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1. INTRODUCTION

Control theory is a young branch of mathematics that has developed
mostly in the realm of engineering problems. It is splitted in two major
branches; control theory of problems described by partial differential equa-
tions where control are exercized either by boundary terms and/or inhomoge-
neous terms and where the objective functionals are mostly quadratic forms;
and control theory of problems described by parameter dependent ordinary
differential equations. In this case it is more frequent to deal with non-linear
systems and non-quadratic objective functionals [49]. In spite that control
theory can be consider part of the general theory of differential equations,
the problems that inspires it and some of the results obtained so far, have
configured a theory with a strong and definite personality that is already of-
fering interesting returns to its ancestors. For instance, the geometrization of
nonlinear affine-input control theory problems by introducing Lie-geometrical
methods into its analysis started already by R. Brockett [9] is inspiring clas-
sical Riemannian geometry and creating what is called today subriemannian
geometry.

In any case, the breadth of mathematics involved in modern control theory
is so promising that mathematicians, and in particular “applied” mathemati-
cians, should be aware of their developments, having the total certainty that
they will find in this theory an important source of inspiration for their re-
search.

In this review article we present a panorama of modern geometrical optimal
control theory for dynamical systems. Optimal control theory for dynamical
systems is perhaps, inside the vast subject of control theory, one of the oldest
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and most developed parts. Optimal control theory sinks directly to the sources
of mechanics and the calculus of variations, and reaches its most profound
results by the hand of Pontriaguine’s maximum principle [49]. Rather recently,
a battery of geometrical methods has been developed to address from a new
perspective some old problems in the theory of control. Starting with the
already mentioned pioneering work by R.W. Brockett [9], [10], to the most
recent developments in the field, as reported for instance by H.J. Sussmann
[52], and the work of young mathematicians that are conducting their research
work in this direction [17], [42], [47], [18], etc., we are witnessing a flourishing
of geometrical ideas at the foundations of control theory.

In these notes we will report on some problems in optimal control theory
where, we believe, geometrical ideas will play a relevant role towards its un-
derstanding and eventual solution. Moreover, geometrically inspired ideas will
provide alternative treatments to previously considered approaches. Concre-
tely, we will discuss the problem of cheap and singular optimal control and its
links to singular perturbations from a new perspective inspired by traditio-
nal constraints theory. We will also present the problem of implicit optimal
control and we will analize the various singular behaviours arising in such
situations. We will discuss also the problem of the integrability of optimal
control problems and the notion of symmetry and, finally, we will present a
few remarks on the problem of feedback linearizability and normal forms. We
will not, however, touch such interesting problems as controllability or obser-
vability, that have already deserved a lot of attention, and where Lie methods
have proved to be essential. Finally, we will leave the full discussion and de-
tails of the material presented here to the more technical papers quoted or
announced in the list of references at the end.

2. SINGULAR OPTIMAL CONTROL

2.1. REGULAR AND SINGULAR OPTIMAL CONTROL We will consider the
problem of finding C!-piecewise smooth curves v(t) = (z(t), u(t)) with fixed
endpoints in state space, x(tg) = xo and z(T') = zp, satisfying the control
equation

(1) &'(t) = f'(z(t), u(t)),

and minimizing the objective functional

T
(2) S(y) = / L (), u(t))dt.

0



A PANORAMA OF GEOMETRICAL OPTIMAL CONTROL THEORY 131

It is well-known that the solution of such problem is provided by Pontria-
guine’s maximum principle; this is, the curve v(t) = (z(t),u(t)) is an optimal
trajectory if there exists a lifting of z(¢) to the coestate space, (z(t),p(t))
satisfying Hamilton’s equations

_on o
_apzv pZ axiv

(3) i’

and such that

(4) H(x(t),p(t),u(t)) = max H(x(t),p(t),v), a.e. tEe[ty,T],

v

where H denotes the Hamiltonian function (Pontriaguine’s Hamiltonian),

(5) H(z,p,u) = pifi(z,u) — L(z,u).

It is clear that a necessary condition for the maximum condition (4) is that

the function defined by ¢, = gﬁ will vanish. Hence, the trajectories solution

of the optimal control problem will lie in the submanifold

M1 = {(x,p,u) ’ (pa($,p,U) = 0}7

of the total space M with coordinates (z,p,u).
The constraint functions ¢, = 0, called in what follows zeroth order
constraints, will define implicitely a function

(6) u® = ¢*(x,p)
whenever the matrix W, defined by

dpa
Oub

Wab =

will be invertible. Thus, under these circumstances, on the submanifold M;
there will be defined an optimal feedback function * given by eq. (6), i.e.,
whenever

2 pi 2
(7) det W, = det <pz- s oL )%O

outoub  urdub

If such condition is satisfied at a given point m we will say that the optimal
control problem is regular at m. If det W, = 0 at m we will say that the
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optimal control problem is singular at m. Generically, the singular points for
a given optimal control problem will lie in a union of submanifolds of M, the
singular locus of the problem. At regular points we will substitute (6) at 3
obtaining a first order system of differential equations that possess locally a
unique solution for each initial data.

If we consider the particular example of control systems affine in the control
variables, i.e.,

i’ = A'(x) + BL(z)u"
the regularity condition eq. (7) becomes simply

9*L
det Wab = det W # 0,
that coincides with the well-known regularity condition for Lagrangians in the
ordinary calculus of variations, where the control equation eq. (1) is &% = u’.
Even more, in the case of linear control problems with quadratic regulators
(LQ systems), i.e., of the form,

(8) i = Aiad 4 Bius,
with Lagrangian function,

1 i, i, .a 1 a, b
9) L= §P¢jx 2 4+ Qiax'u’ + §Rabu u’.

the regularity condition becomes simply the regularity of the matrix Rgp.
The system will be singular if and only if the matrix R is singular. Notice
that regularity does not requires that R will be definite, condition that will be
needed for the extremal trajectories to be an actual minimun of the objective
functional. In obvious matrix notation

(10) t=A-x+ B-u,
and
Ly t Ly
(11) inx-P-az+x~Q'u+§u-R‘u.

Thus for regular LQ systems, the optimal feedback function (6) will be

v=R1'p'"-B-—R'Q-u,
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where R~ denotes the inverse of the matrix Ry, (R™1)%®Ry. = 62 Then
substituting in eq. (8) and the corresponding coestate equation, we obtain
the linear system

i=(A-BR'Q)-z+BR %'-B

and
p=p'-(A+QR'B)+ (P -QR'Q") =

Moreover, introducing the partial feedback p(t)! = K(t)z(t), we obtain the
linear system

(12) i=(A-BR'Q+ BR 'BK)x
and the matrix function K satisfies the matrix Ricatti equation,
K =K[A—-BR'Q| - K'{A- QR 'B]+ KBR'BK — QR 'QT + P.

Thus, solving this last equation in the interval [ty,T], and replacing in the
equation for x, we will obtain a time-dependent system that we can eventually
solve explicitely.

An important observation is in place here. Let us suppose that R is regular
but has a small eigenvalue that we denote by e. We can think alternatively
that R = R(e) is a one-parameter family of matrices such that R(0) is not
invertible. For instance R(¢) = eRy where Ry is regular. In such case, R™! =
6_1R0_ 1 and eq. (12) becomes the singularly perturbed problem

¢t = (eA— BR;'Q + BRy'BK)ax.

Thus, the analysis of a singular LQ systems leads naturally to a singularly
perturbed linear system. This situation has been studied extensively in [16].
This singular perturbation is different to the often-studied singular perturba-
tion problem that results when the state equation is singularly perturbed [44],
[38], [39]. Generalized necessary and sufficient conditions for minimality of
singular arcs are studied in [5].

The analysis of these systems has great interest. We must notice first
that for a general singular problem, even an LQ system, the behavior of the
matrix R near the singular set can be much more complicated that the naive
example before. Then, the reduced system, i.e., ¢ — 0, will be in general
quite involved. We have addressed such problem in the general setting by
adapting ideas taken from the general theory of singular lagragians. The
analysis proceeds as sketched below and is described in detail in [20], [21].
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Thus, either if we have a singular system,
det Wy, = 0,

or we have a regular family Wy,(e), where € = (€1, ..., €) is a multiparame-
ter, with singular limit at ¢ — 0, we shall obtain a reduced system that will
be defined recursively by imposing the existence of solutions compatible with
the constraints. The natural way to express these conditions is by means of
the geometric formulation that receives the name, among others, of the pre-
symplectic constraint algorithm (PCA), originally developed in its primitive
form by P.A.M. Dirac to quantize mechanical systems defined by singular la-
grangians [24] and brought to maturity by the work of many people, ending
with the formulation presented in [28]. The PCA will eventually produce
a reduced submanifold M., where the state and coestate equations will be
well posed, i.e., its integral curves will lie in My, (even if they will not be
unique). Next step will be to match the resulting reduced solutions with the
endpoints. To do that we will proceed by considering a singularly perturbed
system, constructed step by step of the PCA, ending after this process with
a “cheap” or nearly optimal control singularly perturbed system called the
singular turnpike [20].

2.2. THE GEOMETRICAL SETTING OF OPTIMAL CONTROL THEORY To
proceed further with the programme sketched at the end of the last paragraph,
we must clarify first the geometrical nature of the different objects involved
in the previous discussion. All the discussion before was done locally, hence
spurious identifications took place sometimes among various coordinates. We
will assume that the state space of the system, or configuration space, is a
smooth manifold P without boundary and with local coordinates x*. Control
variables will be local coordinates on an affine bundle over P. Such bundle
structure for the control variables m: C' — P means that the control variables
are attached to points of the state space and transform under changes of
coordinates in state space

affinely, this is,

i = gf(x)u’ + p*(2).
Later on (see Section 5.1) we will return to discuss some consequences of this
assumption.

Thus, an ordinary differential equation on P depending on the parameters

@ is nothing but a vector field I' along the projection map =, i.e., I' is a

u
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smooth map I': C' — TP such that 7p o' = 7, where 7p: TP — P denotes
the canonical projection. Locally the vector field I' will be written as

; 0
_ri
I'= f (w ’ u)%7
and could also be considered as a map from smooth functions on P to smooth
functions on C' with properties similar to a derivation (see [48], [46], [14], [15]
for a thorough discussion on calculus along maps). Finally, the coestate space
of the system is simply the contangent bundle 7p: T*P — P.

The first observation is that the Pontriguine’s necessary conditions for
extremal trajectories have a sound geometrical description as a presymplectic
system. In fact, the total space of the system will be M = TP xp C.
The previous notation means that M is the bundle over P with fibre M,
at © € P, given by TP x C,. In M there is a canonical closed 2-form €2
defined as 2 = prijwp, where wy is the canonical symplectic form on 7" P and
pri: M — T*P is the canonical projection. The coordinate expression for €2
is simply,

Q = dz' A dp;.

The 2-form €2 is degenerate and its characteristic distribution is spanned by the
“vertical” vectors 9/0u®. The Pontriaguine’s hamiltonian function H: M —
R, eq. (3), defines a presymplectic system (M, Q, H), whose dynamical vector
fields I are the solutions of the dynamical equation

(13) itQ = dH.

The relevance of the presymplectic system eq. (13) comes from the following
result.

THEOREM 1. The curve «(t) is an extremal trajectory for the optimal
control system (1)-(2) if there exists a lifting 5(t) of v(t) to M which is an
integral curve of a vector field defined by the dynamical equation (13).

See [21] for a proof. Similar ideas have been discussed in [42].

2.3. THE PCA AND SINGULAR PERTURBATION It is important to no-
tice that there are vector fields satisfying the dynamical equation (13) only at
points m of M such that Z(H) = 0 for all Z in the kernel of €,,. Thus, the
dynamical equation (13) will have in principle solutions only on the submani-
fold M; defined by the equations (as we notice already by means of a different
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analysis),

OH

(11 A=y

Now on M; there is at least a vector field ' satisfying (13). However, such
vector fields are not, in general, tangent to M;. A simple computation shows
that if the system is regular, i.e., det Wy, # 0 on My, then there is a unique
dynamical vector field T parallel to M;. Such vector field will be obtained
explicitely by using the optimal feedback condition (6). At regular points
the manifold M; projects (locally) symplectomorphically onto 7% P, and the
vector field T projects to a Hamiltonian vector field on 7% P whose integral
curves satisfy hamilton’s equations for the hamiltonian function

h(z,p) = H(z,p,¥(x,p)).

If the system is singular however, there are points of M; where the vector
fields solution to (13) will not be tangent to M;. Thus, their integral curves
will exit the submanifold where the extremal trajectories must lie. Those
points must be removed from the analysis leaving in this way a subset My C
M; where some vector field solution to (13) is tangent to M;. In fact, such
subset is defined by the conditions

LMy =0, on M,

for all T" solution of (13). We will assume that the subset M, is a submanifold

of My. We shall denote the functions defining locally My on M; by gpl(f) and
we will call them secondary constraints. Clearly the argument goes on, and
we will obtain a family of submanifolds defined recursively as follows.

My ={z € My | T()(@) =0}, k>1

Eventually the recursion will stop and M, = M,;1 = M,49 = --- for certain
finite r (we will say then that the system is noetherian). In this way we will
obtain a stable submanifold

My = ﬂ M,
k>0

where we can try to solve the dynamical equation (13) and the integral curves
of the corresponding vector fields will be the extremal singular arcs of the
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singular optimal control problem. Next subsection will show an example of
such procedure.

Finally, we can complete our picture by singularly perturbing the vector
fields T’ and construct cheap optimal controls of the singular problem. Such
singular perturbation is done iteratively step by step in the PCA (see [20] for
details of the construction).

2.4. A SIMPLE EXAMPLE: THE CUSP SINGULAR OPTIMAL CONTROL PRO-
BLEM We shall consider the optimal control problem on P = R with control
space the 1 dimensional trivial bundle C' = P x R, given by the equation

T=1u
and Lagrangian density
L(z,u) = —zu? — u'.
Pontriaguine’s Hamiltonian is given by
H(x,p,u) = pu + zu® + u?
and the primary constraint (1) = 9H /Ou is given by
go(l)(x,p, u) = p + 2zu + 4ud.

The manifold M; = { ¢ = 0} is the well-known cusp singularity [4]. On
M, the vector fields I' solution of eq. (13) will have the form

where ¢ is an undetermined constant. The vector field ', will be tangent to
My iff Fc(gp(l) = 0 on M;. Thus, this condition implies that

w4 W =0

on My, with W = 0?H/0u? = 2z + 12u?. Thus, if we are at a regular point
W # 0 and then ¢ = —u?/2(z + 6u?). However there are singular points given

precisely by the equation W = 0. The singular locus Y1 of the equation will
be defined then as

S = {(z,p,u) | oz, p,u) = 0, W (x,p,u) =0}



138 M. DELGADO-TELLEZ, A. IBORT

The set ¥ corresponds clearly to the points where the surface M; does not
project transversaly into the plane (z,p).

The points such that W = 0 do not have vectors solution of (13) tangent
to M7 unless u = 0. If this is the case, then there are vectors tangent to M;
given by (0,0, ¢), ¢ arbitrary. Notice that the singular subset 33 = { (z,p,u) |
o) = 0,W = 0,u = 0} consists simply of the point (0,0,0) and because
the tangent space to M; at (0,0,0) is the plane (x,u), the vector (0,0,c) is
tangent to M. In this case the final constraint submanifold is given by

Moo:{(xapau)lgp(l) :O,W#O}U{(0,0,0)}

3. ImpLICIT OPTIMAL CONTROL

3.1. AN ELEMENTARY EXAMPLE OF IMPLICIT OPTIMAL CONTROL An
important class of problems in control theory have the form of the following
simple example, (x,y) € R"T™:

(15) A-(§>:B-<§)+C’-u

where the matrix A is of rank n. If the matrix A is diagonalizable, in a new set
of coordinates, denoted again by x,y, the previous equation takes the form,

(16) T = ar+by+cu
(17) 0 = cr+dy+du

Such differential-algebraic equations have deserved to be studied by them-
selves. See for instance [12], [7] for a discussion of nonlinear differential-
algebraic equations. One of the natural ways to address such equations is by
introducing a small parameter € and consider the singularly perturbed system,

(18) T = ar+by+cu
(19) ey = cx+dy+du.

If the matrix A were not diagonalizable, the resulting system will be even more
involved and it will not be so obvious how to introduce small parameters €
to render the problem a purely differential one. It could happen moreover,
that the matrix A is of non constant coefficients and we will have to consider
the structure of the bifurcation set where the rank of the matrix jumps. This
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situation will correspond to consider the first order approximation to a general
implicit problem in control theory given by an implicit differential equation
of the form

O(z,9,x,y,u) = 0.

We shall address here not the most general implicit problem but the first
order approximation to the general situation, i.e., systems of the form,

(20) A(z) - & = f(x,u),

where = denotes the state variables on the state space P, the vector function f
denotes generalized “forces” and live in an auxiliary “force” space F' (that can
be thought as a vector bundle over F' — P) and A is a matrix depending on
the state variables z (that can be thought as a vector bundle map A: TP — F
or as an F—valued 1-form on P). Thus the implicit optimal control problem
will consists in finding the curves () = (x(t),u(t)) such that z(ty) = xo,
z(T) = zr,

(21) Ax(t)) - () = f(a(t), u(t))

minimizing the objective functional eq. (2).

The strategy to solve this problem will be to extend Pontriaguine’s maxi-
mum principle to this setting, and afterwards to proceed geometrically as in
the non-implicit (or normal) optimal control problem discussed in Section 2.

THEOREM 2. [22] A Cl-piecewise smooth curve y(t) = (z(t),u(t)) is a
solution of the cuasilinear system

Af(w,u)ﬂ = fa(xv u)

and an extremal of the objective functional

t1
S(z,u) = / L(z,u)dt
to
with fixed endpoints x(tg) = xo; (T) = zp if there exists a lifting ¥ =
(x(t),u(t),((t)) of the curve v to the dual bundle F* — P of the force bundle
F, satisfying the set of implicit differential equations:

1. A%(z,u)i’ = gg
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: : L0AY  oH
2. A} (@, u)éa + (Falw,u))fjd! o + au® o= =

ou~ ozt

0A? . OH
= —
ou® ou®

where H denotes the Hamiltonian function on M = F* xp C given by,

3. &

(22) H(z,u,() = (of*(z,u) — L(z,u).

3.2. PRESYMPLECTIC DESCRIPTION OF EXTREMAL TRAJECTORIES It is
a simple observation that the bundle F™* is equipped with a canonical 1-form
0 4 defined by
04 = CuAY(2)da’

that can be thought also as the pull-back of the canonical Liouville 1-form
on T*P by the dual A* of the map A. Then, the 2-form df4 induces a pre-
symplectic 2-form €2 on M. Hence as in the case of normal optimal control,
we have a presymplectic system (M, Q, H) defined on M that provides a dy-
namical equation formally identical to (13). That such presymplectic system
is useful to solve the implicit optimal control problem is the content of the
following theorem.

THEOREM 3. [22] Obtaining smooth extremal trajectories for an implicit
optimal control system (21)-(2) is equivalent to find the integral curves of the
presymplectic system defined by the presymplectic 2-form Q) = prijdf on
M and the Hamiltonian function H (22), in the sense that solutions of the
equations (1)-(3) of Thm. 2, are integral curves of vector fields T' satisfying
(13).

The presymplectic system defines implicit equations whose consistency and
uniqueness must be carefully analyzed. We will reproduce the PC A algorithm
described in the section above restricting eventually the space M to a subspace
M, where the solutions of (13) live. Such analysis follows closely the work in
[29], [30], [31].

4. OPTIMAL CONTROL WITH SYMMETRIES AND INTEGRABILITY

An important aspect of the theory of mechanical systems is the existence
of symmetries and in consequence, because of Noether’s theorem, of constants
of the motion that are very useful in its integration. Such ideas have played a
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crucial role in the development of celestial mechanics in the past and, mainly
through its quantum mechanical counterpart, in modern physics in general.
In the theory of control such ideas do not have played such a significant role
so far partly because the strong interest in various issues that in a sense a
contrary to integrability (controllability for instance). Nevertherless it was
already noticed by R. Brockett in [8] the importance of control on Lie groups
and homogeneous spaces. In fact, the systems on Lie groups have a close
resemblance with the situation discussed by S. Lie [43] and that give rise to
the so called nonlinear superposition principles which represents a generalized
form of integrability as discussed for instance in [35].

Apart from these observations, little has been worked out around the pro-
blem of integrability on control theory. L.E. Faybusovich has discussed more
recently the issue of explicit solvability for control problems [25], [26] and,
even more recently, A. Bloch and P. Crouch offer in [6] a presentation of opti-
mal control systems on coadjoint orbits related with reduction problems and
integrability. The issue is gaining interest and some recent developments can
be found in [18].

In these notes we address the problem of integrability of optimal control
systems, from the point of view of its symmetries, searching for a generalized
Noether’s theorem that will associate any one-parameter group of symmetries
with a conserved quantity.

4.1. NOETHER'S THEOREM Let us consider a regular optimal control
problem (C,I',L) as stated in Section 2. A symmetry transformation will
be a map ® of state and control variables that will transform optimal tra-
jectories and controls into themselves [23]. More precisely, ® will be of the
form

O(z,u) = (p(2), p(x)u),

i.e., ® is a bundle map of the control vector bundle C' — P. It is not difficult
to check that ® maps optimal trajectories into optimal trajectories if it verifies

peol'=To0d,

and
O*L =L+ h,

where i = ['(h) and T' denotes the unique vector field extending I’ to the
submanifold My and satisfying the dynamical equation (13). Hence if we have
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a one-parameter group of symmetries ®,, then its infinitesimal generator X,

qu)t — %q)h

has the form

) 0 0
X = Cz(x)@ + Uan(x)@-

Moreover, ‘
;L =L+ hy,
and

d .
X(L) = %hth:o-

We shall denote the gauge function in the r.h.s. of the previous equation by

. P
= — hgleo.
19 dt t’tfo

Then, we have the following result:

THEOREM 4. [23] Let X be the infinitesimal generator of a one-parameter
group of symmetries of the optimal control problem (C,T', L). Then the func-
tion

(23) J(:L‘,p, u) = Cz(l')pz - /L("L‘)a

is a constant of the motion, i.e., if (z(t),p(t),u(t)) is an optimal trajectory,
then

(24) J(2(t), p(t), u(t)) = J(z(to), p(to), u(to)), Vi € [to,T].

4.2. PARTICULAR CASES The first application of the previous result,
Thm. 4, comes when particularizing it to control systems of the form

Tt =u'.

Then, on My, we have
0L
p’b - aui’

and the conserved quantity associated to any one-parameter group of symme-
tries, eq. (24), becomes

T w) = S5 i) — p(a),
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which is the statement of the well-known Noether’s theorem for Lagrangian
mechanics.

If we have vertical symmetries, i.e., symmetries X such that (¢ = 0, then
the conserved quantity is 0. This is not strange as vertical symmetries affect
only to control variables, thus the system is insensitive to these changes.

5. LINEARIZATION AND NORMAL FORMS

5.1. LINEARIZATION AND FEEDBACK LINEARIZATION In the previous
sections we have used as simple examples linear systems of the form eq. (10)
Thus, if we are considering a nonlinear problem

(25) i = f(z,u)

we can face the question of whether there is a new local system of coordinates
y' in state space, and new controls v® such that (25) transforms in the simpler
linear form (10). Before determining the type of transformations that we will
allow in state and control space, let us consider first the simpler problem of
the linearization of a vector field X in the neighborhood of a critical point.
Let us then consider then a vector field X = f¢(2)0/0z" such that X (m) =
0. Then, we would like to know if the vector field is (locally) linear, that is,
if there exists a set of coordinates 3 such that the vector field takes the form

J 8’_
oy’

X =Aly

We shall consider in what follows local coordinates such that x(m) = 0.
The problem of the local linearizability of a vector field was already considered
by H. Poincaré. If we expand f around 0, we obtain

r=A-x+ho.t.,

with ‘
- Of
J_
A = D (0).
We shall denote by Aq, ..., A, the eigenvalues of A. We will say that they are
resonant if there is collection of nonnegative integers my, ..., my, >, my > 2,
such that
As = (M, \).

The number |m| = )", m;, will be called the order of the resonance.
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THEOREM 5. [3] If the eigenvalues of the matrix A are non resonant, then
there is a formal change of coordinates y = y(x) such that in the coordinates
1y, the vector field X becomes linear.

Similar local results can be obtained for families of vector fields closing a
semisimple Lie algebra with a common critical point [33], [32].

A geometrical characterization of (local and global) linearizability can be
used to address the same question. Such aspects are discussed in depth in
[13] (see [27] for some elementary applications). Global linearizability can be
characterized by means of a global dilation vector field A. Then, X will be
linearizable iff [A, X] = 0. Locally, linearizability can be characterized by a
SODE. The precise way to do this will be discussed elsewhere.

Now we arrive to the point about the linearizability of a general control
system. If we think that the system (25) defines a vector field along the projec-
tion map of an affine bundle 7: C — P, then the coordinate transformations
we consider will be of the form

(26) yo= )
(27) = Pl + p*(a).

This is exactly what has been called feedback linearization as was presented
by R. Brockett [11]. If the system (25) is affine in the controls

&= f(x) +g(x)u,

such problem has been solved in different ways [40], [36], [51]. See also [41]
for a review of the problem and references therein.

5.2. NORMAL FORMS Similar questions to those addressed in the pre-
vious paragraphs, section 5.1, can be posed for optimal control systems. Now,
the linear model for such systems will be an LQ systems as described in Sec-
tion 2, egs. (10-11). Hence we would like to know if a regular non-linear
optimal control system can be brought locally to an LQ form.

More precisely, let us suppose that we perform a change of variables in the
state, coestate and control variables, ®(y,&,v) = (z,(,u), of the particular
form

(28) = ¢'(y)
_ oy,
(29) Cz - a$i£]

(30) u = @y’ +p"(y)
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and that the resulting system is of LQ type. That is,

K(y,6,0) = Ho®(y,£,0) = € Ay & Bro g Poy—y' Qo & R

Then, the linear equations of motion will have the form

(31) y = A-y+B-v
(32) § = A E+Py+Q v
(33) 0 = B'-¢-Q"y—R-v

Thus, the optimal feedback condition becomes,
v=C- 5 +D- Y,

with C = R7'B, D = —R7'Q, and we will obtain, after substituting it, the
linear hamiltonian equations,

(34) y = (A+BD)-y+BC-¢
(35) § = —(A'-Q'C)- £+ (P+Q'D)-y.

Thus, the system has to be feedback linearizable and simultaneously, the
Lagrangian L has to become quadratic. Notice that the point (y,v) = (0,0)
must be a critical point for the vector field f(z,u). We will assume that
®(0) = 0. Now, in order for L to be reducible to its quadratic part, we need,

oL oL

L(0,0)=0,  =7(0,0)=0,  --(0,0)=0.

Thus,

1 1
f(z,u) = A-z+B-u+h.o.t.,, L(z,u)= §:L't-P'x+xt-Q-u+§ut'R-u+h.o.t.,

with
of of 2L
A_%a)ao)a B_%(():O): P_M(Ovo)v
0L O*L

The first important observation is that in general this problem has no
solution. The reason for this is that because of the regularity condition, the
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optimal feedback control u® = 1 (z, ¢), where (; denotes the coestate variables,
allows to reduce the problem to a Hamiltonian system with equations

(36) o= fa0)
(37) b= G @ 0) + ()

The Hamiltonian function of such system becomes,

h(.l‘,() = lez(x>w($7C)) - L(£>¢(£7C))

The conclusion of the argument is based on the following (non-completely
trivial) observation. The transformed hamiltonian function & = k(y,&) of
hamiltonian h = h(z,() corresponding to a canonical map (¢*)~! obtained
by lifting a map ¢ on state variables, coincides with the Hamiltonian function
obtained by first transforming the function H by means of the transformation
® on the total space M with coordinates (x,(,u), and then restricting to a
hamiltonian function by using the transformed feedback optimal condition.
Thus, if a regular optimal control problem could be reduced to an LQ system
by a change of coordinates of the form (36), then, there will exits a canonical
change of coordinates such that the hamiltonian h will be linearized, but it
is well-known that a Hamiltonian vector field cannot be linearized in general
(not even formally). H. Poincaré noticed the impossibility of removing fourth
order terms in the Taylor expansion by formal changes of coordinates.

Thus, we have arrived to the first negative result concerning the linea-
rizability of optimal control problems. However, regarding the stability of
equilibrium points, it is important to understand the local structure of such
points. We know that the stability of equilibrium points for Hamiltonian sys-
tems is neutral. It is possible to reduce formally h to normal forms, called
Poincaré-Birkhoff normal forms, in the neighborhood of an stable point. In
fact, at an stable point, the quadratic part of the hamiltonian can be written
in the form

hg,p) = wi(Pk + b,

where (g, p) are canonical coordinates and the frequences wy, are, generically,
all different. Then, if the frequences w; have no resonances of order less
than NV, there exists a formal change of canonical coordinates that brings the
Hamiltonian A to the form

KQ,P)= ) arh,

|k|<N



A PANORAMA OF GEOMETRICAL OPTIMAL CONTROL THEORY 147

up to terms of order N+1, where k denotes the multiindex k = (k1, ko, ..., k),
k| =K1+ ko + -+ kp, 7 = 5(P2+ Q%) and 78 = 7. 7h [2).
We can summarize the previous discussion as follows:

THEOREM 6. Let #* = f%(x,u) denote a regular optimal control system
with objective functional defined by a Lagrangian function L = L(x,u). We
shall assume that f%(0,0) = 0, L(0,0) = 0 and dL(0,0) = 0. Let h(z,{) =
H(z,(,u(z,()) be the hamiltonian function defined by the optimal feedback
functions u® = ¢*(x, (). The linear approximation of the hamiltonian vector
field defined by the hamiltonian h, is defined by a quadratic hamiltonian
function hy,

ho(z,¢) = %CL( +(Maz + %xN:p.

with

(39) M= gi - 1g£ (Caigéfu - aa;;u> * aa;aLx * aa;;ugi * gﬁgjff
2 2 2

(40) - 8(?1:;1‘ Gax;/ugi:ﬁ + %g%

Then, if the linear approximation is estable, i.e., all eigenvalues of the hamil-

tonian matrix
L | M
r=J < MU| N ) ’

are imaginary and different, and do not have resonances of order smaller than
N, the hamiltonian h can be brought to a Birkhoff normal form of degree N
by a formal canonical change of canonical coordinates.

Several remarks are in order here. First, we must notice that the canonical
change of coordinates that we will eventually find as a result of the previous
theorem, will mix the state and coestate variables, but will not destroy the
structure of state/control variables.

The linear approximation of the optimal control problem given by the
hamiltonian hg, can be brought to a normal form by linear symplectic changes
of coordinates. The family of normal forms were obtained by Williamson [54]
and can also be consulted in Appendix 6 of [2]. It will be important to
understand the existence of approximate feedback linearizations for nonstable
configurations.
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6. OUTLOOK

From the previous discussion, it is clear that geometrical ideas are provi-
ding a powerful insight in old and new problems in the theory of control and
optimal control. In this paper we have reviewed some aspects of classical pro-
blems in optimal control theory such as the construction of singular arcs. We
have also addressed recent problems like the integrability of optimal control
problems and we have posed new problems like the construction of normal
forms for optimal control. There are many other problems which are waiting
for a geometrical perspective, like the inverse problem that could be analyzed
along the lines suggested in [34].

As a consequence of all this we hope to have convinced the reader that
geometrical ideas, combined with new analytical and numerical tools will lead
to new applications and solutions to important problems in this domain of
applied mathematics. In particular the use of numerical methods with a geo-
metrical background will prove to be particularly stimulating. In this sense
the adaptation of symplectic integrators to the optimal control setting [50],
or Veselov discretization methods [53], [45] will certainly provide an outburst
of activity in the field. Such ideas will be discussed in forthcoming papers.
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