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1. Introduction

In this paper we establish and prove two new sufficiency theorems for weak and strong minima for
an optimal control problem of Lagrange with fixed end-points, nonlinear dynamics, nonlinear
isoperimetric inequality and equality constraints and pointwise mixed nonlinear time-state-control
inequality and equality restrictions. The proof of the sufficiency theorems is independent of classical
methods used to obtain sufficiency in optimal control problems of this type, see for example [32],
where the insertion of the original optimal control problem in a Banach space is a fundamental
component in order to obtain the corresponding sufficiency theory; [16], where the construction of a
bounded solution of a matrix Riccati equation is crucial in this sufficiency approach; or [8, 19], where
a verification function and a quadratic function satisfying a Hamilton-Jacobi inequality is an
indispensable tool in the sufficiency treatments of these theories. Concretely, the sufficiency theorems
of this article state that if an admissible process satisfies a first order sufficient condition related with
Pontryagin maximum principle, a similar hypothesis of the necessary Legendre-Clebsch condition,
the positivity of a quadratic integral on the cone of critical directions, and several conditions of
Weierstrass of some functions, where one of them plays a similar role to the Hamiltonian of the
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problem, then, the previously mentioned admissible process is a strict local minimum. The set of
active indices of the corresponding mixed time-state-control inequality constraints must be piecewise
constant on the underlying time interval of consideration, the Lagrange multipliers of the inequality
constraints must be nonnegative and in fact they have to be zero whenever the associated index of the
Lagrange multiplier is inactive. Additionally, the proposed optimal controls need not be continuous
on the underlying interval of time but only measurable, see for example [7-9, 13-19, 21, 22, 25-27,
29, 32], where the continuity of the proposed optimal control is a crucial assumption in some
sufficiency optimal control theories having the same degree of generality as the problems studied in
this article. In contrast, in Examples 2.3 and 2.4, we show how two purely measurable optimal
controls comprised with the proposed optimal processes satisfy all the hypotheses of Theorems 2.1
and 2.2 becoming in this way strict local minima.

Additionally, it is worth mentioning that in these new sufficiency theorems for local minima
presented in this paper, all the premises that must be satisfied by an admissible process to become an
optimal process, are imposed in the hypotheses established in the theorems, in contrast, with other
second order necessary and sufficiency theories which depend upon the verifiability of some
preliminary assumptions, see for example [2, 3, 5, 6, 11, 24], where the necessary second order
conditions for optimality depend on some previous hypotheses involving the full rankness of a matrix
whose nature arises from the linear independence of vectors whose role are the gradients of the active
inequality and equality constraints and where further assumptions involving some notions of
regularity or normality of a solution are fundamental hypotheses; or [28], where the corresponding
sufficiency theory for optimality depends upon the existence of a continuous function dominating the
norm of one of the partial derivatives of the dynamic of the problem. Another remarkable feature
presented in this theory concerns the fact that our sufficiency treatment not only provides sufficient
conditions for strict local minima but they allow measuring the deviation between admissible costs
and optimal costs. This deviation involves a functional playing the role of the square of a norm of the
Banach space L!, see for example [1, 23], where similar estimations of the growth of the objective
functional around the optimal control are established.

On the other hand, it is worth pointing out the existence of some recent optimal control theories
which also study optimal control problems with functional inequality or equality restrictions such as
the isoperimetric constraints of this paper. Concretely, in [20], necessary optimality conditions for a
Mayer optimal control problem involving semilinear unbounded evolution inclusions and inequality
and equality Lipschitzian restrictions are obtained by constructing a sequence of discrete
approximations and proving that the optimal solutions of discrete approximations converge uniformly
to a given optimal process for the primary continuous-time problem. In [12], necessary and sufficient
optimality conditions of Mayer optimal control problems involving differential inclusions and
functional inequality constraints are presented and the authors study Mayer optimal control problems
with higher order differential inclusions and inequality functional constraints. The necessary
conditions for optimality obtained in [12], are important generalizations of associated problems for a
first order differential inclusions of optimality settings established in [4, 10, 20]. The sufficiency
conditions obtained in [12] include second order discrete inclusions with inequality end-point
constraints. The use of convex and nonsmooth analysis plays a crucial role in this related sufficiency
treatment. Moreover, one of the fundamental novelties of the work provided in [12] concerns the
derivation of sufficient optimality conditions for Mayer optimal control problems having m-th order
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ordinary differential inclusions with m > 3.

The paper is organized as follows. In Section 2, we pose the problem we shall deal with together
with some basic definitions, the statement of the main results and two examples illustrating the
sufficiency theorems of the article. Section 3 is devoted to state one auxiliary lemma on which the
proof of Theorem 2.1, given in the same section, is strongly based. Section 4 is dedicated to state
another auxiliary result on which the proof of Theorem 2.2, once again given in the same section, is
based.

2. The problem and the main results for local minima

Suppose we are given an interval T := [f, #;] in R, two fixed points &, & in R", functions L, L,
(y=1,...,K) mapping T X R" X R" to R, two functions f and ¢ = (¢y, ..., ;) mapping T X R" x R"
to R" and R’ respectively. Let

A={t,x,u) € T XR"XR" | ¢,(t,x,u) <0(a € R), gs(t,x,u) = 0(B € S)}

where R :={l,...,r}and S :={r+1,...,s} (r =0,1,...,s). If r = 0 then R = () and we disregard
statements involving ¢,. Similarly, if » = s then § = 0 and we disregard statements involving ¢g.

Let {A,} be a sequence of measurable functions and let A be a measurable function. We shall say
that the sequence of measurable functions {A,} converges almost uniformly to a function A on T, if
given € > 0, there exists a measurable set T, C T with m((¢) < € such that {A,} converges uniformly
to Aon T \T.. We will also denote uniform convergence by A, LR A, almost uniform convergence by
A, it A, strong convergence in L” by A, “, A and weak convergence in L” by A, X A. From now
on we shall not relabel the subsequences of a given sequence since this fact will not alter our results.

It will be assumed throughout the paper that L, L, (y = 1,...,K), f and ¢ have first and second
derivatives with respect to x and u. Also, if we denote by b(t, x,u) either L(z, x,u), L,(t,x,u)
(y = 1,...,K), f(t,x,u), ¢(t, x,u) or any of their partial derivatives of order less or equal than two
with respect to x and u, we shall assume that if 8 is any bounded subset of 7 X R" X R", then |b(B)| is
a bounded subset of R. Additionally, we shall assume that if {(®,,'¥,)} is any sequence in
AC(T;R") x L®(T;R™) such that for some T C T measurable and some
(@, Vo) € AC(T;R") x L=(T; R™), (®,,V,) i (®@g, o) on T, then for all g € N, b(-, D,(-), Py (+)) is
measurable on 1" and

b(-, @y (), () 25 b(, @), Po()) on T

Note that all conditions given above are satisfied if the functions L, L, (y = 1,...,K), f and ¢ and
their first and second derivatives with respect to x and u are continuous on 7' X R" x R™.

The fixed end-point optimal control problem we shall deal with, denoted by (P), is that of
minimizing the functional

I(x,u) := fl L(t, x(t), u(t))dt

fo

over all couples (x,u) with x: T — R" absolutely continuous and u: T — R"™ essentially bounded,
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satisfying the constraints

(0 = f(t, x(0), u(?)) (ae.in T).
x(to) = &o, x(11) = &1

L u) = 7Lt x(@), u@)dr <0 (= 1, ).

Lo w) = [ Litt, x(0), u()dt = 0 (j =k +1,..., K).
(t, x(0), u(t) € A (t € T).

Denote by X the space of all absolutely continuous functions mapping 7 to R" and by U, := L°(T; R®)
(c € N). Elements of X X U, will be called processes and a process (x, u) is admissible if it satisfies
the constraints. A process (x, u) solves (P) if it is admissible and I(x,u) < I(y,v) for all admissible
processes (y, v). An admissible process (x, u) is called a strong minimum of (P) if it is a minimum of /
with respect to the norm

[lxll == sup |x(2)],

teT
that is, if for any € > 0, I(x,u) < I(y,v) for all admissible processes (y, v) satisfying ||y — x|| < €. An
admissible process (x, u) is called a weak minimum of (P) if it is a minimum of / with respect to the
norm
[1Ce, @l == 1l + lleellcos

that is, if for any € > 0, I(x, u) < I(y, v) for all admissible processes (y, v) satisfying ||(y, v) — (x, u)|| < €.
It is a strict minimum if I(x,u) = I(y,v) only in case (x,u) = (y,v). Note that the crucial difference
between strong and weak minima is that in the former, if / affords a strong minimum at (x, uy), then,
if (x,u) is admissible and it is sufficiently close to (xo, 1), in the sense that the quantity ||lx — x|/
is sufficiently small, then I(x, u) > I(x, uy), meanwhile for the latter, if (x, u) is admissible and it is
sufficiently close to (xy, ), in the sense that the quantities ||x — xo||o, ||t — || are sufficiently small,
then I(x, u) > 1(xo, up).

The following definitions will be useful in order to continue with the development of this theory.

e For any (x, u) € X X U,, we shall use the notation (X(¢)) to represent (¢, x(¢), u(t)). Similarly (¥(z))
represents (z, xo(), uy(t)). Throughout the paper the notation “«” will denote transpose.

e Given K real numbers Ay, ..., Ak, consider the functional I,: X X U,, — R defined by

K £l
Io(x, ) 1= 1(x,u) + ) Ay (x, 1) = f Lo(X(0))d1,
y=1 o
where Ly: T X R" X R" — R is given by
K
Lo(t, x,u) := L(t, x,u) + Z A, L,(t, x, u).

v=1

e For all (¢, x,u,p,u) € T X R" X R" X R" X R, set

H(t, x,u,p, ) := p" f(t, x,u) = Lo(t, x, u) — " @(t, x, u).
Given p € X and u € U, define, for all (¢, x,u) € T X R" x R",

FO(ta X, l/l) = _H(t’ X, M’P(t)’ﬂ(t)) _p*(t)x
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and let t
Jo(x,u) := p*(t)é1 — p*(to)éo + f Fo(x(1))dr.

fo

e Consider the first variations of Jy and I, (y = 1,..., K) with respect to (x,u) € X X U, over
(v,v) € X x L*(T; R™) which are given, respectively, by

Jo((x, u); (y,v) == f {Fox(X(0)y(®) + Fou(X(1)v(1)}dr,

fo

L((x, u); (v, ) 1= f {Ly(X(@O)y(1) + Ly (X(D)v(1)}dt.

fo

The second variation of J, with respect to (x, u) € X X U,, over (y,v) € X x L*>(T;R™) is given by

Jo ((x, w); (v, v)) = f 2Q4(X(1); t, (1), v(2))dt

)

where, for all (r,y,v) € T X R" x R",

290(56(1‘); f, Y, V) = y*FOXX(j(t))y + zy*FOXM(X(t))V + V*FOLtu(X(t))V-

e Denote by E, the Weierstrass excess function of F, given by
Eo(t, x,u,v) 1= Fo(t, x,v) = Fo(t, x,u) = Fou(t, x,u)(v — u).
Similarly, the Weierstrass excess function of L, (y = 1, ..., K) corresponds to

E,(t, x,u,v) := L,(t, x,v) — L,(t, x,u) — Ly, (t, x, u)(v — u).

e For all (x,u) € X x L'(T; R™) let
D(x,u) := max{D(x), D,(u)}

where

Di(x) := V(x(tp)) + fl V(x())dt and Dsy(u) := fl V(u(1))dt,

To To

where V() := (1 + |n[»)"? = 1 with 7 := (1y,...,m,) € R"or m := (my,...,7,)" € R™.
Finally, for all (z, x,u) € T x R" x R™, denote by

T ,(t,x,u) :={a € R| @,(t, x,u) = 0},

the set of active indices of (7, x, u) with respect to the mixed inequality constraints. For all (x,u) €
X X U, denote by
(x,u) :={i=1,...,k| Ii(x,u) = 0},
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the set of active indices of (x, u) with respect to the isoperimetric inequality constraints. Given (x, u) €
X x U, let Y(x,u) be the set of all (y,v) € X x L*(T; R™) satisfying

W0 = fE@O)Y@) + Lu(ZO)(@) (ae.inT), y() =0 @ =0,1).

L u); (7, ) <0 (€ ig(x, ), ((xu);3v) =0 (j=k+1,...,K).
Par(X(D)Y(O) + Pau(XO)W(1) < 0 (e in T, @ € L4(X(1))).

Ppx(XO)Y () + @ (X(O)v(1) = 0 (ae.in T, € S).

The set Y (x, u) is called the cone of critical directions along (x, u).

Now we are in a position to state the main results of the article, two sufficiency results for strict
local minima of problem (P). Given an admissible process (x, uy) where the proposed optimal controls
uy need not be continuous but only measurable, the hypotheses include, two conditions related with
Pontryagin maximum principle, a similar assumption of the necessary Legendre-Clebsch condition, the
positivity of the second variation on the cone of critical directions and some conditions involving the
Weierstrass functions delimiting problem (P). It is worth observing that the sufficiency theorems not
only give sufficient conditions for strict local minima but also provides some information concerning
the deviation between optimal and feasible costs. In the measure of this deviation are involved the
functionals D; (i = 1,2) which play the role of the square of the norm of the Banach space L'.

The following theorem provides sufficient conditions for a strict strong minimum of problem (P).
Theorem 2.1 Let (xy, ug) be an admissible process. Assume that I ,(Xy(-)) is piecewise constant on T,
suppose that there exist p € X, u € U, with u,(t) > 0 and pu,(H)@.(Xo(t)) = 0 (@ € R,t € T), two
positive numbers 0, €, and multipliers Ay, ..., Ax with A4; > 0 and A;1;(xp,up) =0 (i = 1,...,k) such that

p(1) = —H(Zo(1), p(0), (1)) (ae. in T),

H;,(%o(1), p(), (1)) =0 (t € T),

and the following holds:
() Huu(Fo(1), p(), u(1)) <0 (a.e. inT).

(1) J{' ((x0, uo); (v, v)) > 0 for all (y,v) # (0,0), (v,v) € Y(xo, uo).
(ii1) If (x, u) is admissible with ||x — x¢|| < €, then
a. Ey(t, x(1), ug(t),u(t)) > 0 (a.e. in T).
b. [ Eo(t, x(t), ug(t), w(D)dt > smax{ [ VOi(t) = xo(0)dt, [ V(wt) - up(t))dr).
e [ Eolt, x(t), uo(0), u(@)dt > 8| [ E,(t, (1), uo(0), u(@)dt] (y = 1,...., K).
In this case, there exist 61,60, > 0 such that if (x, u) is admissible with ||x — xy|| < 6,

I(x,u) > I(xg, ug) + 6,D(x — x¢, u — up).

In particular, (xg, up) is a strict strong minimum of (P).
The theorem below gives sufficient conditions for weak minima of problem (P).
Theorem 2.2 Let (xy, uy) be an admissible process. Assume that I ,(%(-)) is piecewise constant on T,
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suppose that there exist p € X, u € U, with u,(t) > 0 and u,(H)@.(Xo(t)) = 0 (@ € R,t € T), two
positive numbers 0, €, and multipliers Ay, . .., Agx with A4; > 0 and A;1;(xp,up) =0 (i = 1,...,k) such that

p() = —H (Zo(0), p(1), p(0)) (a.e. in T),
H, (%o(0), p(0), (1)) = 0 (t € T),

and the following holds:

(1) Huu(Zo(®), p(0), (1)) < 0 (a.e. in T).

(i) J§/ ((x0, o) (v, v)) > 0 for all (y,v) # (0,0), (y,v) € Y(xo, up).

(iii) If (x, u) is admissible with ||(x, u) — (xo, up)|| < €, then

a’. [ Eo(t, x(t), uo(0), u(®)dr 2 6 [ V(u(t) - up(t))dr.

b [T Eo(t, x(6), uo(t), u®)dt > 6| [ Ey(t, x(2), uo(t), u®)dtl (y = 1,...., K).
In this case, there exist 61,0, > 0 such that if (x, u) is admissible with ||(x, u) — (xo, uo)|| < 6,

I(x,u) > 1(xo, o) + 62D (u — uo).

In particular, (xy, up) is a strict weak minimum of (P).

Examples 2.3 and 2.4 illustrate Theorems 2.1 and 2.2 respectively. It is worth mentioning that the
sufficiency theory of [28] cannot be applied in both examples. Indeed, if f denotes the dynamic of the
problems, as one readily verifies, in both examples, we have that

fult, x,u) = (up, uy) for all (¢, x,u) € [0, 1] X R x R?,
and hence, it does not exist a continuous function ¢ : [0, 1] X R — R such that
|£.(t, x, w)| < w(t, x) for all (¢, x,u) € [0,1] x R x R%.

Example 2.3 Let up: [0,1] — R be any measurable function whose codomain belongs to the
set {—1,1}.
Consider problem (P) of minimizing

1
I(x,u) = f {sinh(u;(£)) + ut(t) cosRruy(1)) — x*(¢)}dt
0

over all couples (x,u) with x: [0,1] — R absolutely continuous and u: [0,1] — R? essentially
bounded satisfying the constraints

x(0) = x(1) = 0.
x(1) = u1(DHuy(t) + %x(t) (a.e. in[0,1)).
Lixu) = ) {220 + x(u (Dus(D)dr < 0.
(t, x(£), u(t)) € A (¢ € [0, 1])

where
A= {(t,x,u) € [0, 1] X RXR [ uy > 0, (ur — upn(0))> < 1, 3 = 1),
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Forthiscase, T = [0,1],n=1,m=2,r=2,5s=3,k=K=1,§=6, =0,
L(t, x,u) = sinh(u;) + u% cos(2nuy) — X2, ft, x,u) = uyuy + %x,

Li(t,x,u) = }‘x2 + xuguy, Lo(t, x,u) = sinh(u;) + u% cos(2muy) — 2+ ﬂl[}‘xz + Xxuius],

et x,u) = —ur, @t x,u) = (p —up())* = 1, @3(t, x,u) = u5 — 1.

Clearly, L, Ly, f and ¢ = (¢1, ¢2, ¢3) satisfy the hypotheses imposed in the statement of the problem.
Also, as one readily verifies, the process (xy, 1) = (xo, U1, up2) = (0,0, ug,) is admissible.
Moreover,

H(t, x,u,p,u) = pujuy + %px — sinh(u;) — u% cos(2muy) + x> — A, [éllx2 + XuUjus |

+uy = ol (uy = uop(£))* = 11 = palu — 11,
H(t, x,u,p, 1) = 3p + 2x = L1 [3x + ujus],

puy — cosh(uy) — 2uy cos(2muy) — Ay xuy + (g

H(t x,u,p,11) = pup + 27ruf Sin(2ruy) — Ay xuy — 2y (uy — ugy(t)) — 2ususn

Therefore, if we setp =0, uy = 1, u, = uz = 0 and 4, = 0, we have
o) = —H,(%o(0), p(2), u(0)) (a.e. in T),  H,(X(1), p(1), u(2)) = (0,0) (t € T),

and hence the first order sufficient conditions involving the Hamiltonian of problem (P) are verified.
Moreover, if we set R := {1, 2}, observe that

A1 >0, A41(xp,up) =0,
Ho(D) 20, pe(Dpo(Xo(r) =0 (@ €eR, teT).

Additionally, 7 ,(%y(-)) = {1} is constant on 7. Also, it is readily seen that for allr € T,

- -2 0
H,, (Xo(1), p(1), (1)) = ( 0 0 )
and so condition (i) of Theorem 2.1 is satisfied. Observe that, forall r € T,
[iGo@®) =3, fulFo() = (u(),0),  Lix(Z(®) =0, L (%) = (0,0),

P1:(X0(®) =0, @1 (Fo@®) = (=1,0),  @3.(X0(®) =0, @3,(%o(?) = (0, 2upx(2)).
Thus, Y (xo, up) is given by all (y,v) € X x L*(T; R?) satisfying
¥(0) = y(1) = 0.
Y1) = 3y(1) + upa(H)v1 (1) (a.e. in T).
—vi(®) <0 (ae.inT).
2up(H)vo(1) = 0 (ae. in T).
Moreover, note that, for all (¢, x,u) € T X R x R?,

Fo(t, x,u) = —H(t, x, u, p(t), u(t)) — p(t)x = sinh(u,) + u3 cos(2muy) — x* — uy,
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and so, forallt e T,

2
FOxx(XO(t)) = _2’ FOxu(jéO(t)) = (07 O)’ FOuu(;CO(t)) = ( 0 8 )

Consequently, we have

2J5 (x0, uo); (v, v)

1 1
fo i) -y (0))dr = fo {((0) = 3y(1))* = Y*(1)}dt

1 1
fo 7 () = y()3(1) = 3y*(D)}dt = fo 7(0) — 3y°()}dr > 0

for all (y,v) # (0,0), (y,v) € Y(xo, up). Hence, condition (ii) of Theorem 2.1 is verified.
Additionally, observe that for all (x, #) admissible and all € T,

Eo(t, x(1), up(t), u(r)) = sinh(u,(¢)) + u%(t) cos(2muy (1)) — uy(t) > u%(t) cosRmuy (1)) = u%(t) >0,
and then, condition (iii)(a) of Theorem 2.1 is satisfied for any € > 0. Now, if (x, #) is admissible, then
u—uy = (uy — gy, ur — upn) = (Uy, upy — upz) = (uy,0)

and so, if (x, u) is admissible,

1 1 1 1
f Eo(2, x(2), uo(2), u(t))dt > f ui(f)dt > f V(u(2))dt = f V(u(t) — up(t))dt.
0 0 0 0

Also, if (x, u) is admissible, then

\

1 1 1
on(t,X(t),uo(t),u(t))dt > fu%(t)dt=f{(ul(t)uz(f)+%x(t))z—x(f)ul(t)uz(t)—ixz(t)}dt
0 0 0
1

1 1
f {(F2(1) = x(Du (Duo(t) — 157 (0))dt > f E(t)dt > f V(x(1) — xo(1))dt.
0 0 0

Therefore, if (x, 1) is admissible, then

1
f Eo(t. x(t). uo(0), u(t))dt > max{ f
0 0

and hence, condition (iii)(b) of Theorem 2.1 is verified for any € > 0 and 6 = 1. Finally, if (x, u) is
admissible, note that

1

1
V() — So(0))d, f V(u(t)—uo(t»dr},
0

1 1 1
| Etexttao.uena| =| [ x| =| [ oo - tewi
0 0 0

1 1 1 1
f —%xz(t)dt‘:l f X’ ()t < f X(0)dr = f (uy (Dua(0) + $x(1))dt
0 2 0 0 0

1 1 1 1
= f ui(t)dt + f {(x(Oui (Dua () + 1 (0)}dt < f ui(t)dt + f x(1)x(t)dt
0 0 0 0
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1 1
= f ui(t)dt < f Eo(t, x(t), uo(1), u(t))dt,
0 0

implying that condition (iii)(c) of Theorem 2.1 holds for any € > 0 and 6 = 1. By Theorem 2.1, (xy, u)
is a strict strong minimum of (P).
Example 2.4 Consider problem (P) of minimizing

1
I(x,u) := f {sinh(u; () + u1 (DX (1)) + Lui(t) cos2rux(1)) — cosh(x(?)) + 1}dt
0

over all couples (x,u) with x: [0,1] — R absolutely continuous and u: [0,1] — R? essentially
bounded satisfying the constraints

x(0) = x(1) = 0.
x(t) = u1(OHuy(t) + x(¢) (a.e. in [0, 1]).
Li(x,u) := fol{sin(ul(t)) — sinh(u; (t) + u, ()X (2))}dt < 0.
(t, x(1),u(t)) € A(t € [0,1])
where
A= {(t,x,u) € [0,1] x Rx R? | sin(u;) > 0, u3 = 1}.
Forthiscase, T = [0,1],n=1,m=2,r=1,s =2, k=K=1,§=§6, =0,

L(t, x, u) = sinh(u; + u; x°) + %u? cos(2muy) — cosh(x) + 1,  f(t, x,u) = uyuy + x,

Li(t, x,u) = sin(u;) — sinh(u; + w1 x°>),
Lo(t, x,u) = sinh(u; + u1x°) + 1u; cos(2mur) — cosh(x) + 1 + A;[sin(u;) — sinh(u; + u;x°)],
@i(t, x,u) = —sin(uy), ot x,u) = uj — 1.

Clearly, L, Ly, f and ¢ = (¢1, ¢,) satisfy the hypotheses imposed in the statement of the problem.
Let up,: T — R be any measurable function whose codomain belongs to the set {—1, 1}.

Clearly, the process (xg, ug) = (xo, Uo1, Ug2) = (0,0, up,) is admissible.

Moreover,

1
2
—Ai[sin(uy) — sinh(u; + wyx)] + gy sin(uy) — polu; — 11,

H(t,x,u,p,t) = puius + px —sinh(u; + u;x°) — u% cos(2mu,) + cosh(x) — 1

H.(t,x,u,p,u) =p— 3x%u; cosh(uy + uyx*) + sinh(x) + 32, x%u; cosh(u; + u;x°),

H,(t xu,p,u) = pu,—[1+ x] cosh(u; + uyx*) — uy cos(2muy)

—Ai[cos(uy) — {1 + x*} cosh(u; + uyx>)] + y cos(uy),

H,(t,x,u,p, ) = pu; + ﬂu% sin(2mtuy) — 2uou;.

Therefore, if we setp =0, uy = 1, u, = 0 and A, = 0, we have
o) = —H, (X(0), p(t), u(0)) (a.e. in T), H,(Xo(1), p(t), u(®)) = (0,0) (t € T),
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and hence the first order sufficient conditions involving the Hamiltonian of problem (P) are verified.
Additionally, observe that
A4 =20, Ai(xo,up) =0,

() =0, w@ei(Xp() =0 @eT).

Also, I ,(%y(-)) = {1} is constant on 7. Moreover, it is readily seen that forall € T,

- -1 0
Huu(XO(t)’p(t)’,u(t)) = ( 0 0 ),
and so condition (i) of Theorem 2.2 is satisfied. Observe that, forallr € T,
S(Fo() =1, fulZo(D) = (up(1),0), Li (%) =0, L(X(®) = (0,0),

P1(Fo() =0, @1 (X)) = (=1,0),  @2:(X0() =0,  @2(Xo(1)) = (0, 2upa(2)).
Thus, Y (xo, up) is given by all (y,v) € X x L*(T; R?) satisfying
y(0) = y(1) = 0.
y(@) = y(1) + upp(O)vi(?) (a.e. in T).
() <0 (ae.inT).
2up(tv,(t) =0 (a.e.in T).
Also, note that, for all (¢, x,u) € T x R x R?,

Fo(t, x,u) = —H(t, x, u, p(t), u(t)) — p(t)x = sinh(u; + X + %u% cos(2mu,) — cosh(x) + 1 — sin(u,),

and so, forallte T,
- - N 1 0
FOxx(xO(t)) = -1, FOxu(XO(t)) = (0, O)’ FOuu(xO(t)) = ( 0 0 )

Consequently, we have

Jo ((xo0, uo); (v, v))

1 1
fo i) =y (0)dr = fo (G = y(@0)* =y (0))dr

1 1
fo (1) = 2y)3()}dt = fo y(t)dt > 0

for all (y,v) # (0,0), (y,v) € Y(x0, up). Hence, condition (ii) of Theorem 2.2 is verified.
Additionally, observe that for any € € (0, 1), all (x, ) admissible satisfying ||(x, u) — (xo, up)|| < €
andallre T,

sinh(u; (1) + ui ()27 (1)) + 213 (1) cos2mus (1)) — sin(u (1))
sinh(u; (1) + u ()X (1)) + 213 (1) cos(2mua (1)) — sin(u; (1))
sinh(u; (1) + u1 (DX (1)) + $u; (1) — sin(u ().

Eo(t, x(1), uo(1), u(1))

AIMS Mathematics Volume 6, Issue 5, 4958-4978.



4969

Therefore, for any € € (0, 1) and all (x, #) admissible satisfying ||(x, u) — (xo, up)|| < €,
1 1
f Eo(t, x(1), uo(t), u(t))dt = f {sinh(u; (1) + uy (0 (1)) — sin(u; (1)) + uj()}dr
0 0

1 1 1
S f%ﬁmmszmmmm:f»wm—%mwn
0 0 0

and hence condition (iii)(a") of Theorem 2.2 is satisfied for any € € (0,1) and 6 = 1.
Finally, if (x, u) is admissible, note that
1
[ Erttxt0. 0. e,
0

1 1
f Eo(t, x(1), up(t), u(t))dt > f {sinh(u; () + u, ()X (1)) - sin(ul(t))}dt‘ =
0 0

implying that condition (ii1)(b") of Theorem 2.2 holds for any € > 0 and 6 = 1. By Theorem 2.2,
(x0, up) is a strict weak minimum of (P).

3. Proof of Theorem 2.1

In this section we shall prove Theorem 2.1. We first state an auxiliary result whose proof is given
in Lemmas 2—4 of [31].

In the following lemma we shall assume that we are given zg := (xg,u9) € X X L'(T;R") and a
subsequence {z, := (x,, u,)} in X X L'(T; R™) such that

lim D(z,—2) =0 and d,:=[2D(z,—20)]"* >0 (q€N).
q—

For all g € N, set
Xg — X0 Ug — Up
and v, :=
d, e d,

Yq =

For all g € N, define
W, := max{Wy,, Wy}
where
Wi, = [1+1V(, - 31" and W, = [1 + 1V(u, — up)]'>.

As we mentioned in the introduction, we do not relabel the subsequences of a given sequence since
as one readily verifies this fact will not alter our results.
Lemma 3.1 ]
a. For some vy € L*(T;R™) and some subsequence of {24} Vg R vo on T. Even more, u, ﬂ) Uo
onT.

1
b. There exist {y € L*(T;R"), ¥, € R", and some subsequence of {24}, such that y, L onT.
Moreover, if yo(t) := yo + ft(: So(r)dr (t€T), theny, X, yoonT.
c. Let T C T be measurable and suppose that W, LR 1 on . Let R, Ry € L¥(; R™™), assume

that R, L Ry on Y, Ry(t) > 0 (¢t € T), and let vy be the function considered in condition (a) of Lemma
3.1. Then,

lim inf f vj;(t)Rq(t)vq(t)dtz f Vo(DRo()vo(t)dt.
s T T

q—)
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Proof. The proof of Theorem 2.1 will be made by contraposition, that is, we shall assume that for all
01,0, > 0, there exists an admissible process (x, u) such that

||X - X()H < 91 and I(X, Lt) < I(X(), Lt()) + 92D(X — Xo, U — Lto). (1)

Also, we are going to assume that all the hypotheses of Theorem 2.1 are satisfied with the exception of
hypothesis (ii) and we will obtain the negation of condition (ii) of Theorem 2.1. First of all, note that
since

Ue(t) >20(@€eR,teT) and A4, >0@(=1,...,k),

if (x, u) is admissible, then I(x, u) > Jo(x, u). Also, since
Ha(Dpa(Xo(1) =0 (@ € R, 1 €T) and  Ali(xo,up) =0 =1,...,k),

then 1(xo, up) = Jo(xo, up). Thus, (1) implies that for all 8;,8, > 0, there exists (x, u) admissible with
||X - X()” <6, and
Jo(x, u) < Jo(xo, Uo) + 62D(x — xo, u — Up). (2)

Let zp := (xg, up). Note that, for all admissible processes z = (x, u),

Jo(z) = Jo(z0) + J(203 2 — 20) + Ko(2) + Eo(z) 3)

where

Eo(x,u) = f | Eo(t, x(1), ug(t), u(r))dt,

Ko(x, u) 1=f {Mo(t, x(1) + [ (1) — ue(D)]No (1, x(1))}dt,

and the functions M, and N, are given by
Mo(t,y) = Fo(t,y, up(1)) — Fo(Xo(2)) = Fox(Xo(1))(y — x0(1)),

No(t,y) := Fy,(t, y,uo(t)) — Fo,(Xo(0)).
We have,
Mo(t,y) = 31" = x5(D1Po(t, )y — %0(1)),  No(t,y) = Qo(t, )y — xo(1)),

where

1
Po(t,y) := 2f0 (1 = DF (1, x0() + ALy = x0(0)], uo(1))d4,

1
Qo(t,y) := f Foux(t, xo(t) + Ay — x0(D)], up(2))dA.
0
Now, as in [28], choose v > 0 such that for all z = (x, #) admissible with ||x — xp|| < 1,
[Ko(x, )] < Vilx — xoll[1 + D(z — zo)]. 4

Now, by (2), for all g € N there exists z, := (x,, u,) admissible such that
1 1
llxg — xoll < €, llxg — xoll < 7 Jo(zy) — Jo(z0) < Z[D(Zq - 20). (5)
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The last inequality of (5) implies that z, # zo and so for all g € N,
dy = [2D(z, — 20)]'* > 0.

Since
p(t) = —H (Xo(0), p(t), u(1)) (a.e. in T),  H,(Fo(1), p(), u(1)) =0 (t € T),

it follows that J{(zo; (y,v)) = 0 for all (y,v) € X X L*(T;R™). With this in mind, by (3), condition
(ii1)(b) of Theorem 2.1, (4) and (5),

Jo(zg) = Jo(z0) = Ko(zg) + Eolzg) = —VIIx, — xoll + D(z4 — 20)(6 — VIIxg — Xoll).

By (5), forall g € N,

1 v v
Dy ofs L)<
q9 4 q
and hence
lim D(z, — z9) = 0.
g—00
For all g € N, define
Xqg — X0 Ug — Up
Vg o= and v, =
q dq q dq

1
By condition (a) of Lemma 3.1, there exist vy € L?>(T; R™) and a subsequence of {z4} such that v, LN Vo
on T. By condition (b) of Lemma 3.1, there exist {, € L*(T;R"), y, € R" and a subsequence of {z,}

such that, if for all € T, yo(r) = 5o + [/ {o(7)dT, then y, 2 yoonT.
We claim that

1. J{(zo; (Vo> vo)) < 0, (yo, vo) # (0, 0).

ii. Yo(?) = fu(Fo(D))yo(t) + fulXo(®))vo(?) (a.e.in T), yo(#;) =0 (i = 0, 1).
iii. I/(z0; (y0, v0)) < 0 (i € ia(20)), I}(z0; (o, v0)) =0 (j =k + 1,..., K).
V. @ax(X0(0))yo(?) + Pau(Fo(D)vo(1) < 0 (ae. in T, @ € 1,(X(1))).

V. @px(Xo(0)yo(t) + @pu(Xo()vo(?) = 0 (a.e.in T, B € S).

Indeed, the equalities yo(#;) = 0 (i = 0,1) follow from the definition of y,, the admissibility of z,

and the fact that y, LR yoonT.
For all ¢ € N, we have

No(t, x4(1)) } it

K e Mo(t, x,(t
o(Zq):ft{ o, x4( ))+v2(t) -

d; dg
By condition (b) of Lemma 3.1,
MO('a X ()) L= " ~
— 5 > DOFouZ(yo(),
q

Mol X)) o oo,
dq
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) L!
both on T" and, since v, — voon T,

1 g7 . WO(Z(I) 1 " * ~
370 (2o; o, v0)) = Im ———+ = [ V() Fou(Xo())vo(t)d. (6)
i dq 2 Js
We have,
& 1 ™
lim inf ﬁ > — f Vo () F o (Fo(1))vo(2)dt. @)
g0 dq 2 Js

u
Indeed, by condition (a) of Lemma 3.1, we are able to choose Y C T measurable such that u, — u
on T. Since z, is admissible, then recalling the definition of W, given in the beginning of this section,

as one readily verifies, W, L 1 on Y. Moreover, for all f € T and g € N,

1
=5 Eolt, x40, uo(D), ug(D) = 3V (DR,(1)v()
q

where 1
Rq(t) = 2f (1 = DFy,.(t, xq(t), uo(t) + /l[uq(t) —up(t)DdA.
0
Clearly,
R,(-) = Ro(") 1= Fou(Fo() on .

By condition (i) of Theorem 2.1, Ry(¢) > 0 (¢ € T). Additionally, by condition (iii)(a) of Theorem 2.1,
for all g € N,
Eo(t, xy(2), up(2), uy(t)) >0 (ae.inT),

and so, by condition (c) of Lemma 3.1,

& 1M 1
lim inf O(f") = liminf — f Eo(t, x4(0), uo(2), uy(1))dt > lim inf — f Eo(t, x4(1), uo(1), ug(0))dt
goe dy g dy goe dy Jy

1 1

— liminf f Vo (OR, (v, (1)dt > = f vo(H)Ro(t)vo(2)dt.

2 q— T a 2 T

As Y can be chosen to differ from 7T by a set of an arbitrarily small measure and the function
1= vo(DRo()vo (1)

belongs to L'(T; R), this inequality holds when ¥ = T and this establishes (7). By (3) and (5)—(7),

K E J - J
398 @03 (o, vo)) < lim O(ZZ") + lim inf 0(54) = lim infw <0.
If (y()a VO) = (Oa O)’ then
7(O(Zq)
li =0
ql—>nol<> d?

q
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and so, by condition (iii)(b) of Theorem 2.1,

0 < liminf

q—)OO

1
2

which contradicts the positivity of d.
For all g € N, we have

)‘}q(l) = Aq(t)yq(t) + Bq(t)vq(t) (a-e- in T)’ yq(IO) =0,

where

1
Ay) = fo Ja(t, xo(1) + ALxg (1) = xo(D)], uo(1))dA,

1
B,(1) = fo Filt %0, tt0(8) + ALt (1) = 0D
Since u u
A A0 1= AGO), By 5 Bo) 1= fulfol)),

1 1
Vg L Yo and v, N vo all on V', it follows that y, N Apyo + Bpyo on Y. By condition (b) of Lemma 3.1,

1
Vq =N lo = Yo on Y. Therefore,

Yo(t) = Ao(M)yo(t) + Bo(vo() (1€ ).

As T can be chosen to differ from 7 by a set of an arbitrarily small measure, then there cannot exist a
subset of T of positive measure in which the functions y, and vy do not satisfy the differential equation
Yo(2) = Ao(t)yo(t) + Bo(t)vo(t). Consequently,

Yo(1) = Ao(D)yo(t) + Bo(t)vo(r)  (a.e.inT)

and (1) and (ii) of our claim are proved.
Finally, in order to obtain (i11)—(v) of our claim it is enough to copy the proofs of [28] from Eqs (8)—
(15). O

4. Proof of Theorem 2.2

In this section we shall prove Theorem 2.2. We first state an auxiliary result which is an immediate
consequence of Lemmas 3.1 and 3.2 of [30].

In the following lemma we shall assume that we are given u, € L'(T;R™) and a sequence {ug} in
L'(T;R™) such that

lim Dy(u, — ug) =0 and  dy, := [2Dy(u, — up)]"* >0 (g € N).
q—00

For all g € N define
Ug; — Up

drg

Vog =
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Lemma 4.1

Ll
a. For some vy, € L*(T;R™) and a subsequence of {ugl, vog = vopon T.

b. Let A, € L*(T;R™") and B, € L*(T; R"™") be matrix functions for which there exist constants
mo,my > 0 such that ||Aylle < mo, |Bylle < my (q € N), and for all g € N denote by Y, the solution of
the initial value problem

(1) = Ag(0)y(t) + By(t)voy (1) (a.e. inT), y(tp) = 0.

oLt
Then there exist oy € L*(T;R") and a subsequence of {z4}, such that Y, — oo on T, and hence if

Yo(r) = ftj oo(r)dr (t€T), then 'Y, LN YoonT.

Proof. As we made with the proof of Theorem 2.1, the proof of Theorem 2.2 will be made by
contraposition, that is, we shall assume that for all 6;,6, > 0, there exists an admissible process (x, u)
such that

I(x, ) — (x0, uo)ll < 61 and  I(x,u) < I(xo, uo) + 62D>(u — up). ®)

Once again, as we made with the proof of Theorem 2.1, (8) implies that for all 8, 6, > 0, there exists
(x, u) admissible with

[1Cx, u) — (x0, up)ll < 1 and  Jo(x, u) < Jo(xo, tto) + 2D2(u — up). )
Let zp := (x9, 4p). As in the proof of Theorem 2.1, for all admissible processes z = (x, u),
Jo(2) = Jo(20) + Jy(z05 2 = 20) + Ko(2) + Ep(2)

where & and K are given as in the proof of Theorem 2.1.
Now, by (9), for all g € N there exists z, := (x,, u,) admissible such that

llzg — 2oll < 511’ Jo(zg) = Jo(z0) < éDz(uq — Up). (10)
Since z,, is admissible, the last inequality of (10) implies that u, # u, and so
dyy = [2Dy(u, — up)1"* >0 (g € N).
By the first relation of (10), we have
‘}1_)1‘1.}0 Dy(ug —up) = 0.
For all g € N, define v,, as in Lemma 4.1 and
Xq — Xo

Y, := and W, :=[1+ %V(Mq — up)]'%.
dog

By condition (a) of Lemma 4.1, there exist vy, € L?>(T;R™) and a subsequence of {z4} such that

Vg N vop on T. As in the proof of Theorem 2.1, for all ¢ € N,

Y, (1) = A(DY, (1) + By(vay (1), Y, (1) =0 (ae.inT).
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We have the existence of myg, m; > 0 such that ||A,||l.c < mg and ||B,|lc < m; (¢ € N). By condition (b)
of Lemma 4.1, there exist oy € L*(T;R") and a subsequence of {z4} such that, if Y, (?) := ft : oo(T)dt

(teT),thenY, l) Yy on T. We claim that

1. J{(z0; (Yo, v2)) < 0, (Yo, vp2) # (0,0).

ii. Yo(t) = fi(Fo())Yo(®) + fulFo(D)vor(r) (ae. in T), Yo(t;) = 0 (i = 0, 1).
iii. I (zo; (Yo, v2)) < 0 (i € iy(z0)), I}(Zo; Yo,v)=0(=k+1,...,K).
V. Qo x(X0(D)Yo(2) + Pau(Xo(D))vo2(r) < 0 (ae. in T, a € 1,(%o(1))).

V. ppx(X0() Yo(2) + @pu(Xo(D))vea(?) = 0 (ae.in T, B € S).

Indeed, for all ¢ € N, we have

Ko(zy) _ f”{Mo(h x,(1))

2 2
dy, d3,

¥ v;q(t)w}dt.

dog

Also, we have ()
M o Xg* L>® . B
= 5 G OFo Rl
2q

M N Foux(Xo()) Yo (),
dg

. L
both on T and, since vo; — vppon T,

7(0(Zq) 1

d2 + 5 f V82([)Fouu(i’o(l))\/()z(l‘)dt- (11)
2q fo

375 (@03 (Yo, vo2) = lim
Now, forall r € T and g € N,
1
T Eolt, x,(0), (1), (1) = V3, (DR ()v24(1)
2q
where )
Ry(1) := 2f (1 = D F ouu(t, x4(1), o (1) + A1ty (1) — uo(6)dA.
0
Clearly,
1%
Ry(-) — Ro(") := Fouu(Xo(-)) on T

Since ||z, — zoll = 0 as g — oo, it follows that W5, L—w> 1 on T and, by condition (i) of Theorem 2.2,
Ro(t) =2 0 (a.e. in T'). Consequently,

& 1
timinf 2% 5 1 f V(DR (1von0)dl. (12)
e dy, 2 Jn

On the other hand, since
p(t) = —H (Xo(2), p(), u(?)) (a.e.in T), H, (%o(1), p(t), u(t)) =0 (t € T),

AIMS Mathematics Volume 6, Issue 5, 4958-4978.



4976

we have that J{(zo; (y,v)) = 0 for all (y,v) € X X L*(T; R™). With this in mind, (10)—(12),

K & J - J
%J(’)/(Zo; (Yo, v2)) < lim ngq) + lim inf @ = liminf M <0.
If (Yo, vo2) = (0,0), then
K

tim 20 _

g0 qu
and so, by condition (iii)(a’) of Theorem 2.2,

&
15 < liminf 252 <
g0 a’zq

which contradicts the positivity of ¢ and this proves (i) of our claim.
Now, we also claim that

Yo(1) = fulZo()Yo(t) + fu(Fo()vo(t) (ae.inT), Yo(z) =0 (i =0, 1).
Indeed, the equalities Y((z;) = 0 (i = 0, 1) follow from the definition of Y,, the admissibility of z, and

the fact that Y, L Yo on T. Also, observe that since Y, L Yo,
L> ~

Ay () — Ao() = fulXo(+)s
L .

B,(-) — Bo(*) := fu(%o(")),

1 . 1 . .
and vy, N vop allon T', then ¥, N AogYy + Byvgp, on T. By condition (b) of Lemma 4.1, Y, N oo =Yy
on T, which accordingly implies that

Yo(l) = A()(l)Y()(l) + Bo(l)Voz(l) (a.e. in T)

and our claim is proved.
Finally, in order to prove (iii)—(v) of our claim it is enough to copy the proofs given in [28] from
Eqgs (8)—(15) by replacing y, by Yy, vo by vpp and Y by 7. O

5. Conclusions

In this article, we have provided sufficiency theorems for weak and strong minima in an optimal
control problem of Lagrange with fixed end-points, nonlinear dynamics, inequality and equality
isoperimetric restrictions and inequality and equality mixed time-state-control constraints. The
sufficiency treatment studied in this paper does not need that the proposed optimal controls be
continuous but only purely measurable. The sufficiency results not only provide local minima but they
also measure the deviation between optimal and admissible costs by means of a functional playing a
similar role of the square of the classical norm of the Banach space L!. Additionally, all the crucial
sufficiency hypotheses are included in the theorems, in contrast, with other necessary and sufficiency
theories which strongly depend upon some preliminary assumptions not embedded in the
corresponding theorems of optimality. Finally, our sufficiency technique is self-contained because it is
independent of some classical sufficient approaches involving Hamilton-Jacobi inequalities,
matrix-valued Riccati equations, generalizations of Jacobi’s theory appealing to extended notions of
conjugate points or insertions of the original problem in some abstract Banach spaces.
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