Singular trajectories of driftless and control-affine systems
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Abstract— We establish generic properties for singular tra-
jectories, first for driftless, and then for control-affine systems,
extending results of [17], [16]. We show that, generically —
for the Whitney topology — nontrivial singular trajectories are
of minimal order and of corank one. As a consequence, if
the number of vector fields of the system is greater than or
equal to 3, then there exists generically no singular minimizing
trajectory.

I. INTRODUCTION

Let M be a smooth (i.e. C'*°) manifold of dimension n,
zo € M and T a positive real number. Consider the control
system (X) defined on M by

m(t) = f(x(t),u(t)), (D

where the mapping f, defined on M x U, is smooth, and U is
an open subset of R™, m > 1. A control v € L*([0,T],U)
is said to be admissible if the trajectory z(-, o, u) of (X)
solution of (1), associated to the control u, and such that
x(0,z9,u) = xo, is well defined on [0,T]. Let U denote
the set of admissible controls; it is an open subset of
L*>([0,T],U). Define on U the end-point mapping by

EmO,T(u) = x(Tv Zo, u)

With the assumptions made previously, E,, 7 is a smooth
map.

Definition 1.1: A control ©v € U is said to be singular
on [0,T] if u is a critical point of the end-point mapping
E,, 1, ie. its differential at u, DE,  r(u), is not surjective.
A trajectory z(t, zo,u) is said to be singular on [0,T) if u
is singular and of corank one if the codimension in 7, M of
the range of E,, r(u) is equal to one.

Let x € M. Consider the following optimal control
problem: among all the trajectories of (X) steering x¢g to
z, determine a trajectory minimizing the cost

T
Cr(u) = / £, wt,

where fO : M x U — R is smooth. Then the value
function St at the point x is defined as the infimum over the
costs of the trajectories of (X) steering xg to x in time 7.
The Pontryagin Maximum Principle (see [26]) provides the
following necessary condition for optimality. If the trajectory
x(-) associated to w € U is optimal on [0,7], then there
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exists a nonzero pair (A(+),A\?), where A\° is a nonpositive
real number and A(-) is an absolutely continuous covector
function on [0, T'] called the adjoint vector, such that A(t) €
T;( t)M and the following equations are satisfied for almost
all t € [0,T7:

(1) = D () A0, 20 u(t),
30 = - L0200 u0), @
T (wld) A0, 2, u(t)) =0,

where
H(z, A A% 0) = (O, fla,uw)) + A0 f0(x, u)

is the hamiltonian of the system.

An extremal is a 4-tuple (x(-), A\(-), A%, u(-)) solution of
the system of equations (2). The extremal is said to be normal
if A9 #£ 0 and abnormal if \° = 0.

In particular a trajectory is singular if and only if it is the
projection of an abnormal extremal. A singular trajectory is
said to be strictly abnormal if it is not the projection of a
normal extremal.

Note that a singular trajectory is of corank one if and only
if it admits a unique abnormal extremal lift. It is strictly
abnormal and of corank one if and only if it admits a unique
extremal lift which is abnormal.

Singular trajectories play a major role in optimal control
theory. They appear as singularities in the set of solutions of a
control system; as a result, they are not dependent on the spe-
cific minimization problem. In particular, the consideration
of abnormal extremals with null hamiltonian is crucial. The
issue of such singular trajectories was already well-known in
the classical theory of calculus of variations (see for instance
[10]) and proved to be a major focus, during the forties,
when the whole issue eventually developed into optimal
control theory. Their role in the nonlinear control theory is
reviewed in [11] and [29]. For a long time, there had been a
suspicion that such minimizing singular trajectories actually
existed: Carathéodory and Hilbert were already familiar with
the rigidity phenomenon (see [31]), while Bismut provides
clear evidence of their existence in [9]. Attempts have been
made, however, to ignore singular trajectories, on the (false)
grounds that they are never optimal. In [23], Montgomery
offers both an example of a minimizing strictly abnormal
extremal in sub-Riemannian geometry and a list of false
demonstrations (by several authors) allegedly showing that
an abnormal extremal cannot be optimal. These findings gave



impetus to wide-ranging research with view to identifying the
role of abnormal extremals in sub-Riemannian geometry.

The optimality status of singular trajectories was chiefly
investigated by [13], [30] in relation to control-affine sys-
tems, by [2], [22], [30] regarding driftless systems and by
[4], [27] more generally, as these singularities are addressed
in a generic context. This research leads to results showing
the rigidity (see also [15]) of singular trajectories, which
means that they are locally isolated from trajectories having
the same boundary conditions; thus they are locally optimal.

Besides, the existence of minimizing singular trajectories
is closely related to the regularity of the value function, see
[29]. First, in terms of sub-Riemannian geometry, in [5], [6],
the authors are showing that, in the absence of a nontrivial
minimizing singular trajectory, the sub-Riemannian distance
dsr(0,.) to zero is subanalytic in a pointed neighborhood of
zero and that, consequently, the spheres with small positive
radius are subanalytic. In [7], the authors are showing that
this situation is valid for a dense set of distributions (for
the Whitney topology) of rank superior or equal to three.
In terms of control-affine systems, it is proved in [28] that
the absence of a minimizing singular trajectory implies the
subanalyticity of the value function.

In this paper, we investigate generic properties for singular
trajectories, both for driftless and for control-affine systems.
We first adapt techniques and ideas of [17] to driftless
systems, and then, extend them to control-affine systems.
The results we obtain generalize those of [22] and [14],
which are dealing respectively with driftless systems with
two vector fields and single-input control-affine systems; we
also improve some results of [7] and finally we list several
consequences of these properties.

II. SINGULAR TRAJECTORIES FOR DRIFTLESS
CONTROL SYSTEMS

A. Definitions

Let M be a smooth, n-dimensional manifold, and 7" be a
positive real number. Consider the driftless control system

m

B(t) =Y ui(t)fi(z(t)), 3)

=1

where (f1,..., fm) is an m-tuple of smooth vector fields on
M, and the set of admissible controls v = (u1,...,uUy) is
an open subset of L>°([0,T],U).

Note that the set of trajectories of (3) is not in general
a manifold: its singularities correspond exactly to singular
trajectories.

Following the Pontryagin Maximum Principle [26], every
singular trajectory xz(-) is the projection of an abnormal
extremal. Let A(-) be an adjoint vector associated to z(-).

For every t € [0,T] and 4,5 € {1,...,m}, we define

hi(t) = (A(1), fi( (1)),
hij(8) == (A@), [fi; £51(2(2))),

where [-, -] stands for the Lie bracket between vector fields.
Hence, along abnormal extremals, the following relations
hold:

hi=0, i=1,...,m. @)

By differentiating (4), one gets for¢: =1,...,m,

m

Z hij(t)uj(t) =0, for almost all ¢t € [0,T]. (5)
j=1

extremal
[0, 7]

Definition 2.1: Along an abnormal
((4), A(-),0,u(-)), the Goh matrix at time t €
is the m x m skew-symmetric matrix given by

G(t) = (hij(t))lgi,jgm' (6)

It is clear that the rank r(t) of G(¢) is even. If moreover m
is even, the determinant of G(t) is the square of a polynomial
P(t) in the h;;(t) with degree m/2, called the Pfaffian.
Along the abnormal extremal, there holds P(t) = 0, and,
after differentiation, one gets

> us (P h;}(t) = 0. )

Define the (m+1) x m matrix G(t) as G(t) augmented with
the row ({P,h;}(1))1<<m-

As a consequence of (5), one gets that, along an abnormal
extremal, at almost all ¢ € [0, T, the corresponding singular
control u = (uq, ..., up) is in the kernel of the Goh matrix,
ie.

G(t)u(t) = 0.
If m is even, using (7) there holds moreover
G(t)u(t) = 0.

Thus, if m is odd and r(t) = m — 1 (resp. if m is even
and 7(t) = m — 1), one can deduce from that relation an
expression for u(t), up to the sign. This fact motivates the
following definition.

Definition 2.2: With the notations above, if m is odd
(resp. even), a singular trajectory is said to be of minimal
order if it admits an abnormal extremal lift along which
the set of times ¢ € [0,7] where r(¢t) = m — 1 (resp.
7(t) = m — 1) is of full Lebesgue measure in [0, T7].

Remark 1: This set is moreover open. Note that this
definition is stronger than the corresponding one of [14],
in which the set is assumed to be dense only.

On the opposite, for arbitrary m, a singular trajectory is
said to be a Goh trajectory if it admits an abnormal extremal
lift along which the Goh matrix is identically equal to zero.

B. Main result

For singular trajectories of driftless systems, we have the
following result, which follows readily from [17].

Theorem 2.3: Let m be a positive integer such that 2 <
m < n and let F,, be the set of m-tuples of independent
vector fields on M endowed with the C'*° Whitney topology.
There exists an open set O,, dense in F,, so that, for



every m-tuple (f1,..., fm) in O,,, every nontrivial singular
trajectory of (3) is of minimal order and of corank one.

In addition, for every integer k, the set O,, can be chosen
so that its complement has codimension greater than k. Let
O° be the intersection over all k£ of the latter subsets;
then O;° shares the same properties as the set O,, with
the following differences: O;° may fail to be open, but its
complement has infinite codimension.

Corollary 2.4: With the notations of Theorem 2.3, if m >
3 then there exists an open set O,, dense in F,,, so that, for
every m-tuple (f1,..., fm) in Oy, the system (3) has no
nontrivial Goh singular trajectory.

Remark 2: If m is odd, there exists an open dense subset
of M such that through every point of this subset passes a
nontrivial singular trajectory (see also [24]).

III. SINGULAR TRAJECTORIES FOR
CONTROL-AFFINE SYSTEMS

A. Definitions

Let M be a smooth, n-dimensional manifold and let 7" be
a positive real number. Consider the control-affine system
given by

() = fo(x(t) + Y wilt) fil=(t), ®)
i=1

where (fo,..., fm) is an (m + 1)-tuple of smooth vec-
tor fields on M and the set of admissible controls v =
(u1,...,um) is an open subset of L>°([0,T],T).

Recall that a singular trajectory x(-) is the projection of
an abnormal extremal (x(-), A(+)). Similarly to the previous
section, we define, for t € [0,T] and 4, j € {0,...,m},

hi(t) := (A(t), fi(x(t)),
hij(t) = (A1), [fi, fi](2(1)))-
Along an abnormal extremal, we have for all ¢ € [0, T,
ho(t) = constant, h;(t) =0, i=1,...,m. 9)

Differentiating (9), one gets for ¢ € {0,...,m},

hio(t) + > haj(t)u;(t) = 0. (10)
j=1
Similarly to Definition 2.1, we set the following.
Definition 3.1: Along an abnormal extremal

(@(-),A(),u(-)) of the system (8), the Goh matrix
G(t) (resp. the augmented Goh matrix G(t)) at time
t € 0,7T] is the m x m skew-symmetric matrix given by

G(t) = (hij(t))lgi,jgm (11)

(resp. G(t) := (hij (1)) g<; j<p)-

If moreover m is odd, the determinant of G(t) is the square
of a polynomial P(t) in the h;;(t) with degree (m +1)/2,
called the Pfaffian. Along the extremal, P(t) = 0, and, after
differentiation, one gets

{P, ho}(t) + Z u; (){P, hy}(t) = 0. (12)

Define the (m+2) x (m+1) matrix G(t) as G(t) augmented
with the row ({P, h;}(t))o<j<m-

If m is even and the Goh matrix G(t) at time ¢ is invertible
(resp. if m is odd and G(t) is of rank m), then, as done in
the driftless case, we can deduce from Equations (10) and
(12) the singular control w(t). Let us then set the following
definition.

Definition 3.2: If m is even (resp. odd), a singular trajec-
tory is said to be of minimal order if it admits an abnormal
extremal lift along which the set of times ¢ € [0, 7] where
rank G(t) = m (resp. rank G(t) = m) is of full Lebesgue
measure in [0, 7.

On the opposite, for arbitrary m, a singular trajectory is
said to be a Goh trajectory if it admits an abnormal extremal
lift along which the Goh matrix is identically equal to O.

B. Main result

Theorem 3.3: Let m be a positive integer with 1 < m < n
and F,,+1 be the set of (m+1)-tuples of linearly independent
smooth vector fields on M, endowed with the C'>° Whitney
topology. There exists an open set O,,;1 dense in F,, 11
so that, for all (m + 1)-tuple (fo,..., fm) of Opt1, every
singular trajectory of the associated control-affine system

o(t) = fo(z(t)) + Z ui(t) fi(z(t)),

is of minimal order and of corank one. In addition, the
complementary of O,, 41 in F,, 41 is of infinite codimension.

Corollary 3.4: With the notations of Theorem 3.3 and if
m > 2, there exists an open set O,,, 11 dense in F,, 1 so that
every control-affine system defined with an (m + 1)-tuple of
Oyn+1 does not admit Goh singular trajectories.

We next deduce another corollary but before doing so, we
need the following definition.

Definition 3.5: Let (fo,..., fm) be an (m + 1)-tuple of
smooth vector fields on M and its associated control-affine
system be defined by (8). A trajectory z(-) of (8) associated
to a control u(-) is said to be rigid on [0,T] if there exists
¢ > 0 such that, for every ¢t € [T’ — ¢, T + ¢] and for every
admissible control v € L>°([0,¢],U), we have

E$0,t(v) # E$07T(u)'

In other words, the point x(7") is reachable for times ¢ close
to T only with the control w. (For results regarding rigid
curves, see for instance [3], [15].)

We have the following result.

Corollary 3.6: With the notations of Theorem 3.3 and if
m > 2, there exists an open set O,,, 11 dense in F,, 1 so that
every control-affine system, defined with an (m + 1)-tuple
of O,,+1, does not admit rigid trajectories.

IV. CONSEQUENCES IN OPTIMAL CONTROL

We keep here the notations of the previous sections. Let
(X) be a control system, which is either driftless, of the
type (3), or control-affine, of the type (8). Consider the



optimal control problem associated to (X), corresponding to
the minimization of the quadratic cost given by

Cr(u) = / : (wt)" ) + gle@))at, (3

0

where U is a (m x m) real positive definite matrix,

Ul (t)
ut) =1+ |,
U (1)

m is a positive integer, and ¢ is a smooth function on M.
Let xo € M and T > 0 be fixed. Recall that the value
function associated to this optimal control problem is defined
by
Sgo,r(x) == nf{Cr(u) | Eyyr(u) =}

The regularity of the associated value function was studied
in [5], [7] for driftless systems, and in [28] for control-
affine systems. Its subanalyticity is intimately related to the
existence of nontrivial minimizing trajectories starting from
Zo.

(14)

A. Driftless control systems

The next result, adapted from [12], states the genericity of
the strictly abnormal property.

Proposition 4.1: There exists an open dense subset O,,, of
Fm such that every nontrivial singular trajectory of a driftless
system defined by a m-tuple (f1,..., fm) of O, is strictly
abnormal.

As a byproduct of the above proposition and Corollary 2.4,
we get the next result.

Corollary 4.2: Let m > 3 be an integer. There exists an
open dense set O, of F,, such that every driftless system
defined with a m-tuple of O,, does not admit nontrivial
minimizing singular trajectories.

This result implies the subanalyticity of the value function
in the analytic case (for a general definition of subanalyticity,
see e.g. [20]).

Corollary 4.3: In the context of Corollary 4.2, if in addi-
tion the function g and the vector fields of the m-tuple in
O,, are analytic, then the associated value function S7 is
continuous and subanalytic on its domain of definition.

Remark 3: The previous results may be interpreted in the
context of sub-Riemannian geometry, for U = Id and g =0
(see [17]). In particular, the above value function is related to
the sub-Riemannian distance (and thus is always continuous).

Remark 4: If there exists a nontrivial minimizing singular
trajectory, then the value function may fail to be subanalytic
(see for instance the Martinet case in [1]).

B. Control-affine systems

The next three results correspond respectively to Propo-
sition 4.1, Corollary 4.2, and Corollary 4.3, in the control-
affine case.

Proposition 4.4: There exists an open dense subset O, 11
of F,.+1 such that every nontrivial singular trajectory of a

control-affine system defined by a (m+1)-tuple (fo, ...
of Oy,1 is strictly abnormal.

Corollary 3.4 together with Proposition 4.4 yield the next
corollary.

Corollary 4.5: Let m > 2 be an integer. There exists an
open set O,,+1 dense in F,, 1 so that every control-affine
system defined with a (m+1)-tuple of O,,,11 does not admit
minimizing singular trajectories.

Corollary 4.6: In the context of Corollary 4.5, if in addi-
tion the function g and the vector fields of the (m + 1)-tuple
in O, 11 are analytic, then the associated value function Sp
is continuous and subanalytic on its domain of definition.

Remark 5: If there exists a nontrivial minimizing trajec-
tory, the value function may fail to be subanalytic, even
continuous. For example, consider the control-affine system
in R?2

s fm)

#(t) = 1+ y(t),

ie) = u(t), -

and the cost

T

@@:/Mwa (16)
0
The trajectory (z(t) = ¢,y(t) = 0), associated to the control
u = 0, is a nontrivial minimizing singular trajectory, and the
value function S(g )7 has the asymptotic expansion, near
Ly Y
So0,r@y) =

the point (7,0),
2
Y
4x—T+x—TeXp< x—T)

4 2
Y Y
+O<xTeXp( zT))

(see [28], [29] for details). Hence, it is not continuous, nor
subanalytic, at the point (7', 0).

V. CONCLUSION

In this paper, we have shown that a large class of sys-
tems (generic in a strong sense) enjoys important properties
regarding their singular trajectories. Namely, the latter are
of minimal order and of corank one, and excluded from
optimality of many quadratic optimal control problems.
These properties should have further consequences for mo-
tion planning, stabilization, and in Hamilton-Jacobi-Bellman
theory.

4 4

a7

REFERENCES

[11 A. Agrachev, B. Bonnard, M. Chyba, I. Kupka, Sub-Riemannian
sphere in Martinet flat case, ESAIM Control Optim. Calc. Var. 2,
1997, pp. 377-448.

[2] A. Agrachev, A. Sarychev, Strong minimality of abnormal geodesics
for 2-distributions, J. Dyn. Cont. Syst. 1, 2, 1995.

[3] A. Agrachev, A. Sarychev, Abnormal sub-Riemannian geodesics:
Morse index and rigidity, Ann. Inst. H. Poincaré Anal. Non Linéaire
13, 1996.

[4] A. Agrachev, A. Sarychev, On abnormal extremals for Lagrange
variational problems, J. Math. Syst. Estim. Cont. 8, 1, 1998.

[5] A. Agrachev, Compactness for sub-Riemannian length minimizers and
subanalyticity, Rend. Semin. Mat. Torino 56, 1998.

[6] A. Agrachev, A. Sarychev, Sub-Riemannian metrics: minimality of
abnormal geodesics versus subanalyticity, ESAIM:COCV 4, 1999.

[7]1 A. Agrachev, J.-P. Gauthier, On subanalyticity of Carnot-Carathéodory
distances, Ann. Inst. H. Poincaré Anal. Non Linéaire 18, 3, 2001.



[8]
[9]
(10]
(11]
[12]

[13]

[14]
[15]
[16]
[17]
(18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

A. Bellaiche, Tangent space in sub-Riemannian geometry, in Sub-
Riemannian geometry, Birkhduser, 1996.

J.-M. Bismut, Large deviations and the Malliavin calculus, Progress
in Mathematics 45, Birkhiuser, 1984.

G. A. Bliss, Lectures on the calculus of variations, U. of Chicago
Press, 1946.

B. Bonnard, M. Chyba, The role of singular trajectories in control
theory, Math. Monograph, Springer-Verlag, 2004.

B. Bonnard, H. Heutte, La propriété de stricte anormalité est
générique, Preprint de I’Univ. de Bourgogne, no. 77, 1995.

B. Bonnard, 1. Kupka, Théorie des singularités de [’application
entrée/sortie et optimalité des trajectoires singuliéres dans le probleme
du temps minimal, Forum Math. 5, 1993.

B. Bonnard, I. Kupka, Generic properties of singular trajectories, Ann.
Inst. H. Poincaré Anal. Non Linéaire 14, 2, 1997.

R. L. Bryant, L. Hsu, Rigidity of integral curves of rank 2 distributions,
Invent. Math. 114, 1993.

Y. Chitour, F. Jean, E. Trélat, Propriétés génériques des trajectoires
singuliéres, Comptes Rendus Math. 337, 1, 2003, pp. 49-52.

Y. Chitour, F. Jean, E. Trélat, Genericity results for singular curves,
Preprint de 1’Univ. d’Orsay, 2003. Submitted.

M. Golubitsky, V. Guillemin, Stable mappings and their singularities,
Springer-Verlag, New York, 1973.

M. Goreski, R. McPherson, Stratified Morse Theory, Springer-Verlag,
New-York, 1988.

R. M. Hardt, Stratification of real analytic mappings and images,
Invent. Math. 28, 1975.

B. Jakubczyk, M. Zhitomirskii, Distributions of corank 1 and their
characteristic vector fields, preprint, 2003.

W. S. Liu, H. J. Sussmann, Shortest paths for sub-Riemannian metrics
of rank two distributions, Memoirs AMS 118, 564, 1995.

R. Montgomery, Geodesics which do not satisfy geodesic equations,
Preprint, 1991.

R. Montgomery, A survey of singular curves in sub-Riemannian
geometry, J. Dyn. Cont. Syst. 1, 1, 1995.

R. Montgomery, A tour of sub-Riemannian geometries, their geodesics
and applications, Math. Surveys and Monographs 91, American Math.
Soc., Providence, 2002.

L. Pontryagin et al., Théorie mathématique des processus optimaux,
Eds Mir, Moscou, 1974.

A. Sarychev, The index of the second variation of a control system,
Math. USSR Sbornik 41, 3, 1982.

E. Trélat, Some properties of the value function and its level sets for
affine control systems with quadratic cost, J. Dyn. Cont. Syst. 6, 4,
2000.

E. Trélat, Etude asymptotique et transcendance de la fonction
valeur en contréle optimal ; catégorie log-exp en géométrie sous-
Riemannienne dans le cas Martinet, These, Univ. de Bourgogne, 2000.
E. Trélat, Asymptotics of accessibility sets along an abnormal trajec-
tory, ESAIM:COCV 6, 2001.

L. C. Young, Lectures on the calculus of variations and optimal control
theory, Chelsea, New York, 1980.



