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CONJUGATE POINTS AND SHOCKS IN
NONLINEAR OPTIMAL CONTROL

N. CAROFF AND H. FRANKOWSKA

ABSTRACT. We investigate characteristics of the Hamilton-Jacobi-Bellman
equation arising in nonlinear optimal control and their relationship with weak
and strong local minima. This leads to an extension of the Jacobi conjugate
points theory to the Bolza control problem. Necessary and sufficient optimal-
ity conditions for weak and strong local minima are stated in terms of the
existence of a solution to a corresponding matrix Riccati differential equation.

1. INTRODUCTION

Consider the Hamilton-Jacobi equation

(1) — B—V + H <t,x,—a—v) =0, V(T,)=e().

It is well known that in general it does not have smooth solutions even when the
data are smooth. The classical method of characteristics applied to this equation
exhibits shocks, which justify that solutions should be nonsmooth. Then different
criteria are used to get continuous (or even discontinuous) solutions, by eliminating
some “pieces” of characteristics (cf. the entropy and Rankine-Hugoniot conditions
[26] or the properties of one sided limits [14]). Smooth solutions to (1) were studied
(under quite strong assumptions) in [12] using the Bolza problem of the classical
calculus of variations. In this paper we shall consider the Hamiltonian H associated
to the Bolza problem in optimal control theory. Then, in the same way as [12], the
solution to (1) is the value function of the Bolza problem, which may be nonsmooth.
Solutions in this case can be described using extensions of the notion of gradient to
nonsmooth functions (see [13]). The idea of viscosity solutions consists in taking
super and subdifferentials 01V and 0_V respectively instead of the gradient and to
use them to define super and subsolutions to (1). A continuous function V' which is
simultaneously super and subsolution is uniquely defined. When H (¢, z, -) is convex,
then one can show that a lower semicontinuous function V' : [0, T| xR"™ — RU{+o0}
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satisfying
Y (pt,pz) € O_V(t,x), —p:+ H(t,z,—ps) =0, V(T,:)=p(),

liminf; oy V(t,2) = V(0,2), liminf, .7 V(¢,2) = p(z)

is uniquely defined and is the value function of an associated Mayer optimal control
problem (see [4, 17, 18]).

The Hamiltonians which are convex in the last variable arise in optimal con-
trol problems. To study characteristics of (1) in the context of optimal control is
particularly rewarding because the characteristic system below

= %—Zl(t,x,p), z(T) = =z,
(2) -
_p/ = %(taxap)v p(T) = —V(p(I'T)

is Pontryagin’s first order necessary condition for optimality, which performs in the
optimal control theory the same role as the Euler-Lagrange equation in the calculus
of variations.

As long as there is no shock the value function remains smooth and characteristics
are the optimal state-costate pairs. What happens when a shock does occur? This
paper provides an answer based on the use of conjugate point along a solution
(x,p) to (2). The conjugate point, as we explain later, is the lower bound of the
time interval ]¢., T] on which a solution to the associated Riccati matrix differential
equation does exist. Then, for all t. < o < T, x is at least locally optimal on [tg, T]
and it is not even weakly locally optimal on the time interval [tg, T for ¢y < t.. This
also brings some information about solutions to (1) by eliminating characteristics,
which are no longer related to the gradient of V. Further analysis of characteristics
and their relationships with the value function can be found in [9)].

To be more precise consider the Bolza problem arising in optimal control

T
3) minimize / L(t, (), u(t)) di + o(x(T))

to
over trajectory-control pairs (z,u) of the control system
(4) ¥ = f(t,z,u(t)), =z(to) = wo, u(t) € U.
Under appropriate smoothness hypothesis, it can be shown that any optimal trajec-
tory-control pair (Z, ) of the above problem satisfies the maximum principle: There

exists an absolutely continuous function p : [tg,T] — R™ such that (Z,p), called
optimal state-costate pair, solves the Hamiltonian system

= %—Ij(t,x,p), z(to) = o,
(5)
o = D) pIT) = ~Ve(E(T))
where H : [0,7] x R™ x R™ — R is given by
(6) H(t,z,p) = igg((p, ftwu)) — L(t, z, u)).

We would like to underline that, thanks to Proposition 3.2 below, the above system
may be rewritten in a more familiar form of the Pontryagin principle involving
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an adjoint equation and a maximum condition. This fact under several additional
assumptions was already observed in [21].

It may happen that even for smooth f, L the Hamiltonian H is non differentiable.
In Section 2 we provide examples of smooth and nonsmooth Hamiltonians. Since
our aim is to link characteristics of (1) to necessary and sufficient conditions for
optimality, we shall assume in all results that H is smooth enough around a reference
trajectory. It is an interesting question to get an extension of results of Sections 4
and 5 to problems with nonsmooth Hamiltonians.

In general, the system (5) does not have a unique solution because the initial
condition for p(-) at ¢y is not known. For this very reason, the necessary condition
for optimality given by the maximum principle is not sufficient. In other words,
(T, p) solves the characteristic system (2) for 27 = ZT(T'). But since only the initial
condition for T at tg is fixed and since a shock may happen, i.e. two different
characteristics (x;,p;), ¢ = 1,2, may verify x;(ty) = =g, so that the necessary
condition (5) is not sufficient.

It can, however, be shown that p(-) may be chosen in such way that —p(tq) is
equal to the gradient with respect to « of the cost function V : [0,7] x R" — R
associated to the above problem provided %—‘;(to, xo) does exist. We may consider
then the Cauchy problem

OH
ZU/ = 8_p(t7x7p)) I’(to) = Xo,
oOH ov
-0 = %(t#ﬂ,p), p(to) = —%(towo)-

When VH is locally Lipschitz, it has at most one solution and, in this way, the
necessary condition (5) becomes a sufficient one. When V (¢, -) is not differentiable
at xg, the gradient of V has to be replaced by any element from the Painlevé-
Kuratowski upper limit Limsupy .z, t—t, {%—‘;(t, )} to express sufficient conditions
for optimality (see [9]). An easy consequence of the above is the following interesting
behavior of solutions to (1): V (¢, -) is differentiable at xq if and only if the optimal
trajectory of the Bolza problem (3), (4) is unique.

Optimal solutions help to distinguish between “the good and the bad” charac-
teristics. Indeed, when H is strictly convex in the last variable and V is locally
Lipschitz, then for all ¢ > ty, V is differentiable at (¢,T(¢)), i.e. the optimal trajec-
tory enters immediately into the domain of differentiability of V' (see for instance
[7]). Consequently, for all t > to, p(t) = —3L (¢, Z(t)).

The simplest situation occurs in the most investigated linear-convex control prob-
lems, i.e., when f(t,2,u) = Az + Bu, U is a subspace and L, ¢ are convex contin-
uously differentiable functions. Then it can be checked that whenever the Hamil-
tonian H is smooth enough, then (2) has no shock and, consequently, necessary
conditions (5) are also sufficient. Furthermore, in this case, the value function is
C' and convex.

This result has only a slight extension to the nonlinear case, when the Hamilton-
ian is concave with respect to x, as it is shown in [6]. The most one may expect is a
local result, saying that under appropriate boundedness conditions on the data, the
value function V is C* on [t, T x R™ for some ¢ < T (see [3]). When one investigates
nonlinear and nonconvex problems, then the shocks may arise immediately.
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In this paper we go beyond the necessary condition (5), by further investigating
characteristics of (2). Namely, we associate to a given solution (x,p) of (2) the
matrix Riccati differential equation

(7)

2 2
Pt e a0 0O + P 5 (10, p(0)
+P L) pO)P + G (a(0.0(0) = 0 PT) =~ (alD)),

whose solution P(-) may escape to infinity in a finite time ¢ < 7. This equation was
used in [6] to investigate the global regularity of the value function and sufficiency
of (5) to provide global minimum to the Bolza problem. We define the conjugate
point (to T') along (x,p) by
te= inf {P is defined on [¢,T]}.
tefto,T)
If t. > to, then || P(t)|| — 400 when t — t.+.

The conjugate point performs an identical role to the Jacobi conjugate point
in the calculus of variations [19, 20]. Namely, we introduce the notion of weak
(respectively strong) local minimum of (3), (4) by saying that a trajectory-control
pair (T, %) is a weak (resp. strong) local minimum if and only if there exists ¢ > 0
such that for every trajectory-control pair (x,u) of the control system (4) satisfying
%" =2 || 11 4,7y < € (vesp. |lz — 7|, <) we have

T T
o(T(T)) +/ L(s,7(s),u(s))ds < op(z(T)) +/ L(s,z(s),u(s))ds.
to to
We underline that our notion of weak local minimum is different from those used in
[22, 23, 33, 34]. We prefer it for several reasons. On one hand the maximum princi-
ple in this case is exactly (5), while in the above papers other (localized) necessary
conditions, not related to characteristics, are given and convexity of the control set
U is often required. On the other hand it allows us to avoid the distinction between
“interior” and “boundary” controls (see the “Important Remark” [36, p.1277] and
[22]). Also in [33, 36] a different Hamiltonian is considered to state necessary con-
ditions, while here we are interested by characteristics and, consequently, by the
Hamiltonian defined by (6). But at the same time, we restrict ourselves to the free
end point problems and we have to assume that the Hamiltonian is smooth enough
to state our results.

We then show that if 6;;;( is positively defined (which is the strengthened Le-
gendre condition adapted to optimal control theory) and if a solution (Z,p) of (2)
is a weakly locally optimal state-costate pair for the problem (3), (4), then there
is no point conjugate to T in Jtg,T] along (Z,p). In this way we get the Jacobi
type necessary condition for optimality. Furthermore, this condition allows us to
conclude, that if a characteristic (z, p) of (1) is so that some 0 < ¢, < T is conjugate
to T along (x,p), then for all t < t., —p(t) is not the gradient of V'(¢,-) at z(t) and
even more

. ov
—p(t) ¢ lesupm—»w(t) {%(tv ZE)} :

The second result of the same nature states that if a characteristic (z,p) has no
conjugate point in the time interval [tg, T], then z restricted to [to, T] provides a
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strong local minimum to the problem (3), (4). In this way we recover an analogue of
the Jacobi sufficient condition. This result may be also deduced from [29, Corollary
4.1] but our proof is quite classical, based on construction of a local solution to (1)
via characteristics (see, for instance, [21] for a similar result under a different set
of assumptions). Observe that the solution to (7) is always defined on some time
interval [tg, T] with to < T. Hence every characteristic (z,p) enjoys the property,
that z is strongly locally optimal on some time interval [tg, T], where to < T.

In contrast with the classical calculus of variations, our results rely on the dy-
namic programming principle rather than the computation of second order varia-
tions (with respect to controls) and consideration of a Jacobi equation, as it was
done in [22, 23, 33, 34], where the interested reader can also get a further bibliog-
raphy on this subject. Let us finally underline that the above Jacobi type sufficient
conditions cannot distinguish between local and global minima. For this very rea-
son further comparison, using the cost, is needed to pick up optimal solutions in
the family of locally optimal ones. Some (quite restrictive) sufficient conditions for
global minima can be found in [5, 6, 22, 23, 32].

The matrix Riccati equation (7) is related to the value function V' by the equal-
ity P(t) = —%(t,x(t)) whenever V (t,-) is twice differentiable at z(t). Roughly
speaking, the first emergence of a conjugate point corresponds to the first time
when %—‘;(t, -) stops to be locally Lipschitz. Relations between properties of solu-
tions to the Jacobi and Riccati equations were often observed both in the calculus
of variations and optimal control (see for instance [20, 22, 32]). However the global
existence of a solution to the Riccati equation here is rather related to the preser-
vation of regularity of the value function along optimal solutions, than with the
Jacobi equation. Let us finally mention that for the well investigated in the litera-
ture linear quadratic regulator problem the second derivatives of the Hamiltonian
in (7) do not depend on (x(t), p(t)). For this very reason in this case P(t) does not
depend on z(t) and %ZT‘Z/(t, -) = const. This allows us to get an explicit expression
for V using P and to solve as well the optimal synthesis problem in this case. How-
ever in general ?;T‘g(t, x) depends on x and solution to the synthesis problem is not
as straightforward.

The outline of the paper is as follows. Section 2 is devoted to the relationship
between the matrix Riccati differential equations and shocks of characteristics. Sec-
tion 3 concerns some preliminaries on local minima of the Bolza problem. In Sec-
tion 4 we prove a sufficient condition for the strong local minimum and in Section 5
a necessary one for the weak local minimum.

2. MATRIX RIiccATI EQUATIONS AND SHOCKS

In this section we relate the absence of shocks of the Hamilton-Jacobi-Bellman
equation with the existence of solutions to matrix Riccati differential equations.
For this aim we shall use the following tool:

Definition 2.1. For a locally Lipschitz around zy € R™ function ¢ : R — R"
define the compact set

0"1p(xo) = Limsup, ., {¢'(x)}

where Limsup denotes the upper set-valued limit (see for instance [2]).



3138 N. CAROFF AND H. FRANKOWSKA

Consider H : [0,T] x R" x R" — R, ¥ : R™ — R and the Hamiltonian system

() = %—f(t,wa),p(t» #(T) = o,
(®) o
20 = D1 a0).p0), p(T) = ler).

In general H(t, -, -) may be non differentiable. Solutions (z,p) : [tg, T] — R™"xR"
to (8) are understood in the usual way, assuming in addition that (z(t),p(t)) are in
the domain of differentiability of H(t,-,-) for all ¢t € [to, T].

Ezxample 1. Consider
f:0,T]xR*"—=R" ¢g:[0,T|xR"— L(U,R"), :[0,T] x R" — R

where U is a finite dimensional space and let R(t,z) € L(U,U) be self-adjoint and
positive for every (¢, z) € [0,7] x R™. Define

H(t.0,) = (S 0.0) + s ((g(t.a)ud = 3 (R0, ) ~ 10,

Then it is not difficult to check that
1 — *
H(t,z,p) = (p, f(t,2)) + 5 (R(t,2) " g(t,2)P, 9(t,2)"p) — Ut ).
An appropriate smoothness of f(t,-), g(t,-), l(t,-), R(t,-)~! implies smoothness
of H(t,-,-). O

Ezxample 2. Consider the same data as in Example 1 and let B denote the closed
unit ball in U. Define

H(ta,9) = . 5(0.2) + sup (gt 00 = 5 ol ) =160,

Then it is not difficult to check that

(p, f(t,2)) + Lllg(t,2)*pl* = U(t,x) 3 [lg(t,2)*pl < 1,
H(t,x,p) =

{p, f(t,z)) + |lg(t,z)*p|| — I(t,z) — 3  otherwise.

So if f(t,-), g(t,-), I(t,-) are smooth enough, then H(t,-,-) is smooth at all (z,p)
such that ||g(¢,z)*p|| # 1. O

Definition 2.2. The system (8) has a shock at time t¢ if there exist two solutions
(24,p0:)(+), 1 =1,2, of (8) such that

z1(to) = z2(to) and pi(to) # pa(to).

Theorem 2.3. Assume that v is locally Lipschitz on an open set §, that for all
xr € § solutions to (8) are defined on [0,T] and

Vr >0, 3. € LY0,T) such that for almost every t € [0,T],

OH
d(z,p)

{(z(t),p)) | (x,p) solves (8), xr € QN B-(0)}.
Define the sets

M; () = {(z(t),p(t)) | (2,p) solves (8), =z €Q}.

(t7 Bl ) 18 'Yr(t>-LZp50hltZ on

9)
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We assume moreover that H is measurable with respect to the first variable and for
some ¢ >0, H(t,-,-) € C? on e—neighborhood of M;(Q) for all t € [0,T).

Then the following two statements are equivalent:

i) For all t € [0,T1, the set

Dy :={z(t) | (z,p) solves (8), zr € N}

is open and M;(Q) is the graph of a locally Lipschitz function.
ii) V (z,p) solving (8) on [0,T] with xp € Q and all Pp € 8*(xr), the matric
Riccati equation

(10)
2 2
P gpfx“?x(f%p@DP + P gxgp@?x@?pa»
+P %le(t,x(t),p(t))P + %(t,x(t),p(t)) —0, P(T)=Pp,

has a solution on [0,T].
Furthermore, if 1) (or equivalently ii)) holds true, then

VY is differentiable = M(Q) is the graph of a differentiable function.

e Ct = My(Q) is the graph of a C' — function.

Corollary 2.4. Under all assumptions of Theorem 2.3, suppose that 0 = R™ and
that for every (z,p) solving (8) on [0,T] and Pr € 0*y(x(T)), the matriz Riccati
equation (10) has a solution on [0,T]. Then the Hamiltonian system (8) has no
shock in [0,T).

To prove the above theorem, the following technical result is needed.

Lemma 2.5. Under all the assumptions of Theorem 2.3 consider a compact K C )
and the subsets My(K), t € [0,T] defined by

M(K) ={(z(t),p(t)) | (z,p) solves (8), zr € K}.
Then there exists 6 > 0 such that for all t € [T — 6,T), M (K) is the graph of a

Lipschitz function.

Proof. Let r > 0 be such that K C B,(0). Set k¥ = v,. We proceed by a con-
tradiction argument. Assume for a moment that there exist ¢; — T— such that
M;,(K) is not the graph of a Lipschitz function. Then for every ¢ we can find
two distinct solutions (z%,p’), j = 1,2, of the Hamiltonian system (8) such that
x;(T) e K,j7=1,2, and

_ i) — sl
= i) = @l

Since for every s € [t;,T] we have

i — 0 as i — +o0.

[EHOREAOI

< eillpi(ts) — ph ()l + [, k(7)([| 21 (7) — 24 (7) || + [|p5 (7) — pa(7)[)dr
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the Gronwall lemma implies that for some C' > 0 independent from 4 and for all
ERS [ti, T]

Ji(s) ~ ab(e)] < Clalli (60 = st + [ KOl (r) = ph(r) ).
Hence for some C7 > 0 and all i large enough and; € [t:, T),
Ipi(s) — wi (o)
< [lph(t) = phtto) | + 2 K2k () = ()| + [ ) = pi()

< C1||pits) = s (t)|| + C1 [, k(7) [[pi(7) = ph(7)]| dr.

From the Gronwall lemma we deduce that for some L > 0 independent from i and
all s € [t;, T,

[p1(s) = pa(s)|| < L [[pi(t:) — pa(ta)]) -
This implies that

_ |23 (s) — 24 (s)]]
11 P = — t .
(11) g ses[tu},)T] I =) converge to zero

We next observe that for all s € [t;,T],
[ (s) = pa(s)]|

< [P (T) = s + [ k([ () = a5 (]| + [ph () = pb(r)| )

<P (T) = P50 + [ k([P () = Ph(0)]| + 5 [P () — p(t:)]dr.
Applying again the Gronwall lemma and taking i large enough we get

_ . _ . 1., . .
([P (t:) = pa(t) || < L ||py (T) = pa(T)|| + 3 |[p5 (t:) — pa(t:) |
for some L, independent from . Hence for all large 4
[p1(t:) = p(ta)|| < 2La || (T) = p5(T)||

and therefore, by (11),

[23(T) —ay ()| _ (1) — 25D [lpit) —m()]
[P(T) =P [lpit) —ps ]|~ [[pi(T) — pa(T) '
Therefore
[ (@i (1) = (M) [[P1(T) = ps(D)]| oo
[21(T) — 24(T)]| [43(T) — a5(T)
which contradicts the Lipschitz continuity of ¢ on K. | |

Proof of Theorem 2.3. Assume first that for all ¢ € [0,T], M(f2) is the graph of
a locally Lipschitz function. Consider z7 € €, the solution (z,p) of (8) and the
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linear system

(12)
2 2
U= gx—gp(t,x(t)m(t))U + %Té[(t,x(t),p(t))m U(T) = Id,
2 2
v = %le(t,x(t)ap(t))(] + gp—a]i(t,x(t),p(t))u V(T) = Pr,

where U, V : [0,T] — L(R™ R"™) are matrix functions and Pr € 0*¢(x(T)). Let
(zn, pn) be solutions to (8) such that
lim z,(T)=x(T) and lim ¢'(z,(T)) = Pr.
By our assumptions, (z,,p,) converge uniformly to (x,p).
The variational equation implies that for any (w(-), ¢()) solving
0?’H 0’H
/:_t ntant _tvntvnt ’
W= G ) pal)w + G (02D
(13)
0?’H 0?’H
—q¢ ===t n(t), Dn(t (G, 2n(l), palt
¢ = G O+ 5ot (0.0

and satisfying w(T) = wy, ¢(T) = ¢ (2, (T))wr we have

(w(t),q(t)) € Taz, ) (2n (1), pn(t))

(contingent cone to M(2) at (2, (t), pn(t)). See for instance [2, Chapter 4] for the
definition of contingent cones). Because M;(Q2) is the graph of a locally Lipschitz
function, for some I; independent from n, ||q(t)|| < It ||w(t)||. Taking the limit in
(13) we deduce that the solution (w, q) of (13) with (z,, p,) replaced by (z,p) and
w(T) = wr, ¢(T) = Prwr satisfies ||q(t)|| < It ||w(¢)||. Thus, by uniqueness of
solution, if wy # 0, then w(-) never vanishes. Since w(t) = U(t)wr and ¢(t) =
V(t)wy this implies that U(t) is not singular for all ¢ € [0,7]. Setting P(t) =
V(t)U(t)~1, we check that P solves (10).

Conversely let (10) have a solution on [0, T] for all (z, p) satisfying (8) with xp €
Q and let Pr € 0*¢(xr). Consider a family of bounded open sets 1 C Q9 C ... C Q
such that Q; C Q4 and Uis1 Qi = Q. For every i > 1, t € [0,T] we introduce the
compact sets B

II; = {(z(t),p(t)) | (z,p) solves (8), z(T) € ﬁl} .
We claim that for every ¢ and ¢, Hig is the graph of a Lipschitz function. Indeed
fix 7, tp and assume for a moment that II;  is not the graph of a Lipschitz function.
By Lemma 2.5 for all s near T, II% is still the graph of a Lipschitz function. Define

t = i[%fT] {VseltT], II! is the graph of a Lipschitz function} .
telo,

Then ¢ < T and H% is not the graph of a Lipschitz function, because otherwise,
using Lemma 2.5, we could make £ smaller which would contradict its choice. Define
the bounded sets

D! = {x(s) | (z,p) solves (8), zp € Q;}.

Then for all ¢ > 1 and s €]{,7], D! is open. Indeed consider s >  and define
the map ® from the open set {; into R" by ®(xr) = z(s), where (z,p) solves
(8). Since IT% is the graph of a Lipschitz function, ® is one-to-one. The function ®
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being continuous, by the Invariance of Domain Theorem (see for instance [27]), D%
is open. Its closure is equal to the set

Di = {z(s) | (z,p) solves (8), z(T) € Q}.

Define next the Lipschitz function ® : Di — R™ by Graph(®?) = II'. By the
Rademacher theorem @ is differentiable almost everywhere in D?.

Fix a sequence t,, — t+ and observe that the family {Cbin }n>1 cannot be equilip-
schitz, because otherwise, using that IT: = Lim,, . II} , (set-valued limit, see [2]),
we would deduce that II; is the graph of a Lipschitz function. Thus there exists a
sequence T, € D} such that ||(®} ) (Zn)|| — oo, i.e.

3 (tn, vy) € R" x R" satistying (®} ) (ZTn)upn = vy, [[vn]| = 1, up — 0.

Let (2n,pn) be a solution to (8) such that z,(t,) = Tn and py(t,) = @ (Tn).
Since @in is differentiable at T,, using variational equation, we deduce that v is
differentiable at x, (7). Taking a subsequence and keeping the same notations, we
may assume that (z,,p,) converge uniformly to a solution (z,p) of (8), v, — v
and ' (z,(T)) — Pr € 0*(x(T)). Consider next the solutions (wy,qn) to (13)
such that wy,(t,) = un, gn(tn) = v,. The variational equation yields ¢, (T) =
U (20 (T))w, (T). Passing to the limit we deduce that the Hamiltonian system

I gxg)(S,J?(S)vp(S))w + %T];[(S,x(s)’p(s))q7
(14)
= %_g(s’x(s)’p(‘s»w + gpf (s,2(s),p(s))q

has a solution (w, q) satisfying w(¥) = 0, q(t) # 0, ¢(T) = Prw(T). In particular
w(T) # 0 and U(t)w(T) = 0. On the other hand, by the first part of the proof,
P(t) = V()U(t)~! solves (10) on J¢,T]. If P is well defined on [¢, 7], then V (f) =
P(t)U(t) and ¢(t) = V(t)w(T) = 0, which leads to a contradiction and proves our
claim.
Define next the open sets D; = |J;», Dj, where ¢ € [0,7]. Then

D, = {x(t) | 3p such that (z,p) solves (8), zr € N} and M, () = U 1.
i>1
Since {II:};>1 is a nondecreasing family of graphs of Lipschitz functions, M;(2) is
the graph of a function from D; into R™. To check that it is the graph of a locally
Lipschitz function, fix T € Dy, p > 0 such that B,(T) C D;. Since B,(T) is compact
and the family of open sets {D}};>; is nondecreasing, for some i > 1, B,(T) C D..
But we already know that II is the graph of a Lipschitz function. The last two
statements of theorem follow from the variational equation. O

3. BorzA OpTiMAL CONTROL PROBLEM
Consider the Bolza minimization problem

T
(P) HM/MMU(WHme

to

over solution-control pairs (z,u) of the control system
(15) 2'(t) = f(t,x(t),u(t), =x(to) =m0, u(t)eU,
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where ty € [0,T], o0 € R™, U is a complete separable metric space, and
p:R*"—R, L:[0,T|xR"xU~R, f:[0,T]xR"xU+—R"

are continuous functions. We denote by U the set of all measurable controls u :
[0,T] — U and by z(-;to,zo,u) the solution to (15) starting at time ¢, from the
initial condition xy and corresponding to the control u(-) € U (the assumptions we
shall impose below imply that it is at most unique). In general not to every u € U
corresponds such a solution.

For all (tg,xo,u) € [0,T] x R™ x U set

T
O(to, xo,u) :/ L(t, z(t; to, w0, u), u(t))dt + p(z(T; to, xo, u))
to

if this expression is well defined and ® (¢, g, u) = +00 otherwise.
The value function associated to the Bolza problem (P) is given by

t = inf ®
V(to, xo) nt (to, wo,u)

when (g, zg) range over [0,7] x R™.

Definition 3.1. A trajectory-control pair (Z, @) of (15) is called weakly locally op-
timal for the problem (P) if there exists ¢ > 0 such that for every trajectory-control
pair (z,u) of (15)

2" =T ey <€ = 400 # B(to, 0, T) < (o, 20, u).

It is called strongly locally optimal if there exists € > 0 such that for every trajectory-
control pair (x,u) of (15)

lz -zl <e = 400 # ®(to,z0,u) < P(to,z0,u).
It is optimal if € can be taken equal to 4oco.

To express necessary conditions for optimality we use the maximum principle in
its Hamiltonian form with the Hamiltonian H defined by (6).

Proposition 3.2. Assume that H(t,-,-) is differentiable. Then
OH

a_p(taxap) = {f(t,:r,u) | <pa f(t,x,u)} - L(t,:r,u) = H(t,x,p)}
and
%—Z(ﬂwm)
= {%(t,x,u)*p — g—i(t,x,u) | (p, f(t,z,u)) — L(t,z,u) = H(t,x,p)} )

The proof is comparable to the one given in [16] and is omitted.

Remark 1. In general even for smooth data H (¢, -, ) is merely locally Lipschitz and
H(t,x,-) is convex. In particular, H(¢,z,-) is differentiable at some p if and only if
the set

A(t,z) ={ue U] (p, f(t,x,u)) — L(t,x,u) = H(t,xz,p)}

is so that f (t,x, A(t,x)) is a singleton. In Example 1 of Section 2 the Hamiltonian
is smooth. In Example 2 it is smooth outside of a set described in this example. [



3144 N. CAROFF AND H. FRANKOWSKA

Throughout the paper we will have call for the following (global) hypothesis
concerning the dynamics, although in all the results below such assumptions are
needed only around a reference trajectory.

H;)Vr >0, 3k. € L'(0,T) such that for almost every ¢ € [0, T],

Vuel, (f(t,-,u),L(t, - u)) is k.(t)-Lipschitz on B, (0).
H,) The functions ¢, f(t,-,u), L(t, -, u) are differentiable for all v € U.
Hj) For all (¢,z) € [0,T] x R™, the set
{(f(t,z,u), L(t,z,u) + 1) |u € U, r > 0} is closed and convex.
Theorem 3.3 (First Order Necessary Conditions). Assume Hy) — H3) and let

(Z,u) be a weakly locally optimal trajectory-control pair of (P). Let p(-) be the
solution to

(16)

' = 2L (470, 10— SO, 7)), PT) = ~V(ET))

If H(t,-,-) is differentiable at (T(t),p(t)) for all t € [to,T], then (T,p) solves the
Hamiltonian system (5) on [to, T).
Proof. We introduce the set-valued map F : [0, 7] x R"*! ~ R"T! by

F(t, (z,2°) = {(f(t.z,u), L(t,z,u) + ) |u € U, r > 0}.

It is k. (t)-Lipschitz on B,.(0) for all r > 0 and, by Hs), it has closed convex images.
Furthermore, the mapping

¢
() = <f(t), (1) = / L(s,f(s),ﬂ(s))ds)
to
provides the weak local minimum to the Mayer problem
(17) minimize @(x(T)) 4+ 2°(T)
over absolutely continuous solutions y(-) = (x,2%)(-) of the differential inclusion
(18) y/ € F(tvy)a y(to) = (anO)v
i.e. for some ¢ > 0 and all y(-) = (x,2°(-)) solving (18) with ||y’ — y’||L1(tO7T) <e
p(a(T)) +2°(T) = p(@(T)) +7°(T).
Set
viy=|J &z, ) =T (1), L{t,7(t),u) — LET(),a(t) +r)}
uelU, r>0
and consider the linearized control system

(19)

(w, w?) = <%(t,f(t>,ﬂ(t))w, g—i(t,f(t),ﬂ(t))w0> +o(t), v(t) € V(¢),

(w(to), w’(to)) = 0.
By [2, p.193] we know that for almost all ¢ and all (w,w?) € R"
oL

(g—i(t,wxm))w, %@,f(t),w))uﬁ) V(1) € DYF (5.7 (1) (w,u’)
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where DZF(t; z,y)(-) denotes the adjacent deriwative of F(t,-) at (x,y) €
Graph(F'(t,-)) (see [2, p.189] for the definition and properties).

Let (w,wp) be a solution to (19). By the variational inclusion from [2, p.404]
there exist solutions (zp,z9) to (18) such that

(.’L’h, x?z)/ — yl
h
Since 7 is weakly locally optimal for the problem (17), (18) we deduce that

(20) (Vo(@(T)), w(T)) +w’(T) = 0.
Denote by Y the fundamental solution to

sLtz),u) o

Y = Y, Y(t) = Id.

Se(tz(t). () 0
Then for every integrable selection v(t) € V (t) the solution (w,w?)(-) to (19) satis-
fies (w, w®)(T) = ftf Y (T)Y (t)~tv(t)dt. Consequently, by (20), for every integrable
selection v(t) € V (¢t),

T
[ (v vy (Ve(a@).1) o) de > o

to

— (w',wy) in L'(to,T) when h — 0+ .

Setting (p(t), p°(t)) = —Y(t)*le(T)* (Vo(Z(T)),1), we check that

pO(t) = -1, (p(t), f(t. (1), a(t)) — L(t, 7(t),u(t)) = H(t,7(t), p(t))
for almost all ¢ € [to,T] and that p solves the system (16). Proposition 3.2 ends
the proof. n

4. JACOBI SUFFICIENT CONDITION FOR STRONG LOCAL MINIMUM

From now on we restrict our attention to the Hamiltonian defined in Section 3.
We first introduce the notion of conjugate point.

Definition 4.1. Let (x,p) be a solution to the Hamiltonian system (2) and P be
the solution to the matrix Riccati differential equation (7). A point t. € [0,7] is
called conjugate to T along (x,p) if and only if P is well defined on Jt.,T] and can
not be extended (by continuity) on [t., T].

From Proposition 3.2 it follows that, for every solution (x, p) of the Hamiltonian
system (2) if there exist two controls u1, us corresponding to x, then

f(s,2(s),ur(s)) = f(s,2(s),uz(s)) and L(s,x(s), ui(s)) = L(s, x(s), uz(s)) a.e.
Thus the cost associated to (z, p) does not depend on the choice of the corresponding
control.

Theorem 4.2. Let (Z,p) be a solution to (2) defined on [to,T] and @ be a cor-
responding control. We assume that H is continuous, ¢ € C2, that for some
e>0, ke L(ty,T),

i) %—Ig is continuous on {t X B:(ZT(t),p(t)) | t € [to, T]},

ii) a(afp) (t,-,-) is k(t)-Lipschitz and H(t,-,-) € C* on B.(Z(t),p(t)).
If there is no conjugate to T along (T, D) in the time interval [to, T], then (T, )

provides a strong local minimum to the problem (P).
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Proof. We set ¢ = —V in Theorem 2.3. By our assumptions and the proof of
Theorem 2.3, there exists @ C R™ such that for every zp € Q the solution (x,p) to
the Hamiltonian system (2) is defined at least on [tg, T] and there is no conjugate
point along (x,p) in the time interval [tg,T]. We may choose  in such way that
the sets M;(€2) defined as in Theorem 2.3 verify M;(Q2) C Bg(Z(t),p(t)) for all
t € [to, T]. By Theorem 2.3, M;(Q) is the graph of a C* function from an open set
D, into R™. Let (zg,po) € M(2) and (z,p) be the corresponding solution to (2).
By assumptions of theorem, z € C. Define W : {t x D; | t € [to,T]} — R by

W (t,zo) = p(x(T)) + / (@!(), p(s)) — H(s,2(s), p(s))) ds.

We first check that —pg is the derivative (with respect to x) of W(t,-) at z¢ and
then show that W € C on {t x D; | t € [to, T]}, and

(21)
oW

ow
- W(t,x)—!—H (t,x,—%(t,xo =0on {txXDy|teltT]}.

Let wg € R™ and (w,q) be the solution to the system (14) such that w(t) =
wp, q(t) = P(t)wp. By the variational equation and the definition of W, the
directional derivative of W (¢, -) in the direction wy satisfies

ow

B—(t,l’o) = (Vo(2(T)),w(T))
wo

- ' (@06 + (5.5
(Gt alo)pto we) ) = (G s o plo)ate) ) s
~ oD + [ C (! (), pl) + (@' (). (5)

+(p'(s), w(s)) — (2'(s), q(s))) ds
= (=p(T), w(T)) + (w(T), p(T)) = {p(t), wo) = (=p(t), wo) = (=po, wo) -

Thus, the Gateaux derivative of W(t,-) at x is equal to —pg. Using that for all
xo € Dy, (w0,p0) € M(Q) and M;(Q) is the graph of a C!—function, we obtain
that the partial derivative %—Vg(t, 79) = —po and W(t,-) € C? on D;. Furthermore,

(22) lim a—W(t +h,z)= a—W(t, o).
h—0, x — xo, Oz Oz

t+he€[ty, T], x € Dy
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Let h > 0 be so small that the interval [z(t), (¢t + k)] C Dy4r. By the mean value
theorem, for some Oy, € [0, 1],
W(t +h, :EO) - W(t7 xO)
= W(t+ h,z0) — W(t+ h,z(t +h))

t+h
- / (p(s),2'(5)) — H{(5,2(5), p(s)) ds

=— <%—Z/(t + h,z0) + Op(x(t +h) —xo),x(t + h) — x0>

t+h
- / (p(s),'(5)) — H{(5,2(5), p(s)) ds

Dividing by h # 0 and taking the limit, using (22), we get

Tt = (=G 0.00).2'0)) = (0. '(0) + H 0,0

ot
ow
=H <t,$0, —%(t,fﬂo)) .

This implies (21) and, by (22), that W € C* on {t x Dy | t € [to, T]}.

Let € > 0 be such that for every ¢ € [to,T], T(t) + ¢B C D;. Consider any
solution-control pair (y(-),u(-)) to the control system (15) such that ||Z — y|  <e.
Then t — ¢(t) :== W(t, y(t)) is absolutely continuous and for every ¢ € [to, 1] such
that ¢/ (t) = f(t,y(t),u(t)) we have

v = G e+ (). vo)

= (1900~ G t) ) + { G900 > ~Lit.v(0). 0.

Hence "
B(T) > b(to) — / Lt y(t), u(t))dt

and therefore, using Proposition 3.2, we obtain
T

T
S(T)) + / L(t,y(t), ult))dt > W to, z0) = p(@(T)) + / L(t, (1), a(t)dr. O

to to

The above result and [25] yield

Corollary 4.3. Under all assumptions of Theorem 4.2, if
2

GI(F(T) 20 and T (170, 5(0)) < 0

for all t € [to, T], then (T, ) provides a strong local minimum to the problem (P).

5. JACOBI NECESSARY CONDITION FOR WEAK LOCAL MINIMUM

Since a trajectory-control pair providing a strong local minimum is a weak local
minimum as well, the sufficient condition of Section 4 can be applied to study weak
local minima. In this section we give a necessary condition for a trajectory-control
pair to be a weak local minimum, which (of course) is also necessary for strong
local minima.
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Theorem 5.1. Consider a solution (x,p) to (2) defined on [to,T] and a corre-
sponding control w. Assume Hy), that @' is locally Lipschitz, that for some & >
0, k € L'(ty,T), for all w € U and almost all t € [ty, T,

of oL . )
%(t,-,u) and %(t,-,u) are k(t)-Lipschitz on Bc(x(t))
and
o0H 0’H
t,-,-) and —F——
3G ") M G

If the conjugate point t. > to (along (x,p)) and for some X > 0, %ZT’;’(t, x(t),p(t)) >
‘%(t,x(t),p(t))“ < 00, then (x,w) is not

weakly locally optimal for the problem (P).

t,-,-) are k(t)-Lipschitz on B(z(t),p(t)).

A for all t <t. neartc, SuPyepy, —a 1)

The proof is preceded by several lemmas.

Consider the system (12) where Pr = —¢"(2(T)). From the proof of Theorem
2.3 we know that P(s) = V(s)U(s)~? for all s €]t.,T] and thus U(t.) is singular.
Fix wr € R™ of norm one such that U(t.)wr = 0 and let (w, ¢) be the solution to
(14) with w(T) = wr, ¢(T) = —¢" (z(T))wr.

Lemma 5.2. There exists v > 0 such that for all t < t. sufficiently close to t.
(q(t), w(t)) < —y[w@)| and |wt)|| =~(tc —1)

Proof. Since w(s) = U(s)wr we have w(t.) = 0 and ¢(t.) # 0. Multiplying the first
equation in (14) by ¢ and the second one by —w and adding them yields

{q(t), w(t)) :/t ((w'(s), a(s)) + (¢ (s), w(s))) ds

- (@57?(57x<s>,p<s>>q<s>7q<s>> ~(Z B ple e ) ) s

From this and our assumptions we deduce that for some v, p > 0 and all ¢ < ¢, near
te

(23) plte —t) = [lw(t)|| = y(te —1).
On the other hand, since t < t., the very same equality implies
2
(q(t),w(t)) < (t —te)Allq(te) I + ofte —1).
Hence, by (23), for a constant § > 0 and all ¢ < ¢, sufficiently close to t. we have

(a(t), w(t) < —8(t — 1) < —% @] O

Consider ¢y < t < t. sufficiently close to t. and denote by (xp,pp) the solution to
the Hamiltonian system

w(s) = %—f@,xh(s),ph(s)), (1) = 2(t) + hao (t),

() = D) pul). pult) = plt) + hat)
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By the Gronwall lemma and assumptions of theorem, there exists M; independent
from t such that for all small h > 0

(24) len =2l + llpn = plloe < Mk ([w(@)] + [lg@)]) -

From Proposition 3.2 there exists uj, € U such that z;, solves the system

(25) y' = f(s,y,un(s))

and py, solves the linear system

(26) 0 = L (s () un )" p — S5, (), i ).

Denote by P, the solution to (26) satisfying p,,(T) = —Ve(zn(T)).

Lemma 5.3. There exists My > 0 independent from t such that for all small h > 0

lan = = Bl + lpn = p = hallo < Mah® ()l + o))

lah =" = bl o,z + Ipn = Palloo < Mah? (@) + @) -

Proof. Set zp, = xp, —x — hw, rp =pp —p — hq. Then z,(t) = rp(¢t) = 0. By our
assumptions there exists ¢ independent from ¢ such that for all small A > 0 and
every s € [t,T] we have

lzn ()l + [l7a(s)ll
o

< | [ (|| oo bl + | G .o Hn )
+| [ (|55 st pton]| 1l + | 2 ot a1 ) e

+c(llen = allZ + lpn %) -

The first inequality of our lemma follows from the Gronwall lemma and (24). On
the other hand, for all small A > 0

2h(s) —a/(s) —hu'(s) € (s, (s),p(s))zn(s) + 2Lk (5, 2(s), p(s))rn(s)

+ 20k(s)(lon — 2[% + llpn —plI%)B
and, by (24), for some ¢; > 0 independent from ¢
(1) = —¢"(@(T)) — ¢ (@(T))(xn(T) — 2(T)) +en
where ||en|| < ¢1h? (||w(t)||2 + ||q(t)|\2). Consequently,
Pu(T) = p(T) = h¢" (@(T))w(T) + ¢}, = p(T) + hq(T) + &, = pn(T) + &7,

where [|e} || + ||€2]| < c2h? (Hw(t)||2 + Hq(t)|\2> and ¢z does not depend on t. Ap-
plying Gronwall’s inequality we end the proof. O

Lemma 5.4. Define
L= p@n(T) + [, (oa(r),2},(r)) = H(r,2(7), pr(7))) dr

— [ ((p(r), 2 (7)) — H(r,2(7),p(7))) dr.
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There exists Mg > 0 independent from t such that for all small h > 0
hQ

In + h{p(t), w(t)) + == (q(t), w(t)

5 < Myl (@)1 + la®]1)

Proof. Set wy, = (zp, — x)/h, g, = (pr, — p)/h. By Lemma 5.3,

Jewon(7) = ()| + llan(r) = a(o)l| < Mah (] + lla(®)]*)
Thus for all small A > 0,

where [l + leh |+ |} | <k (Jlw(®))® + lla(t)]”

Recalling that (z,p) solves (2), that (w, q) solves (14) and
q(T) = =¢" (2(T))w(T)
we obtain, by adding the above expressions,
h2

I =h (=p(T), wn(T)) = = (¢(T), w(T)

) and ¢>0 is independent from ¢.

T
[ Ganr) a0 + (). () + /() n(0) = & oanr)) e
T
1 [ (o) + 5 (00 - 5 W) ) e
where ||e3|| < ch® (||w(t)||2 + ||q(t)|\2) Hence
I =~ () () ~ b (plt). wn(8) + 5 (a(T).w(D)) — {qlt).w(t)) +

= —h (p(t), wn (1)) — & (q(t),w(t)) +&}. O

Proof of Theorem 5.1. Denote by yp, the solution to (25) with y(¢t) = x(¢). Then
for some ¢ independent from ¢ and all small A > 0 we have

(27) lyn — 2nll oo + Y — 24l 2 < chw®)] -
Let X}, denote the fundamental solution to
0
X' = P an()un)X, Xt) = 14,

ox
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and vy, be the solution to

v o= %(s,xh(s),uh(s))v, v(t) = —hw(t).

Then vy (s) = —h X}, (s)w(t). From the Gronwall lemma and (27), it is not difficult
to deduce that there exists ¢; independent from ¢ such that for all small h > 0

Vs, llyn(s) — zn(s) = vn(s)]l o < crh? w(®)]?.
Set

T T
1= () + [ L () un(r))dr = plan(D) = [ L(r,an(r),un ()i
t t
Then for a constant ¢y independent from ¢ and for all small h > 0 we have

I, = (Vo(zn(T) +ft (25 (7,2 (7), up(7)), v (7)) dT + €1
- —h<Xh( Y Ve(an(T)) + [ Xn(r)* & (7, 2p(7), uh(T))dT,w(t)> ten

=h@,t),w(t)) +en

where ||ep|| < ¢2h? |Jw(t)||>. This and Lemma 5.3 imply that for some cs indepen-
dent from ¢

110 = B (p(t) + ha(), w(®) | < esh® @) + esh? (lw(®)]* + la@)])

To end the proof we proceed by a contradiction argument. Assume for a moment
that (z,%) provides a weak local minimum to (P). Then for all small ~ > 0 we
have

T T
o(@(T)) + / L(r,2(r),7(r))dr < p(yn(T)) + / L(r,yn (), un (7)) dr.
By Proposition 3.2,
Lir,a(r),7(r) = (p(r),2'(r)) — H(r,a(r),p(r)),

L(r,zn(7),un(r)) = (pn(7), 2}, (7)) = H(7,2n(7), pr(T))-
Thus, I, + I, > 0. From Lemma 5.4,
h2
0 <Ih+IIh < —h (p(t), w(t)) — 5 (a(t), w(t)) + h (p(t) + ha(t), w(t))
+ (e + My)h® (@) + a(0)7) + e2? fuo(t)
h2
<o {a0), w) + (es + Ma)h® (O] + g(0) %) + eah? ()]

Dividing the above by h? and taking the limit when h — 0 yields

0 < 3 {g(t), w(t) + ez Jw(®)]*.

Hence, from Lemma 5.2 we obtain —y > —2¢ ||w(t)||. Since w(t.) = 0, taking ¢
sufficiently close to t. we derive a contradiction. O
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