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UNMAXIMIZED INCLUSION TYPE CONDITIONS FOR NONCONVEX
CONSTRAINED OPTIMAL CONTROL PROBLEMS *

M. 0. R. pE Pinuo!, M. M. A. FERREIRA? AND F. A. C. C. FONTES?

Abstract. Necessary conditions of optimality in the form of an unmaximized Inclusion (UI) are de-
rived for optimal control problems with state constraints. The conditions presented here generalize
earlier optimality conditions to problems that may be nonconvex. The derivation of Ul type condi-
tions in the absence of the convexity assumption is of particular importance when deriving necessary
conditions for constrained problems. We illustrate this feature by establishing, as an application, op-
timality conditions for problems that in addition to state constraints incorporate mixed state-control
constraints.
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INTRODUCTION

In this paper we derive necessary conditions of optimality involving unmaximized Inclusion-type conditions
for optimal control problems with pure state constraints and we report on some main applications. These
subsume and substantially extend the results in [6], [8], [5] and [3].

The problem of interest is:

1
Minimize g(z(0),z(1)) +/ L(t,z(t),u(t))dt
subject to ’
(P) z(t) = ft,z(t),u(t)) ae. tel0,1]
hit,z(t)) < 0 a.e. t€]0,1]
ut) € U(®) ae tel0,1]
(z(0),z(1)) € C.

Here g : R*" xR®" = R, L: [0,1] x R* x R™ = R, f:[0,1] x R® x R™ — R"™, h: [0,1] x R®™ — R are given
functions, ¢ C R™ x R™ a given set and U : [0,1] = R™ is a given multifunction.

First order necessary conditions for the optimal control problem (P) when the data may be nonsmooth have
undergone continuous development. Such conditions, written in the form of maximum principles, are based on
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2 An Euler-Lagrange Inclusion for Nonconvex Optimal Control Problems

the generalizations of the concept of the “subdifferential” of convex functions, to larger function classes. We
refer to these extended optimality conditions as the “nonsmooth” maximum principle.

For (P) the nonsmooth maximum principle (see e.g. [12]) asserts that for a local minimizer (Z, @) there exist
a function p € WH! a nonnegative measure i representing an element in C* and a scalar A > 0 such that

p{10, 1} + [plle. +A > 0, (0.1)
(=p(t),z(t)) € codypH(t,z(t),ult),q(t),\) a.e (0.2)

urélgzi) H(t,z(t),u,q(t),\) = H(tz(t),u(t),q(t),\) ae. (0.3)
(p(0), —q(1)) € Ag(x(0),z(1)) + Ne((0), 2(1)) (0-4)

y(t) € 0.h(t,Z(t) p-—ae. (0.5)

supplu} C {te[0,1]: h(t,2() = 0} (0.6)

where H is the Hamiltonian for (P),
H(t,x7u,p,)\):p-f(t,m,u)—)\L(t,x,u) (07)

and ¢ is defined as

0 = | PO+ Joprnlds) te o)
TI=0 o) + fu v(e)ulds) t=1.

In the above conditions dg denotes the limiting subdifferential of g with respect to its arguments, No denotes
the limiting normal cone to C, and co 0, ,H denotes the Clarke subdifferential of H with respect to = and p.
We also make use of the subdifferential 9,h. These concepts from nonsmooth analysis are defined in the next
section.

Conditions (0.1) to (0.6) were initially obtained in [2] with the use of Clarke’s subdifferential and normal
cones in (0.4). The transversality conditions (derived for problems without state constraints) were refined in
the present form (as shown in (0.4)) in [9] (see also [10]). The full result as stated above is given in [12].

For standard optimal control problems (when the state constraint is not present) it has been highlighted that
the normal form of the nonsmooth maximum principle alluded above fails to provide sufficient conditions for
linear-convex problems,; in contrast to the analogous maximum principle applicable to problems with differen-
tiable data. In [6] a weak nonsmooth maximum principle is proposed for standard optimal control problems
which provides, in the normal form, sufficiency to linear-convex nonsmooth problems. It is formulated as an
unmazimized Inclusion type condition, (denoted in what follows simply as UI and also known in the literature
as Euler Lagrange Inclusion-type conditions) involving a joint subdifferential of the Hamiltonian in the (z, p, u)
variables. Noteworthy these Ul type conditions have some relevant applications. For example, consider the
problem (P) when the constraint h(t,z(t)) < 0 is absent and mixed constraints of the form

(0.8)

b(t,z,u) =0, d(t,z,u)<0

are added. Such are called optimal control problems with mixed constraints. The Ul-type conditions for standard
optimal control problems have been used as an intermediate step to establish a strong maximum principle ([8])
and a weak maximum principle ([5])) for those problems, under some regularity assumptions on the functions
b and d. Of interest is the fact that the weak maximum principle for problems with mixed constraints also
involves UT type conditions ([5]). Additionally, Ul-type conditions for standard optimal control problems has
been successfully used to derive necessary conditions for problems with differential algebraic equations (DAE’s)
(see [7]).

The main shortcoming of the Ul-type conditions reported in [6] and its subsequent applications is the inability
to deal with problems involving pure state constraints. A first attempt to extend the result in [6] to cover problem
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(P) was made in [3]. Here Ul-type conditions are derived for (P) by assuming that the velocity set

{(L(t,z, ), f(t,z,u), ue U(t)} (0.9)

is convex for all (¢,2) € [0,1] x R™. Although these conditions are also sufficient for linear convex problems
the convexity assumption (0.9) prevents its application to problems with mixed constraints and problems with
DAE’s even when the convexity assumption on the velocity set is imposed on the original data. Thus, the
generalization in [3] proved to be quite poor.

In this paper we prove Ul-type conditions for (P) by not requiring the velocity set to be convex. This alone
is a significant improvement on [3]. Moreover, in the absence of the convexity assumption our main result has
an important role as an analytical tool in generalizing optimality conditions provided in [8], [5] and [7] to cover
problems that additionally incorporate pure state constraints. The proof of Ul-type conditions we report in
here requires techniques quite different and more demanding than those used in [3]. Central to the proof of
our main result is the construction of a mini-max problem with convex “velocity set” in which the constraint
functional

max h(t,x(t

te[0,1] ( ( ))
appears in the cost. The application of the result in [3] to this auxiliary problem and the use of relaxation
techniques similar to those in the proof of Proposition 9.5.4 in [12], yield multipliers for the maximum principle
for the original problem.

1. PRELIMINARIES

Here and throughout, B represents the closed unit ball centered at the origin, |- | the Euclidean norm or the
induced matrix norm on R™**. The Euclidean distance function with respect to A C R¥ is

da:R¥ SR, yr—da(y) =inf {ly —z|: =z € A}.

We make use of the following concepts from nonsmooth analysis. A vector p € R* is a limiting normal to a
set A of R at a point z in A if there exist p; — p and x; — z, and a sequence of positive scalars {M;}, such
that, for each 7 € N,

pi- (x—x;) < Mo — ) for all xz € A.

The limiting normal cone to A at x, written Na(z), is the set of all limiting normals to A at xz. Given a
lower semicontinuous function f : R¥ — R U {+occ} and a point x € R* such that f(x) < +oo, the limiting
subdifferential of f at x, written Jf(z), is the set

8f(x) = {C : (Cv_l)ENepi{f}(xvf(x))}u

where epi {f} = {(x, n) :n= f(x)} denotes the epigragh set .

The above concepts of limiting normal cone and limiting subdifferential were first introduced in [9]. The full
calculus for these constructions in finite dimensions is described in [10] and [11].
In the case that the function f is Lipschitz continuous near x, the convex hull of the limiting subdifferen-
tial, co df(x), coincides with the Clarke subdifferential, which may be defined directly. Properties of Clarke
subdifferentials (upper semi-continuity, sum rules, etc.), are described in [2].

We also make use of the subdifferential 9,5 defined as

8yh(t, ) == co {limﬁ,; L & = Vah(ti, z:) Vi and (¢, z;) (t,x)}. (1.10)
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For an optimal control problem, such as (P) or (Q), a (Lebesgue) measurable function w : [0, 1] — R™ such
that u(t) € U(t) for almost every t € [0,1] is called a control function. An absolutely continuous function x
(x € WH1) satisfying @(t) = f(t,z(t),u(t)) a.e. is called a state trajectory (corresponding to u). A pair (z,u)
comprising a state trajectory x and a control w with which it is associated is called a process. A process is
called admissible if it satisfies all problem constraints, namely end points constraint (z(0),z(1)) € C, the state
constraint h(t,z(t)) <0 for all ¢ € [0, 1], and in the case of problem (Q), also the mixed state-control constraint
0=>b(t,z(t),u(t)) a.e. t €[0,1].

An admissible process (, ) is a local minimizer for this problem if there exists a parameter § > 0 such that

g(x(0),2(1)) + /01 L(t,z(t),u(t))dt > g(z(0),z(1)) + /01 L(t,z(t),u(t))dt (1.11)
for all admissible processes (x(t), u(t)) which satisfy
| x(t) — z(t) [< 9, (1.12)
and it is a weak local minimizer if it satisfies (1.11) over admissible processes satisfying
| 2(t) — z(t) |< 9, lu(t) —a(t) |<d ae. (1.13)

It is worth mentioning that local minimizers as defined above correspond to strong local minimizers in the
problem reformulation via differential inclusions.

Let us consider the optimal control problem (P). The following hypotheses, which make reference to a
parameter § > 0 and a reference process (Z, 1), are imposed:

H1 The function t — [L, f](t, x,u) := (L(t, z,u), f(t,z,u)) is Lebesgue measurable for each pair (z,u) and
there exists a function K in L! such that

HL,f](t,x,u) - [L,f](t,z/,u/)| < K(t)“l’ - ‘T,|2 + |’LL - ’U,/|2]1/2

for x,2’ € Z(t) + 6B, and u, v’ € u(t) + dB a.e. t € [0,1].
H2 The multifunction U has Borel measurable graph and

Us(t) == (a(t) + 6B) N U(t)

is closed for almost all ¢ € [0, 1].
H3 The endpoint constraint set C' is closed and g is locally Lipschitz in a neighbourhood of (Z(0), Z(1)).
H4 For z € Z(t) 4+ 0B the function t — h(t, x) is continuous and there exists a scalar K} > 0 such that the
function x — h(t, x) is Lipschitz of rank K, for all ¢ € [0, 1].

Assume additionally that the convezity assumption (CH) holds:
CH The velocity set
{(L(t,z,u), f(t,z,u)) :ue U(t)}
is convex for all (¢,x) € [0,1] x R™.

The following unmaximized Inclusion for optimal control problems, a simple variation of the result provided
in [3], will be used.

Proposition 1.1. Let (Z,a) be a weak local minimizer for problem (P). Assume that HI-Hj4 and CH are
satisfied. Then, there exists an absolutely continuous functionp : [0,1] — R"™, integrable functions € : [0,1] — R™
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and 7y : [0,1] — R™, a nonnegative Radon measure u € C*([0,1],R), and a scalar A > 0 such that

p{(0 1]} + lpllre +A > 0, (1.14)
(—p(t),z(t),&(t)) € codH(t,z(t),q(t),u(t),\) a.e. te€]0,1], (1.15)

£(t) € coNyw(u(t)) a.e tel0,1], (1.16)

(p(0), —q(1)) € No(2(0),2(1)) + Adg(7(0), (1)), (1.17)

() € O:h(t,Z(t)) p-ae., (1.18)

supp{p} C {t€[0,1]:h(t,z(t)) =0}, (1.19)

where H and q are defined as in (0.7) and (0.8).

Proof. This is simple variation of a result provided in [3] for which the endpoint constraints are separate, of
the type z(0) € Cy and (1) € C1, with Cp,C; C R™. Problem (P) is easily converted into one with separate
endpoint constraints by considering an additional state y € R™ with dynamics §(t) = 0 and modifying the
endpoint constraints to:

(x(0),9(0)) € C,

(x(1),y(1)) € {(z,y) € R* : 2 = y}.
The application of the UT conditions of [3] to the resulting problem and simple manipulations yield the desired
result. O

2. MAIN RESULT

In this section we state the main result of this paper, namely a weak maximum principle for problem (P)
covering cases when the velocity set is nonconvex.

The following theorem mainly states that the assertions of Proposition 1.1 remain valid when the convexity
assumption CH is dropped. We also sharpen the necessary conditions by replacing the subdifferential d,h (as
defined in (1.10)) by a possibly more refined one 9 h, defined as

82 h(t,z) = co {g: Ity 2) 2 () h(ti,as) > 0V, Vah(ti,z;) — € } (2.20)

Theorem 2.1. Let (Z,u) be a weak local minimizer for problem (P). Assume that, for some § > 0, HI-H/j are
satisfied. Then there exists an absolutely continuous function p : [0,1] — R™, integrable functions € : [0,1] — R™
and v : [0,1] — R™, a nonnegative Radon measure p € C*([0,1],R), and a scalar A = 0 such that conditions
(1.14)-(1.19) of Proposition 1.1 hold with 07 h(t,z) replacing 0,h(t,z(t)).

3. APPLICATIONS

The removal of the convexity assumption on (0.9) is of particular importance when deriving necessary con-
ditions for problems that in addition to state constraints incorporate mixed state-control constraints.

As mentioned in the introduction, the UT type conditions for standard optimal problems proved in [6] were
successfully applied to derive necessary conditions for constrained optimal control problems under certain reg-
ularity assumptions. Noteworthy, the weak maximum principle involving Ul-type conditions in [6] was used to
derive not only Ul-type conditions for other problems but also strong forms of the maximum principle (applied
to local minimizers). For optimal control problems involving differential algebraic equations (DAE’s) of index
one (see [1] for the definition of index for DAE’s) a strong maximum principle and a weak maximum principle
involving Ul-type conditions are proved in [7]. For optimal control with mixed constraints a strong maximum
principle is derived in [8] assuming a certain “interiority ” assumption on the mixed constraints and, in [5],
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Ul-type conditions are validated assuming the full rankness of the derivatives with respect to the control of the
function defining the mixed constraints. In [8] and [5] some differentiability with respect to the state and/or
the control variable of the functions defining the mixed constraints is imposed. As mentioned in [8] optimal
control problems involving DAE’s of index higher than one can sometimes be reformulated as problems with
mixed constraints. Systems involving DAE’s are of interest since there are many applications for such dynamic
models in process systems engineering, robotics, etc. See [1] and [7] in that respect.

The derivation of the results in [7], [8] and [5] follows a simple and common approach. Different regularity
assumptions imposed on the data of the problem under consideration permit the association of an auxiliary
problem with the original problem. In all the three cases the auxiliary problem is a standard optimal control
problem to which the Ul-type conditions obtained in [6] apply.

It is then reasonable to hope that Ul-type conditions for problem (P) can also be successfully applied to
generalize the necessary conditions of optimality in [7], [8] and [5] to cover problems involving additionally pure
state constraints. Following the approach used in [7], [8] and [5] the idea would be of associating with the
original problem an auxiliary problem of the form

Minimize g(x(0),z(1)) + / L(t,z(t),w(t))dt
subject to ’
(Paum) Jj(t) = ¢(t7 x(t)a U)(t)) a.e
0 > h(tz(t)) a.e
w(t) € W) a.e
(z(0),z(1)) € C.

where w is the new control variable taking values in the control set W (¢).
Unfortunately it turns out that, even when convexity is imposed on the original data, Proposition 1.1 cannot
be applied to (Pgyz). This is due to the fact that the velocity set of (Ppuq)

{(L(t, 2(t), w(t)), o(t, x(t), w(t)) : w e W(t)}

fails to be conver. Theorem 2.1, by validating the conclusions of Proposition 1.1 in the absence of convezity
assumption is then the true successor of the result in [6], since it can be used as an intermediate step to derive
necessary conditions of optimality for problems involving not only mixed constraints or DAE’s but also pure
state constraints.

In this section we illustrate this feature by deriving a maximum principle for a problem with both state
constraints and mixed constraints. The problem of interest is:

Minimize g(z(0), z(1)) +/0 L(t, z(t), u(t))dt
subject to
2(t) = ft,z(t),ut)) ae. tel0,1]
Q) 0 = bt a(t), ult) ae. tel0,1]
h(t,z(t)) < 0 ae. tel0,1]
u(t) € U(®) ae. t€]0,1]
(z(0),z(1)) € C.

in which b: [0,1] x R® x R™ — R* and m > k.

A weak maximum principle for a particular case of problem (Q) in the form of UI type conditions is reported
in [4]. A set of hypotheses comprising a full rank condition permits the construction of an auxiliary problem to
which Theorem 2.1 applies.
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Next we derive a strong maximum principle for (Q) (not involving Ul-type conditions) using Theorem 2.1 as
an intermediate step. In this respect a new set of assumptions, which make reference to a parameter § > 0 and
a reference process (T, @), are imposed on the data of (Q):

HQ1 (L(-,x, S f,x, ), b(- )) are L X B measurable for each x.

HQ2 There exists an integrable function Ky such that, for almost every ¢t € [0,1], (L(t,-,u), f(t,-,u)) is
Lipschitz continuous on Z(t) 4+ 0B for uw € U(t) with Lipschitz constant K 1, (t).

HQ3 b(t,-,u) is a continuously differentiable function with Lipschitz constant K}, on Z(t) 4 0B for all u € U(¢)
and almost all ¢ € [0, 1].

HQ4 There exists a 7 > 0 such that

nB C b(t,z(t),U(t)) forae. te[0,1].

HQ5 Graph of U is a Borel measurable set.
In addition we assume that
HQ6 The set
{(6,v) : £ = L(t,x,u),v = (f(t, z,u),blt,z,u)),ue Ut)}

is convex for each ¢ € [0, 1].

Observe that HQ1, HQ2 and HQ5 are less restrictive hypotheses than their counterparts H1, H2. HQ3 is
relevant for the definition of the multiplier p associated with b. A special feature of the above hypotheses is the
interiority assumption HQ4. For details we refer the reader to [8]. Also HQG is essential as illustrated through
example in [8].

It is of interest to note that Theorem 2.1 holds for weak local minimizers but the following theorem is a
necessary condition in the form of strong maximum principle which holds for local minimizers.

Theorem 3.1 (Maximum Principle for Problem (Q)). Let (Z,a) be a local minimizer for (Q). Assume that,
for some § > 0, hypotheses HQ1-HQ6, H3 and H4 are satisfied. Let the Hamiltonian be

Ho(t,z,p, p,u, ) =p- f(t,z,u) +p-bt,z,u) — AL(t, z,u)

Then there exist p € WH1([0,1];R™), p € L([0,1];R*) v € L1([0,1];R™), a nonnegative Radon measure i €
C*([0,1],R), and A > 0 such that, for almost every t € [0,1],

(i) p{[0, 17} +[IpllL. +A > 0,

(ii) —p(t) € co0,Hq(t,z(t),q(t), p(t),u(t), ), a.e
(i) Holt:a(t)alt)p(t)alt)\) = max Holt.a(t),alt)p(0)u ). ac
(iv) (p(0),—q(1)) € Nc(z(0),2(1)) + A9g(z(0),2(1)),

(v) v(t) € 07 h(t,z(t) p-ae.

(vi) supp{u} C {t € [0,1] : h(t,7(8)) = 0},

where q is as in (0.8).

As in [8] this theorem can be easily generalized to cover inequality mixed constraints.
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Proof. Here we give an outline of the proof. Many steps are omitted since they consist on repeating the same
arguments used in [8]. Mainly the definition of the auxiliary problem (R) below follows ezactly the steps in [8].
The pure state constraint 0 > h(t, z(t)) does not play any role in Step 0 and Step 1 below.

We prove the theorem when L = 0. This restriction can be removed by state augmentation techniques.
Details are omitted.

Step 1: We verify the conclusions of the Theorem under the hypothesis that

H* There exists a cy € L' and a scalar ¢, such that
| f(t,2(t),u) [<cp(t) and  [b(E, Z(F), u) [< e

for all u € U(¢) and almost every ¢ € [0, 1].

This condition can be removed by reasoning along the lines of the proof of Theorem 5.1.2. of [2].
Step 2: The interiority condition HQ4 and a measurable selection theorem allow us to choose control
functions {uy,...,ux} and {v1,..., v} such that the matrices

) = (Ab(t, z,ur(t)),. .., Ab(t, x, uk(t))),
Bs(t,x) := (Ab(t,z,v1(t)), ..., Ab(t, x, vk (t))).

where Ab(t, z,u) = b(t,x,u) —b(t, x,u(t)), satisty, for all x € Z(t) 4+ &’ B (for some £’) and almost every t € [0, 1],
By '(t,x) >0, By'(t,r) <0.
Furthermore there exists a constant my such that
| BT, 2(t) < me, | By (t,2(1)) [< my

Next a finite collection of control functions {w;}*; (which includes ) is chosen. Let 3 be a measurable
function such that () € S where

M
S:{(6177ﬁM)ERM ﬁ120712157Ma Zﬁzgl}
i=1

Set v1,92,at,a? 1 [0,1] x R" x § — R* as

)

Y (t, z, ) := max {fb(t, z,a(t) — M BAb(E z, wi(t)), o} ,
~2(t,z, f) := min {—b(t, 2, a(t)) — ML BAb(E @, wi (1)), o}

where the max and min are taken componentwise, and

al(t,x,ﬁ) = Bfl(t,x)'yl(t,x,ﬁ), a2(t,x,6) = B;l(t,x)'yQ(tx,ﬁ).
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One may prove that a'(t,x,3) > 0, a?(t,z,3) > 0 and

b(tv €, 'L_L(t)) + Bl (tv 1’)0[1(15, Z, 5) + B2(t7 x)a2(t, Z, ﬁ) (321)

M
+> " BIAb(E z,wi(t) =0

1=1
where (t,z,3) € [0,1] x R™ x S. Finally define the matrices
Fi(t,x) = (Af(t,x,ui(t)),... Af(t, x,uk(t))),
FQ(t71') = (Af(ta ‘T,vl(t))a BERE) Af(t,x,’()k(t))).

and a function

o(t,x,B) = f(t,z,u(t)) + Fi(t,z)al(t, z, B) + Fa(t, ) (t, =, B)+
Zi\il BlAf(ta Z, wl(t))

It turns out that ¢(-,x, 8) is measurable and that ¢(¢, -, -) is Lipschitz continuous, near (Z(t),0).
Step 3: For some ¢ > 0 consider the following problem

Minimize g(z(0),z(1))
subject to
i(t) = ot xz(t),B(t)) a.e.
(R) h(t, (t)) < 0 for all ¢
) c SC a.e.

(z(0),2(1)) € C.
where S = SN ((B). The convexity assumption HQ6 together with (3.21) guarantee that (z,3 = 0) is a weak
local minimizer of (R) for a sufficiently small ¢ (see [8]).

The Hamiltonian for (R) is Hg(t,z,p,3) = p- ¢(t,x, 3). Problem (R) satisfies the conditions under which
Theorem 2.1 is applicable. It asserts the existence of A > 0, an absolutely continuous function p : [0,1] — R",
integrable functions 7 : [0,1] — R¥ and v : [0,1] — R™, a nonnegative Radon measure p € C*([0, 1];R) such
that

{0, 1} +Iplle. +A =1, (3.22)
(=p(0),3(t), 7(1)) € coOH(t, 7(),4(¢),0) ac. | (3.23)
n(t) € coNs (0) a.e. t€0,1], (3.24)

(p(0), —q(1)) € No(2(0), (1)) + Adg(2(0), Z(1)), (3.25)
v(t) € 07 h(t,z(t)) p-ae. (3.26)

supp{u}  {t € [0,1] : h (1, (1)) = 0}, (3.27)

where ¢ is defined as in (0.8).
Step 4: Estimating the subdifferentials of ¢ we may deduce that for almost every ¢ € [0, 1]

(=p(t),m(t)) € {coduq- f(t,2(t),u(t))}
g - AFET(), wit), .., q- Af(EZ(E), war ()}
+{p- Vab(t, 2(t), u(t)) }
x{p - Ab(t, T(t), wi(t)), - -, p- Ab(E, (1), w (£))} (3.28)
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where, for some L™ functions M and N,

_I\T _I\T
p(t) = =M(t)(Br') (F (a(t) = N(t)(By )" () F;5 (t)a(t)
and Fy, Fy, By' and By ' are evaluated at (¢, Z(t)). Introducing the Hamiltonian

H(t,z,p, p,u) :=p- f(t,z,u) + p- b(t, z,u)
and also noting that Ng,(0) = {(p1,...,pa) : pi < 0} we obtain from (3.28) that

—p(t) € cod, H(t, 2(t), q(t), p(t), u(t)) (3.29)

and
fori=1,...,M, that is,

Ma‘ruEU(t){H(tv i(t)7 q(t)7 /J(t), U)} = H(t’ 'f(t)v q(t)7 p(ﬂ) ﬂ(t)) a.ce.

in which U (t) = UM {w;(t)}.
Step 5: The final step of the proof is to show that this last relationship remains true when we replace U (t)
by U(t) and the removal of the interim hypothesis H*. Details can be found in [2] and [8]. O

4. PROOF OF THE THEOREM 3.1

Once again, we prove the theorem when L = 0. This restriction can be removed by state augmentation
techniques. Details are omitted. The Hamiltonian considered is then simply

H(t71',p,u) =P f(t,(E,'LL).

We start by noting some additional properties that the data of problem (P) satisfy and that will be of use
later.
Let ¢ = min{d, 6}, where § > 0 is as in (1.13). By H1 and H2 the following conditions are satisfied:

AH1: There exists an integrable function ¢ such that for almost all ¢ € [0, 1]

| ft,2,u) | < o(1)

for all (x,u) € (z(t), u(t)) +eB.
AH2: The set f(t,z,U(t)) is compact for all x € Z(t) + eB.
Indeed, ¢, as defined in AH1, can be chosen to be K (t)e+ | Z(¢) | .
The proof breaks into steps. First, we derive necessary conditions of optimality for the following ‘minimax’
optimal control problem in which the constraint functional max,c(,1] h(f, 2(t)) appears in the cost:

Minimize §(2(0), (1), maxyejo,1) h(t, z(t)))

over z € W11 and measurable functions u satisfying
(R)] (1) = flt.a(t)ult) ac.

u(t) € Ue(t) ae.,

((0),2(1)) € Cy x R™,

in which (besides the previously specified data), Cy C R™ is a given closed set and §: R x R" x R - R is a
given function.
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Proposition 4.1. Let (Z,%) be a weak local minimizer for (R). Assume that the data for problem (R) satisfies
hypotheses H1 — H4 and G below:

G: g is Lipschitz continuous on a neighbourhood of
(2(0), #(1), max h(t, 2(1)))
te(0,1]
and g s monotone in the z variable, in the sense that
2>z implies 9y, x,2") > gy, z, 2),
for each (y,z) € R™ x R™.

Then there exists an absolutely continuous function p : [0,1] — R™, integrable functions ¢ : [0,1] — R™ and
v :[0,1] — R™, a nonnegative Radon measure u € C*([0,1],R) such that

(—p(t),z(t),&(t)) € codH(t,z(t),q(t),u(t)) a.e., (4.30)

&) € coNU( )(ﬂ( ) a.e. te]0,1], (4.31)
[0,1

g(z( ) z(1), o h(t,z(t))) + N¢, (2(0)) x {0,0} (4.32)

supp{ah {15 h(63(0) = max b(s.2() (433)

v(t) € Ouh(t,Z(t)) - a.e., (4.34)

Here

o = [P0+ fo @) i e
1 B p(1) + f[071] v(s)ulds) if t=1.

Proof. By adjusting e > 0 we can arrange that (Z, @) is minimizing with respect to processes (z, u) satisfying
the constraints of (R) and also || — Z||p~ < e and ||u — @||p~ < . Define

= {z e Wh 1 2(0) € Co, (t) € f(t,2(t),U-(1))}.
By the Generalized Filippov Selection Theorem (see e.g. [12, Thm. 2.3.13]), Z is a minimizer for the problem

Minimize §(z(0), (1), maxejo,1) h(t, z(t)))
over arcs x € @ satisfying ||z — Z||p=~ < e.

In view of the Relaxation Theorem (see e.g. [12, Thm.2.7.2]), any arc z in the set
= {z e W 2(0) € Co, @(t) € cof(t,z(t),U-(t))}

which satisfies ||z — Z||~ < € can be approximated by an arc y in @ satisfying ||y — Z||L~ < . The continuity
of the mapping

v = §(a(0).2(1). max h(t.x(1)

on a neighbourhood of Z (with respect to the supremum norm topology) asserts that Z is a minimizer for the
optimization problem
{ Minimize g(z(0), z(1), maxejo,1) h(t, z(t)))
over z € Q, and ||z — Z||p~ < €.
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Set Z := max¢[o,1] h(t, Z(t)). By the Generalized Filippov Selection Theorem and Carathéodory’s Theorem,
and in view of the monotonicity property of g,

{z,9=39(x(0),2(1), 2), 2, (Uo, - - ., Un) = (U, ..., 0), (Ao, A1, .-, An) = (1,0,...,0)}
is a local minimizer for the optimization problem

Minimize y(1)

over v € Whi ye Wht e Wht

and measurable functions ug, ..., un, Ag,-.., A, satisfying
i(t) = Y, ()t a(),us(), 9(t) = 0, (t) = 0 ac,
(Mo(t), .., An(t) €A, ui(t) €eU(t),i=0,...,n a.e,
h(t,z(t)) — z(t) < 0 forall t €[0,1],
(2(0), (1), 2(0),y(0)) € epi{g+ Yo, xrm xR}

Here
A= {N,..., A, : N, >0fori=0,...,n and Z)\gzl},

U 4 is the indicator function of a set A and (Ao, ..., An), (uo,. .., u,) are regarded as control variables. Since the
velocity set is convex, this is a problem to which Proposition 1.1 is applicable. We deduce existence of absolutely
continuous functions p; : [0,1] — R™, ps : [0,1] — R, ps : [0,1] — R, integrable functions ¢; : [0,1] — R™,
j=0,1,...,n,7:[0,1] — R*"™ and v : [0,1] — R", a nonnegative Radon measure p € C*([0, 1], R), such that

140,11} + [[(p1, p2, p3) | Loe +A >0, (4.35)
(=P1(t), —P2(), =P3(1), (1), 4(2), (), &o(8), - .., &a (1), (1)) € (4.36)
coOH (¢, z(t),y(t), 2(t), 1 (), p2(t), g3 (), (u(t), . .., u(t)), (1,0,...,0)) ae.
&i(t) € coNy_(u(t)) ae. tel0,1], i€{0,...,n} (4.37)
n(t) € coNx(1,0,...,0) ae. te]0,1], (4.38)
(P1(0), —qa (1 ),ps(o) p2(0)) € OVWepifgiwe, an =} (T(0),2(1), 2, 9), (4.39)
—p2(1) = A, (4.40)
—q3(1) =0, (4.41)
supp{p} C {t : h(t,Z(t)) = Z},
Y(t) € Ogh(t, (1) p- (4.42)
where
H(t,2,y,2,p1, 2,03, (U0, - -, tn), (A1, - -, An)) = (1,2, P3) <Z>\ f(t @, us) 0,0> ;
)+ fgy v()uds) e [0,1)
q(t) = _
pl(t) + f[o,1] ’V(S)/L(ds) t=1,
and

gs(t) = { p3(t) = [, pi(ds) t€]0,1)

p3(t) — f[o g #lds) t=1.

’

Since H is independent of y and z we have

—pgannd —ngO.
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Estimating the Clarke’s subdifferential of

H(t,$7p1,<UQ,...,Un),()\l,...,)\n)) =DP1- Z)"Lf(t7xauz)7

at the point (Z(t), q1(¢), (a(t),...,a(t)),(1,0,...,0)), and appealing to the sum and product rules (Thms. 5.4.1
and 5.4.2 of [12]) we are led to

Coaﬁ C ZCOaac,pl,(uo,...,un),()\o,...,)\n)P\ipl : f(tal'vui)}
=0

For each i € {0,...,n}, the product rule (Theorem 5.4.2 in [12]) allows us to deduce that

€0 0z py (ug,estim ), (horohn) [Ai P1 - [ (L@, ui)] C

ith position ith position
= —_———
{(Aiui7)‘if(t7xaui)7(0a"'7 Aiyi a"'a0)7(07"'7p1'f(t7x7ui)7"'70)):

(Wi, vi) € €O Opupr - f(t7x7ui)}
Relationship (4.36) therefore yields

(_pl (t)>jg(t)7§0(t)) € cody z,p1,u [ (t) ) f(t,.f(t),ﬂ(t))L (4'43)
n(t) = (a1 (t) - f(t,2(t),a(t), ..., qu(t) - f(£2(1), a(t))),
G)y=...=&.(t) =0.

Observe that the multiplier 7 defined above satisfies (4.38).
Conditions (4.39) to (4.41) imply (using the definition of limiting subdifferential)

(11(0), — (1), / u(ds)) € AG(E(0), 2(1), 2) + Ney (2(0)) x {(0,0)}. (4.44)

(0,1]

From the above relationships, we deduce that (p1,u, A) # 0. But in fact A > 0. This is because, if A = 0, then
by (4.44) p = 0 and by (4.40)-(4.41) po = ps = 0. Now, again by (4.44) p1(1) = 0 and by (4.43) p; =0, an
impossibility. By scaling the multipliers we can arrange that A = 1. Finally we can identify p; and &, with the
p and & from the proposition we want to prove. Reviewing our findings, we see that all the assertions of the
proposition have been proved. O

The next stage is to get the necessary conditions as mentioned in Theorem 2.1. We use Proposition 4.1
but we allow a general end-point constraint. We shall also sharpen the necessary conditions, replacing the
subdifferential d,h by the more refined subdifferential 9. h.

Consider the set

W = {(z,u,e) : (z,u) satisfies £(t) = f(t, x(¢), u(t)), (4.45)
u(t) € Uc(t) ae., e € R", (2(0),e) € C and ||z — Z||p=~ < e} (4.46)

and define dyy : W x W — R

dw ((z,u,e), (', u',¢)) = |x(0) —2/(0)] + |e — €| +/O lu(t) — /()| dt .
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Choose ¢; | 0 and, for each i, define the function

gi(z,y,a',y ) = max{g(z,y) - g((0),2(1)) + &7, 2, [a" - ¢/|}.

Now consider the optimization problem

Minimize {g;(x(0), e, z(1), e, m[éa)i] h(t,z(t))) : (z,u,e) € W}.
te
We omit the straightforward verification of the following properties of the metric space (W, dw ):
(i) dw defines a metric on W, and (W, dyw ) is a complete metric space,
(ii) If (25, ui,€) — (z,u,e) in (W, dw) then ||z; — x||p~ — 0,
(iii) The function

(z,u,e) — g;(x(0),e,x(1), e,tren[gﬁ] h(t,x(t)))

is continuous on (W, dw ).
Notice that

31(2(0). (1), £(0), £(1). macx (k. (1))) = <.

Since g; is non-negative valued it follows that (Z, @, Z(1)) is an ‘c?-minimizer’ for the above minimization problem.
According to Ekeland’s Theorem, there exists a sequence {(z;, u;,e;)} in W such that for each i,

Gi(2:(0), e, 74(1), e, max h(t,z;(t)))

t€[0,1]
< gi(I(0)76,I(1),6, max h(t,l‘(t)))
t€[0,1]
+eidw ((z,u, ), (74, u;, €;)) (4.47)
for all (z,u,e) € W and also
dW((xi,ui,ei),(E,E,E(l))) S ;. (448)

The condition (4.48) implies that e; — Z(1) and u; converges to % in the L' norm. We can arrange by
subsequence extraction that w; converges to u almost everywhere. From the properties of f it follows that
x; — T uniformly.

Define the arc y; = e;. Then y; — Z(1) uniformly.

We can express the minimization property (4.47) as follows: (z;,y;, w; = 0,u;) is a local minimizer for the
optimal control problem

Minimize gz(x(0)7 y(0)7 $(1)7 y(1)7 maXie(o,1] h(t7 :E(t)))
teill2(0) = 2:(0)] + 1y(0) — i (0)] +w(1)]
(R.) er x,y,w € WH! and measurable functions u satisfying
' E ; = f((t)x( ) u(t)), 9(t) = 0, w(t) = [u(t) —ui(t)| ae.,
(2(0), y(0), w(0)) € C x {0}.

Notice that the cost function of (R;) satisfies assumption G of Proposition 4.1, thus this is an example of the
optimal control problem to which Proposition 4.1 applies. We deduce existence of p; € Wbt d; € R?, r; € R,
1; € C¥® and integrable functions ;, &; satisfying

(=pi(t), =da(t), —r(t), &:(t), 5 (1), 0, &(1))
€ co0H,(t,i(t),y:i(t),0,qi(t),di(t), ri(t),wi(t)) a.e.t€[0,1]
&i(t) € co Ny_1)(u(t)) ae.t €0,1] (4.49)
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(p2(0), di(0), 74(0), —gs(1), — ds(1), —r(1), / i(dt))

(0,1]
€ NCX{O} X {0,0,0,0}+3{§i(m,y,x/,y/,z)
+eillr — 2 (0)| + [y — %:(0)] + wl}

(4.50)

where the last gradient is calculated at the point
(xl(o)a Yi, wl(o) = 07 xl(1)7 Yi, wz(l) = 07 Ri = maX{h(ta xz(t))})
supp{ji} € {t: h{t.ai(t)) = mae {h(s.wi(s)} ).

it) € deh(t,zi(t)) p—ae.
The Hamiltonian H; is defined as

Hi(t,z,y,w,p,d,r,u) :=p- f(t,z,u) + rlu —u(t)],

and in the above relationships ¢; := p; + f ~:ii(ds). To derive these conditions, we have identified p, d, and r
as the adjoint variables associated with the z, y and w variables respectively.
Observe that
CoaHi(tv Z,Y,Ww,p, da T, U) Ccod [p ' f(t7 z, U)} + cod [T‘U - ul(t)H
= {(a,0,0,,0,0,¢) : (a,b,¢c) € c0O0y pup- f(t,x,u)}
+{(0,0,0,0,0, |u —u;(t)|,re) : € € co Dy |u — w;(t)|} -
We have

co OH;(t,z;(t), yi(t),0,qi(t), di(t), ri(t), ui(t)) C
{(a,0,0,b,0,0,c+7;5;) : ||6:|| <1 and (a,b,c) € coOH (t,z;(t), q:(t), u;(t))}

So, d;(t) = 0 and 7(t) = 0. Let us say then d;(t) = d; and r;(t) = r;, constants. We also have that

(—pi(t),g'ci(t),@(t)) S CO(?H(f, :vi(t)7qi(t)7ui(t)) + (0707Tiﬁi) (451)

with ||| < 1.
From condition (4.50) we deduce that

(p:(0), di i, —s(1), —dss s, /[ () € Nex B < {(0,0,0,0)
0,1

+{(a7 b,0,¢,d,0, 6) : (CL, b,c,d, e) € 8§l($,(0), yi(o)a xi(l)a yi(1)7 maX{h(t, xz(t))})
+e; [B x B x {0} x {(0,0)} x {1} x {0}]
which implies that

(p:(0), di, —qi(1), —d, / 1i(dt)) € Ne x {(0,0,0)}+

[0,1]
09:(2:(0),4i(0), 2 (1), yi (1), max{h(t,z;(t))}) + &; (B x B) x {(0,0,0)} (4.52)
and

From condition (4.52) we deduce that {||u;||r.v}, {d:} and {p;(1)} are bounded sequences. By (4.51) {p;}
is uniformly bounded and {p;} and {&;} are uniformly integrably bounded. We deduce that, following a subse-
quence extraction,
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p; — p uniformly, d; —d, & — ¢ in the L' norm,
and
i = by Yipti(dt) — yp(dt) weakly™,
for some p € Whl, d e R", € € L', i € C® and some Borel measurable function v, as i — oo. Furthermore

supp{ut C {t: h(t, 2()) = max (s, 2(s))}

and

~(t) € O:h(t,Z(t)) p—a.e.

Write ¢ = p+ [ yu(ds).

By subsequence extraction we can have {£;} converging to & almost everywhere.

A convergence analysis along the lines of the proof of Theorem 3.1 in [3] and an appeal to the upper semi
continuity properties of limiting subdifferentials and normal cones allow us to pass to the limit in relationships
(4.51) and (4.49). There results

(=p(t), 2(t),£(t)) € coOH (¢, 2(t), q(t), u(t)) a.e. t € [0,1],

and
£(t) € coNy_y(u(t)) ae. tel0,1],
Let us now analyse the transversality condition (4.52). An important implication is that

gi(xi(())vyi(0)7mi(1)7yi(1)»Sren[(a)‘ﬁ] h(s,zi(s))) > 0 (4.53)

for all 7 sufficiently large. This is because, if g; = 0 for some sufficiently large i,

xl(l) = yz(l) = yi(o)r (.731(0),331(1)) € C, SIél[%)i]h(S,l‘l(S)) <0,
@i = 2| < & flus =l < e
and
9(x:(0),2:(1)) < g((0),2(1)) — €7,
in violation of the optimality of (Z, %) (see the definition of g;).
Define

P = h(s,zi(s)).
s (s, 2(s))

We verify the following estimate for 9g;:

09i(24(0),4:(0), 2; (1), y:(1), z) C

{(a,b,e,—e,c) € R”" xR*" xR" x R" xR : (4.54)
3 X > 0 such that X + |e| = 1 and
(aa ba C) € 5‘ 3max{g(x, y) - g(xl(O), Yi (O)) + 51‘27 Z} |(wqy(0),yi(0),zi)' (455)

There are two cases to consider:
Case (a): z;(1) = y;(1). In this case (by (4.53))

gi(z,y, 2’y 2) = max{g(z,y) — g(z:(0),4:(0)) + &7, 2}
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near (x;(0),y;(0),z;(1),v:(1), z;). Consequently (4.55) is true with e = 0.

Case (b): x;(1) # y;(1). In this case, from the Chain Rule,

AN =y |(z:(1).m:1)) € {(e, —€) : |e] = 1}.

Inclusion (4.55) then follows from the Max Rule for limiting subdifferentials.
Again by the Max Rule,

8max{g(a:, y) - g(xl(O), yl(o)) + 612’ Z}|(wi(0),yi(0),Zi)
C {(adg(xi(0),4:(0)), (1 — a)) : ar € [0,1]}, (4.56)

and we deduce from (4.52) and (4.55) that there exist A; > 0 and «; € [0,1] such that

(pl(o)y di7 _ql(1)7 _diu /[ | ,uz(dt)) = (017 C2, 07 07 O) + (a7 ba €, —¢€, C) + <C:’i(bla b27 03 07 0)
0,1

where
(Clv 02) S NC ($1(0)7 Yi (0))7

|€| + ;\1 = 1,
(a,b,¢) = Ni(@ig1,1 — i), g1 € Ag(x;(0),4:(0)),
bl,bz € B.

This implies that
pi(0) =c1+a+eb
d;i =co+b+¢e;bo
—qi(1) =e
7dl’ = —e€
f[071] wi(dt) = ¢

and from this we get

Observe also that
g =0 if 2 <0,
by (4.52), since z; < 0 implies

Gi(w,y, 2",y 2) == max{g(z,y) — g(z(0),z(1)) +&7,[a' — ¥/'|}

for (z,y,2',y’, z) near (z;(0),v;(0),2;(1),y;(1), z;) which in turns implies o; = 1, and consequently ||u;||7.v. = 0.

Now choose \; = a; ;. It follows from the above relations that

=X+ a1)] = Now + X1 — i) + a:(1)] = N + [lallvv. + las(1)] (4.57)

Along a subsequence A; — A, for some A > 0.
In the limit as ¢ — oo we obtain from the relations above the conditions

(p(0), —q(1)) € Adg(z(0), z(1)) + Nec(2(0), 2(1))
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and

At pllry. +la(1)] = 1.
Surveying these relationships we see that the proposition is proved, except that d,h replaces 9 h. To attend to
this remaining detail we must examine two possible outcomes of the sequence construction we have undertaken.

(A): maxye(o,) h(t, z5(t)) > 0 for at most a finite number of i’s. For this possibility u; = 0 for all i sufficiently
large, by (4.52) and (4.53). Then the preceding convergence analysis gives = 0 and v € 97 h(t, Z(t)) u - a.e.,
trivially.

(B): maxycjo,1) h(t,z;(t)) > 0 for an infinite number of i’s. Now we can arrange, by a further subsequence
extraction, that
max h(t,z;(t)) >0 for all 4. (4.58)
te(0,1]
We have

supp{pi} C {t: h(t,zi(t)) = Sgl[gﬁ]h(s,xi(s»}

and, since the inequality (4.58) is strict, the condition v; € 9,h(t,x;(t)) can be replaced by the more precise
relationship

Vi(t) € 07 h(t,i(t))  pi- ae.
The fact that we can arrange, in the limit, that

(t) € 97 h(t, (1))
now follows from Prop. 9.2.1 in [12].
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