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A REDUCTION METHOD IN OPTIMAL CONTROL
FOR THE MAYER PROBLEM

Abstract. The Mayer Problem is treated looking for extremals in W 1.2 and using controls in
L2. We face the original problem finding critical points of the Action Functional related to
the the pre-Hamiltonian h = h(x, p, u). In this approach we show how it is possible to apply
the Amann-Conley-Zehnder reduction involving not only the velocity of the curves, but also
the controls: this permits us to study the solutions in terms of truncated Fourier series.

1. Introduction

We start from a classical model which is given by a control system

X = f(x(@®),u)),
where
f: RPRxR™ — RN
(x,u) —  f(x,u)

is a C? function in all variables. Let us consider the following set of admissible controls

U=1{u:[0,T] — RMs.t. u(-) bounded and measurable}.

Given an initial condition X9 € R" and a control u(-) € U, we denote by t — X (t, u(-))
the unique Carathéodory solution of the Cauchy problem

o [ X(t) = f(x(0),u(t))

x(0) = Xp.

For the existence and uniqueness of the Carathéodory solution of (1) we refer the
reader, for example, to [10], [14] or [15].

Once we choose a function ¥ € C3(R", R), we define the cost functional in the fol-
lowing way
Vu@) et JU(E)) =Y X(T, u)).

To solve the Mayer Problem with free terminal point (and with final time T ) means that
one has to find an optimal control u*(-) which maximizes the functional J(-) among all
u(-) € U. The corresponding solution of the Cauchy problem (1), x*(t) = x(t, u*(-)),
is called optimal trajectory.

Let us consider the Hamiltonian function
HX, p,u) = (p, f(x,w),
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where (p, f(x,u)) := p - f(x,u) is the usual scalar product in R". The function
H = H(X, p,u) is also called pre-Hamiltonian in order to distinguish it from the
maximized Hamiltonian given by H (X, p) = sup,cgm H(X, p, @). But, here, we deal
only with H = H(X, p, u), that we will call simply Hamiltonian.

By using the Pontryagin Maximum Principle (see for instance [14] or more
recent books [2] and [12]), we can associate a Hamiltonian system with boundary con-
ditions mixed in time to the function H = H(X, p, u) (cf. Section 2). The extremals
satisfy this Hamiltonian system. Our purpose is to find the solutions of such system
by studying the critical points of the Action Functional related to the Hamiltonian (see
Section 3)

-
/ [px — H(x, p,u)]dt.
0

In particular, these solutions satisfy the condition %(X, p,u) = 0, which is weaker
than the so-called maximality condition (see Section 2).

Our main idea is to follow techniques which are very common in symplec-
tic geometry and mainly due to C. Viterbo (see [17], [18], [19] and cf. also [1]).
The same techniques are applied in optimal control problems by the author and by F.
Cardin in [4]. But, in [4] the necessary conditions given by the Pontryagin Maximum
Principle are used in order to obtain the Hamiltonian system connected with the maxi-
mized Hamiltonian function; moreover, the Action Functional related to the maximized
Hamiltonian is the main ingredient for the construction of the generating function of
the initial Lagrangian submanifold A = {(X (0), p(O))} C T*R", which collects all the
initial data. This procedure moves away from the controls. Nevertheless, in our work
we also want to get some information on the controls, which we explicitly handle in
finding critical points of the Action Functional. Finally, in our approach we deal with
the Hamiltonian function h directly, which generally has a good regularity property;
instead, the maximized Hamiltonian H is usually far from being regular.

In Section 4, we apply the so-called Amann-Conley-Zehnder reduction in order
to obtain a reduced problem: roughly speaking, we look for stationary points of the Ac-
tion Functional in the finite dimensional space of truncated Fourier series. Not always
is it possible to simplify the problem in such a way; in fact, we can do it only when we
get a condition on the U-component of a fixed point map, which plays a crucial role in
the reduction.

In the last Section, we discuss how we apply this approach in the class of linear
quadratic (L-Q) problems in order to understand some properties about the fixed point
map and the reduced Action Functional. It is interesting to notice that some L-Q prob-
lems, singular as well (i.e., such that %23; fails to be strictly positive), can be reduced
considering only trigonometrical polynomials. This result might be useful in applica-
tions when, in particular, the state equations of an optimal control problem are given in

terms of the truncated Fourier series (see e.g. [9]).
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2. Preliminaries and justifications

It is well known that the necessary conditions for optimality are classically given by
the Pontryagin Maximum Principle, we write it here in a simple formulation (see books
[14], [2] or [12]).

Pontryagin Maximum Principle. Let u*(-) be an admissible control whose corre-
sponding trajectory X*(t) = x(t, u*(-)) is optimal. Then, there exists a vector-function
p(-), p(t) € R", which is the solution of the adjoint linear system

oH
2 p(t) = —a(x*(t), p(), u* (1)), p(T) = VI (X*(T)),
and, moreover, the maximality condition
(3) H(X* (1), p(t),u™ (1) = SuﬂgmH(X*(t), p(t), ®)

holds true for almost every t € [0, T].

The triple (X(-), p(-), u(-)) is said to satisfy PMP or extremal whenever u(-) is
an admissible control, X (-) is the corresponding solution of system (1) and p(-) is such
that (2)-(3) are satisfied.

We are going to investigate the solutions of the (controlled) Hamiltonian system asso-
ciated to H

. OH
X = %(Xa p: U)
oH
4 ) = ——
4 p axu,mm

oH
0=— X, p,u),
PR,
with a boundary condition which is mixed in time, that is

x(0) = Xo
p(T) = V¥ (X(T)) .

Notice that the solutions of system (4) satisfy the condition % (X, p,u) = 0, which is
weaker than the maximality one (3). Therefore, we are looking for triples of functions
X(), p(-), u(+)) in a set bigger than extremals set.

Let us denote by J the (2n + m) x (2n 4+ m)-matrix

) Inxn O
J = _ann @ (O)
@ O Imxm

Thus, the Hamiltonian system (4) can be briefly written as follows
X
p ZJVH(X’ p,U),
0
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where

ZL(x, p, u)

VH(X, p, U) = 3 (X9 p, U)

0
ol
W(X, p, U)

In order to solve our problem, we first consider a canonical transformation (X, p)
(X, p) in T*R" given by

p=p+VIX

X=X,

which produces the following transformed Hamiltonian:

H(K, P, u) = H(X, p+ V¥(X), u).

REMARK 1. For any fixed control u(-), the characteristics of the vector field
associated to the Hamiltonian H coincide with the characteristics of the vector field
associated to H up to the above-mentioned canonical transformation. It allows us to
study the characteristic curves (X(-), p(-)) which end at the zero-section of T *R" for
t = T, instead of curves (x(-), p(:)), which end at Graph(V¥) at timet = T (cf. also
[4D.

The new boundary conditions in the (X, p)-coordinates become

p(m)=0
X(0) = Xo,

while the transformed Hamiltonian system is similar:

X
6 | = IVHE, B.u).
0

Notations. We drop the “tilde” from the transformed quantities in order to simplify the
notations, writing (X, p) instead of (X, p) again.

Hence, our purpose is to find the solutions of system
X

p | =IVH(, p,w), [
0

p(T)=0
x(0) = Xp.
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3. The action functional

Hereafter, we denote by h = h(x, p, u) aC?> Hamiltonian function such that |VZh| < C
for some positive constant C. In the following two Sections, we aim at looking for
solutions (X(-), p(-), u(-)) of system

X

(®)] p | =Jvh(x, p,u), |
0

p(T)=0
x(0) = Xo.

where (x(-), p(-)) belong to W 12 ((O, T), Rzn) and the function u(-) is chosen in the
space Lz((O, T), Rm). We will call (simply) controls the elements of L? ((0, T), Rm).
The strong assumption on the Hamiltonian function h to have bounded second deriva-
tives provides that for any fixed u(:) € Lz((O, T), Rm), for any starting condition
(X0, Po), the Cauchy problem

P(0) = po

h
X(t) = Z—p<x(t), p(1), u(®))
[ x(0) = Xp

. oh

admits a unique Carathéodory solution. This condition guarantees also the existence of
the Géteaux derivatives of the below-defined functionals .4 and W. Finally, it plays a
crucial role in order to obtain the existence and the regularity of a fixed point map that
we will define later (see Lemma 2 and Remark 4 in Section 4).

REMARK 2. Notice that in this format the controls are not necessarily bounded.
In fact, we are extending into L2 controls the problem, we stated in previous Sec-
tions. By the way, once we are able to apply the Amann-Conley-Zehnder reduction,
the u-component of the solution of (5) becomes a trigonometrical polynomial, which
is bounded on [0, T ] and, hence, it is admissible control.

Let us introduce the Action Functional related to the Hamiltonian function h:
A: T — R
(6) T .
7 () — Aly (O = /0 [p®-x® = h(x(®), PO, u®) | dt,
where

.= {y(~) = (X(), P(), u()) € WE2((0, T), R?) x L2((0, T), R™) : p(T) = o}.

Thanks to the Sobolev Inequality Theorem (see for instance [8]), for any y () =
(X(~), pC), u(-)) € T the (X, p)-components, namely (X(-), p(-)), provide a contin-
uous curve in the cotangent fiber bundle T *R". Notice that the condition p(T) = 0 is
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justified by Remark 1. Moreover, we get a fibration

7:T — R"

7 () —> m(y () :=x(0),

where X (0) is the starting point of the curve X(-). Indeed, a structure of vector space
on the fibers 7 ~1(x(0)) with x(0) € R" is provided by the space of derivatives of the
curves (X(-), p(-)) and the space of controls u(-); this is well expressed by means of
the following bijection:

g: R"xL? — T

@ XO0):¢) —  G(X(O0): (br bps b)) ().

where

g(x(O);¢); [0,T] — R2M+M
U (XO)+ 46 85— [T 9p(6) 05, Crgu(t))

L? == L2((0,T),R*™ x R™), Cy := ﬁ and ¢ = (¢x, Pp, ¢u); then one can im-
mediately prove that g is injective and surjective. Roughly speaking, once we fix the
initial point x(0), the (X, p)-components of y (-), (X(-), p(-)), are given by integrat-
ing the velocities (¢x, ¢p), obtaining a continuous curve ending at the zero-section of
T*R" at time t = T; while we simply multiply the control by a suitable constant.

An important fact is that the solutions of the Hamiltonian system (5) are the sta-
tionary points of the function A defined above in (6). This connection is well explained
by the following Lemma.

LEMMA 1. Acurve y (-) € T solves the Hamiltonian system (5) if and only if
0A[y 1oy =0, Vdoy € ' suchthat 6x(0) =0,

where by J we denote the Gateaux derivative.

Proof. We follow a classical scheme (cf. [1], [4] or [5]); notice that here we have
one term more: the derivative of h with respect to u. Forany 0y € T,I' =T (y =
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(X, p, u)), let us consider

dA
0Aly 1oy =7 + 40y)lim0 =
T : , oh oh oh
=/0 (5P'X+p'5X—a—X(V)'é)(—%()’)'&p—a—u(V)ﬁU) dt =

T
(integrating by parts / p - oX dt)
0

T/ bh T/ oh
:/0 (x—%(y))-épdt—/o (p+6—X(V))~5xdt+

T oh
—/0 Z2() - dudt + p(T) - 3x(T) = p(0) - x(0) =

T X
=—/ K p ) _m(y)} .8y ds + p(0) - 5x(0),
0 0

which immediately proves the Lemma. O

Composing the bijection ¢ defined above with the Action Functional, we obtain the

functional W = — A o @:

W: R"xL? — R
(x(0),4) +— W (x(0),) :=—Aog(x(0),$) = —Alg(x(0), $)].
Writing W explicitly, we have (y = (X, p, u) = g(x(0), ¢)):

W (x(0), ¢) =
.
:_/0 (p-%x—=h(x, p,u))dt =

_ —/OT [qﬁx(t)/thsp(s) ds +

t T
—h(x(O)Jr/0 ¢Sx(s)ds,—/t ¢p(5)ds,CN¢u(t))] dt.

Let us compute the Gateaux derivative of W with respect to ¢:

DW T t t
By 8= [ o0 [ go0rar 40w [ agoim ar+

oh t oh ! oh
=50 [anmar = 220 [ asoerar —enZioan] ot

By using the equality

T T T t
/0 S(t) /t $o(r) dr dt = /0 $o® /0 Sebx(r) d di,
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in the beginning of the expression of DW /D¢, we obtain

DW
g 7

=_/0T [—gép(t)/ot&;&x(r)dr —¢X(t)/tT S (r) dr +

oh t oh t oh
S [ anrrar) = 2200 [ aspm ar —en S0 0] ot =
T X
= [ 8 ) -0 | e
0 0

where &y (t) = (— T 8pp(r) dr, [ o (r) dr, CN5¢u(t)) eT.
Therefore, we proved the following result.

PROPOSITION 1. . Choose x(0) € R". Anelement ¢ € L? is a stationary point
of W(x(0), -) ifand only if y () = g(x(0), ¢)(-) € T satisfies the Hamiltonian system
(5).

We conclude this Section considering the derivatives of W with respect to x(0) and a
consequent remark:

ow 5x(0)=—/OT(—%(y))~5X(O) dt =

ox(0) 13 =0

)

= —/ p(t) - ox(0) dt =
0

= p(0) - 5x(0).

REMARK 3. The functional W can be considered as a global generating func-
tion of A C T*R" with co-dimensional space of auxiliary parameters, where

w

oW . D o
ax(O)(X(()),<i5 )> D—¢(X(O),¢> )—0]-

A= 1 (x(0), p(0)) : x(0) e R", p(0) =

In fact, in the original scheme given by C. Viterbo (see [17], [18], [19] and cf. also [1],
[5] and [4]) the Action Functional constitutes the main ingredient for constructing a
global generating function for some Lagrangian submanifold related to a given Hamil-
tonian flow (see Appendix for basic definitions and properties on Lagrangian subman-
ifolds). Notice that in singular linear quadratic problems the set A C T*R" might fail
to be a Lagrangian submanifold; while A turns out to be a Lagrangian submanifold in
regular L-Q problems (cf. [12] and, for regular cases, see also [4]).
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4. The Amann-Conley-Zehnder reduction

The reduction method, introduced by H. Amann, C. Conley and E. Zehnder in [3]
and [7], transforms an infinite dimensional variational problem involving the Action
Functional into a finite dimensional one.

. . j 2zk .
In the space L? we consider the orthonormal basis {€' T '},c7. Hence, denoting
s 27k
by ex(t) :=e' T, forall ¢ € L2, we have the Fourier expansion

P(t) =D k().

keZ

For any N € N fixed, we can define the projection operator PN on the K(n, m, N)
central components of ¢, where K (n, m, N) := (2n + m)(2N + 1),

Png(t) = D ¢ eld),

k<N

and the projection operator Qn on the remaining infinite external components

Qne(t) == D dre(d).

|k|>N
Take an element ¢ € L2 = Py L2@®QnL?2, we denote by 1 := Pn¢ (and by 77 := Qn¢
respectively) the central (and the external respectively) components of ¢.

We show that for a suitable N only the finite dimensional space Pn¢ is sufficient to
find stationary points of W (and to construct a generating function of A); indeed, by a
fixed point argument, we prove that PN ¢ alone uniquely determines Qn ¢.

LEMMA 2. For asuitably large N € N the map

G: QnL? — QnL?

® n — QNJVh(g(X(O)>ﬂ+’7));

is a contraction map, for any x (0) € R" and x € PyL2.

Proof. First, we recall that by the assumptions on the Hamiltonian h there exists C > 0
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such that |[VZh| < C. For any 71, 72 € Qn L2, we obtain
g -
~|| NV (g(x(0), 1+ 12)) - @NJVh(g(xm), wtm))|,

=C|g(x(0), p +m2) = g(x(0), s +m)||

—C / > xe #rar, —/ > e #rdr, Cy > uke zgkt)

<

L2
[kI>N |kI>N [k|>N
ol ol 2k
=C|[{T - Xk, T px, C uge' T )+
( lk%\‘ i2zk X |kz: 2T NIZ:N k )
1
(2 e 2 mpk’ 0)l.--

k|>N k|>N

where (X, Pk, Uk) = 7k is the k™ Fourier coefficient of # = (X, p,U) = #2 — 71.

)<
L2/ =

g -

(Xk»> Pks
s=cenllnlle+ Tl X 0
[>N
(CN||77|||_2 + | [{(x, D,O),QNid[o,T])LzHLz) <
= c(Cwllnll + [[nll,- llQnidol] 2) <
T
< c(Cnllnllz + 5o V2NIInlli2) <

< Contl 4+ VA,
= CCn(1 +V2N)| |2 = m || .2-

Hence, we get a contraction if we choose N such that
TC
CCn(1++2N) = ﬁ(1 ++/2N) < 1.
T

O

By the Banach-Caccioppoli contraction Lemma (see for example [15] or [10]) applied
to G defined in (8), once we choose X (0) € R" and u € Py L2, we obtain one and only
one fixed point of G, denoted by q(x(0), u), that satisfies

® q(x(0), 1) = QnIVh(g(x(0), 1 + q(x(0), 1))).
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REMARK 4. Thanks to the fact that the Hamiltonian function h € C? and by
using the implicit function (Dini) Theorem, the fixed point map

q: R"xPyL? — QpL?
(x(0), u) > q(x(0), w),

is continuously differentiable (see [1] or [4]).

(10)

Now, suppose that the u-component of the fixed point map ¢ (X (0), ) vanishes,
namely 0y (X(0), #) = 0. Then, this allows us to restrict our functional W to a finite-
dimensional space of auxiliary parameters, Py L2 = RKMMN) Tndeed, if x(0) € R"
and u € Py L2 are fixed, we can consider the curve

7 () =X(), PO, u()) = gx(0), u +q(x(0), ©)() € T,

such that
X tx + Ax (x(0), u)
p =pu+qx©), u) = #p+apx0),n) |,
% #u + Qu(x(0), u)

where Ox, (p and ¢y are the X, p and U-components of ¢(X(0), #) respectively. In
particular, if gy (X (0), x) = 0, notice that the equation

X
(11) Qn p | -JIVh(py)| =0
0
is satisfied by y (), because
X
QnNAVh()) =ax(0), 1) =Qn | P
0

We summarize the result provided by the reduction machinery: let us consider a solu-
tion of system

(12) 1 =PnIVh(g(x(0), 1 +a(x(0), )

in the unknowns x € PyL2 = RKM:MN). 35sume that the u-component of the fixed
point map is zero, qy(X(0), #) = 0, then we automatically obtain the solution of the
projection of the Hamiltonian system (5) on Qp L2 (thanks to (11)). Therefore, the
curve y () := g(x(0), # + q(x(0), ©))(-) solves the Hamiltonian system (5) (with the
boundary conditions X (0) = X¢ and p(T) = 0).

For K := K(n, m, N) where N is determined as in Lemma 2, we define the function

F: RPxRK — R
(x(0), ) > F(x(0), 1) := W (x(0), 1 + q(x(0), ).
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The Amann-Conley-Zehender reduction permits us to find solutions of our original
system (5) by studying critical points of function F. We express also our main result
in terms of generating functions; this well summarizes all richness of structure of the
function F.

THEOREM 1. Let us suppose thath € C%and |VZh| < C fora positive constant
C. If "”f(x(O) 1) = 0 and qu(x(0), ) = 0, then we also obtain 2 T W (x(0), u +
q(x(0), u)) = 0. Moreover, if the u-component of the fixed point q is identically zero,
namely qu(x(0), #) = 0, then the function 7 = F(x(0), ) is a (global) generating
function of A = {(x(0), p(0))} c T*R" if and only if the functional W (x (0), ¢) is a
(global) generating function of A (with oco-dimensional space of parameters).

Proof. We use a classical argument based on the Amann-Conley-Zehender reduction.

First of all let us compute the derivative with respect to u:
13)

Zi(x(O), ,_DW D¢ D¢ Dqg
u

D¢(D,u Dn D,u)

T X
0
0 ? =9(x(0), £ +a(x(0), 1))
T X
. D
—/ on| [ b |-3vhe) ot
0 0 U

7 =09(X(0), £+q(x(0), 1))

The second integral in (13) vanishes by the properties of the fixed point q(x (0), ) (cf.
(11)). Hence, we get

oOF T X
E(X(O)’”):_/o Byl p ) =Ivhe) dt
0 ) =g(X(0), 4+ (X(0). 1))

Similarly, deriving F with respect to X (0), we obtain

—( ©0), u) =

2x(0)
oW  DWD$ Dy
_6x(0) * D¢ Dy DX(0)

_l’_
6X(0)( ©. ¢)‘y =g(x(0), u+q(x(0), 1))
T X
. Dq
- —JVh dt =
/0 vl @ DX(0)

7 =9(X(0), u+q(x(0), 1))

T x(0).9)|

ax(O) Pp=p+a(x(0), )
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We conclude observing that if (x(0), ¢) € R" x L? satisfies the system

oW
PO) = — 5, *(©.¢)
x(0)
14) DW
0= D_¢(X(O)’ ¢) .
then, considering the projection u = Py, the couple (x(0), u) € R" x RK satisfies
oF
PO = 2 5 X )
oF
0= 6—(x(0), n .
u

Vice versa, if one computes the solution of (26), (x(0), 1) € R" x RK | then, complet-
ing 1 with q(x(0), #) in ¢ = u + q(x(0), &), the couple (x(0), #) € R" x L2 solves
(14). O

REMARK 5. i) The condition qy(x(0), #) = 0 in the hypothesis of Theorem 1
is strong, but it is satisfied in very simple examples, for instance some linear quadratic
cases (see the next section). By using the Theorem above, we are able to study our
Mayer Problem only considering a suitable truncation of Fourier series as far as it con-
cerns the control parameters and also the derivatives of state variables (instead of whole
L2). Moreover, the controls turn out to be admissible because they are trigonometrical
polynomials (cf. Remark 2).

ii) Suppose that ¢ — F(x(0), u) is weakly quadratic at infinity, namely out of a
compact set it is a quadratic form (even degenerate), then we can apply the Ljusternik-
Schnirelman theory, which is a powerful tool to get lower bounds on the critical points
of a given function (see for example the books [1] or [16] for general theory and [4] for
the degenerate case).

5. Linear quadratic examples

In this Section, we apply our results to the well known linear quadratic (L-Q) optimal
problem. Let us consider the linear control system

X(t) = Ax(t) + Bu(t)
x(0) = xo

and the running cost

f(x,u) = (Px,u) + %(Ru, u) + %(Qx, XY,
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where X € R", u € R™Mand A, B, P, Q, R are constant matrices; in particular, Q and
R are symmetric. We underline the fact that here R can be any definite non-negative
matrix, so also the singular case is included. Here, we have not a final target for the
controlled trajectory X (t, u(-)). We are going to minimize the functional

T
/ £(x(t,u),u(t))dt.
0

It is well known that the above Bolza Problem can be recast in a Mayer form, introduc-
ing the auxiliary variable

t
Xns1(t) = /0 £(x(s, 1), U(S)) ds

and defining W (Xy, ..., Xn, Xn+1) = —Xn+1. Hence, we have a (n 4 1)-dimensional
system

(Xi)ief1,...ny = Ax + Bu
Xne1 = £(x,u) .

In this case the Hamiltonian is

h(x, p,u) = (p, Ax) + (p, Bu) — ({(Px, u) + %(Ru, u) + %(Qx, X)),

hence
B(x, p,u) pA —uP — Qx
Vh(x, p,u) = %(x, p,u) | =| Ax+Bu
g_u(x, p,Uu) pB — Px — Ru

Take N € N as in Lemma 2, once X(0) and u are chosen, then the fixed point map
defined in (9)-(10) has the property

q(x(0), 1) = QnIVh(g(x(0), 1 + q(x(0), 1))).

Let us denote by #x, #7p and 5y the components of the fixed point ¢ (x(0), x)

Nx
q(x(0), x) = | np | € QnL?,
Nu

then we obtain a curve y (1) = (X(-), p(-),u(:)) € I' by means of the function g,
defined in (7):

y () =9(x(0), « +q(x(0), ©) () € T.
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Moreover, we can explicitly write the components of y (-) as follows
t
(O =x0)+ [ e+ o) ds
0

)
p(t) = —/t (1t + n)p(s) ds

u(t) = Cn(u +nu,

namely
XO=%+T > Hxk F Hx00 (1) 4T > Mk IO 0 4
i2rk 2k
0#|k|<N k>N
k+ Upo k1 Hp,0
pt) = po+T Z uek(t)+T Z Tpk T HpO, )
i2zk i2rk
0#[k|<N IK|>N
ut) =Cn( D muke® + D nukek(t)),
lk|<N K|>N

where (ux.k, p,k> Huk) = fk and (#7x.k, fp,ks Hu,k) = #k are the k™ Fourier coef-
ficients of u and # respectively (here we have to use a more detailed notation with
respect to that we used in the proof of Lemma 2); X and [ are suitable real numbers

and recall that ey (t) = €' e, By simple computations we get

QnJVh(y) =
AT 2 kN Dt X0) + B(Cn 2 k>N u,k€k)
T (Q(Z|k|>N ”X’ik;,ixoek) (Z|k|>N nplk;;/&poek)A) + (Cn Z|k|>N Nu.kex) P
T ((Zlk\>N npuk;rﬂkpoe )B =P k=N ”X’ik;;ix’oek)) — RN 2 k> N Mu.k€)
REMARK 6. Notice that in general (s, #7p, #u) = 0 is not a fixed point for the

map G defined in (8). But, if ux o = 0 and pp o = 0 (the so-called zero mean case),
then, by the linearity, we obtain that the fixed point vanishes:

q(xo, u) = 0.

EXAMPLE 1. In order to understand some properties on the fixed point map
and on the critical points of W and F, let us consider a very simple control system in
R? withu = (uy, uy) € R%:

X1 = Uj
X2 = Xp + Uj.

Once we choose a starting point X (0) = Xo € R?, we want to minimize the functional

.
I RGEEOLT
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where T = z. The Hamiltonian function is

1 1
h(X9 pa U) = p2X2 + p]UI + szz — EU% + Exlz,

while the (controlled) Hamiltonian system related to h is given by

X] = Ug
X2 = X2 + U2
P1=—Xi
P2 =—p2
ur = p1
p2 =0,
with the boundary condition
X(0) = xo
{ p(T) =0.

It is straightforward to see that for any starting point X (0) € R?, called u € PyL? the
solution of (12), the u-component of the fixed point map vanishes: qy(X(0), #) = 0.
Instead, the Xp-component of (X (0), ) is an infinite series, therefore q # 0. Notice
that to solve the reduced problem, namely to find stationary points of F, implies getting
solutions of the co-dimensional problem (for W) or, equivalently, for the Hamiltonian
system; but the opposite implication is not true: for any u»(-) € L2((0, T), R) (not only
for us(-) € PNL2((0, T), R)) we have a solution of the Hamiltonian system. Finally,
we underline the fact that for Xx(0) = 0 the function u — F(0, u) is a quadratic form
degenerate with respect to the Uy-component (cf. ii) of Remark 5).

6. Appendix: Generating functions of Lagrangian submanifolds and symplectic
structures

We recall some basic definitions and results which concern the Lagrangian submani-
folds of the cotangent fiber bundle T*R" (cf. [20]). A differentiable manifold A C
T*R" is Lagrangian if the following conditions hold true

1. dimA =n
2. CORn|A :0,

where wrn = dOgn (Ogrn is the canonical 1-form of Liouville); in local coordinates we
have Ogn = D1, pidx' and the 2-form wgn = dp A dx = S dpi A dx'.

The Theorem of Maslov-Hormander ([13], [11]) locally characterizes the Lagrangian
manifolds A C T*R": a submanifold A is Lagrangian if and only if A is described by
means of (local) functions (X, v) — S(X, ), S € C2(R" x RK, R) such that
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(15) A=[(x,p): p=2—i<x,5), 0=Z—i(x,5) aﬁeRk],

with the rank condition

0*S %S
0Xov’ fvov {57570}

ov

= max = k.

(16)

Functions S satisfying (15)-(16) are called Morse Families for A; instead, we call S a
generating function of A if (15) holds, but not necessarily (16).

Acknowledgments. T would like to thank F. Cardin, who introduced me in the subject,
and the referee for his precious suggestions.

References

[1] AEBISCHER B. AND AL., Symplectic geometry, Progress in Mathematics 124, Birkhéuser, Basel 1992.

[2] AGRACHEV A. AND SACHKOV YU.L., Control theory from the geometric viewpoint, Springer-Verlag,
Berlin 2004.

[3] AMANN H. AND ZEHNDER E., Periodic solutions of asymptotically linear Hamiltonian systems,
Manus. Math. 32 (1980), 149-189.

[4] BETTIOL P. AND CARDIN F., Lagrangian submanifold landscapes of necessary conditions for maxima
in optimal control: global parameterizations and generalized solutions, Sovremennaya Matermatika I
Ee Prilozheniya Prilozheniya (Contemporary Mathematics and its Applications) 21 (2004) (in russian),
to appear in Journal of Mathematical Sciences.

[5] CARDIN F., The global finite structure of generic envelope loci for Hamilton-Jacobi equations, J. of
Mathematical Physics 43 (1) (2002), 417-430.

[6] CARDIN F., On viscosity and geometrical solutions of Hamilton-Jacobi equations, Nonlinear Analy-
sis, TM.A. 20 (1993), 713-719.

[7] CoNLEY C. AND ZEHNDER E., Morse type index theory for flows and periodic solutions for Hamilton
equations, Comm. Pure Appl. Math. 37 (1984), 207-253.

[8] EvaNns L.C., Partial differential equations, Graduate Studies in Mathematics 19 AMS, Providence
R.I. 1998.

[9] ENDOW Y., Optimal control via Fourier series of operational matrix of integration., IEEE Trans.
Automat. Control 34 (7) (1989), 770-773.

[10] HALE J.K., Ordinary differential equations, second edition, Robert E. Krieger Publishing Co., Inc.,
Huntington, New York 1980.

[11] HORMANDER L., Fourier integral operators |, Acta Math. 127 (1971), 79-183.
[12] JURDIJEVIC V., Geometric control theory, Cambridge University Press, Cambridge 1997.

[13] MasLov V.P., Théorie des perturbations et méthodes asymptotiques, Editions de 1’Université de
Moscou, 1965 (russian version), Dunod-Gauthier-Villars, Paris 1971 (French version).

[14] PONTRYAGIN L.S., BOLTYANSKII V.G., GAMKRELIDZE R.V. AND MISCHENKO E.F., The mathe-
matical theory of optimal processes, Wiley, New York 1962.



332 P. Bettiol

[15] SANSONE G. AND CONTI R. , Non-linear differential equations, International Series of Monographs
in Pure and Applied Mathematics 67, A Pergamon Press Book, The Macmillan Co., New York 1964.

[16] STRUWE M., Variational methods. Applications to nonlinear partial differential equations and Hamil-
tonian systems. Springer-Verlag, Berlin 1990.

[17] VITERBO C., Intersection de sous-variétés lagrangiennes, fonctionnelles d’action et indice des sys-
témes hamiltoniens. Bull. Soc. Math. France 115 (3) (1987), 361-390.

[18] VITERBO C., Recent progress in periodic orbits of autonomous Hamiltonian systems and applications
to symplectic geometry, Lecture Notes in Pure and Appl. Math. 121, Dekker, New York 1990, 227-250.

[19] VITERBO C., Solutions of Hamilton-Jacobi equations and symplectic geometry, addendum to: Sémi-
naire sur les Equations aux Dérivés Partielles. 1994-1995 Séminaire sur les Equations aux Dérivées
Partielles, 1995-1996, Ecole Polytech., Palaiseau 1996.

[20] WEINSTEIN A., Lectures on symplectic manifolds., C.B.M.S. Conf. Series Amer. Math. Soc. 29, Prov-
idence R.I. 1977.

AMS Subject Classification: 49K99, 49N 10, 53D99, 93C15.

Piernicola BETTIOL, S.I.S.S.A. - 1.S.A.S., Scuola Internazionale Superiore di Studi Avanzati -
International School for Advanced Studies, via Beirut 2-4, 34013 Trieste, ITALY
e-mail: bettiol@sissa.it



