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Abstract

A unified proof is given of the maximum principle for optimal control with various kinds of constraints by using a multiplier
rule on metric spaces.
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1. Introduction

There is an extensive literature on maximum principles for deterministic optimal controls; see [9,11,12] and [20],
for example. Using a multiplier rule proved in [16] for a constrained optimization problem on a metric space, we give
a proof of the maximum principle for optimal controls with both isoperimetric and pointwise constraints. The proof
is unified and direct, and the hypothesis of sequential strict differentiability of the data is weaker than the commonly
assumed continuous differentiability for classical maximum principles.

Let WV, d) be a complete metric space and (Z, || - ||) be a Banach space. Let (J(-), S(-)) : W — R x Z be contin-
uous maps and Q C Z a subset. Consider

Problem.

minimize J(w), w €W with S(w) € Q. (D

The multiplier rule for this problem proved in [16] uses a new notion of derivative, called a sequential strict
derivate. As observed in [16], this new object is, in the classical case of maps between two Banach spaces, analogous
to a directional derivative.
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Definition 1. (a) For a given § > 0, we say that z € Z is a sequential §-derivate of S at w if there exists a sequence
d" | 0and w' € W such that d(w, w') < d' and
. Sw") — S(w) H
limsup|| ———— — 2
i—00

N

- s. 2)

The set of all §-derivates of S at w is denoted by DS (w).
(b) We say that z € Z is a sequential strict derivate of S at wy if there exists a function § : YW — R such that
8(w) — 0as d(w, wy) — 0 and for all w e W,

z€ D*™ S(w).
The set of all sequential strict derivates z is denoted by DsS(wg).
The following theorem is proved in [16].
Theorem 1 (Multiplier Rule). Suppose that wq is a minimum point of J (-) subject to S(-) € Q. Suppose that Z has

strictly convex dual Z* and Q C Z is closed, convex and finite codimensional. Then there exists (Y°, ) e RT x Z*
such that

WO+ 1v1%. > o, G3.1)
YO 4,2 >0  forall (2°2) € Dy(J, S)(wo), (3.2) 3)
(V. n—Swo)) <0 foraline Q. (3.3)

2. A maximum principle

Let [a, b] be a fixed interval. Let (U, d) be a complete metric space and U (-) be a fixed multivalued measurable
function from [a, b] to U. Denote by M([a, b]; U(-)) the set of all measurable maps u(-) : [a, b] — U such that
u(t) e U(t) fora.e. t € [a, b]. Let f and L' be functions on [a, b] x R” x U with values in R” and R, respectively, ht
a function on R” x [a, b] x R?" with valuesinR,i =0,..., M.

Let W =R" x M([a, b]; U(-)) and fix (¢,u(-)) € W, then under appropriate conditions (specified below) the
differential equation

x(a)=¢
will have a unique solution x(-) € whl([a, b],R") (the space of absolutely continuous functions). Note: we will
occasionally use the notation ¢(-) to remind the reader that ¢ is a function. Consider the functionals

b
Jic, ust) = f Li(r,x(r), u(r))dr +h' (¢, t,x(1), x(b)) (5)

associated with (¢,u) e W,a <t <b,i=0,..., M.

The objective functional to be minimized is J 0(;‘, u; a). The other functionals in (5) are used to define constraints.
These constraints are divided into two types: isoperimetric (1 < i < N) and pointwise (N + 1 <i < M). Assume
O0<N<Mandlet Q; C RN and Op C (Cla, bYM—N pe any closed and convex subsets. The constraints can be
arranged in one expression by defining

S(é-’u) = (Jl(é"u;a)’ ey JN(é"u;a)’ ]N+1(§’M; )’,JM(é',u, ))

Then S(¢, u) is a map from W to RN x (Cla, b))~V . We will consider the problem of minimizing J 0(( ,u; a) for
(¢, u) € W subject to the constraint

S.u)e Q=01 x Qp. (6)

Note that for i =0, ..., N, we are interested in J"(;, u;t) only at t = a, thus we may assume that hi(;“, t, X, Xp) 18
independent of (¢, x;), and write
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b
Jf(g,u)EJ"(;,u;a):/Lf(t,x(z),u(r))dz+hi(;,x(b)), Rt x xp) =h' (¢, xp), i=0,...,N.

a

(N

Also note that pointwise state constraints in the existing literature are mostly defined as hi (¢,t,x(t), x(b)) alone;
see [8,13,14,20], for example. Here an integral term is added in J i (¢,u;t) (i = N+ 1). Examples of classical isoperi-
metric and pointwise constraints are given in Corollary 4. Here are some other examples of constraints included in the
preceding setting.

(1) Let CcR*" be a given closed and convex subset. Then the initial and terminal state constraint (x(a), x(b)) € C
is the special case with (h', ..., h?") = (x(a), x(b)), Q = C.

2) 0= ]_[fvzl[c,-, d;], where [c;, d;] may be finite, infinite, or a point.
3) Qr={0" ...y eRN: 0<y < <y}

@) Op =TTy ilei(), di()], thesetofall (YN +1, ... yM) € (Cla, b)M N such that for t € [a, b], c; (1) < y' (1) <
di(t)fori=N+1,..., M, where ¢;(-),d;(-) € Cla, b] are given.

For ug(-), u1(-) € M([a, b]; U(-)), define
dp(0(), 1 () =m{t € [a, b]: ug(t) £ u1 (1)},

where m{-} is Lebesgue measure. It is well known that (M ([a, b]; U(-)), d4) is a complete metric space; see, for
example, Proposition 3.10 in [14, Chapter 4]. (The fact that this set is a metric space but not a linear space was
our original motivation for considering optimization problems on metric spaces.) It follows that the set of controls
W =R" x M([a, b]; U(-)) is also a complete metric space with the product metric D:

D((¢0, u0), (&1, 110)) =y 120 — 12 + (0, 11 ().

The set W,q of admissible controls consists of w = (¢, u(-)) € W such that the state equation (4) has a solution
x() € W"l([a, b]; R") with x(a) = ¢ and so that J”(;, u(-); t) is well defined for i =0, ..., M and ¢ € [a, b]. Each
w € Wgq is called an admissible control and x(-) is called the state associated with (or driven by) the control w. The
optimal control problem can then be stated in the same form as Problem in Section 1:

Optimal control problem. Find wg = (g, uo(:)) € Wag With S(wg) € Q such that
T0(wo) < T (w) (®)
for all w = (&, u(:)) € Wyq with S(w) € Q.

We now state our basic assumptions (H1)—(H4), where (H1) and (H2) are general hypotheses, and (H3) and (H4)
are associated with the optimal wg = (o, uo(-)). We write L = (LY, ..., LMyand h = (ho, LY

Assumptions.

(H1) (U, d) is a separable complete metric space and U (-) : [a, b] — 2U is a set-valued map that has a Castaing
representation; that is, there exists a countable family of measurable functions {v; (-)};?il such that for a.e.
s €la,b], {vj(s), j=1,...} is a dense subset of U (s).

(H2) (Measurability and continuity assumptions on f and L.)
For each (x,u) e R" x U, f(-,x,u) and L(-, x,u) are measurable functions on [a, b] with values in R" and
RI+M respectively, and for each t € [a, b], f(¢,-,-) and L(¢, -, -) are continuous in (x,u) € R” x U.

(H3) (Lipschitz conditions on f and L.)
(a) Letting ¢ denote either f(t,-,u) or L(¢,-,u), assume ¢ is locally Lipschitz in x near xq(¢) uniformly for

(t,u) € [a,b] x U(t), that is, there exists a d > 0 and K € L! ([a, b]) such that

@t x,u) —p(t,y,u)| < K(@)|x —
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for all x, y with |[x — xo(?)|, |y —x0(®)| <dandu € U(t).
(b) There exists an integrable function k(¢) such that for all ¢ € [a, b] and u € U(¢),

|p(2, x0(t), u)| < k().
(H4) (Differentiability hypotheses on f, L, and h.)

(a) Letting ¢ denote either f (¢, -, uo(t)) or L(t, -, ug(t)), assume ¢ is strictly differentiable at xo(#). That is,
¢x(t, x0(t), uo(t)) exists and is integrable in ¢ and there exists a function wy : [a, b] x RT — R such that

|p(2,x, uo(0)) — d(t, v, uo(t)) — ¢ (. x0(1), uo(1)) (x — Y)| < wg(r, 8)|x — y|

for all |[x — xo(¢)| < § and |y — xo(¢)| < &, and moreover f wy(r,8)dr — 0as s — 0.

(b) Assume h(w) with w = (¢, t, x;, xp) is strictly differentiable at wo = (o, ¢, x0(¢), x0(b)) in the following
sense (see [1, p. 87]). The gradient &, (wq) exists and is a bounded measurable function of ¢ € [a, b]. In
addition, there exists a function wy, (wo; -) : RT — R such that

(') = h(w") = hy(wo) (W' — w")| < @p(wo; 8)|w" — w”|

for all w' = (¢',t,x/,xy) and w” = (¢",1,x/,x)) with t € [a,b], [w" — wo| <8, |[w” — wo| < & and
wn(wo; 8) — 0 as § — 0. Here the norm | - | is the usual Euclidean norm on R” x [a, b] x R?".

Note that the hypotheses assure that the differential equation in (4) has a solution; see Proposition 5. We now state
a maximum principle for the optimal control problem (8).

Theorem 2 (Maximum principle). Let assumptions (H1)—(H4) hold. Suppose that Q C RN x (Cla, b)M N is a
closed, convex and finitely codimensional subset. Let (o, ug(-)) be a control that minimizes J 0({ ,u(+)) subject to
S, u(-)) € Q. Then there exist multipliers Ao AL ANy e R x RN and functions (N, M) of
bounded variation on |a, b] and costates p(-) € w1 ([a, b],R") and q(-) € BV (la, b], R") (space of functions of
bounded variation) satisfying conditions (1) and (3) below.

N ) M '
S+ Y e >o. ©.1)
i=0 i=N+1
1 Zx’ n' —J' (%, u0())) < 9.2) ©)
5 [ €= @) aro <o 93)
i= N—H[ab

forall (n',....,nN) e Q; and ENTI(), ..., EM()) € Op.
Let W ()= WO0), wl(),..., M), where

wi(n) = {)J L€ (a,bl, fori=0,...N
0 t=a,
and define the Hamiltonian and Lagrangian by
M
HY (t,x,u,p)=LY(t.x,u)+ p- f(t.x.u), LY(t.x,u)=>Y W ()L (t,x,u), (10)
i=0

for (t,x, p) € la,b] x R" x R" and u € U(t). The costate equations are satisfied by p and q:
P+ H“’(z x0(1). uo (1), p(t) +q() =0, 1¢€la,b),

2 11

@ por= th Cxb)+ 3 [ (et xo) a0, (b

i= N_H[a,h]
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and
M
q=Y / B (2.5, x0(s). x0(B)) W (s) (12)
i:N+1[I,b)

fort € [a, b]. And finally, the minimizing conditions are

N M
9@+ p@+ Y Wh@ao®) + Y [ b x®) a0 =0 ad )
i=0 =N+

HY (1, x0(0), v, p(1) +q (1)) = HY (1, x0(t), uo (@), p(1) + q (1))
forallveU(t) and a.e. t € [a, D].

Theorem 2 is a classical maximum principle for a general deterministic optimal control problem with fixed horizon.
Various special cases have been proved with different approaches; see [9,11] for a survey of maximum principles
on such control problems. As is usually the case for optimal control problems, the correct statements of maximum
principles like Theorem 2 can be easily guessed. The challenge is to validate the statement under minimal conditions.
Here we give a unified proof for this maximum principle as an application of the multiplier rule in Theorem 1. Our
assumption that f, L’ and i’ be strictly differentiable appears to be the weakest among classical maximum principles
for optimal controls with pointwise constraints. Note that the differentiability condition can be further weakened if
there are no pointwise constraints; see [2] and [10]. In addition, for optimal controls with nondifferentiable data,
non-smooth versions of the maximum principle can be established; see [5-7,15,17-19] and [20] for example.

As with most proofs of the maximum principle, the proof is lengthy. We have chosen to break the proof into two
steps. The first part shows the existence of the multipliers while the second part proves the required inequalities for
the multipliers and the main inequality that gives the theorem its name. Between these two steps there is a significant
technical result that identifies certain sequential strict derivates of the relevant functional J. The proof of this result
and the necessary lemmas will be split off and proved in Section 3.

Proof of Theorem 2 (Part I: Existence of Multipliers). The proof of this maximum principle is an application of the
multiplier rule Theorem 1. Let Z = RY x (Cla, b))V, Q and S be as above. Denote w = (¢, u(-)) and suppose
that wg = (&o, uo(-)) is a minimum point of JO subject to S(w) € Q. We will show that W,q = W, that is, every
control in W is admissible; see Proposition 5. To apply Theorem 1, we need to make sure that Z* is strictly convex.
Even though the dual (C[a, b])* is not strictly convex under the usual norm on continuous functions, since C[a, b] is
separable, there is an equivalent norm | - |o on C[a, b], under which the dual (Cla, b], | - |9)* is strictly convex; see [14,
Chapter 2, Theorem 2.18], and [14, Chapter 5, p. 171]. It follows that Z* = RN x (Cla, b]")M—N is strictly convex
under the product norm and Q C Z is closed, convex, and finite codimensional.
Now by the multiplier rule Theorem 1, there exist multipliers (¥°, 1) € R* x Z* such that

WO + 115 >0, (14.1)
(¥, n = S(wp)) <0, (14.2) (14)
YO0+ (¥.2) >0 (14.3)
forall n € Q and (2%, z) € Ds(J°, S)(wp). Write (¥, ) as
(WO, ) = (0 a0 AN Ny, (15)
where ! € (Cla,b],| - |o)* for i > N. Note that the Riesz Representation Theorem continues to hold for

(Cla, bl,| - |o), that is, (C[a, b], | - |o)* is the set of all regular Borel measures on [a, b], althpugh the isomorphism
between the dual space and the space of measures need not be isometric. Therefore, for each ' there is a function ¥*
of bounded variation on [a, b] such that for every Y (-) € Cla, b],

(Y().pl)= / Y (1) dW (1), (16)

[a,b]
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where the right-hand side is the Lebesgue—Stieltjes integral. In fact, we can take wi(t)=vy'i([a,t)). Then ¥ (a) =0
and &' is left-continuous. Now (14.1) implies that (wo, Yr) is nontrivial, so (9.1) holds (note that the norms in (9.1) and
(14.1) may not be the same). Writing n = (nl, N ENTLG), L EM () € O, then (14.2) implies (9.2) and (9.3).
So (9) is proved. The proof will continue following a claim (Theorem 3) about the set Dg(J 0. 8)(wp) of sequential
strict derivates. O

The substantial part of the proof is to determine the set Dg(J 0.8)(wop) of sequential strict derivates and then write
inequality (14.3) satisfied by the multipliers (via algebraic manipulations, integration by parts, and the fundamental
theorem of calculus) in terms of conditions involving the Hamiltonian and the costate variables.

To determine D, (JY, S)(wp), with the identification (7), it suffices to consider Dy J! (wo; t), where, as in (5),

b
Ji((f, u(.)); t) = f Li(r, r,x(r), u(r)) dr + h"(g, t,x(t),x(b)). 17)
t
Let w = (¢’, v(-)) € R" x M([a, b]; U(-)) be fixed. Denote for ¢ € [a, b]
b
X' (wo, w's 1) = hi[t]- ¢+ B[] - y (1) + hi, [1] - y(b) + / (LL[r1- y(r) + Ay L'[r]) dr, (18)

t
where y(¢) is the solution of the integral equation (a “linearized version” of the state equation)

t

y(t)=C/+/(fx[r]y(r)+Auf[r])dr, 1 €la,b], (19)

and the following notations are used:
R[] = R (Z0. 1, x0(1). x0 (b)),
R (11 =R (o, 1. x0(2), x0(b)),
hi 1] = R (¢o. 1, x0(t), x0(b)),
and for¢p =L or f:

Oxlr] = ¢ (r.x0(r), uo(r)),  Auglrl=d(r, xo(r), v(r)) — ¢ (r. x0(r), uo(r)). (20)
Note that fori =0, ..., N, h'(¢, 1, x;, xp) = h' (¢, xp) as in (7), so for these i
h[t] = h}(¢o. x0(b)),  hi [11=0, hi,[1]1="h., (¢0, x0(b)). 1)

Remark on notation The dot product notation was used in (18) only for emphasis in that equation and will not be
used in the sequel. It is however useful to note the kinds of “products” that occur here as well as below. For example,
h' is scalar valued and its gradient hg [¢] is interpreted as a column vector so that h’{ [r]1¢’ is the usual dot product of

vectors. In particular note that H ;1’ = L)‘{’ + > pi f;' , a column vector. The function f is a (column) vector so that
the product f; y as in (19) means the column vector that is the transpose: ( fx1 DA .

Theorem 3. Assume that f, L and h satisfy assumptions (H1)-(H4). We have for all t € [a, b],

X' (wo, w'; 1) € Dy J' (wo; ). (22)

g1 +1

This technical result identifying elements of the sequential strict derivate is crucial to the completion of the proof.
It will be proved in the next section. Assuming this theorem for now we can finish the proof of the maximum principle.
The rest of the proof amounts to rearranging inequality (14.3) from the multiplier rule so that it results in the inequality
(13) with the Hamiltonian asserted in the statement of the theorem.



1078 M. McAsey, L. Mou / J. Math. Anal. Appl. 337 (2008) 1072—-1088

Proof of Theorem 2 (Part II: Inequalities for multipliers). Theorem 3 says that

X' (wo, w'; a) € DgJ (wp) fori=0,...,N,

X' (wo, w';1) € DyJ (wp: 1) fori=N+1,..., M. (23)
This implies that (14.3) holds with

(zo, z) = (Xo(wo, w'sa), X (wo, w';a), ..., XN (wo, w'; a), XN (wo, w9, ..., XM (wo, w'; -)).

In view of (15) and (16), (14.3) can be combined in terms of the functions ¥°(-), w1 (), ..., oM ():

M
> / X (wo, w'; 1) dWi (1) > 0. (24)
l=0 [a,b]

Substituting (18) into (24) to get

M
0< Z / hL[0g dWw (1) + { > / [1dw’ (t)}y(b)—i—z / [y aw' ()
i=014 ) i=014 p) O la.b)
+Z / / (LLIrly(r) + AL [r]) dr dW' (1)
=014.b] 1£,5]
=1+10+1+1V. (25)

We reorganize this inequality to show that (13) holds. By the definition (11) of p € Wb 1([a, b]; R") and in terms
of ¥ (¢) and the notations in (20) and (21), we have that

M
p(b) = Z / R, [11dW ().
l:O [a,b]
By the fundamental theorem of calculus and Eq. (19) for y(-), term /I in (25) becomes
b

= pb)yb)=p@yi¢ + /(y(r)l?/(r) + PO falrly(r) + Ay fr1}) dr. (26)

a
For term III in (25), because h;l [#] is bounded and measurable on [a, b] by assumption (H4)(b), it defines a bounded
linear functional A of y(-) € Co(R; R"), the space of continuous functions with compact support and values in R”.

By the Riesz representation theorem [3, Theorem 8.5.3, p. 372], there exists a function « : [a, b] — R" of bounded
variation such that A(y) = f[ a.b] y(s)da(s). In addition, « is uniquely determined up to a constant at all but a countable

number of points in [a, b]. In particular, we can take o = —¢g, where (1) = ) ;_ f[t b) s]dW¥i(s). By integration
by parts [4, p. 183] and Eq. (19) defining y we get

o =A(y()) = / y(®)da(t) =—y(b)q) + y(a)q(a) + / q(r)dy(r)
[a,b] [a,D]
b

=q(a)€/+/q(r){fx[r]y(r)+Auf[r]}dr. 27)

Using integration by parts again on the fourth term in (25) gives

IV = Z / Wi () (A L' [t]+ L[]y (1)) dt. (28)
i= O[G,b]
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Substitute (26)—(28) into (25) and collect like terms to obtain

M
0< [Z / R [1dW (1) + g (@) +p<a>};’

=014 p]
+ / [(LY[r1+ felrl(p(r) +qlr]) + p' () y(r) + Au(LY [F1+ FIr)(p(r) + qlr1))] dr. (29)
[a,b]
Recall the notation from (10) saying HY (r,x,u, p)= LY[r] + p- flr] and that p(r) satisfies (11). So (29) becomes
M b
0< [Z / hl11d¥' (1) + q(a) + p(a)};/ + f Ay HY (8, x0(1), uo(t), p(t) +q (1)) dt.
i=0 [a,b] a

Since ¢’ is arbitrary, we are led to conclude that
M
a Y / h,[1]d¥' (1) +q(a) + p(a) =0, and
=0, p]
b
(i) [ Aut? (1000, 100). pO) + g(0) di > 0.
a
Using the definition of wi(t) fori =0,..., N and the definitions in (20) and (21), we see that (i) is precisely the
first equality in (13). Similarly, g (¢) is precisely the function in (12).
To show the inequality in (13), recall first that the notation A, H¥ indicates the change in HY in the u-argument
from uq(t) to v(t). Next note that since (ii) holds for every v(-) € M([a, b]; U(-)), it holds with v(¢) replaced by
v(t) tels,s+el,
{uo(t) tél[s,s+¢e]
Therefore (ii) implies that

for all s € [a, b) and small ¢ > 0.

s+e€
/AMH‘”(t,xo(t),uo(t),p(t)+q(t))dt >0 (30)

N

for all s € [a, b) and small ¢ > 0. Note that almost all s € [a, b] are Lebesgue points of
AyHY (1, x0(0),u0(1), p() + (1) = HY (1, x0(1), uo(1), p(1) +q(0)) = HY (1. x0(1), v; (1), p(t) + (1))
for all v;(¢) in assumption (H1). For each such s, letting € — 0 in (30) gives
AuHY (5, x0(5), 10(5), p(s) + ¢ (s)) = 0.
Since {v;j(s), j=1,...} isdense in U (s), the second inequality in (13) holds forallv € U(s). O
We can rewrite Theorem 2 for optimal control problems with initial and terminal values belonging to convex sets
and a more common form of the isoperimetric and pointwise constraints defined by equalities and inequalities. The
result is the following corollary that is a more standard version of the maximum principle.
Corollary 4. Let (Zo, uo(-)) be an optimal control of J(¢, u(-)) subject to
(1) x(a) €y, x(b) € Cp,
2 J(Gu()) <0, i=1,...,N,
3) J'(¢u()=0, i=Ni+1,....,N,
@ I u();1) <0, i=N+1,...,M,1€la,bl,
(5) J(¢u()t)=0, i=Mi+1,...,M,t€(a,b),

0
0
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where C, and Cp, are closed and convex subsets of R", 0 < N1 < N < My < M. Then there exist multipliers
s dp €RT A=A AL ANy eRT x RN and functions (N, L M) of bounded variation on [a, b]
and costates p(-) € wbhl(a, b], R") and q(-) € BV (la, b], R") satisfying

M

A P+ 22+ Y |E )P >0,
i=N+1

B) (harn —20(@) <0 forneCa.

© (Ao, n—x0(b)) <O forneCy,
D) A>0 and MNJ(wy)=0 fori=1,...,Ny,

(BE) oz (t) is a measure with nonnegative density wi (dt) and wi (t) and J! (wo; t) have disjoint supports,
l:N+177M17

p'@)+ HY (t,x0(t), uo(t), pt) +q(t)) =0, tela,bl,

M b
pb) =y + 1}, (G0, x0B) + / ht, (¢o. 1, x0(t), x0(b)) d¥' (1),

i=N+1 7
such that the following hold.

M

) kot (L0, x0B) + Y

i=N+1y,
@) HY(t,x0(t), v, p(t) +q (1))

h (20, 1. x0(t), x0(b)) d¥' (1) + p(a) + q(a) =0, and

\w

WV

HY (t,x0(t), uo(t), pt) + q(t)) forallve U(t) and a.e. t € [a, b].

Proof. The corollary follows from Theorem 2. The initial and terminal value constraints can be incorporated into
isoperimetric constraints as follows. Define these new constraints by

I uG) =x" @, i=1,....n,

JMEH (e u()) =x'(b), i=1,...,n.
The corresponding multipliers are denoted by A, € R" and A € R". So (A) follows from (9.1). Conclusions (B)
and (C) follow from (9.2) for the multipliers A, and Aj, respectively. Part (D) follows from (9.2) for the multiplier

(A1, ..., Apn,) associated with constraints (2), which can be written as (J Lo TN e (—o0, 011, Property (E) fol-
lows from constraints (4) for multipliers (V11! ..., ¢M1) associated with constraints (4), which can be written as

(I N e [N M) () € Cla, bl n' () <Ofori=N+1,...,M}. O
3. Proof of Theorem 3

This section is devoted to proving Theorem 3 on the sequential strict derivate of a functional. We first prove a basic
estimate having the flavor of Gronwall’s inequality. At its most basic D;J is some sort of derivative so that we need
to consider a variation of the functional J in order to compute the derivate. Lemma 6 gives the basic result on the
simplest variation, the spike variation, that modifies an L' function on a small set. The final lemma before the proof
of Theorem 3 provides estimates of the integral of variations used in computing the variation of J.

The notation w? in the next proposition is used in preparation for the proof of Lemma 6.

Proposition 5. Let f, L and h satisfy (H2)—(H4), w = (¢, u(-)) € Waq and w® = (£°,u’()) e W. For (t,y) €
[a, b] x R", define

fit, y) = f(t.x@) + y,u” (@) — f(t,x(1), u(@)),
@)= f(t,x@),u’ @) — f(t, x(0), u(®)).
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Then the corresponding states x(-) and x° (-) satisfy

tela,b]

b
max |x% (1) — x (1) geﬁf"“”dr[k“ —¢| +/|f2(t)|a’t:|. 31)

Proof. By assumption (H3)(a),
it | =fEx@ +y,u” @) — f(t.x@), u®))|
<|fEx@ 4y, u® @) = £t x@),u’O)| + | f(6,x@),u® @) — f(t, x@), u@)|
<KDyl + | A0 (32)

Let y(t) = x(t)° — x(¢). Then from the differential equation (4) we have for ¢ € [a, b]
q

t
)| = ‘(é’“ —§)+/f1(r,y(r))dr

t
< \5“—§\+/|f1(r,y(r))\dr

t t

< |§U—C|+/K(r)|y(r)|dr+f|f2(r)|dr- (33)

a

Let§ =[¢% —¢|+ [”| f2(1)| dt. Then

t

ly(@)| <5+f1<(r)|y(r)|dr, t €la,b]. (34)

a

Recall Gronwall’s inequality says that any function |y(¢)| satisfying (34) also satisfies
b
|y ()] < ele KOdrs, (35)
This implies (31). O

This proposition also allows us to conclude that every w € W is admissible. Indeed, since wg = (Lo, uo(:)) € Whad,
therefore for every w = (¢, u(-)) € W,

b
IS[‘?’;JX(” —xo(t)| < eli K)dr {I( —Zol + / | £(t, x0(®), u(®)) — £ (2, x0(t), Mo(l))|df}

< eld KO [|; — ol + / 2k(t) dt] (from (H3)(b)). (36)
{t: uzuo}
By (H3)(a), we have

|L(t, x (), u(t)) — L(t, xo(t), uo(1))|
<|L(t, x(@), u(t)) — L(t, xo(t), u@®)) | + |L(t, xo(t), u(t)) — L(t, x0(t), uo(1))|
< K(®)|x (1) — xo(t)| + 2k(t) € L' ([a, b]).

Therefore L(t, x(t), u(t)) € L' ([a, b]). In other words, J (w) is defined and so every w € W is admissible. O
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The rest of the section focuses on proving Theorem 3. To prepare, we first construct variations of a function g by
modifying g on small sets. These are commonly called spike variations. We will shortly construct appropriate spike
variations of w using the following lemma, which is a corollary of a more general construction in [14, pp. 143-145].
For the reader’s convenience, a direct proof is given here. Let x (E; -) denote the characteristic function of E C [a, b].

Lemma 6 (Construction of spike variations). Let g(-) € L'([a, b]; R™). Then for every o € (0, 1) there exists E° C
[a, b] with m(E°) = o (b — a) such that

t

/[X(E“;r) —og(r)ydr|=o0(0). (37)

N

max
as<t<h

Proof. Let S be the set of all pairs (s,7) with a < s <t < b. By the continuity of f; |g(r)|dr in (s,t) € S and
compactness of S there exists § > 0 such that

b
/ le)[x (s, 11 7) — x(Is', '] r) ]| dr < & (38)

for all (s, 1), (s',¢') € S with |s — s'|> + |t — /|> < 8%. Choose (s1,11), ..., (sk, &) € S such that S is covered by
the balls of radius & centered at (s;,#;), i = 1,...,k. Since g(r)x([s;,t;];7r) € L'([a, b]; R™), by the density of
C([a, b]; R™) in L' ([a, b]; R™), there exists fi(-) € C(la, b]; R™) such that

b
f}fi(r)—g(r)x([Si,ti];r)\dr<02. (39)

Leta=rog<ry <--- <r, =b beapartition of [a, b] with r; =a + jAr, where Ar = b;“ and n is an integer. By

the uniform continuity of f; on [a, b], we can choose n sufficiently large such that fori =1, ...,k

wi(Ar)y=max{|fi(s) — fi(O|: (s.) €S, t —s < Ar} <o.

Define E° = U?:l[”j — o Ar,rj]. Thenm(E?) =0 (b — a).
By the mean value theorem for integrals, there exist r} €lrj —oAr,rj]and r}’ € [rj—1,r;] such that

b n rj n

/X(E”; ) firydr =Y / firydr =" fiHo Ar

a jzlrj—aAr j=l1
and

b n

/ of(rydr=> of())Ar.

a Jj=1
Putting these together we get
b

/[X(E“;r) —o]ﬁ-(r)dr

a

=0

S0 — £ED]A| < oo (A G —a). (40)
j=1

Now for (s, 1) € S, take i € {1, ..., k} such that |s — s;|*> + |t — ;|*> < 8%. With this i we have

t

/[X (E%;r)—o]g(r)dr

N
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b

= /[X(EU; r) —o]g(r))(([s,t];r) dr

a

b

f [x(E7:r) = o]e() x(Isi- 1): r) dr

b

/[X(Ea;r) —o[grx([si. til;r) — fi(r)]dr

a

[ [ (E%:F) — o Je [ (is. 11 r) — x (Isi. i0: )] dr

a

N

+

N

+

b
f[x(E”; r) —a]ﬁ(r)dr

b
+a —|—cr)/|g(r)[x([5i, tilir) = x(Is. 1) r)]| dr

<(1+0)0? +0wj(Ar)(b—a) + (1 +0)o® (using (39), (40), and (38), in that order)
=o0(0). O

Note. The conclusion of the preceding lemma will often be used in the form

t t

/X(Eg;r)g(r)dr:G/g(r)dr+0(0). 40D

N N

For a given w’ = (', v(-)) € R" x M([a, b], U(-)) and o € (0, 1), construct w? = (¢?, u’(-)) as follows. Let

(7 =¢+oa¢,
o, JU@) teE“°,
u (’)_{u(z) t €la,b]\ E°, “42)

where E€ is chosen so that the estimate (37) in the preceding proposition holds for

g =[f(t.x(0),v®) = f(t.x@®), u®)), L(t, x@),v()) — L(t, x(@), u(0))]. (43)

(The function u° is the aforementioned spike variation.) It follows that

D, w) < y/[e7 — ¢+ B < (1¢'1+ 1o 9

Let xo(-), x(-) and x?(-) be the states associated with wg, w and w?, respectively. Use the following notation for
various differences

Auplt] = ¢(t, xo(t), v(1)) — (1, x0(2), uo (1)),
AL =¢ —¢,
Ax(t) =x°(t) — x(2). (45)

Note that there are three controls wg, w and w® and states xo(-), x(-) and x? (-) that are involved here.

The following technical lemma is important in identifying the sequential strict derivate of the functional J. In
the lemma we will use the notation £(o, w) to denote any function of o and w such that the iterated limit (in the
appropriate norm) limy,_,, limsup, _, o+ [£(o, w)|| = 0. This will be used in much the same way as the little-oh
notation so various instances of £(o, w) may well represent different functions. This notation also has the usual
“arithmetic” associated with the little-oh notation, for example, £(o, w) 4 £(o, w) = £(o, w).

Lemma 7. Let w®, w and wq be as above and y(-) be the solution of the integral equation (19). Then for all [s,t] C
la,bl and ¢ = f or L,
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t

/[¢(r, x°(r), u® (r)) — ¢(r, x(r), u(r))] dr
'

= /{o Audlr] + ¢x (r, xo(r), uo(r)) (x7 (r) — x(r)) }dr + o £(o, w)
1

—o / (Audlr] + bx (o x0 (). w0 (7)) y() ) dr + 0 €(0 w), (46)

and

sup [x7(t) —x(1) — oy(t)| =0 l(o, w). (47)
t€la,b]

Proof. We begin by proving the first equality. Next we prove the statement involving the supremum and finally we
show how these will imply the remaining equality.

Define sets F° = {t € [a, b]: u(t) =up(t) =u’(¢)}. (The functions u, ug, and u® are imagined so that F° should
be “most” of the interval [a, b].) Recall the set E = {t € [a, b]: u(t) #uo(t)} and E°from Lemma 6. It follows that

m([s, 1]\ F") < m(E U E“) <m(E) + m(E") < D(w, wey) + IDD(w“, w)
By (31) and the choice of E“, x? (t) and x(¢) satisfy the estimate

- b
|x7 (1) — x(1)| < eld Kwar 1c7 —¢| —|—f|f(t,x(t),u"(t)) —f(t,x(t),u(t))\dt:|

— oJd KW 7 —¢|+ / |f(t,x(t),v(t))—f(t,x(t),u(t))\dt:|

- [a,bINE°

- b
< eld Kt a|§/|+0/|f(t,x(t),v(t)) —f(t,x(t),u(;))|dt+o(a)].

The last inequality uses Eq. (41) with the difference of f’s here for g there. Factoring a o out of each of the terms
in the brackets still leaves a function of w since x depends on w resulting in

|Ax(0)| =[x (1) — x(1)| < C(w)o. (48)
On the other hand, by (36)

|x (1) — xo0(1)] < effK(”"’[w — ol + / 2k(t>dr].
E

As w — wq in the metric on W, both of the preceding terms go to zero. So we can write

[x(1) = xo(0)| < €0, w), (49)

using the £(o, w)-notation introduced prior to the proof (in fact |x(#) — xo(¢)| is independent of o). It also follows
from the triangle inequality that

|x”(t) — xo(t)| <Ll(o,w). (50)

We now subtract the first two integrals in (46) and show that the result is again a £(w, o) function. In the following
computation, write the integrals with the variable of integration r suppressed; break the integral over [s, ¢] into inte-
grals over [s,¢] N F? and [s, ] \ F?; use the definition of A,¢[r]; add and subtract ¢ (x, u?), and finally group the
results appropriately:
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t t

/[¢>(x", u®) —¢(x,uw)]dr — f[oAuqs[r] + ¢ (x0, uo) Ax | dr

N N

= { / [¢(x”,u”) = ¢ (x, 1) — ¢ (xo, uo)Ax]dr}

[s,.INF°

+ / [¢(x7, u®) — ¢(x,u”) — px (x0, up) Ax]| dr}
[s,t\NF?
t
+ / [¢(x, u(’) — ¢ (x, u)] dr —o /[d)(xo, v) — @ (xp, uo)] dr}
[s,tI\F° s
=A+B+C (51)

where A, B, C are the three terms in { }’s.
For the term A, first note that by strict differentiability, by assumption (H4)(b) there is a function wg(r, §) so that

|6(x7, u0) — ¢ (x, u0) — ¢ (x0, u0) Ax| < wy(r, 8)|x” — x|

for all x? and x and § = |x? — xg| + |x — xo|. From estimates (49) and (50), we know § is a £(w, o )-function. So the
function wg (r, §) can be replaced with wy (r, £(w, 0)). So to estimate A, first use the definition of F as the set on
which u, u?, and ug are all equal, and next the strict differentiability of ¢ (assumption (H3)(a) with § there equal to
{(o, w) here), and finally the estimates just discussed, to get

1Al = ‘ / [#(x7, uo) — ¢ (x, u0) — px (x0, uo) Ax]dr

[s,tINF°

b
</‘¢(xg,uo) — ¢ (x, 10) — ¢x (x0, uo) Ax | dr
b

< /a)¢ (r, L(w, 0))|Ax(r)|dr
b

< C(w)o / wg(r, ¢(w,0))dr (by (48) and (49))

a
=ol(o,w).
The last equality is a result of the hypothesis on wg specifying that fab wy(r,8)dr — 0 as § — 0. In other words,

the integral /ab wg(r, £(o, w)) dr is another £(o, w)-function.
For the term B, using the Lipschitz hypothesis on ¢ (assumption (H3)(a)) and the fact that m([s, ] \ F?) <
m(E UE?) <{(w,o0),

|B| < / [K (r) + |x (x0, o) |]|Ax | dr < C(w)o / [K (") + | (x0, u0) |} dr = 0 (0, w),
EUE® EUE®

because the integral has limit zero as w — wg and o — 0% so the product is yet another (o, w)-function.
For the term C, we first note that

/[¢>(x,u”)—¢(x,u)]dr= / [6(x,u”) — ¢(x,u)]dr.

[s,tI\F” [s,tINE®
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To see this, let G = {r € [s,1]: u®(r) Zu(r)}. Then G° C E° and G° C [s,t]\ F?. It follows that both sides
simplify to fG(, [¢(x,u®) — ¢ (x,u)]dr. Therefore by (41),

t

/ [d)(x,u") —¢(x,u)] dr =o/[¢(x, v) —¢(x,u)] dr 4+ 0(0). (52)

[s.1I\F° s
Substituting (52) into term C in (51) and using (H3)(a)-(H3)(b), we have

t

of{[qb(x,v) — ¢ (x,u)] — [¢(x0, v) — p(x0,u0)]} dr

s

IC] < +o0(0)

t t

<0/[|¢(x,v)—¢(X0,v)|+|¢(X,M)—¢(X0,M)|]dr+0/|¢(x0,u)—¢(x0,uo)|dr+0(0)

N
t

<20 / K(r)|x(r) — xo(r)| dr + 20 / k(r)dr + o(o).
N [s,tINE

Recall that as w — wg in WV, D), m(E) — 0. Therefore f[s HNE k(r)dr =£(o,w).Sowe get |C| < 0f(o, w). Finally
combining the inequalities for A, B and C, we get the first equality in (46).
Next we prove (47). Recall the equations

t
x°@t)=¢° —i—/f(r, x7(r),u’(r))dr,

t
x(t):;‘+/f(r,x(r),u(r))dr.

Let y(t) = é(x" () — x(2)). Then y° (¢) satisfies (with argument r suppressed)
t
yt)=¢ + é /[f(x”, u®) — f(x,u)]dr.
a
By (46) with ¢ = f, we obtain (suppressing most r’s again)

1

1
Y =¢+ ;(/[GAuf[r] + fx(x0,u0)(x7 — x)]dr + o (o, w))

a
t

=¢+ /[Auf[r] + fr(x0,u0)y” | dr + £(o, w).

a
It follows, recalling the definition of y(¢) in (19), that

t t

/[Auf[r] + fe(xo, u0)y” | dr + £(o, w) — /[fx(XO, uo)y + Ay flrl]dr

a a

Y7 @) =y <

t
</|fx(xo,uo>||y“<r)—y(r)idr+£<a, w).
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By Gronwall’s inequality (35), we have |y° (t) — y(¢)| < £(o, w)efat Ifx(0.u0)ld7 \which is another function of the form
{(o, w). Now we can complete the proof of (47):

X7 (1) —x(1) —oy(®)| =0 |y’ (1) = y()| < o b(o, w).

From this we obtain the other integral equality in (46). O

Now we are ready to prove Theorem 3. Recall that the conclusion of the theorem is the identification of a sequential
strict derivate:

Proof of Theorem 3. We first show that the variation w® = (¢%, u°) € VWV constructed in Lemma 7 and (42) satisfies
TN w3 t) = (G u()i 1) =o X! (wo, w's 1) + 0 E(o, w), (53)
fort €la,b] andi =0, ..., M. In the following, we will drop the index i.
Before writing the difference of J at the two w’s, it will be helpful to preview the difference of the “scrap functions.”
This difference,
Ah[t]=h(57,1,x° (1), x° (b)) — h(¢. 1, x(1), x (b)),

can be expressed as the linear Taylor expansion for both terms, expanded about the base point (o, ¢, xo(¢), x0(b)).
Doing so will cancel h evaluated (twice) at the base point, leaving first order derivatives evaluated at the base points
(e.g. h¢) times increments (e.g. A¢) and the higher order terms, written as A'h next, that is,

A'h[t] = AR[t] = {he [1AC + By, [11AX(1) + by, [11AX () ).
It follows that

J(E7.u®()it) = I (¢, u();1)

b
= he[t1AL + iy, [11AX () + by, [11Ax (D) + A R[] + f[L(r, x7(r),u’(r)) = L(r,x(r),u(r))]dr. (54
t

Let us look at (54) term by term. By (47), for ¢ € [a, b], as 0 — O,

hy, [t]1Ax(2) = o hy, [t]y (1) + 0l(o, w), hy,[1]Ax (D) = o hy,[t]y(b) + 0 l(o, w). (55)
For the term A%, use (44), (48) and the strict differentiability of & at (o, t, xo(2), x0(b)),
|Ah[1]] < on (Clo, W) [|AL] + [Ax ()| + | Ax(B)|] = 0 Lo, w). (56)
Now we look at the integral term in (54). By (46),
b b

/[L (r, x°(r), u® (r)) = L(r,x(r), u(r))]dr =0 /[AML[r] + Ly (x(r), u(r))y(r)]dr + o t(o, w). (57)

t t

Combining (54)—(57), we obtain the stated estimate (53).
Now let d% = (|| + 1)o and §(w) = limy_,q sup | X222 ||. By (44), D(w°, w) <d° | 0 as ¢ — 0 and §(w) — 0

1¢/]+1
as d(w, wg) — 0 by the definition of £(o, w) before Lemma 7. Estimate (53) implies that
Jw;t) — J(w;t 1
limsup max |2 = JWit) X (wo, w': 1)| < 8(w). (58)
o0 ast<h d° 1¢'1+1
By definition of DgJ (wq; 1), |€,lﬁX(wo, w';t) € DgJ(wg; t) fort € [a,b]. O

Remark. Reviewing the proofs of Theorem 3 and Lemma 7 we notice that it would be difficult to prove (58) if d°
were replaced by d(w?, w). That is why we introduced the sequence d’ in the definition of sequential strict derivate
in Section 1.
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