {f;(?) | such that
it converges almost uniformly to U(f). By decomposing f, (t) and U(t), we(t)
and V() are obtained. Q.E.D.

COROLLARY 2. Let B denote an enumerably infinite set of vector functions
{w(t) }. Each w(t) has m components w'(t), w*(?), - - -, w™(t) which are uniformly
bounded on a closed interval T. The components w"(t), 1 < u < m,, are equicon-
tinuous; the components w'(t), m, + 1 < » < m, are equimeasurable.

Then from B a subset of vector functions {wy(t)}, n=1,2,--, =, can be
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selected which converges to a limit V(t) in the sense that the components Wi, (f)

converge uniformly to V*(f) and the components Wi, (t) converge almost uni-
formly to V*(2).

Proof. As equicontinuous functions are equimeasurable, by Corollary 1,
a subsequence { W,(#) } can be selected which converges uniformly to V(f)
except on a set T of zero measure. Then V() for t& 1", p=1,2,---,m,;
can be defined as the limit of V*(¢),t& T — T”, from either side. The uniform

convergence of { Wi,(t) } to V*(t) on T” follows from Moore’s theorem [9].
Q.E.D. :

II1. The control problem. The controlled system is described by a set of first
order differential equations

(8) xl=fi(x,u:t)$ i=071!2"“’n1’

where x and u stand for the two vectors (x*, x% ---,x™), and (u',u? -.-,u™),
respectively, and x will be used to note the vector (x°, x', - --,x™). The func-
tions f* together with partial derivatives of'/dx’/, i,j=0,1,2,---,n, are
single valued, bounded, and continuous in all the variables x, u, and ¢ on a
product region X, U, T, where X;, U, are open regions in the n;-dimensional
x-space and n,-dimensional u-space, and T is an open interval of t, (see
Note 1). It is understood that all the properties and relationships stated in
the subsequent sections are on the X, U, T\,.

Note 1. The existence of bounded and continuous derivatives in x is
required for proving Pontryagin’s maximum principle, but not required for
proving the existence theorems. For the latter, it is sufficient to assume that
f(x,u,t) satisfies Lipschitz’s condition in x.

It follows from the Carathéodory existence theorem that if the initial x(¢,)
and u(t) for a subsequent interval are given, x(t) is uniquely determined on
the same interval. Thus an allowed control can be defined as a function u(t)

satisfying the following conditions:
3.1.

(9) u)eU, H=st=st

where U is a closed bounded region in U,. The closed interval [t,t,] is
denoted by T, TE€ T,.

3.2. There is a finite K(¢,6) for each ¢ > 0 and 6 > 0, and K(e,3) is the

same for all u(f). A sequence of step functions g,(f) can be found for u(t)
such that for each k = K(e,s5):

(10) W T lgut) — w2 e} <.
3.3. The x(t) resulting from u(t) satisfies
(11) x)eX, t=St=t,
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where X is a closed region in X,;. Note that in the special case of X being
the entire accessible region (accessible under the constraint that (9) and 3.2
are satisfied by u(f), the problem is reduced to one without bound in x-space.
The function x(t) resulting from an allowed control u(f) is called an allowed
path.

In the following sections the following distinction will be made: x, u imply
x(t), u(t) for the entire path, t;, <t < to; x(t3), u(ts), etc., denote the values
at a particular instant ¢s.

The set of all allowed controls is denoted by C. The set of all allowed paths
is denoted by P. The set of all allowed control-and-path pairs u, x is denoted
by A.

A return function or functional R is defined in terms of the x°(t,) resulting
from u

(12) Rlu] = x"(t) — x'(ty).

There are two basic types of terminating conditions: (a) i, is fixed, and (b)
x(t) is fixed, and ¢ < ¢, < T, but &, is otherwise unknown. The interval
[t,, T;] C T, The condition (a) is referred to as “free end point.” The condi-
tion (b) is referred to as “fixed end point.”

An allowed control u; & C is said to be optimal if
(18) Rlu,] = sup R(u).
=]

In any given problem, there may be more than one optimal control. The set
of optimal controls under free end point conditions is denoted as S;, and the
set of optimal controls under fixed end point conditions is denoted as So(T%).

THEOREM 3. A is compact.

Proof. Let u, x be an allowed control and path pair. An (n,+ n,+ 1)-
dimensional vector function w(¢) is formulated from the components of x(t)
and u(t): w() =x'¢), i=0,1,---,ny W) =), j=1,2,---,n, Let
R be a set of w(f) with infinite members.

The components x are bounded and equicontinuous because f(x,u,?) is
bounded and ¢, — ¢, is finite. The components u are bounded and equi-
measurable by definition. Corollary 2 of Theorem 2 states that a sequence
wy () can be selected from B which converges to a limit function V(1), V()
= (VO V., ..., Vutm) Because X is closed, and the vector (w,wp, -,
wp) EX for k=1,2,---, 0, (V}, V2, ..., V™) € X. Similarly, (V2*,..,
Vm+m2) < U almost everywhere except on a subset T of zero measure. Let
@(t) be defined as

o) = Vi, teT-T1
and &(t) be any vector & U, on the subset 7. Then &(t) € U on T.
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Let 2(¢) denote the vector (V'(¢), V'(¥), ---, V™()). It remains to be shown
that (8) is satisfied by (&), a()). If

(14) i%%:ﬁ%&mﬂ&—xm)>a>o

for any 23 & T, then a contradiction can be shown as follows:
Since f(x, u, t) is continuous in x and u on a closed set, it is uniformly con-
tinuous [10]. For any ¢ > 0, it is possible to find a §2(ez) > 0 such that

| f(x, u,t) — £(%,8,0) | <e
for all x and u satisfying
2 — 2] < baled)
and
lu— &| < é5(eq).
Let

_ a
T Bt —t)

o= inf{ ‘3,52&2)} ,

3
Bf = sup , “ f(x: u, t) “ ’
xu,te€X, U, T
5 — a
3 6,8f .

For sufficiently large k, the components Xy (f) and wy(t) of wy(t) satisfy the
following inequalities:

(1) lxo®) — 2O < <3,

i3 3
“ J:l f(x(k), Uy, t) dt — ﬁ f(.ﬁ?, i, t) dt
1
2a

<8326+ exts — 1) = 3"

(16)

As ug and x4 constitute an allowed control and path pair

3
(17) X(k)(tS) = ﬁl f(x(k), u(k), t) dt ‘I" X(t]_) .

The inequality (14) is contradicted by (15), (16), and (17). Therefore
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2(t) = f ® 83, 0.0 dt + x(2,).
4

Differentiating the above equation with respect to ¢; and then setting t; = ¢,
(8) is obtained for & and &. Q.E.D.

IV. Existence theorems.

DEeFINITIONS. Let the set of all allowed paths x satisfying x(£,) = £, be
denoted by p(t,£)). The set x(f3), with #3, =t and x € p(t,£,), is denoted
by @(23). It is the accessible region at ¢; with the initial condition understood.
The set of points x(¢), with ¢, <t < t; and x € p(¢,,£1), is denoted by Q(t < t3).
It is the accessible region up to and including ¢;.

The distance between a point x and a region R is defined as

(18) d(x, R) = inf |x — x'|.
YER

The set of x with d(x, R) < ¢ is called the eneighborhood of R, or simply

N/(R).

A boundary point ¢ of X is called returnable if there is a u(t) &€ U such that
f(¢,u,t) points inward (of X). Consequently, if () = £, the path x(¢) can
be continued to some larger value of f.

THEOREM 4. Q(t;) is closed.

Proof. Let y be the limit point of a sequence y), and each y € Q(t5). By
definition of Q(Zs), there is an allowed path x4 & p(t;,£) that xg(t) = yw-.

Theorem 3 states that a subsequence can be selected from {x¢ | to con-
verge on an allowed path x. Therefore, there is a subsequence in y( which
converges to a limit %(¢;). Therefore, y = Z(t5). y € Q(¢s). Q.E.D.

LeEMMA 3. If x(ts) of an allowed path is either an interior point or a returnable
boundary point of X, then given ¢ > 0, there is a r(¢) such that x(t;) is in the
e-neighborhood of Q(t) for every t satisfying |t — t3| < 7(e).

Proof. Lemma 3 is due to the boundedness of f. For sufficiently small ¢,
() = ¢/B8;. Q.E.D.

THEOREM 5. If all the common boundary points of Q(t < t;) and X belong to
the returnable set, then Q(t < t;) is closed.

Proof. Let y be the limit point of a sequence y, and each yu € 2 < 3.
Then one can find a set fy so that yu € Q(¢w) for all k. Since there are
infinite ¢4 in the closed interval [¢,, 23], there is at least one point of accumu-
lation. Let it be denoted f. Then a subsequence y|; can be selected from
Y so that

lim y— vy, lim £ — 1.

PR i

TS W T T Sy



R L A b e
of <y oabey Lot

454 S. 8. L. CHANG [March

Since [t,t;] is closed, t & [t, 6], and Q(f) C Q¢ <ty). Also Q) is closed
because of Theorem 4.

If vy & Q(%), an ¢; > O can be found such that

(19) d(y, Q@) > e.
For sufficiently large &

y]_kj -y <'2_ ’
(20)
I—ty < 7(521-) .
Lemma 3 gives
(21) d(ye 1) <3

Inequalities (20) and (21) contradict (19). Q.E.D.
THEOREM 6. If there is an allowed control, there is an optimal control with
free end point. (S, is not empty.)

Proof. By definition (12) of R(u), the problem is whether there is an
x € P such that

x(t) = M = sup x°(¢).
=P

If M is not equal to one of the x°(¢,) in the set, there is a sequence x(,) € P
such that

By Theorem 3, a subsequence x|, can be selected to converge to X & P.
Therefore lim xf,(t) — 2°(t). By (22), 2°(t) = M. Q.E.D.

THEOREM 7. If there is an allowed path which terminates at &, at some ty < T,
there is an optimal control among the allowed set which terminates at & on or
before T,. (So(Ty) is not empty.)

Proof. Let X denote the straight line

x=14§
in the (n 4 1)-dimensional x-space. A point on ), is specified by its value of
x°. Let
I=xnet=Ty.

Each point on [ is the terminal point of an allowed path and vice versa. I is
not empty because of the condition of the theorem.

As I is the intersection of a closed set \ (A includes =+ «), and a closed set
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(t = Ty (Theorem 5), I is closed. Therefore, there is a point & € I such that &

£’ = sup «°. ll UOHK B
=l s
’ Sincex & I C Q(t £ Ty, there is at least one allowed path leading to % on or . 1 ;’

T o me—

within T5. Q.E.D. 5
CoroLLARY. If there is an allowed path terminating at &, in finite time

(x(t) = &), there is a minimal time control among the allowed set terminating : BBUm{

at Ez. ' /

Proof. Since there is no need to consider any allowed path which termin-
ates at £, at a later instant, T; = £,. The corollary is reduced to a special case i pa
of Theorem 7 with f(x,u,t) = —1. i b

L
’ 5

V. Optimium contrel in bounded phase space.

Definitions and assumptions. '

DEFINITIONS. Subscripts are used to denote components of covariant
vectors:

¥ = ("/’O’ \P) = (¢0: 28 Yo, oo e, \l/nl)y

n= (no,1) = (0, M1, m25 * -+, 7))

s A B

(Note. A light face greek letter ¥ or n without subscript is meant to be the
enlarged vector (Yo, ¥) or (m,n). A light face greek letter with a subscript
is meant to be a component of the vector.) v

The concept of “magnitude” of a vector does not enter into the problem
nor the theorems. However, in proving the theorems, it is desirable to have
these concepts so that bounds can be defined or calculated. The magnitude
‘ of a vector x is denoted as |x| and defined by

(23) |x|*= (&) + (@D 4 .- + (=2

1
l The same is true for covariant vectors. In the subsequent sections, “distance” ON i 4
! isredefined in terms of the magnitude rather than the norm. ol
l AssumpTIONS. The region X and functions f*(x, u,?) are assumed to satisfy KS Lo
the following conditions: ' 1R
5.1. X is n-dimensional. ;
! 5.2. A unique normal exists on every bounded point x, of X.
The unit vector in the direction of the normal at x, pointing outward is
designated by #(x;). The component 7, is identically zero. 11 {ake
5.3. The partial derivatives dn;(x)/dx’ are uniformly bounded. 1% )
5.4. Every point x within a certain distance d; from X is on one and only If
one of the normals n(x;). The normal n(x;) therefore can also be identified i
asy(x), where x may be any point on » within a distance d; from the boundary.
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5.5. There exists a distance d,, d; > d, > 0, and a constant a; > 0, such that

at every point x within distance d; from X there are at least some u & U
satisfying:

(24) 2on(®) - fxut) < —a, uel.
i=1
The closed region extending outward from the boundary of X up to distance
d, is denoted by X,.
(25) X+ XoC X,

A constructed problem. Because of assumption 5.4, a distance function v(x)
can be defined as follows:

' v(x) =0 if x€X,
(26)
o(x) = 2 D) (x' — x) if xE X,
i=1
Let the problem defined in §11I with the added assumptions be denoted as

P. A constructed problem P(K) is defined as follows:
5.6. In (8), the equation for i = 0 is replaced by

40 = fx,u,t) — Klv(x) [
5.7. Equation (11) is replaced by
(28) x(t) € X + X,, L St<t,.

The allowed controls satisfy conditions 3.1, 3.2, 3.3. The terminal condition
is that ¢, is fixed but x(t) is free.

VI. Optimal path of the constructed problem. An allowed path can be gen-

erated by choosing any u(f) when x(f) is an interior point of X + X,, and
choosing a wu(t) which gives

Y ni)fx, u,8) < 0
i=1

when x(t) is a boundary point of X 4+ X, From Theorem 6, the optimum
control exists.

LeEMMA 4. Given any distance d, 0 < d < d,, a sufficiently large M(d) can be

found such that if K > M(d), v(x) < d for every point x on an optimal path
Iy(K) of P(K).

Proof. Since f is bounded there is a constant B, such that

(29) |f(x,u,t)| < B,




T
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for all x, u, and ¢ in the product region (X + X)) UT. Then
30 d . 4 . ) .
(30 Z@) = Xlid®) (& — 1) — nds 4 nf'] = S

The first and second terms vanish since # and %, are perpendicular to the
normal but x — x, is parallel to the normal. Therefore

—j? o3| = B,

Let the largest value of v(x) be denoted by ds;. Since x(t) € X, t, — ¢,

gdg/Bl. Then
1dj
J, wwrazgg.

Let R, represent the return of any allowed path of P. The same path is also
an allowed path in problem P(K) with the same return. Let R,(K) denote
the return of the optimal I'y(K), then

Ry(K) z R,.
But ,
K d3
Mméam—m—gé
Therefore
K d}
(31) 3 E?' < By(t, — t) — R..
Let
Wty — t — R,
If
K > M(d)
then
K d§ d}
(32) 5 33 —Bulty — t) — Ry].
Since By(t; — t;) — R, is always positive, (31) and (32) give d; < d. Q.E.D.
In the subsequent paragraph, some properties on the displacements about
a given path are derived. It is assumed that x& X + X, but K = 0. Thus
the calculated x is x(¢, 0). The result can be applied to a problem with K = 0
by modifying only éx%
t
(33) ox'(t, K) = 8x%(t,0) — K J; 8lv(x) |*dt
1
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Let ¢ denote an infinitesimal quantity, and Ax, At, etc., variations of the
order unity and are independent of e. Following an initial displacement
ox{ty) = eAx(fs) + - - -, the subsequent change in x(f) can be expressed as

(34) 8x(f) = eAX() + -+

where --. means infinitesimal quantities of higher order in e. From (8)
. j=n1 afz) ;

(35) AXH(E) J;l (ax’ ) Ax'(t)

where the subscript T means that the partial derivatives are evaluated
along the original path.

LEmMA 5. Let K =0, and x(t) & X + X,. At any point x(ty) € X, along
an allowed path with
d a;
- >
"=z
it is possible to apply a u, & U for an infinitesimal interval eAt to cause a
subsequent displacement eAx from the original path satisfying

i=ny _

(36) — > mx@®))ax'(®) > Myat, G <t=<t;+r
i=1

and

(37) |AX| < M2At, tg é t =< t2,

where M, M,, and + are constants independent of x.

Proof. From (30)

(38) }: (x(t) Fialtd, ut) 2 — 5
From assumption 5.5, there is a u, satisfying (24). Applying u, instead
of u for an infinitesimal interval gives

AXH(t) = [f'(x (), s ts) — [(x(En), u, t) | AL
From (24) and (38) one obtains

(39) 3 ni(x(t9) Ax'(E) < — galmf.
[=1

From (35)

(40) Edi [Ax']* = JZ <6x’> AxAx’,
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Let 2\ denote the upper bound of the eigenvalue of the symmetrical matrix

with
af' aff)
(6_xj + ax' /v

as its i, jth element. (An upper bound exists because df'/dx’ are bounded
for all i and j.) Then for any given ¢, the right-hand side of (40) is shown
to be bounded by 2X|Ax(t) |* by a linear transform of Ax(f). It follows then

gtle(t)l <\ ax(@)].

The solution is
|Ax(D) | < W) Aax(t) |, >t
Since
| ax(t)| = 2BiAt,
one has
| Ax(f) | = 2B,e**"9At.
Inequality (37) is satisfied by choosing an M, as follows:
M, = 2Bt it A>0,

(41)
d el an;
EZ x—zz fjA +szaj
(42) ) y
an; d
=Zi:;l:fjazf+max] Ax'.
The sum

61), afj:l
] it
ZJ: I:f ax’+ Tgx
is the ith component of a covariant vector. Let o denote the vector. There
is a By>|a|l on (X4 X)UT, since f, u;, 0f'/dx', and dn;/dx’ are all
bounded. Equation (42) gives

i=n

3 > mAx' < By| Ax| < ByMat.
i=1

Let M, = a,/3, and r = a,/3B,M,, inequality (36) is satisfied. Q.E.D.
LeMMA 6. Let T'y(K) be the optimal path in problem P(K). For sufficiently
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large K, it is possible to find a sequence of t of no more than 2(t,,t,) / members:
H,th, « oo by -~ -, th such that all the following conditions are satisfied:

() =t <th---th<ty, NS2(t,—t)/7.

(ii) Along T«(K)

“3) Z, nEE)FEE, 00 >~ F, m=1,2,N.

(iii) Along To(K), v(2(#)) = O unless t is in one of the intervals t;, < t < t,+ 7.
Proof. Choose a K sufficiently large such that along an optimal path I'y(K)

a

(44) (3 <= .
6

The time interval ¢, <t <t, is divided into subintervals of equal duration

7/2. Let the subintervals be numbered in chronological order If, in a sub-
interval, there are some values of ¢ such that

(45) %(t) € X, + boundary of X

and (43) is satisfied, then the smallest ¢ which satisfies (43) and (45) is
selected as one of the ¢,. If (43) and (45) are not simultaneously satisfied
for any ¢ in a subinterval, no &}, will be selected. The t,;s are then numbered
in chronological order.

The total number of #,is no more than the total number of subintervals,
and (i) and (ii) are automatically satisfied.

If there is a ¢, in the kth subinterval, condition (iii) is satisfied in the
(k + 1)st subinterval. If there is no t, in the kth subinterval, either % is
in the interior of X for the entire kth subinterval, or % is on the boundary
or outside of X for some part of the subinterval, but v(&) is decreasing at
a faster rate than what is permitted by (43). In the latter case, since % is
continuous in ¢, v(X) must be monotonically decreasing in ¢ for as long as
v(%) € X,. Since (44) is satisfied at the beginning of the period, * must
be in the interior of X at the end of the kth subinterval. In any case % at
the beginning of the (& + 1)st subinterval must be a point in X. Since in
leaving X, (43) and (45) are always satisfied, and the smallest ¢ in the
(k+ 1)st subinterval satisfying (43) and (45), (if any), is chosen as a t,
(iii) is again satisfied for the (& + 1)st subinterval.

Since k can be any value from 1 to N — 1, and %(¢) € X, (iii) is satisfied
for the entire interval t; <t <t,. Q.E.D.

Lemma 7. For sufficiently large K, it is possible to find a M5 independent
of K such that

by
(46) K | "v(x)dt < M,,

f
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where %(t) describes an optimal path of P(K).
Proof. Inequality (46) can be proved by induction. Suppose

13
(47 K f ? 0(&) dt < Cpys,
tm+1

where C,,; is a constant independent of K. Following a change in u at
t,, there is a ox(t)) = eAx(t)). At t =1,

Aty K) = Ax(t5, 0) — f 2K v (i)fmA it

L
= Ax%(t;,0) — 2K ﬁ 2v(;s:)Z_mAac‘dt,
(48) )
Ax(ty, K) = Ax°(t,, 0) — 2K L 2 v(%) Y max‘dt
+1 i

t
— 2K j; m+lu(£)zn,-Ax"dt.

Since £(¢) is an optimal path, Ax°(f, K) < 0. Because of Lemma 6, it is
possible for v(x) to differ from zero in the interval t,<¢<t,,, only if
t < t,,+ 7. Substituting (36), (37), and (47), into (48) gives

2K f " 0(8) dt - MoAt < Moat 4 2Cp, MoAt,

(49) Kf”‘“ ( )dt<M< +cm+1),

f U(i) dt < —= ( L + Cm+1)+ C’"'H- = Cm.

Let tj4, = t,. Inequality (47) is obviously true for m = N. Repeating
(49) N times gives (46). Q.E.D.

Choose K sufficiently large so that d < d,. The optimal path is in the
interior of X + X,.

Let 4(f) and 2(¢, K) denote an optimal control and optimal path pair
for problem P(K). Due to a change of u(f) for an infinitesimal period
eAtat t —.

eax(t, K) = x(t, K) — &(t, K) + -
= [£(%,u,t) — f(%,8,1) Jeat.

The significances of ¢ and Ax, At are stated in the proof of Lemma 5.
From (35), x(t;, K) is related to Ax(f, K) by a linear transform:

(50)
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A = .
(51) Ax‘(t% K) = Z A]L(t% t)AxJ(t: K)y 1= 07 172’ AR(3T
j=0

Since %(¢, K) is an optimal path
Axu(tz, K) = 0.

Let the covariant vector Aj(t;,t) be denoted as y;(t). The above inequality
can be written as

i=n1

(52) > u [F@Eut) — f&e,t)] <O0.
=0

Let the Hamiltonian function be defined as

(53) Hy,nut) =3 v f (@ u).
1=0

Inequality (52) implies
(54) HW,%, a,t) =51€1;L)JH(¢,i,u,t).

For problem P(K), equation (35) is modified by adding — K[v(x) J* to
f'(x,u,t). With the modified (35), it can be readily shown that

. k=n k
55) T WAL Y e

k=0 gx*

By definition of v(x):

a .
g—g:-) = ni(x) if x& X,
(56)
=0 if x& X.
Substituting (56), into (55) gives
af (x,u,t)

(57) ¥ +ZMT = 2yeKv(x) n,(x), 1=0,1,2,---,n,
J

A boundary condition for () is
i ) = ? ) = if ¢
(58) Yilt) = Aty t) =0 if i 0,
=1 ifi=0.

Since f'(u,x,t) is independent of x°, and ny(x) = 0, the equation for i =0
in (57) gives Yo = 0. Therefore

(59) Yo(t) =1, LSttt

_ —
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The above shows that along a path I'((K) which maximizes the integral
t
(60) R(K) = j;z{f“(x, u,t) — Klv(x) "} dt
1

the control u(f) maximizes the Hamiltonian function at every point.

VIL. In the limit of K — ». In the subsequent proof, the variables asso-
ciated with each I'y(K) need to be clearly designated. The symbols ¢ (¢, K),
x(t, K), u(t,K), etc.,, will be used instead of y(¢), x(t), u(f). Whenever
confusion is not possible, the short forms x, u may be used with (¢, K)
understood. The capped functions will be reserved for the limit functions
whenever they exist as K— .

DEeriniTIONS. The following functions are defined along an optimal path
oK) of P(K):

(61) J@EK) = K f @@ s,

(62) Gi(t, K) Eﬁzle/i(t, K) (gg;) FO(K)dt

LemMA 8. The functions Ji(t, K) has uniformly bounded variations on T
forall K, 1=1,2,---,n,.

Proof. Choose any ordered set ts,t4,---,tov such that ¢ <t; <t = ---
Sty X .-- =t Then

n=N
2 | Jiltwnr, K) — Jiltan, K) |
n=2

n=N t2n n=N 1:2l
=5 K| [ vom@ s K [ viw)de <M
n=2 fn—1 n=2 ton—1

The last inequality sign follows from (46). Q.E.D.
It follows from Theorem 1 and Lemma 8 that {Ji(t, K) } are equimeas-
urable.

LeMMA 9. The functions ¥(t, K) of To(K) are uniformly bounded (inde-
pendent of K). .

Proof. Since (¢, K) is known, (57) is solved backwards. The homogene-
ous equation (K = 0) gives for &3 <i:

(63) Ut K) = 5 4t K) ALt 1).

j=0

By superposition, the solution of the nonhomogeneous equation is, for i > 0,
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(64) Ut K) = — 5 [ 24l 1) 2K (@) ny() dt
=1

i3

for any given i, A{(t,t;) is the jth component of a contravariant vector
Al(t,t). By differentiating (63), and eliminating ¢ with the aid of (57),
Al(t, t;) is shown to satisfy (35). Using the same steps which lead to (41)
one obtains

(65) |Al(t: t3) | < B47 l’ = O: 1: e, Ny,
where B, = sup{l,e’@ "} Thus (64) gives

13
|¢i(t3: K) l .—<_— Jt;z lA;(t, t3) |2KU(x) dt < 2B4M3 = B5.

Q.E.D.
LemMMA 10. The set of functions G(t, K) are equicontinuous.

Lemma 10 follows from the fact the integrand on the right-hand side of
(62) is uniformly bounded.

LemMa 11. The set of functions 4 (t, K) for all To(K) is equimeasurable.
Proof. Integrating (57) with respect to t from t to ¢, gives
(66) vit) — it K) 4 Gi(t, K) = Ji(t, K).

Since equicontinuous functions are equimeasurable, and the sum or differ-
ence of equimeasurable functions are equimeasurable, L.emma 11 follows.
Q.E.D.

Let wy () denote a vector function with components u(t, K), x(¢, K),
Gt K), J(t, K), ¥(t,K). Let A; denote a set of {wy()} with K = K,
Ky+1,---, »; where K, is sufficiently large K so that d < d, is satisfied
for the optimal path I'j(X). Corollary 2 of Theorem 2 states that there is
a subsequence w\k|(t) € A; such that wk|(f) converges to a limit uniformly
or almost uniformly in all its components

(67) u(, K) 4%,
(69) 26 K) 30,
(69) a6, K e,
(70) 36,K) 4%l 50,
(1) v 6K %550,

where K means a selected set satisfying wk(t) € {w,(t) .
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LemMa 12. The function 2(t) € X for every t on T.
Proof. Since X is closed, the distance
(72) d(z(t),X)>a>0

for some tg if Lemma 12 is not true.
Lemma 4 states that there is a finite M (a/2) so that for every K > M(a/2)

d(x(t;, K), X) <a/2
and (68) implies
| 2(ts) — x(t5, K) | <a/2
for every K greater than some finite K(a/2). Thus (72) is contradicted
by choosing a K sufficiently large.
LeMMA 13. The limit a & C and & and % form an allowed control and
path pair.

The proof is identical with that of Theorem 3.

Extensions of J(t), §(¢). Equation (70) implies that J(¢, K) converges to
J(t) on a set T — T, where T” is a subset of T having zero measure. Since
J(t) is defined only as a limit of J(¢, K), it is not defined on 7".

Since T” is a set of no measure, and T is a closed interval, every point
of T is a limit point of T — T”. Lemma 8 and (70) assures J(f) to be of
bounded variation. Therefore, one sided limit exists for J at each point of 7.

DerinNITION. For each point t & 17, J(t) is defined to be

j‘(t)EIQi_I*ng(t—l—'eH, i+l €T - T
with the above definition, J(¢f) is completely defined on 7.
In the limit of K — «, (66) converges to
(73) Yt — 30 + GO = I
except on a set of zero measure. One may define a E(t) such that
¥t =0 + GO =IO

holds everywhere. Sinc_eNI(t) and y(¢) are different oply on a set of zero
measure, (71) holds for y(¢) also. One then discards y(f) and redesignates
v(t) as xi(t). Consequently (73) holds everywhere.

LEmMMA 14. The function J(t) can be expressed as

(74) J) = f () dt,

(75) ¢(t) = 0 if x is an interior point of X,
=0 if x is a boundary point of X.
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Proof. Let t; and ¢, be any two points on 7 — 7" with ¢, > t;. Then by
definition (61)

Ity — J(t) = lim [J(ts, K) — I (t K) ]

K—w

—tim [ Kot K))n(x(, K)) dt.

K—o Jt3

Let

j(t:s, t4) = j(ta) - J’(t4)-
J(t;,t) can be separated into two integrals:

j(t& t4) = Jl(t39 t4) + J2(t37 t4) )

where

(76) Litutd = lim [ Kottt K)n(50)d
— 00 t3

and

7
Tt t) = lim | " K(x(t, K)) [n(x(t, K)) — n(&() ]dt.
— t3
Since d7;/9x’ are bounded for all i, j, n(x) satisfies a Lipschitz condition:

L * Ru(x(t, K)) [n(xtt, K)) — n(2(0)] dt

< M;B,sup | (x(t, K)) — 2@ ||, 3=t =1
Therefore Jy(t;,t) = 0 and

(77) J(ts, ) = Ju(ts, 20).
Let J(K) denote

J:s * Ko(x(t, K))n(2(2)) dt.

The interval [ts,f,] is partitioned into segments of no greater than 7. Let

these intervals be denoted 7;, and %; denote an arbitrary point of £(%)
WithtET;.

Then

(78) |J(K) — Tn(x) va(x(t,K)) dt|< M,B,| () — %:| < MsB,B.

In the limit of K — «, (78) becomes

(79) Ji(ts,t) — Zﬂ(fi) ¢imi| < M,B,Bir,
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(85) H(‘&’ 3: a) t) = Sug H(’js x: u, t)
ue

almost everywhere on T. The set 7" on which (85) does not hold has zero
measure.

Let @(t) be defined as &(f) on T — T” and one of the u’s satisfying (85)
for every t on T”. Then the Hamiltonian is maximized by @#(f) everywhere.
Since u{ T"} = 0, all the previously derived relations for &(f) ((67), Lemma
13, and (81)) are equally valid for @(f). They are so replaced, and @& is re-
denoted &. Thus (85) holds everywhere for the new &.

Substituting (80) and (81) into (73) and differentiating the resulting
equation gives

at 9% = (D) n;(2(D).

VIII. Theorem 8 and Corollary. The results of the preceding sections can
be summarized into a theorem:

THEOREM 8. For at least one &(t) among the set of optimal controls with
free end point in a problem defined by equation (8) and conditions (3.1) to
(3.3), and (5.1) to (5.5) there exist ¢(t) and §(t) such that 2(t), £(t), ¢(t),
and §(t) satisfy equations (58), (75), (85), and (86).

DEFINITION. An allowed control &(f) is said to be an isolated locally
optimal control if for every allowed &,(¢) with R(u,(f)) = R(&(2)) a constant
b>0and a time t;, t, < t; <, can be found such that

| %:(ts) — &(ts) || > b,
where %(f) is the path resulting from @(t).

CoroLLARY. For every isolated locally optimal control &(t) with free end
point in a problem defined by equation (8) and conditions (3.1) to (3.3),
(5.1) to (5.5), there exists a function ¢(t) and a function ¢ (8) such that (),
X(®), ¢(t) and V(1) satisfy equations (58), (75), (85), and (86).

Proof. A function F(x,{ is defined by

&) F(x,t) =0 if |[x — 2(8)| <b/2,
F(x,t) = (|]x — 2(t)| — b/2)? otherwise.

The function £(f) is treated as a given function of ¢ It is readily verified
that F(x,?) is bounded in the accessible region in x-space, has continuous
and bounded derivatives in x, and is continuous in ¢. A constructed problem
is defined by adding — K,F(x,1) to the f(x,u,t). With sufficiently large
K, &(t) becomes the only optimal control in the constructed problem, and
the Corollary follows from Theorem 8. Q.E.D.
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IX. Proof that the necessary condition is also sufficient for linear systems
with convex allowed region X. The controlled system is called linear if

j=n: k=
(88) Faub = 3. Fi) + ka;;(t) ut 4 CQ).
Jj=1 =1

Let the set &(t), %(£), together with {(¢),and §(¢) satisfy equations (8), (58),
(75), (85), and (86). It is readily shown from equations (8), (86), and (88)
that for any other allowed set u(t), x()

% 2 HOLE0 — 0] = X On(a) (510 - x40

(89) A _
+ 20 290 Bi) [2*() — uh@) .
[
Integrating (89) from ¢, to £, and making use of (58)

R@) — R@ = [ 10 Tn®) [+ — 2ae

+ L ‘x ;Zi(t)Bi(t) [0k — ut]dt.

Due to the convexity of X, and (75)
(B2 n®) [2' — ']z 0.

Due to (85)
T EAOBO [~z 0.

Therefore
R(@) — R(u) = 0.

Acknowledgement. The work upon which this paper was based was spon-
sored by the Office of Scientific Research, Air Research and Development
Command, Washington, D. C., under Grants No. AF-AFOSR-62-321 and
AF-AFOSR-542-64.

REFERENCES

1.R. V. Gamkrelidze, Optimal control processes with restricted phase coordinates, Izv. Akad.
Nauk SSSR Ser. Mat. 24 (1960), 315-356. Translated by L. W. Neustadt, Space Technology
Laboratories Report, March, 1961.

2.8. 8. L. Chang, Minimal time control with multiple saturation limits, IEEE Trans.
Automatic Control AC-8 (1963), 35-42.

3. V. G. Boltjanskif, R. V. Gamkrelidze, and L. S. Pontryagin, The theory of optimal




By o g

470 S. S. L. CHANG

processes. 1. Maximum principle, Izv. Akad. Nauk SSSR Ser. Mat. 24 (1960), no. 1. Trans-
lated by L. W. Neustadt, Space Technology Laboratories, Report No. 9810. 32-01, October,
1960.

4. R. V. Gamkrelidze, The theory of time optimal process in linear systems, Izv. Akad.
Nauk SSSR 2 (1958), 449-474. Translated by members of the staffs of the University of
California and Space Technology Laboratories, January, 1961.

5. E. B. Lee and L. Markus, On the existence of optimal controls, Preprint ASME-61-JAC-2,
Amer. Soc. Mechanical Engineers, Chicago, I,

6. L. M. Graves, The theory of functions of real variables, McGraw-Hill, New York, 1956;
Theorem 23, p. 66.

7. M. E. Munroe, Introduction to measure and integration, Addison-Wesley, Reading,
Mass., 1959, p. 225.

8. , Introduction to measure and integration, Addison-Wesley, Reading, Mass.,
1959; p. 222.

9. L. M. Graves, The theory of functions of real variables, McGraw-Hill, New York, 1956;
Theorem 2, p. 100 and Theorem 25, p. 121.

10. , The theory of functions of real variables, McGraw-Hill, New York, 1956;
Theorem 23, p. 66.

StaTE UN1vERsiTY OF NEW YORK AT STONY BROOK,
SroNY Brook, L. I., NEw YORK



