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ABSTRACT

Results are given on the integrability of certain distributions which arise from smoothly
parametrized families of diffeomorphisms acting on manifolds. Applications to control problems
and in particular to the problem of sampling are discussed.

1 Introduction

The first objective of this paper is to provide a tutorial introduction to integrability results
for distributions —or “singular vector bundles”,— on manifolds. These distributions arise from
actions of smoothly parametrized families of diffeomorphisms. Such results generalize Frobe-
nious’ Theorem in two ways: they deal with diffeomorphisms not necessarily associated to
flows, and they do not require the distribution to be nonsingular. Results along these lines
are important in various areas of control theory, and they originated in the work of Hermann
([7]) and subsequent research by Sussmann ([19]) and Stephan ([14]) in the early 70’s, who
removed the nonsingularity assumption and showed that a form of the theorem still holds in
the singular case . We shall present an abstract version which summarizes all that is needed
for various applications. Our result is more abstract in that it deals with rather general classes
of diffeomorphisms, not just those arising from flows as in [19] and [14], but the main ideas of
the proof are very similar to the ones in the former reference. Following [19], we also show how
more special results due to Nagano, Lobry, and others can be obtained as consequences of the
general theorem.

Our interest in actions different from those arising from flows is due to the possibility of
applying the obtained results in the study of discrete time invertible systems. The general the-
ory regarding controllability questions for discrete time systems remained until recently much
weaker than that possible in the more classical continuous time case. In principle, noninvert-
ibility of transition maps in discrete time implies that semigroups appear where groups would
appear in the continuous case, so less algebraic structure is available. Another difficulty is
that no analogue of the infinitesimal information obtained by taking derivatives with respect to
time is available for difference equations. One avoids the first of these difficulties by restricting
attention to invertible systems, for which by assumption transition maps are invertible. The
lack of infinitesimal information is dealt with by substituting derivations with respect to control
values, assuming that, as is often the case, there is a differentiable structure in the control value
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set. This gives rise to an action in the sense of this paper, and the results can then be applied
to these systems.

Although invertibility is in principle a strong assumption in the context of general discrete
time systems, it is the case that for systems that result from sampling, this assumption is always
satisfied. Recall that sampling is the process under which the state of a continuous time system
is measured at discrete instants, and control actions are taken also at discrete instants. Under
such a process, the obtained transition maps as observed at the sampling times give rise to
an invertible model. This is analogous to the situation in classical dynamical systems, where
one studies time-one diffeomorphisms and Poincaré maps associated to differential equations.
The paper [8] introduced the idea of studying invertible discrete nonlinear control systems. For
other work in this area, and more in the spirit of the present paper, see for instance [5], [13],
[9], [18], [10], and related papers. Applications to the sampling problem are presented in the
last section.



2 The Orbit Theorem

2.1 Vector fields and diffeomorphisms

For differential geometric definitions and elementary results, our main reference is [2]. Other
excellent references are for instance [3] and [1]. We deviate from standard terminology mainly in
allowing non-second countable manifolds and singular distributions, as described later. Much of
the terminology about singular distributions is borrowed from [19]; in fact, many of the proofs
on integrability are either taken from that reference or are easy generalizations of the proofs
there.

Throughout this paper, manifold will mean smooth, i.e. C'°, and paracompact manifold.
Thus manifolds are Hausdorff, not necessarily connected, but each connected component is
second countable. (Recall that a paracompact space is one for which every open covering
has a locally finite refinement. Thus a space is paracompact iff each connected component is.
Every locally compact and second countable Hausdorff space, in particular thus every connected
second countable manifold, is paracompact; see for instance [2], section V.4.) An analytic
manifold means a real-analytic paracompact manifold. The tangent space to the manifold M
at the point £ will be denoted by Tz M, and T'M is the tangent bundle to M.

By a submanifold N of a manifold M we mean an immersed submanifold. We do not
require A/ to be an embedded (or regular) submanifold, nor to be connected or even second
countable, even if M is. It will turn out that this generality is needed in order to establish a
number of the results. Thus, for instance, if M = IR with the usual topology, we may consider
the submanifold N/ = Rgiser which equals IR as a set but which is endowed with the discrete
topology. This is a manifold of dimension 0, and it has uncountably many components since
each real number is a component. It is pathological in that it equals M as a set even though
it has lower dimension.

A central issue in controllability is that of determining when certain submanifolds of reach-
able sets fill an open subset of the ambient space, and to be able to determine this based only
on algebraic computations involving the relative dimensions of M and A. Thus one would
like to have the property that the submanifold N has a nonempty interior with respect to the
topology of M precisely when the dimensions of the two coincide. When the dimensions do
coincide then this does indeed hold, but as the example M = IR, N = Rgjs illustrates, the
converse is false in general. However, if N/ is know to be a second countable manifold, then
indeed it cannot have lower dimension than M unless it has measure zero in M: see for instance
a proof in [3], proposition 8.5.6. Thus a central objective of our study will be to give general
results that insure that certain submanifolds are second countable. Equivalently, because of
the paracompactness assumption and the assumption of second countability that we shall make
on the state spaces, we will be interested in determining when these submanifolds have only
countably many components (in the submanifold topology).

Given two manifolds N7, Na, the product manifold is denoted N7 x Ms. This is the cartesian
product of the two sets, endowed with the usual differentiable structure: typical coordinate
functions are (p1(&1), p2(&2)) for each set of local coordinates o1, g2 for N7 and N respectively.
Note that there is a natural identification Ti¢, ¢,)(N1 X N2) =~ T (N1) x Te,(N2). When A
is a discrete manifold, that is to say a manifold of dimension zero, we can identify N7 x Ns



with a disjoint union of copies of N (one for each element of N3), and we may think of each
tangent space T(¢, ¢,)(N1 x Na) = T¢, (N1) x 0 as just Tg, (N7). Such products of one manifold
by another one which is discrete will appear in some of the examples to be considered.

We shall allow most concepts, such as vector fields and diffeomorphisms, to be partially
defined. This is necessary because many of these objects will be typically derived from flows
of vector fields, and solutions of differential equations are in general only locally defined. More
precisely, by a vector field X on M we shall mean a smooth vector field (smooth section of the
tangent bundle) defined on some open subset Vx of M; we denote by Z(M) the set of all such
X. For a vector field X and each £ € Vx, we denote by X (£) the value of X at £ € M; this is
a vector in the tangent space TeM of M at the point £. (The notation X¢ is more standard.)

Given X and Y in E(M), we let Vx N Vy =V and we define the Lie bracket [X,Y] as the
Lie bracket of X restricted to V and Y restricted to V. If V is empty, the bracket is undefined.
Similarly for the sum of X and Y, and products by constants. Thus, the subset ® of Z(M)
will be said to be involutive if [X,Y] is in ® whenever the product is defined and X, Y are
in ®, and we say that ® is a subspace of Z(M) if for all X, ¥V in ® and all » € R, rX and
X +Y are in ® whenever the operations are defined. The smallest subspace containing ® we
shall denote by span ®, and the smallest involutive subspace containing ® by ®4. With the
above operations, Z(M) is a pseudo-Lie algebra; for simplicity we shall take in this paper the
term Lie algebra to imply only partially defined operations. The set Z(M) can be also seen
as a module over the ring of smooth functions on M, again in the sense of partially defined
operations; thus ® C Z(M) is a submodule of Z(M) if all defined linear combinations

o1 X+ .. o X

of vector fields in ®, whose coefficients «;(§) are smooth functions on M, are again in ®. When
it is clear from the context that we are dealing with analytic objects, vector field will mean
analytic vector field.

If 7: NV — M is a smooth map and £ € M, we let
7'('*[6] : TgN - Tﬂ-(f)M

denote the differential of 7 at £&. We write simply m, when £ is clear from the context. Note
that for each tangent vector v at &, m.[€](v) is a vector at m(£), When 7 : N1 x No — M is
defined on a product of manifolds, we may consider the differentials of each of the partial maps
m(&,-) and 7 (-, (), for fixed £ and ¢ respectively. In that case, we use the alternative notation

91 r(e2) = w(e. )] (1)

0z 2=C
and similarly for the other partial and for products of more factors. A smooth partial map

m: N — M will be by definition a smooth mapping 7 : D — M, where D is an open subset of
N.

By a partial diffeomorphism v of M we mean a diffeomorphism (analytic if clear from the
context) from an open subset D of M onto another open subset of M. The inverse y~! of 7 is
defined on the image of «v. The composition 9077 of 1 and 7 is only defined if the image of ~y;
intersects the domain of v2. We let let Diff (M) denote the set of such partial diffeomorphisms
on M. As a general rule, if the Lie bracket of two vector fields, or the composition of two



partial diffeomorphisms, appears in a statement, that statement should be taken to be read ‘if
this composition is defined, then...”. We often leave this implicit.

If v is a partial diffeomorphism of M and X is a vector field, we consider the pull-back
Ad,X of X under v. This is a new vector field, and is defined by the formula

Ad, X (&) = (7D OIX(1(8)) = (=[] HX (v (€)). (2)

This is the same as what is denoted sometimes by (771),X in the differential geometric litera-
ture. Its open (possibly empty) domain is 7 ~!Vx. The pull-back is natural with respect to Lie
brackets, that is,

Ady[X,Y] = [Ad,X, Ad,Y] (3)

for all vector fields X,Y. Further, for any two partial diffeomorphisms v1, 2, and any X,

Ad% Ad% X = Ad"/l’72 X

For any vector field X € Z(M) and each £ € Vx, elementary existence theorems for differ-
ential equations insure that the initial value problem

#(1) = X(x(7)), =(0)=¢ (4)

has a unique solution z(7), defined for an open set of pairs (7,€) (which depends on X), and
that this solution is smooth as a function of (7,&), analytic if X is analytic. We denote by
exp(tX)(&) the value of this solution at time ¢, if it exists. Here ¢ may be positive or negative.
By definition of solution, if exp(tX)(£) is defined then also exp(7X)(&) is defined for each 7
between 0 and t. For each fixed t, exp(tX) is a partial diffeomorphism of M. Using the time
reparameterization x(s7) one proves that exp(t(sX)) = exp((ts)X) for each t,s. In particular,
there is no ambiguity in denoting exp(1X) just as exp(X). We also use sometimes the notation
e!X instead of exp(tX). When exp(tX)(¢) is defined for all ¢ € R and &, one says that X is
complete.

If MV is a submanifold of M such that X is tangent to N, that is, if X (&) € TeAN all
those ¢ € N for which X is defined, then (4) can be solved in A, and by uniqueness we
conclude that exp(tX)(§) stays in A for small ¢. [Note that for large ¢ it may hold that
exp(tX)(§) is undefined with respect to N but not with respect to M. For instance, take
M=R,N = (-1,1),2(t) = 1,2(0) = 0. Then the solution is defined globally on M but only
for -1 <t<1onN|]

2.2 Smooth actions on manifolds

We now introduce a notion of smooth action on a manifold. The definition generalizes that
of action of a Lie group. One of the main results to be proved is a theorem that describes
the orbits under such actions as submanifolds associated to certain vector fields. This theorem
will generalize the fundamental orbit result of [19], who essentially established it for actions
associated to flows of vector fields. The idea of the proof given here is essentially the same,
however.



Definition 2.1 Let M be a manifold. An action ¥ = (U,~y) on M is given by a manifold U
and a smooth partial map

y:MxU—- M
such that v, := v(-,u) is a partial diffecomorphism for each u € U. |

The domain of v is denoted by D, and we let

Dy :={£|(§,u) € D} ()

be the (possibly empty) domain of «,. The notations 7,(£) and v(§,u) mean the same, and
can be used interchangeably, but we will tend to use the first when we wish to use the fact
that v, is a diffeomorphism, while the second will be used when it is relevant that v depends
smoothly on u. For each u, we may also consider the inverse v, ! of 7,; this is again a partial
diffeomorphism, whose domain is v, (D,,). From now on, we fix an action X.

Definition 2.2 The action ¥ is analytic if M and U are analytic manifolds and + is analytic.
It is complete if the mapping -, is an (everywhere defined) diffeomorphism of M onto itself,
for each fixed w € Y. (Thus, D = M x U.) n

Given any family {y, A € A} C Diff (M), we may always consider A as a zero dimensional
manifold, and consider the action given by (&, ) := v (§), with domain D equal to the set
of all (&, \) such that v, is defined at £. Typically however we have a continuous component
to the parameter set, and the interaction between the topologies of this parameter set and the
manifold will be the interesting part of the study, as will be clear from the examples given later.
The orbit theorems to be proved are all trivial in the case in which U is discrete.

Remark 2.3 A somewhat different definition of action was given in [17]; the present one will
allow us to distinguish between forward and backward motions, which was not possible there.
On the other hand, the definition in [17] was more general than the one given here, mainly
in that more than one « is allowed to act on M at the same time. The present definition
appears to be general enough to cover most applications of interest, however. A related but
more restrictive concept is studied in [11]. n

Remark 2.4 Another more general definition would replace the partial diffeomorphism as-
sumption on 7 by a local invertibility assumption, which may be more natural in modeling
some applications:

for each fixed (&, u) € D, rank (74,)+[¢] = dim M.

(Note that a map =, is a partial diffeomorphism if and only if this property holds and in addition
~u is one-to-one. Thus the generalization is in dropping the global one-to-one requirement.)
Arguing via the implicit mapping theorem, we can conclude that there is in this case an open
covering {Vy, A € A} of D so that for each u, v(-,u) is a diffeomorphism whose domain is the
set of £ for which (§,u) € V). If we now view A as a zero-dimensional manifold and introduce



the product manifold & x A, we may consider the action with (&, u, A) := (&, u), defined on
the open set

{(Saua )‘) ‘ ({,u) € VA}

The results to be given later can then be applied to this action. [ |

We now associate to X several types of reachable sets involving positive, negative, and mixed
positive and negative motions. The latter are the least interesting from a practical point of
view, since they typically do not correspond to physically realizable trajectories of systems,
but they are easier to study and they provide much geometric insight into the structure of the
corresponding system.

Definition 2.5 We shall say that the state £ € M can be reached from itself in zero steps, and
for each positive integer k we define by induction that the state ( can be reached from the state
€ in k steps, if there exists a state ¢/ which can be reached from £ in k — 1 steps and some u € U
such that ¢’ € D,, and ~,({") = . Equivalently, we say that case that & can be controlled to (or
steered to) C in k steps. Finally, we define inductively that & is accessible from ( in k steps iff
either k = 0 and £ = ¢ or there exists a state ¢’ which is accessible from £ in k — 1 steps and
such that either ¢ can be reached from ¢’ in one step or ¢ can be controlled to ¢’ in one step.ll

Note that accessibility is symmetric:
& is accessible from ¢ in k steps iff  ( is accessible from & in k steps,

but that reachability and controllability are not. If  is accessible from £ in & steps for some k,
we say simply that ( is accessible from £, and similarly for the other notions. Accessibility is an
equivalence relation, and the state space M is partitioned into equivalence classes, the orbits

O(&) = {C | ¢ is accessible from £}.

In general, we will use script letters such as A to denote manifolds, with the corresponding
roman letter N denoting the underlying sets. Thus, when we later impose a manifold structure
on O(§), we shall denote such an orbit as O(§).

Definition 2.6 The action is transitive if O(§) = M for all £&. The action has the accessibility
property from & € M if O(£) is open in M. |

Since the =,’s are partial diffeomorphisms, the accessibility property is equivalent to the
requirement that O(§) contain a neighborhood of £ in M, or even that just that O(§) have a
nonempty interior. (Sometimes the term accessibility property is used for the stronger concept
that the reachable set from £ should have a nonempty interior. Here we shall use the term
in the sense of the above definition. In the context of continuous time analytic systems both
possible concepts coincide.)

Definition 2.7 A subset N C M is stable for the action X if for each £ € N and each (
accessible from &, ( is again in N. [ |



Note that stable sets are precisely the same as unions of orbits. When N is stable, we
denote by v | N x U the restriction of v to the set D N (N x U), seen as a map into N. When
N is a manifold, as below, saying that this restriction is smooth means smooth as a map into
N, with the submanifold structure in A.

Definition 2.8 Let N be a stable submanifold of M. If (U,v | N x U) is an action on N,
we call this induced action a subaction of ¥, and denote it by ¥ | A'. When N is an analytic
submanifold and the induced action is analytic, we say that ¥ | A/ is an analytic subaction. B

Remark 2.9 By the implicit mapping theorem, it follows that a stable submanifold N of M
induces a subaction if and only if v | N x U is smooth. |

The following is one of the fundamental results about actions. It will be a consequence of
Theorem 2 in section 3.2. Its main interest is in the case when N is a single orbit.

Theorem 1 Let ¥ be an action and let N be any stable set. Then there exists a submanifold
structure N' on N which makes the restriction ¥ | N' a X-subaction. When ¥ is an analytic
action, this is an analytic subaction. |

Remark 2.10 There may be more than one submanifold structure O(£) on an orbit O(§), or
more generally on a stable set N, for which O() induces a -subaction. As an illustration,
consider the case of the action v(&,u) := £ + u, with M = R (with the usual 1-dimensional
structure), and U = Rgjse. For this action, O(0) is as a set all of R, but it is a X-subaction
under both the submanifold structure IRg;sc and the usual structure IR. However, we prove later
that, in general, there is a unique submanifold structure on O(&) of minimal possible dimension.
Thus the 0-dimensional IRgjs. is more natural than IR for this example. Another uniqueness
statement can be given in terms of integrability of distributions, and this is done in section 3.2.
|

A natural topology can be imposed on the set O(§), as follows. We start by introducing the
set

D™ :={(Gu) | ¢€rulDu)} (6)
and defining v~ by
(¢ w) = () (7)
The implicit function theorem can be applied to the equation for £
V(& u) =¢

about any &g, ug, (o such that v(&p, up) = (o, because the partial differential of v with respect
to ¢ is invertible. It follows that D~ is open and that v~ is smooth. It is convenient to denote
v also as v and D as DT.

With these notations, we can say that O({) is the union of the images of the (partial)
mappings
0 U — M (ur,. o ug) =3 (6w, ), (8)



where
’Yb(g7 Uty - - - ,Uk) = Vak (,}/ak—l(‘ e (,yag (704 (ga ul)v u2) i ‘)7 uk—l)a Uk’) (9)

one such mapping for each possible finite sequence b = (aq,...,ax) of +’s and —’s. These
mappings are smooth as mappings into M, since they are obtained as compositions of smooth
maps. Note that each 4 is defined on an open subset D’ of M x U* (see below), and 62 on
an open subset of U¥. Moreover, if O(¢) has a submanifold structure O(¢) which induces a
subaction, then they must also be continuous as maps into O(§).

Definition 2.11 The orbit topology on O(&) is the finest topology for which all the maps 92’
are continuous. (]

Some more terminology will help later when working with the maps 7°. We let A = {+, -},
and for the element a = + we let —a := F respectively. The free monoid on A is A*, the
set of all possible sequences b of +’s and —’s. The subset A% is the set of all sequences of
+’s alone, and we think of A4 as a subset of A* consisting of sequences of length 1. For each
b= (ai,..,ar) € A*, —b is the sequence (—ay, ..., —ay), ( note the reversed order) and we use
the notation U’ instead of U", for the product

U=ux..xU
—_———
r copies
SoUT =U" =U. The sets A* and A% include the empty sequence ¢ for which r = 0 and Uue

is a one-point set. Each of above maps +? is defined on a subset D? of M x U*; inductively on
the length of b we have v?(¢, ¢) = & and for a € A,

(z,uw) € D iff (z,u) € D* and (v*(z,u),w) € DY,
for w in U* and w in U®, and then

ab(

Y (2, uw) = ,yb(,ya(x7u>7w)'

Each set D is open, and the maps +® are smooth. If A induces a subaction, we denote by
7* | N x U° the restriction of 4* to D N (N x U®), seen as a map into N. A concatenation
notation is alternatively used to exhibit sequences in U?, as in uw above, and similarly for words
in A*. Ifw = (ug,...,u,) is in U, we let @ := (u,,...,u1), an element of U ~° (note the reversed
order). Even though U® = U~?, we write U~° in order to emphasize that 4~ is being used.
Then (v*(z,w),®) is in D~° whenever (z,w) is in D® and

"Yib(f}/b(wi)?‘:)) =Z.

Consistently with the case when b € A = {£}, we denote

V8 Db — ML) =10 (& w), (10)

where D? := {¢|(¢,w) € Db}



2.3 Main examples

We now provide the main examples of actions that we shall be concerned with. The above
definition was formulated so that these become particular cases. We start with the most classical
one. Here IR~ denotes the set of positive reals.

Definition 2.12 Assume that M is a manifold and that ® is a set of vector fields on M. The
action associated to ®, denoted X(®P), is the action on M which has & = R~ x ®, where ® is
thought of as a discrete manifold, and

7(53 t, X) = exp(tX)({).l

This a well-defined action because of the smooth dependence of solutions of differential
equations on time and initial conditions. It is analytic (respectively, complete,) iff each X € @
is an analytic (respectively, complete,) vector field. Note that here

Yix = exp(tX) ! = exp(—tX) =74 x
and if —X € ® this inverse also equals v _x.

Later we shall show how, conversely, certain sets of vector fields arise naturally when study-
ing actions. We now turn to continuous and discrete time systems. We define the former in
such a way that existence and uniqueness theorems for differential equations apply.

By a (time-invariant) continuous time system we shall mean a controlled set of differential
equations

(t) = P(z(t),u(t), teR, (11)

where the state z(t) belongs to a second countable manifold M, controls u(t) take values in a
metric space IC, and

P:MxK—TM (12)

is a continuous mapping defined on an open subset of M x K such that X, := P(-,u) is a
smooth vector field for each fixed u € K and such that [X,, Y] is again continuous in (&, u) for
all vector fields Y on M. An analytic system is one for which M as well as each X, is analytic.

We say that the system is smooth in controls if IC is a second countable manifold and P is
smooth (jointly on M and K). For systems smooth in controls, analyticity is taken to mean
that (12) is jointly analytic, and K is an analytic manifold. When P is jointly smooth, the above
continuity requirement on each bracket [X,,, Y] is automatically satisfied. We will be especially
interested in such systems, but the more general definition is needed in order to prove some of
the intermediate results.

Any set of vector fields ® can be seen as a continuous time system, simply by introducing
a discrete metric on ®, but the interest here will be on time functions u(-) as controls, so the
structure of K will be relevant. For a discrete metric, only controls taking a finite set of values
will be admissible in the sense to be defined below.

A particular class of continuous time systems which appears in modeling a large number of
physical systems is that of systems affine in the control. These are systems for which KX C IR™
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and for which there exist smooth vector fields f, g1, . . ., gm on M such that P(z,u) = f+>; uigi,
that is, the equations are

b= f(2) + 3 o) (13)
i=1

Note that any set of smooth vector fields {f, g1, ..., gm} provides such a system. The equations
are always smooth on (z,u) € M x R™. The system is analytic when these vector fields are.
When dealing with systems affine in the control, we shall always assume that C has a nonempty
interior in IR™.

In typical examples of continuous time systems (11), K is a subset of an Euclidean space
R™ that may include magnitude or energy constraints. For instance, KL may consist of the
set of all vectors u whose components satisfy |u;| < 1, or the unit ball u? + ... + u,, < 1. If
the dynamics P restricts to a smooth mapping on M X int K, we may restrict controls to the
interior of K and consider this as a smooth system. We shall see later (see remark 4.8) that
many controllability properties are not changed by restricting to this interior, as long as I is,
as for these examples, included in the closure of its interior.

To say that a map u : [0,T] — K is measurable means that v~*(V) is measurable for each
open subset V C K. To say it is essentially bounded means that there is some compact subset
K C K such that u(t) € K for almost all t. With this terminology, we recall a basic fact
about differential equations. For each & € M and each measurable and essentially bounded
u: [0,T] — K, the initial value problem

&(t) = Px(t),u(t), =(0)=¢ (14)

admits a unique solution for small ¢. (By solution one means an absolutely continuous curve.
For manifolds, absolute continuity is defined as absolute continuity of each restriction to an open
subinterval for which the image is entirely in a chart.) This follows from standard existence
theorems as follows. Since the statement is local, we may work in M = IR". Taking above
for Y the possible derivatives 0/0x;, we have that, with Z(§,t) := P(§,u(t)), Z satisfies the
classical Carathéodory conditions for existence and uniqueness (see e.g. [4], chapter II).

We shall say that £ € M can be controlled to ( € M with respect to the system (11) iff there
exists some interval [0, 7], T > 0, an essentially bounded measurable map u(-) : [0,7] — K, and
a solution of the differential equation (11) with this wu(-), defined on the entire interval [0, 7],
such that z(0) = &, 2(T") = (. We say equivalently that ¢ can be reached from &, and that u(-)
steers € to (. If there exists a finite sequence of states &1 = &, &9, ..., & = ( such that for each
i=2,...,k, & is either reachable from or controllable to &;_1, we say that { is accessible from
&. The terminology weakly reachable is often used in the literature to refer to this last concept.
We say that the accessibility property is satisfied from a state £ with respect to the system (11)
if the set of states accessible from £ is an open subset of M. A completely controllable system
will be one for which £ can be controlled to ¢ for every pair &, C.

Remark 2.13 Given any essentially bounded measurable map u(-) : [0,7] — K, we may
always find a sequence of piecewise constant controls u;(+) : [0,7] — K with the property that,
if the solution of (11) with x(0) = £ and control u(-) is defined on the interval [0,7], then
the solutions are also defined for each of the controls u;(-) and same initial state, and the
corresponding final states z;(7T") converge to x(7"). This is a consequence of general theorems
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on continuous dependence of solutions of (11). Moreover, the same argument allows taking the
approximating piecewise constant controls to have values in any dense subset of K. |

There are two very different types of actions that can be associated to a given continuous
time system. The first is is the one implicitly used in the literature when dealing with continuous
time systems.

Definition 2.14 The time-topology action associated to the system (11) is the action X(®),
where ® is the set of all vector fields of the type X, = P(-,u),u € K. |

We also write (&, t,u), or v,(&), instead of (£, ¢, X,) in this case, and think of U as
R~ x K (second factor with the discrete topology). In this definition, the structure of K is
irrelevant. The name time-topology is due to the fact that the orbit topology (definition 2.11)
is induced by the dependency of v(£,¢,u) on t. A different type of action is associated in the
next definition, for which the orbit topology will be induced by the topology on control values.

Definition 2.15 Let (11) be a system smooth in controls. The input-topology action associ-
ated to it is the action having also &/ = IR~¢ x K but now with the second factor having its
differentiable structure and the factor R~ as a discrete manifold, and again

Yeu(§) = exp(tXy)(€) A (15)

This second type of action is not usually studied in the theory of continuous time systems
(11). It turns out however to provide the right framework for understanding sampling results.
Note that one could just as well introduce a “joint” action of time and inputs, where U =
R-o x £ and both factors are given their natural differentiable structures. This would give
yet another natural type of action associated to such systems, but seems of less interest for
applications. Whenever the input-topology action is mentioned, we assume implicitly that we
are dealing with systems that are smooth in controls.

We now relate the controllability definitions for continuous time systems to those for the
corresponding actions. Under either type of action, time-topology or input-topology, the k-step
notions correspond to states reachable in positive, negative, or mixed positive and negative
time using piecewise constant controls with precisely k switches. As discussed in remark 2.13,
elements in O(§) can in principle only be expected to be dense in the set of states accessible
using the differential equation and arbitrary measurable controls. However it will turn out that
the two concepts of accessibility are equivalent. This result is proved in section 4.5:

Proposition 2.16 ( is accessible from £ with respect to the system (11) iff { € O(¢). |

Finally, we may consider (time-invariant) invertible discrete time systems. These are a
natural class of discrete time control systems, and where studied explicitely first by [8]. Their
control properties are studied in detail in [10]. They are described by controlled difference
equations

z(t+1) = P(x(t),ut)), teZ, (16)
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where the state x(t) belongs to a second countable manifold M and controls u(t) take values
in a second countable manifold K. The map P : D — M is smooth on an open subset D of
M x K, and for each u in IC, P(-,u) is a partial diffeomorphism (“invertibility”). An analytic
system is one for which all data is analytic. A complete system is one for which P(-,u) is a
(everywhere defined) diffeomorphism of M onto M, for each u € K.

Such systems arise for instance under sampling of a (smooth in controls) continuous time
system (11). For any such system and each fixed real number § > 0, one introduces the
d-sampled system associated to (11); this has the same M and K, and equations as in (16) with

P(&,u) := exp(0.Xy)(£). (17)

Even if the vector fields X, are everywhere defined, that is P in (11) is defined on all of
M x I, this is in general not a complete discrete time system, since the vector fields need not
be complete.

We identify discrete time systems with the associated actions (I, P), and also write v for
P and U for K. Thus discrete time systems are the same as actions for which M and U are
second countable. For discrete time systems, we define controllability and related notions in
terms of the associated action.

When the system (16) happens to be the d-sampled system associated to (11), for some 9,
the discrete time action is related to the input-topology action associated to (11), in the sense
that +, in this definition is the particular element ~s,, in (15). For small enough ¢ the elements
Vs, for integer k, approximate arbitrary -y ,. What will turn out to be true, but is far from
obvious at this stage, is that the actions corresponding to sampled systems will be in a certain
sense equal to, not just approximations of, the (input-topology) action associated to the original
system, for every small enough §. This fact will be made precise and proved later, after more
machinery is in place, and it is one of the main results about sampling.

Often one might want to use control value sets which are not manifolds. Consider the
following definition. A subset C of a manifold K has nice boundary if the following property
holds: for each u € C there is a smooth curve

p:(—g,1+¢e) =K

for some £ > 0, such that p(0) = u and p(¢) is in int C, the interior of C with respect to I,
for each ¢t € (0,1]. If C is a subset with nice boundary of K, we may consider the action with
U = intC. It turns out that the orbits with respect to intC are the same as the states that
can be obtained by allowing controls in C and defining accessibility in the same manner; see
proposition 4.9, stated in section 4.5. There is no a priori reason for this equality to hold; all
that one may say in principle is that each state { accessible from £ using arbitrary controls is a
limit of states which are accessible with respect to controls in the interior. Since orbits are not
necessarily closed (consider as an illustration a rotation by an angle not commensurable with
m on M= unit circle), this result is somewhat surprising.
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3 Integrability of Distributions

The manifold structure in Theorem 1 can be described naturally in terms of the integrability
of distributions.

3.1 Distributions

We start by defining (possibly singular) distributions of tangent vectors. This concept is defined
in many different and not always equivalent ways in the literature. We shall take it to mean
the choice of a subspace of the tangent space at each £ in M. That is, a distribution D on M
is a subset of the tangent bundle 7'M with the property that

D(§) := {v € TeM((&,v) € D}

is a subspace for each £. Its rank at £ is the dimension of D(&). The distribution is nonsingular
if this rank is independent of £. (In differential geometry the term distribution is often taken
to already imply nonsingularity.) We shall say that D has full rank at £ if D(§) = TeM, and
simply that D has full rank if this holds for each & € M.

If NV is a submanifold of M such that D(§) C TN for each £ € NV, there is a well-defined
restriction of D to a distribution on N, which we denote by D | N'. We use the inclusion
notation D C D’ to mean that

D(¢) € D)
for each £ € M. Similarly, we define D + D’ and intersection D ND’ pointwise:

(D+D(E) = DE)+D(E)
(DND)E) = DE)ND(E).

We now show how to associate in a natural way a distribution to each set of vector fields,
and conversely, a set of vector fields to each distribution. Given D, a vector field X pointwise
belongs to D, or takes values in D, if X (§) € D(§) for each £ € Vx. The set of vector fields that
pointwise belong to D is denoted by vf(D). Note that vf(D) is always a submodule of vector
fields.

Conversely, starting with a family of vector fields ®, the distribution D(®) determined by ®
is the smallest distribution D for which all X € & pointwise belong to D. Thus for each £ € M

D(®)(§) = span {X(£)|X € ® and X is defined at £}.

(If no such X are defined at &, D(®)(§) = 0.) The rank of the family ® at a point & is by
definition the rank of the associated distribution D(®) at that point.

We shall say that the distribution D is smooth if it equals D(®) for some set of vector fields
®. Note that always D(vf(D)) C D, with equality iff D is smooth.

An integral (sub)manifold N of D is a submanifold of M with the property that

TeN =D(E)
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for every £ € N. This generalizes the notion of integral curve for a vector field X (or rather, for
its associated distribution D({X})). We shall say that the distribution D is integrable if there
is a partition of M into integral manifolds of D.

A related definition is as follows. An integral manifold N of D is a mazimal integral manifold
of D if it is connected and if for every other connected integral manifold N’ of D intersecting
N, N is an open submanifold of N. A distribution satisfies the mazimal integral manifolds
property if it induces a (singular) foliation, that is, there is a partition of M into maximal
integral manifolds of D, the leaves of D. We remark later that if D is integrable then it also
satisfies this property; the connected components of the integral manifolds in the definition of
integrability provide the leaves of the foliation.

We shall say that D is involutive if vf(D) is an involutive set of vector fields. Integrable
distributions are necessarily involutive. Indeed, if X,Y are in vf(D) and & € M, let N be
the integral manifold of D passing through . Then the vector fields X,Y are tangent to N
and therefore their Lie bracket at ¢ is again tangent to N. It is in general false that (smooth)
involutive distributions are necessarily integrable. The classical theorem of Frobenius states that
this implication does hold provided that D be nonsingular, and the Hermann-Nagano theorem
states that the same conclusion is true if D is generated by analytic vector fields. Following
[19], we shall review later how these results are easy consequences of the orbit theorem to be
proved below.

3.2 The integrability result

If ¥ | NV is a subaction, then from the fact that each ~, is a partial diffeomorphism it follows
that, for each v and each £ € N'N Dy, the differential

()<l : TeM — T ) M

maps T¢N onto TW(S)N . If an orbit has a manifold structure O(¢) inducing a subaction, this
says that in particular

('Vu)*[gu] TCO(g) = TWu(C)O(f)

for each ¢ € O(§) in the domain of 7,. In particular, if Theorem 1 where to hold, then with
respect to any such manifold structure the distribution D defined at each & by the formula

D(¢) = TeO(€) (18)

would be invariant in the sense of the following definition.

Definition 3.1 Let ¥ be an action and D a distribution on M. We shall say that D is X-
invariant if for each (§,u) € D, (7u)«[§]D(€) = D(7u(§))- |

Note that it follows directly from the definition that a 3-invariant distribution must have
constant rank along orbits of X.

An equivalent way of defining invariance is in terms of pull-backs. For any distribution D
and any partial diffeomorphism v : M — M we let Ad,D be the distribution defined as follows.
If £ is not in the domain of v then Ad,D(&) := 0, otherwise

Ad,D(€) := ([E)T'D(4(€)) = {(n:[E) ' (v), v € D(V(€))}-
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With this definition,

Ad,AdgD = Adgon D (19)
where we interpret o (&) as undefined if () is. In particular,
Ad,-1Ad,D(&) = D(&) (20)

whenever (&) is defined. Since 7 is invertible, we have that whenever v(§) is defined,

Ad,D(¢) = D(¢) if and only if 7.[{D(E) = D(1(E)).

Therefore,
Lemma 3.2 D is ¥-invariant iff Ad,, D(§) = D(§) for all (&,u) € D. |

When D is smooth, D = D(®), it follows from the definition (2) that
Ad,D(&) = span {Ad, X (§) | X € ®,X defined at ()} (21)

(We make the convention that span{) = {0}.)

There is always a (unique) smallest 3-invariant distribution containing any given D, which
we denote AdyD. This is because there is at least one such containing distribution, namely the
one with D(§) = TeM for all £, and given any family of such distributions, their intersection is
again invariant. In fact, AdyD can be obtained by starting with the vectors at each D(£) and
taking all possible iterated images and preimages under the differentials of the +,’s. Because
of formula (21), AdyD is smooth whenever D is. When X | NV is a subaction for which the
restriction D | N is defined, all these iterates remain in tangent spaces to N, and we conclude
the following fact.

Lemma 3.3 If ¥ | NV is a subaction and D is a distribution such that D | A is defined, then
AdyD | NV is also defined and it equals Adx(D | NV). |

We shall now reverse the reasoning and define directly the distribution in equation (18), not
assuming known that a subaction can be induced on orbits.  For each (§,u) € D™, consider
the mapping v~ (y(&, ), u) defined in a neighborhood of u. We may consider its differential at
u, applied to each tangent vector v € T,U:

0

v v=1u

Xup(8) : 7 (V& ), u) (). (22)

It is clear from its expression in local coordinates as a product of Jacobians multiplied by a
vector that this expression is smooth in (£, w). In particular, (22) defines a smooth vector field
on M, which is analytic if the action is analytic. These vector fields play an important role in
characterizing reachability and accessibility properties of actions.

Definition 3.4 The set of vector fields associated to the action X is the set
vi(X) ={ Xy, | veld,veT,U}.
The distribution associated to the action ¥ is Ds; := AdyD(vi(X)), the smallest ¥-invariant

distribution which contains the distribution determined by the vector fields associated to 3. R
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Alternatively, from the formula

0

=2 e aen.wam =

v=Uu 81} v=U

(Yu)[€] (Ko (€)) V(& 0) () (23)

we also know that Dy is the same as the smallest Y-invariant distribution containing the
distribution

£(C) = span { o

Y&v)(w) | (& u) € D,ve T, v(§) = C}- (24)

V=Uu

Lemma 3.5 If NV is a submanifold structure on O(§) inducing a subaction, then Ds(¢) C Tt
for each ¢ € N.

Proof. Since each of the mappings v, !,7, leaves N invariant, all the vector fields (22) are
tangent to A/. Thus D(vf(X)) | N is well-defined. The conclusion follows from lemma 3.3:

Dy | N = Adg(D(VE()) | ) = Dy B

Because Dy can be generated by iteratively applying the differentials of the maps ~, and
their inverses, we have with the notation in (10) that Dy, can be also defined as

Dy = D{Adp Xy |w €U’ b€ A" u €U, v € TUY). (25)

Furthermore, from the chain rule for derivatives it follows that each partial derivative of an
expression such as (9) with respect to a fixed u; is one of the vector fields appearing in the
generating set in (25). It follows that

Lemma 3.6 For each b € A* and each (£,w) € D the image of (Gg)*[u)] is contained in
Ds(g"(&,w)). u

We can state a theorem which summarizes the main facts about integrability of distributions
associated to actions. Note this implies Theorem 1, since the set N there can be given the
submanifold structure which consists of the disjoint union of the manifold structures on the
orbits contained in it. For part (4) recall the definition 2.11 of the orbit topology, and for part
(2) the notations in equation (9).

Theorem 2 For any action X, the distribution Dy, is integrable. Furthermore, pick any £ € M
and let s be the rank of Dy, along the orbit of &. Then, O(&) admits a unique s-dimensional
submanifold structure O(§) which induces a subaction, and the following properties hold for

0(8):

1. When ¥ is an analytic action, ¥ | O(§) is an analytic subaction.

2. Given any ¢ € O(€), there is some sequence b and some w € U* such that v*(£,w) = ¢
and (92)* has rank s at w.
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3. O(&) is an integral manifold of Dy.
4. The topology of O(§) is the orbit topology.

The following fact, to be proved in section 3.4, will provide the needed technical construction:

Lemma 3.7 Let ¥ be any action on M, and pick any £ € M. Then, O(£) has a unique
structure O(§) of submanifold of M such that

a. For each b € A*, v* | (O(£) x UP) is smooth.

b. For any ¢ in O(§), the dimension r of O() is the largest possible value 7 (¢, ¢) of the rank
of (92)*[w] among all b and w such that 7°(¢,w) = ¢.

When ¥ is analytic, O(¢) and the map v | O(§) x U are analytic. |

Proof of Theorem 2. We shall show here that all the conclusions of the Theorem follow from
the lemma. We start by imposing on O(§) the submanifold structure O(§) given by the lemma.
Statement (1) then holds. From lemma 3.5, we know that Dx(() C T,O((¢) for each ¢ in the
orbit. In particular, s < r. By property (b) in lemma 3.7, applied with { = £, there is some
w so that (02)*[w] has rank r; since by lemma 3.6 the image of this differential is included in
Dx. (), it follows that

s=r. (26)

Thus O(§) has dimension s, as wanted, and this also establishes that O(§) is an integral man-
ifold, property (3), as well as (2). Statement (a) in the lemma together with remark 2.9 show
that there is an induced subaction on O(). If there were any other submanifold structure A" on
O(¢) inducing a subaction, then (a) in the lemma is satisfied for A; if /' has dimension s then
the equality (26) gives that (b) holds for N too, hence N' = O(€) by the uniqueness assertion
in the lemma.

Applying part (3) of the Theorem at each £ € M, we know that the orbits O(&) constitute
a partition of M into integral manifolds of M; this provides the integrability of Dy.

Finally, we prove statement (4). Assume that T is a topology on O(§) for which the
mappings 02 are all continuous. Pick any ¢ € O(§); we need to show that for each open
neighborhood V' of ( relative to T there is a V3 C V which is a neighborhood of { relative to
O(&) (with the topology given by the differentiable structure in the Theorem). By part (2) and
the implicit function theorem applied to 92 as a mapping into O(&), there is a sequence b of +’s
and —’s and an open subset W of ¥ such that (92 gives a diffeomorphism between W and its
image in the topology of O(&), and ( is in this image. Then

Vi=602((6) (V) n W)
is as desired. u

Note that the claim made in remark 2.10 regarding the uniqueness of the manifold structure
of minimal dimension is a consequence of the Theorem and of lemma 3.5, since the latter implies
that any such structure must have dimension at least s.
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3.3 Using the distribution to determine accessibility

One of the main applications of the integrability theorem is in verifying the various controlla-
bility properties by checking appropriate rank conditions on vector fields.

The integrability statement says that in particular the dimension of O(&) is the same as the
rank of Dy (£). Note that if Dy, has full rank at a given £ this means that O(£) has the same
dimension as M, and hence that it is open in M, that is, the accessibility property holds from
¢. Conversely, if O(£) contains an open subset of M, and if in addition it is second countable
in its own topology, it must have the same dimension as M. From the discussion in section 2.1,
we conclude the following.

Proposition 3.8 If Dy is full rank at £ then the accessibility property holds from £. Conversely,
if the accessibility property holds from £ and O(€) is a second countable manifold, then Dy, is
full rank at &. [ |

The converse statement does not hold in general. Take for example the case of continuous
time systems with input topology, example 2.15. In general, orbits will not be second countable
here. For a trivial counterexample, take the equation

B(t) =1

with M = R and any K. The accessibility property holds from every point, since the system
is transitive. But Dy is identically zero, so not full rank. In fact, in this example, the (unique)
orbit is the zero dimensional submanifold IRg4jsc mentioned in section 2.1.

On the other hand, when U is second countable, as with discrete time systems (16), O(¢)
is necessarily second countable in its topology. This is because O(&) can be described as the
union of the (countably many) images of the continuous mappings (9), and each of these is
defined on an open, hence second countable, subset.

Proposition 3.9 For discrete time systems, accessibility from ¢ is equivalent to full rank of
Dy, at &. [ |

The same result holds for continuous time systems with the time-topology. More generally,
we shall use the following concept.

Definition 3.10 The action X is connected if the following property holds. For each (£, u) € D
there exists a ¢ € M, some sequence b € AT, and a pair of elements wy,ws in the same
connected component of D?, such that, with the notations in equation (9), v*(¢,w;) = ¢ and

(¢ w2) = Yu(€). u

If an action is connected, then continuity of 4° on its second factor implies that ¢ and ()
are in the same component of O(¢), and iterating this we conclude that orbits are connected
submanifolds of the paracompact manifold M, hence second countable. So:
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Proposition 3.11 For connected actions, accessibility from £ is equivalent to full rank of Dy
at &. [ |

Time-topology actions associated to continuous time systems are always connected. Indeed,
if exp(tX)(€) is defined then
exp(—eX) exp((s + ) X)(¢)

is defined for each s € [0,¢] for any fixed small enough ¢ > 0. We can then use b = (—,+),
w1 = (_€7X)(57X)7 and W = (—E,X)(t+E7X)

Corollary 3.12 For time-topology actions, accessibility from £ is equivalent to full rank of Dy
at . |

3.4 Proof of the integrability lemma

In the proof, the letters x,w, possibly primed, will always denote elements of sets of the form
U’ (that is, sequences of elements of ), while b, ¢ stand for words in A*. Fix an £ € M as
in the statement of the lemma, and let O = O(€). For each b, we shall use #° instead of 92 to

denote the map °(¢, -); its domain is
1Y = {ul(€,w) € D).
We first prove that r(&,¢) = r(&,{’) for any ¢,¢’ in O. Pick b, ¢ in A* and w,w’ such that
0°(w) = ¢ and 0°() =’

with full rank:
rank 0°[w] = 7(¢,¢) and rankAS[w'] = r(€, ().

Introduce
e:= (b,—b,c), x:=www'
Since 0¢(x) = ¢,
rank 62[x] < r(€, ). 1)
Let F := (=% (..&'w). Then, for each v € U°,

Ao (€, v) = yObemeb) (¢ WHW T w) = F(v(€, vaw')).
It follows that

H6,0) = rank 2| 4P(E0) = rank R[]0 2

. e ~ !
av o o av v:w7 (é,'U(A)(A))

and therefore by (27),
r(§,¢) < rank 0[x] < (¢, ().

Interchanging the roles of ¢ and ¢’ establishes the other inequality, as desired.

Let 7 be the common value of the (¢, (), for this fixed £, and consider the set S of all triples
(b,Q, h), where b is in A* and:

Q is an r — dimensional embedded submanifold of L° (28)
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0’| Q: Q — M is injective and has differential of constant rank r (29)
h:@Q — R" is a diffeomorphism with an open subset h(Q). (30)

In the analytic case, we restrict to triples such that () is an analytic manifold and h is an
analytic diffeomorphism.

Fix one such triple, and consider the set #°(Q) C O. The bijection #° | Q induces a canonical
manifold structure on this set for which both 6° | @ and ¢ := ho (6 | Q)~! are diffeomorphisms
and ¢ is a chart. We now prove that with respect to this structure,

(i) the inclusion i : #°(Q) — M has injective differential at every point, and

(ii) for any smooth structure @ on O for which the lemma holds, the subset #°(Q) is open
relative to O and the identity map provides a diffeomorphism between the two structures.

The inclusion ¢ factors as
0°0jo (0" Q)7,

where j is the embedding of @ in L?. Therefore property (i) follows from the corresponding
properties for its factors (for #°, the properties hold on the restriction to @, which is sufficient).
We now prove (ii). Consider #° as a map from L into O; this map is smooth because of the
assumed property (a) in the lemma, since 6° is a restriction of 4°. So #° | Q is also smooth into
O. Since the latter is a submanifold of M and 6 | @ has constant rank r as a map into M,
this rank is also 7 as a map into O. But this submanifold has dimension 7, by part (b) of the
lemma. Thus #°(Q) is indeed open relative to O, and 6° | Q is a diffeomorphism between 6°(Q)
as a subset of O and (). We have then proved that both (i) and (ii) hold.

We now establish that the family of all such charts (#°(Q), ¢) defines a smooth r-dimensional
manifold structure on O, analytic in the case of analytic actions. It will then follow from (i)
above that this structure makes O into a submanifold of M, and the uniqueness statement
follows from (ii). We start by showing that the sets #°(Q) cover O. Indeed, pick any ¢ in O
and let b, w be such that

A€, w) = ¢, rank0[w] = 7.

Since #? has maximal rank at w, there is an r-dimensional embedded submanifold @ of L°
containing w such that both equations (28) and (29) are satisfied. Replacing if necessary @ by
an open subset, a suitable h can be found so that equation (30) holds too. Thus these sets
form a covering. It is only left to prove compatibility of different charts. For this, pick any two
charts (6°(Q), ) and (6¢(P), 3) corresponding to (b, Q,h) and (c, P, k) respectively.Let

V= 0°(Q) N6(P).

We need to establish that:

(I) (V) is open in p(6°(Q)).

(IT) Bo ! is smooth on V.
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Pick an arbitrary ¢ in V. By definition of the set V', there are w,w’ in @ and P respectively so
that
(=0"(w) = 6°()
with full rank r. Let e := (b, —¢, ¢) in A*, and take y := w@'w’, so that
0°(u'w') = 0°(p) for all pe LP (31)

and
0°(w'p) = 0°(u) for all p € LE. (32)

Therefore
r > rank 0[] > rank 6°[w] = 7,

and 0¢[x] must have maximal rank too. So there is an open subset Z of L¢ which contains x
and such that #°(Z) is an r-dimensional embedded submanifold of M. Introduce the open sets

W={pe L’ udv € 7}

and
W'i={peL|wd'puez}.

Since x € Z also w € W and w’ € W’. Consider the sets P/ := PNW’' and Q' := QN W. Since
Q is an embedded submanifold of L? and W is open in L?, it follows that also Q' is open in Q,
and similarly for P, P’. By (31) and the definition of Z it follows that #° | Q' maps into 6¢(Z),
and it is injective with differential of constant rank . Thus #° establishes a diffeomorphism
between @' and an open subset £ of 6¢(Z). Similarly, using (32), for #° | P’ and an open F in
0°(Z). Note that

ENFCV.

Since w’ and w are in P/, Q' respectively, ¢ € £ N F. By injectivity of 8° | Q, (6 | Q)~H(ENF)
equals (6° | Q)1 (£ N F). Continuity of the restrictions and openness of £ N F in £ imply that
this is open, so also

p(ENF)

is an open subset of
Q) = ¢(0(Q)).

Thus ¢(¢) has a neighborhood included in ¢(6°(Q)), and (I) follows. To prove (II), note that
¢ maps € N F, seen as an embedded submanifold of #°(Z), diffeomorphically onto (€ N F).
This latter set is open in A(Q) and contains ¢({). A similar statement holds for 3. So

ﬁogp_l:go(gﬁ}—):ﬂ(gﬂf),

and the second statement (II) follows too. We then have a manifold structure as desired. By
construction, it is an analytic structure for analytic actions.

Finally, we must prove the joint smoothness of 4* on u and &, property (a) of the lemma,
with respect to the above manifold structure. We first establish that each of the maps 6° is
smooth. Pick w € L, ¢ = 0°(w). Since 7(£,¢) = r, there are ¢,w’ so that ¢(w') = ¢ with full
rank r. Let

e:=(b,—c,c), x:=wd'w.
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It will suffice to prove that 8¢ is smooth on some neighborhood of y, because
6°(1) = 6°(u'w)
for each p in a neighborhood of w. Since A~ (w@') = €, also 6(u) = 0°(wip), so
r > rank §¢[x] > rank 05[] = r.

So 0¢ achieves maximal rank at x. There is then a chart C' of L¢, centered at y, and diffeo-
morphic to a cube in IR®* x R, such that, if @) is the embedded submanifold corresponding
to the factor IR", then rank #¢ is constantly » on @ and ¢ is injective on Q. Let h give the
corresponding diffeomorphism of @ with IR". Then (e, @, h) gives rise to a chart, say (0°(N), ).
So 6¢ | C' is the composition of the projection onto @ and of 6¢ | @, and is therefore smooth.
Thus 6° is smooth.

To prove now that each 4° is smooth as a map into O, pick any (£, w) in D?, € in O. Let
(¢, @, h) give a chart around £. For (¢, x) in a neighborhood of (£, w) relative to

(O x U’y N D,

7*(¢, x) equals the composition
7b -
657 (051 Q)71(€) ),
and it is therefore smooth because of the smoothness of 9§C’b) and of 92. This gives property (a)
of the lemma, as wanted. n
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4 Lie algebraic conditions and invariance

In this section we study the relationships between various properties of distributions and their
implications for actions.

4.1 Some Lie algebraic criteria

We introduce a Lie algebra associated to each action.
Definition 4.1 The Lie algebra Ly, associated to ¥ is vi(X)r4. [ |

The distribution Dy is in general very difficult to compute for actual examples, since it
involves the arbitrary compositions 7° of the basic mappings v defining the action. In examples
like those associated to continuous time systems, this would involve having explicit solutions for
the differential equations defining the system. On the other hand, Ly, can be typically readily
computed using symbolic manipulation systems, by iterating the application of the Lie bracket
operation to the set of vector fields in vf(X), and the latter can be often obtained easily, as
illustrated in the next section. Thus the following fact is of interest.

Proposition 4.2 The distribution D(Ly) is included in Ds.

Proof. By Theorem 2, Dy, is integrable and therefore involutive, that is, vf(Dy) is an involutive
set of vector fields. With ® := vf(X), we then have that

¢ C Vf('Dg) = &4 C Vf('Dg) = D((I)LA) - D(Vf(DE)) = Dg,

the last equality because Dy is smooth. |

It follows that checking if D(Lyx) has full rank provides a sufficient condition for transitivity.
This condition is however far from necessary, even for continuous time systems for which the
rank of Ds. does provide a necessary criterion. This is because the converse of proposition 4.2
is not true in general. For time-topology actions corresponding to continuous time systems,
however, such a result will be given in section 4.6 for the analytic and other important special
cases. Roughly speaking, D(Ls) provides information based only on local data, while Dy, uses
all global information.

4.2 Explicit form of the vector fields

The vector fields in vf(X) can be often computed in closed form if a closed form expression is
available for . This is typically the case for actions corresponding to discrete time systems.
Furthermore, when K is an open subset of R" for some m, it is only necessary for each u to com-
pute the vectors X, , for each of the m canonical tangent vectors v = ¢; = (0,...,0,1,0,...,0)".
Any other element of vf(X) is a linear combination of these. Also, because of formula (23),

24



there is no need to compute the inverses of the mappings v, just the inverses of their Jacobians.
This is useful when there is no easy manner to obtain these inverses. For example, take the
discrete time system with M = R, K = [-1,1] and

P(&,u) := £ 4 26 + usin&.

This is strictly increasing for each fixed value of w, so it does give rise to an invertible system,
but there is no closed form expression for the inverses of the maps P(-,u). Since K = IR, it is
enough to compute just one vector, for v = 1:

0P 0P sin &

Xul(§) = Ou’ 9 T 3624+ 2+ ucosE

We now compute vf(X) explicitely for the case of continuous time systems with time topology

in definition 2.15, or more generally for example 2.12. It is trivial here to find vf(X): if ® is a

family of vector fields and X € ® is defined at £ then for each u = (¢, X) so that exp(tX)(§) is
defined and using v = (1,0), we obtain that (22) equals

A, x (€)

exp(—tX)exp(sX)(§) = exp((s — 1) X)(£) (33)

s=t

ds

68 s=t

ov

(Independent of ¢.) The vectors in the tangent space to U are all of the form (r,0),r € R, so all
the possible vectors in vf(X) are multiples of this. We conclude that for time-topology actions
associated to continuous time systems, vf(X) = {X,,u € K} and more generally for actions as
in definition 2.12:

exp(sX)(§) = X (&) (34)

s=0

Proposition 4.3 For ¥ = 3(®), spanvf(X) = span ®, D(X(®)) = D(®), and Ly = Pr4. N

Proposition 4.4 For systems affine in control as in equation (13),

Ly ={f.g1,-- - gm}rLa
(Recall that X C IR™ must have a nonempty interior.) |

For the case of continuous time systems with input topology, for simplicity we restrict
attention to analytic systems (13). For each i = 1,...,m, each positive ¢, and each v € R,
we must consider

Xi,i(§) == a% _ exp(—t(f 4+ uig1 + .- + Umgm)) exp(t(f +v1g1 + ... + Vmgm)) (). (35)

For small ¢, we may use the expansion ([6]), with X, = f +u1g1 + ... + UmGm:

0 i

Xui(€) = Y o (X)) (€. (36)
=1
Here ad®(X)(Y) denotes the iterated Lie bracket
(X, [X, .. [X,Y]..]]]

(k times). The explicit form (36) for the vector fields associated to the input-topology action
forms the basis basis in [15] and [16] for an eigenvalue criterion for sampling.
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4.3 Criteria involving Lie algebras of vector fields

We know from propositions 3.8 that if Dy, is full rank at & then the accessibility property holds
from £. With the stronger statement that Ly has full rank, it is possible to obtain results
on reachability. Given any ((,u) € D, consider the differential of v at ((,u). For any vector
o c TcM,

2 (o) = Guldl(o) (1)
T x=C
by definition, while for each v € T, U,

Al a@om = | 967060000 = GRL©).  63)

Thus, if the vectors o1,...,0, € T¢M are linearly independent and if X, ,(¢) is not in their
span, it follows that ~,[(, u] maps
017 AR 7UT7 XU,V(C)

(seen as tangent vectors to M x U at ((,u)) into a set of r + 1 linearly independent vectors.
From this it follows that when S is an r-dimensional submanifold containing ¢ and the o; are
a basis of T¢S, if X, ,(¢) is not in 7¢S then v(S x U) must contain a submanifold of M of
dimension at least r + 1 (implicit mapping theorem). We therefore have the following result.

Theorem 3 If Ly has full rank then % has the accessibility property from every & € M and,
furthermore, the set of states that can be reached from each & contains an open subset of M.

Proof. Let s be the maximal possible dimension of a submanifold S of M which is included in
the set of states reachable from &. (There is always such a submanifold, for instance S = {{}.)
If some vector field X, , (¢) were not to be defined but not tangent to S at some ¢ € S, then
the above argument shows that v(S x ) contains a submanifold of dimension r 4 1, all whose
points are reachable from &, contradicting maximality of . Thus each vector field in vf(X) is
tangent to S at every point of S. So also every vector field in Ly, must be tangent, since S is a
submanifold. It follows from the full rank assumption that S must have the dimension as M,
and therefore it is open as wanted. |

The accessibility statement also follows as a consequence of proposition 4.2, since full rank

of the Lie distribution implies full rank of Dy, and hence O(£), an integral manifold of this
distribution, must have full dimension.

Remark 4.5 The above theorem is a particular case of a stronger result established in [10];
the result there says that the same conclusion is true if one considers instead the Lie algebra
generated by the larger set consisting of all vector fields of the form (25) with b € A7. |

4.4 Foliations

For completeness, we prove here that integrability coincides with the existence of singular
foliations. Together with Theorem 2, this will mean that the connected components of the
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possible orbits are the maximal integral manifolds of Dy. In general, if D is an integrable
distribution and a partition into integral manifolds is given, we may refine this partition by
taking all connected components of each element. This exhibits M as the disjoint union of
connected integral submanifolds of D; the next result shows that these are then maximal integral
manifolds.

Proposition 4.6 If {N),\ € A} is a partition of M into connected integral submanifolds of a
distribution D, then each N, is a maximal integral manifold of D.

Proof. We first prove that if N and N’ are two integral manifolds of a distribution D then
their intersection is open in each of them. For this, we pick any & € NN AN’ and claim that
there is a set V which is a neighborhood of ¢ in N’ such that V is entirely contained in N.
Thus ¢ is in the interior of VN N’ with respect to N/, and the same argument with the roles
of N and N’ reversed gives that £ is in the interior of this intersection with respect to N.

Without loss of generality, we may assume for the local statement that A/’ is an embedded

submanifold of M, say an open subset of the slice 41 = ... = z, = 0 in a coordinate
chart about £, and that £ is 0 under these coordinates. In particular, the vector fields 9/0z;,
i =1,...,k are pointwise in D, and hence are tangent to both N" and N’. Consider the control
system

koo
T = Zui@x- ()
i=1 ¢

with controls in IR¥, defined on this coordinate chart. This differential equation has a solution
in AV for small ¢ and z(0) = 0, for each constant control u(t) = (ay,...,ax), a; € R. Moreover,
by continuity of solutions on parameters, there are T, > 0 such that the solution exists on
[0, T for every constant control with 3", a? = . Thus the unit ball V of radius T« in the slice
is included in N. This is an open subset of N’ if T is small enough, because the slice is an
open subset of N’. This establishes the claim.

Assume now that A is any connected integral manifold of D. Then, it is contained in
precisely one of the Ny. Indeed, N/ = UN’' N N,), and the above argument gives that each
of the elements in this union is open in N’, so by connectedness there must be exactly one
nonempty intersection. Finally, N/ = N" N N, is open in N, again by the same argument. &

4.5 Accessible sets for systems are included in orbits

In this section, we establish proposition 2.16 and a related result for discrete time systems. We
start with this lemma.

Lemma 4.7 Consider a continuous time system (11) and assume that D is a distribution with
the property that P(&,u) € D(§) for each (&, u). Suppose that there is a partition {N), A € A}
of M into integral submanifolds of D, and that £ is controllable to . Then, £ and ¢ are in the
same element N of the partition.
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Proof.  Assume that u : [0,7] — K is the control steering ¢ into ¢, and let x(¢) be the
corresponding solution with z(0) = &, z(T) = (. Pick any fixed tg € [0,7], denote & :=
x(to), and let N the element N of the partition which contains &’. We claim that there is a
neighborhood V' of tg in [0,7] such that w(V) C N. Since the vector fields X,, = P(-,u) are
tangent to (the integral manifold) N, we may also consider the controlled differential equation
(11) as an equation on A. The continuity requirements on X, and its derivatives are still
satisfied for this equation, from which it follows that there is a solution 2/(t) of the equation
for ¢ near to with initial condition z’(tg) = & and so that 2/(¢t) € N on its domain. (Solving
the equation backwards gives a solution for ¢ < #g; if £g is an endpoint, we only have a solution
in one direction.) By uniqueness of solutions over M, z/(t) = z(t) where defined, and so the
claim is established. We conclude that for each A the set {t|u(t) € Ny} is open. Connectedness
of [0, 7] then implies the lemma. |

Proof of proposition 2.16. We apply the above with D := Dy, using the time-topology action
Y. The possible orbits will be the elements of the partition N); Theorem 2 insures that these
are integral manifolds. It is only necessary to see that X, (£) € D(€) for all u € K, so that the
lemma can be applied and one may conclude that & and ¢ are in the same orbit whenever one
state is accessible from the other. But this follows from proposition 4.3. |

Remark 4.8 If K’ is a dense subset of K, then controls with values in K’ give the same orbit.
This is because the above proof can be applied with the distribution D’ corresponding to using
K', but the distributions are the same. Indeed, because X, (£) depends continuously on u and
D'(€) is a finite dimensional vector space, we have that also those X, (§) with u € K are in this
space, as desired. [ |

For discrete time systems, one could use sets with nice boundary as control sets, and acces-
sibility would not change:

Proposition 4.9 If C is an open subset of K with nice boundary and P(¢,u) = ¢’ for some
uw in C, then ¢’ is in the orbit of ¢ with respect to the discrete time system that uses int C as
control value set.

Proof. We apply the lemma now with D = Dy, where X is the action associated to the
discrete time system having U := int C. The N)’s are the orbits for this action. Assume that
P(¢,u) = ', u € C. By the nice boundary assumption, there is some smooth curve p with
p(0) = w and p(t) € U for ¢t € (0,1]. Since the domain of P is open, there is some 7' < 1 such
that for each ¢ € (0,7 the element

z(t) == P((, p(t)) = (¢, p(t))

is defined and belongs to the orbit O(¢). We claim that ¢’ = z(0) is in the same orbit as
¢" := 2(T). By transitivity it will then follow that ¢ and ¢’ are in the same orbit, which is
what we want to establish. For each fixed t in this interval, we compute the derivative of the
curve z(t). This is

0

i(t) = 5 —t Y(Gv)(A(t)),
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which is in D(z(t)) for each ¢, by the fact that D includes (24). If we introduce the vector fields

)
Xy (6) :

OV | y—y

Yy~ (& u),v)(v),

we may think of £ = X ; 1.4 t)(m) as a continuous time system whose control value space is the
tangent bundle to U. Applying the lemma, the whole trajectory must remain in one orbit, as
wanted. B

4.6 Invariance and integrability

We now concentrate on actions corresponding to time topologies for continuous time systems,
or more generally actions of the type X(®). Let ® be a set of vector fields, D := D(®), and
Y = X(®). “Invariance” will mean in this section ¥(®)-invariance. By lemma 3.2, we know
that D is invariant if and only if

Adexp(tX),D(é.) = D(&)

whenever £ € M, X € ®, ¢t > 0, and exp(tX)(&) is defined. By proposition 4.3, D(vf(X)) = D.
Since Dy, is the smallest invariant distribution containing this, it follows that:

Lemma 4.10 D is invariant if and only if D = Dy |

Since by Theorem 2 Dy is integrable, it follows that an invariant distribution must be
integrable. Conversely, if D is integrable and {N), A\ € A} is a partition into maximal integral
manifolds, it follows from lemma 4.7, applied to the equations & = X (z), for X € ®, that each
N, is stable and therefore that

Adesp(ex)TeNA(E) € TeNA(E) (39)

for each £ € N and each ¢, X so that the flow is defined. Because T¢Ny(€) has the same
dimension as Tt x)(e)Na(exp(tX)(€)), equation (39) is an equality. Since these are integral
manifolds, D must be invariant. Thus we established the following result.

Theorem 4 A smooth distribution D is invariant if and only if it is integrable. |

Recall that here invariance is under ¥(®), for any given set of vector fields such that D =
D(®). The following local version of invariance is useful.

Lemma 4.11 D is invariant if and only if for each £ € M and each X € ® defined at £ there
exists an € > 0 such that

Adexp(tX)D(g) - D(ﬁ) (40)
for each t € (—¢,¢).
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Proof. Note first that it is equivalent to assume equality in equation (40). Indeed, when
this is applied for small enough —t it implies, because of equation (20), that D(§) =

Adexp(tX) Adexp(ftX) D(f) - Adexp(tX)D(f) :

If the distribution is invariant, then Adeg,x)D(§) = D(§) for all positive t. But then
equality also holds for small negative ¢, since exp(—tX)(&) is defined for small ¢, again using
equation (20),

Assume now that the local statement in the lemma holds. Pick any X and &, and let (to,¢1)
be the interval of definition of exp(¢X)(£). We will prove that (40) holds as an equality for all
t in this interval. Let S be the subset of (¢o,¢1) where the equality holds. It will be enough to
prove that S is both open and closed. (Note that S is nonempty, since 0 € S.) We pick an ¢ as
in the statement. For each 7 € (to,t1) and each small enough t € (—¢,¢),

Adexp((t+T)X)D(€) = Adexp(TX)Adexp(tX)D(f) = Adexp(TX),D(é-)'

Thus if 7 € S the last term equals D(§), so also t + 7 € S, and S is open. If 7 is not in S, the
last term is different from D(§), and therefore ¢ 4+ 7 is also not in S, so the complement of S is
open as well. ]

Since D = D(®), we see that D is invariant iff for each X,Y € @, each &, and each small ¢,
Adexp(tX)Y("g) € ,D(g)

We now prove that integrability is equivalent to involutivity provided that D is determined
by analytic vector fields or that certain other sufficient conditions hold. For this, we need the
Baker-Campbell-Hausdorff formula:

dl
del

valid for all vector fields X, Y defined at £, all ¢ such that the flow is defined, and all nonnegative
integers [. Assume that ® is involutive, and pick X, Y, . Consider

a(t) = Adexp(tX)Y(g)

as a function taking values in the finite dimensional space T M, which we identify with Eu-
clidean space R™. Because of involutivity and formula (41), all derivatives of a at t = 0 are in
the subspace D(§). When both X and Y are analytic, this implies that a(t) € D(§) for all ¢,
so the distribution is invariant, or equivalently, integrable.

Adexp(tX)Y(g) = Adexp(tX) (adl(X)(Y))(g) (41)

We next show that the same conclusion is true if ® is an involutive locally finitely generated
set of vector fields. For involutive ®, we define this latter property to mean: for each & €
M there are vector fields Yi,..., Yy € ® such that any ¥ € & can be expressed in some
neighborhood V of £ as

k
Y(Q) =D pilQ)Yi(<) (42)
i=1
for a set of smooth functions pi,...,pr defined on V. In other words, ® is locally finitely

generated as a module over the ring of smooth functions. Examples of locally finitely generated
involutive ® are finite dimensional Lie algebras of vector fields (just take for the Y;’s a basis
of this Lie algebra), as well as involutive sets of vector fields for which the distribution D(®)
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has constant rank (if {Y1(£),...,Y%(€)} is a basis of D(§), then {Y1(¢),...,Y%x(¢)} must also
be a basis in a neighborhood of &; the p;’s are then obtained from Cramer’s rule). Also, it is
possible to prove that distributions generated by analytic vector fields are always locally finitely
generated, so this case in fact contains the previous one.

One could define the concept of local finite generation for noninvolutive ®, but a useful
definition, though equivalent to the above under the added assumption of involutivity, in the
general case would have to be somewhat more complicated.

Assume now that & is involutive locally finitely generated. Pick any & and X,Y € &, and
aset {Y1,...,Y,} as above. Let v be any element of Te M = IR™ perpendicular to all elements
of D, (v,Y;(£)) = 0 for all 4, and introduce the functions

ﬂl(t) = <V7 Adexp(tX)Yi(f)>

and the vector a(t) := (51(t), ..., Bk(t))’. If we prove that « is identically zero in a neighborhood
of t = 0, it will follow that for each Y € ® also (v, Adexpx)Y (§)) = 0, because Y is a linear
combination of the ¥;’s and Adqyp(¢x) is linear. Repeating with a basis v, . .., of the annihilator
of D(§), we conclude that Adecix)Y (§) € D(§), as desired. Note that a(0) = 0. By the local
finite generation property, there exist smooth functions p;; such that

k
(X, Y] =" pi;Y;.
=1

Applying formula (41) with [ = 1, we have that

where R is the matrix of the p;;’s. Thus «(t) satisfies a homogeneous linear differential equation,
so a(0) = 0 implies that a(t) = 0 as desired. We summarize the conclusions in the next theorem.

Theorem 5 Assume that ® is an involutive set of vector fields, D = D(®), and one of the
following properties holds:

o All the vector fields in ® are analytic.

o The span of ® is finite dimensional.

e D is nonsingular.

Then D s integrable. |

Note that if D is involutive, then it can be written as D(vf(D)), and thus as D(®’) for some
involutive set ®’. The constant rank part of the Theorem is basically Frobenius Theorem. The
analytic version is due to Nagano and Hermann, and the method of proof is due to Lobry and
Sussmann.

We now establish a converse of proposition 4.2.
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Proposition 4.12 Assume that 3 is an action of the type X(®). If either Ly is analytic, or it
spans a finite dimensional space, or the distribution D(Ly) is nonsingular, then D(Ly) = Dx.

Proof. Recall that by definition Dy, is the smallest ¥-invariant distribution containing D(vf(X)),
and by proposition 4.2 it contains D(Lyx). By definition the latter includes D(vf(X)); thus it
will be enough to establish that it is invariant. We apply Theorem 5 with “®” there being Ly..
It follows that D(Ly) is invariant under Ly, and therefore in particular under vf(X), which by
proposition 4.3 equals ®. [ |
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5 Zero-time orbits and sampling

In this section we wish to show how the previously obtained results can be applied to the
problem of preservation of accessibility under sampling. The main fact to be proved is that, for
continuous time smooth systems with connected control value set, the “fixed time accessibility
property” from a state £ is a sufficient (as well as a necessary) condition to insure that the
sampled systems in (17) satisfy the accessibility property from this £ as discrete time systems,
for each ¢ small enough. Fixed time accessibility is the requirement that the set of states
accessible from & in total time zero be a neighborhood of £&. The idea of the proof is to first
show that these orbits are second countable in the input topology, and to then approximate
the distribution associated to the input topology by distributions corresponding to the sampled
systems. Second countability will insure that distributions have full rank precisely when this
strong accessibility condition holds. The sampling result can be alternatively proved using a
fixed-point argument, as done in [18]; however the present approach is much more natural, and
the second countability proof is of considerable interest in its own right.

For this entire section, ¥ is the input-topology action associated to a fixed smooth-in-controls
system.

5.1 Zero-time orbits

The zero-time orbit Oy(§) of & € M with respect to the system (11) is the set consisting of £
as well as all states of the form

exp(t1 Xy, ) - - - exp(te Xy, ) (§) (43)
obtained for all possible sequences of nonzero numbers (¢1,...,tx) such that
k
dti=0
i=1
and all positive integers k and all sequences of elements uy,...,ur € K. The state space M

can be partitioned into zero-time orbits. Our first claim is that these are open subsets of the
orbits O(§), when the latter are given the input topology.

Indeed, assume given any ¢ € Og(§). In particular, ¢ € O(§), so by part (2) of Theorem 2
there are positive numbers

S1y-++5 S,
a sequence b = (ay,...,a;) of +’s and —’s, and control values
ULy ooy EIC,
such that
¢ =expla151Xy,) ... exp(a;spXy,)(€)
and so that

(v1,...,01) — exp(a151Xy,) - . . exp(arsEXy,) (§) (44)
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has rank at (ui,...,u;) equal to dim M. Note that the image of (44) is included in Oy(¢),
since one may go first from ¢ to £ in time — Y s; using the controls w;. But Og(¢) = Op(§),
because of the assumption that ¢ € Oy(§). These maps are smooth with respect to the input
topology structure on O((¢). By the implicit mapping theorem, there is then a neighborhood of
¢ in O(¢) = O(&) included in the image of (44), and hence in Og(&), as desired.

From now on, we shall write Og(§) to denote the zero time orbit Oy(§) endowed with the
(input) topology from O(§).

The use of the input topology is essential here. Zero-time orbits are not open with respect
to the time topology, as illustrated by the example £ = 1. Here O(0) = R and Oy(0) = {0};
the former is IRy in the case of the input topology case but has the usual structure in the
time-topology case.

In general, O(§) is not second countable in the topology being considered, as illustrated
again by the above example. However, we shall establish in the next subsection that its open
subset O(&) is second countable, provided that the control value set K be connected. Perhaps
surprisingly, the assumption of connectedness of K is essential. Even a K with just two com-
ponents may result in a non second countable zero-time orbit. As an example of this latter
phenomenon, consider the discrete manifold K consisting of two points, say {0,1}, and the
equation on M =R

t=u, uek={0,1}. (45)

For this system, Oy(0) = O(0) = Ryjsc, not second countable. In contrast, for the time-
topology, connectedness of K is irrelevant; the same proof to be given below provides second
countability for that topology when the roles of controls and times are interchanged.

5.2 Second countability of zero-time orbits

Pick an integer 7 and a permutation 7 on {1...r} of order 2 (72 = identity), and any fixed
& € M. For any such 7, we let

Ry :={t=(t1,...,t,) € R|t; = —ty; for all i}.
(If mé = i this forces t; to vanish.) Consider also the function
trn(£,0) = exp(ty X, ) - exp(t1 X, )(€) (46)
where t = (t1,...,t,) and w = (uq, ..., u,), thought of as defined on the open subset
Eqxr CIR, x KT
where the expression in (46) is defined. We write just o(t,w) if r, 7 are clear from the context.

Because of the restriction to ¢t € Ry, the image of each map (46) is included in Oy(&). This
map is continuous on w for each fixed t, by definition of the input topology; note that « is
independent of those wu; for which ¢; vanishes. We shall prove that the union of the images of
the maps (46) cover Op(&), and that each such image is second countable. Because there is a
countable number of possible maps like this, second countability of Oy (§) will follow. Note that
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the “proof” that &, is second countable and therefore the image of it under « is also second
countable is fallacious, because for the input topology on orbits « is not continuous on t.

The first step is then to establish that every element of Op(&) can be written as «a(¢,w) for
suitable r, w, w, and t. We shall call such an expression, where for each time ¢; there is also
a corresponding —t;, a balanced expression. The naive approach to proving this would be as
follows. Assume that

¢ = exp(aX)exp(bY)exp(cZ)(§), (47)

where X,Y, Z are of the form X, and a + b4+ ¢ = 0. Then, since a = —b — ¢, we may also
formally write the above as

¢ = exp(—cX) exp(—bX) exp(bY) exp(cZ)(§), (48)
¢ = exp(—bX) exp(—cX) exp(bY’) exp(cZ)(§), (49)

both of which are balanced expressions. Unfortunately, neither (48) nor (49) may be well-
defined. This difficulty is illustrated by the example

j::(l—u):nQ, Y= u,

with M = IR? and K = IR. Now take a = —0.5,b = 1.5,¢ = —1 and for X,Y, Z the vector fields
corresponding respectively to u = 0,1,1. Let £ := (1,0)’. Then (47) is well defined, but neither
(48) nor (49) are, because the solution of

i =% 2(0)=1

is only defined for ¢t € (—1,1). The argument is somewhat more involved.

Lemma 5.1 If ¢ = exp(10Xo) exp(11X1) ... exp(7:X%)(€), SF_o7n = 0, then ¢ can also be
obtained from a balanced expression.

Proof.  We assume without loss that 75 > 0, otherwise the argument is the same interchanging
signs. We show that

l

¢ = exp((z Ai)Xo) exp(T1X7) ... exp(mpXk)(€), (50)
i=1

where [ = km for some positive integer m, and where the elements of the sequence

—A,..., =N
are a permutation of
(R U T T T (51)
m7 m m7 ) m7 ) m7 ) m7
m times  m times m times
such that .
J
0<> N<m (52)
i=1



for each j = 1,...,l. Because each exp(7;,X},) can be rewritten as the composition of m copies
of exp((ty/m)Xp), the expression (50) is balanced; by (52) it is well-defined. It equals ¢ because
necessarily Zli:1 Ai = To.

Let m be any positive integer such that
|7h/m| < 10/2 (53)

forall h =1,...,k. We now construct the sequence of the \;’s as a permutation of the negatives
of the elements (51). Since —> 71, = 79 > 0, there must be some h so that —7, > 0; let A\;
be this element —75,/m. We keep defining Ao, ..., A; each equal to some —73,/m, for negative
elements of the sequence (51), as long as the constraint (52) is satisfied and there are elements
left in the sequence. Because of (53), at the end of this process the sum in (52) will be at least
70/2. If we didn’t exhaust the sequence (51) (in which case we are done), we stopped because
the sum would become larger than 7y when adding some element —75, /m, which means (because
the sum of all the elements in the sequence is exactly 79) that there is some 75, /m > 0 in the
sequence. We now start adding the negatives of such elements to the sequence of the \;’s, again
as long as the constraint (52) is satisfied. Since the sum of the A; up to this point is at least
To/2, this process can be done for at least one step. When we stop, either all the sequence
has been reordered or the sum is less than 79/2. Now we repeat the ascending process. It is
clear that this algorithm stops after a finite number of iterations, and results in the desired
reordering. [ |

Theorem 6 If K is connected, then for every & the input-topology zero-time orbit Oy(&) is
second countable.

Proof. We will prove that for each fixed permutation 7 as above, and for each (°,w°) in &,
there exists a neighborhood N of (t°,w®) in E.x such that a,-N C Oy(€) is connected. Since
Op(€) is a countable union of sets of the form

Qg (gT‘TF))

it will then be enough to show that each of these latter sets intersects at most countably many
components of Oy(§). We cover &, by open sets N each of which maps into a connected set.
Since &, is an open subset of the second countable manifold R, x K™ (recall that K is assumed
to be connected, and hence second countable), it is itself second countable. It follows that there
is a countable subcover by these sets N (Lindeloff property), and the theorem will follow. Thus
the construction of N is the critical part of the proof.

This is done as follows. First we introduce some auxiliary mappings. For each pair of
integers 1 <14 < j <7, we let ¢;;(t,7) be defined as

(t1,0,%2,0,...,0,t;,7,ti41,0,...,0,¢;, —7,%j41,0,...,0,t.)
and let x;j(w,u,v) be
(W1, U1, U2, U2y ooy U1y Uiy Uy Wi 1y Wi Ty« oy U1y Uy Uy Ujp ]y ULy - - -y Uy Uy ).
We also let m;; be the permutation of {1,...,2r} with

7Tij(2i) = 2j, 7TZ](2]) = 2i, and 7Tij(2l — 1) =2nl —1 for all [.
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and m;;k = k for all other k. We denote by Z the set consisting of all
(t,7yw,u,v) ERy x Rx K" X K x K
for which
(@i (t,7), X (w,u,v)) € Expmy; for all i < j.

The set Z is open, by continuity on controls and time of solutions of differential equations.
For the given w°, let C' be any compact subset of K such that int C' is connected and all
components u of w are in int C. The existence of such a set C follows from the assumption
that K is connected. (This is the only place where the assumption is used.) Let

K :={(t°0,0° u,v)|u,v € C}.
This set is compact and it is included in Z because
Q2r, ;5 (@ij (toa 0)7 X(woa u, U)) = aTTr(tov WO)

for all u,v. Thus there is an open neighborhood V' of K contained in Z. Moreover, V can be
taken to be rectangular, meaning that

V=1Jt) = 6,t) +6) x (—e,e) x Ay x ... x A, x B x B,

where B is an open set containing C, and for each i, A; is a connected subset of int C' which
contains the corresponding ug. Further, we assume that 26 < ¢. (The product of the intervals
(t) — 6,tY + 6) is understood as a subset of R;.) Finally, we let

N =]t —6,t) +6) x Ay x ... x A,.

Pick any (¢,w) and (s,w’) in N. We want to construct a path (in the input topology) connecting
a(t,w) with a(s,w’). We first connect «(s,w) with a(s,w’). Inductively, we may assume that
w and w’ differ in only one coordinate, say the i-th. Since both u; and u} are in A;, a path
connected subset of C, there exists a path p with p(0) = u;, p(1) = u}, and p()) in A4; for all \.
Composing with « (as a function of u;) we get the desired path in Oy(&).

Now consider the problem of connecting a(¢,w) with a(s,w). Since « is not continuous with
respect to t, this is not as straightforward as above. Inductively, we assume that ¢, s differ only
at the i-th coordinate. We let j := mi, and assume i < j. (If i = j then the antisymmetry
condition t; = —t,; implies that both s; and ¢; must be zero, and hence equal.) Thus, s has the
form

8= (t1, - tic1,Sis i1y -5 b1, 85, tj415 - - o5 tr)

with s; = —s;. Since both (¢,w) and (s,w) are in N, we have that [t; — s;| < 20. Let
Ti=8 —t;=1t; — 85,
so that 7 € (—¢,¢), and note that
a(ty ... ty,w) = Q2 i (¢i;(t,0), x(w, us, uj)) (54)

and
81 .. 8r,w) = Qp (i (t, 7), X (W, ug, uyg)). (55)
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We now claim that «(s;...s,,w) is in the same component as

Q2r,m; (Prj (E T)s Xkj (W, U, ug)) (56)

if i <k < j—1 and in the same component as a(t,w) if & = j — 1. We prove the claim by
induction on k. For k = 4, this is trivial by equation (55). Assume now that the claim has been
proved for k. Since w isin Ay X ... x A,, both u; and w41 are in int C. Thus there is a path p
connecting uy and wugy1, with the image of p contained in int C', and hence in B. Consider the
path

p/()‘) = O2rmy; (“ij <t7 T)a Xkj (wv p(A), 'LL])) (57)

This is continuous into Oy(§) with the input topology. It is well defined because of the choice of
the neighborhood V', and it connects the element in equation (56) with the the corresponding
element having uy,q instead of ug. If £+ 1 < j, this equals

Of?’r‘ﬂr;ﬁ_l’j (‘Pk—i—l,j (ta T)7 Xk+1,j (w7 Uk+1, ’U,])),

(note the new subscripts,) because of the fact that exp(ty41Xy,.,) and exp(7Xy, ) commute.
This establishes the inductive step, and proves the first part of the claim. Applying now the
same argument with u;_1 and wu;, the expression obtained at the end of the path is simply
a(t,w), by the equality exp(—7Xy,)exp(tXy;)exp(7X,;) = exp(rXy,;). This completes the
proof that N is as desired, and therefore the proof of the theorem. |

5.3 A sampling result

Assume given a continuous time system (11) smooth in controls, and let ¥ be its associated
input-topology action (definition 2.15). For each § > 0, the associated §-sampled action is the
one for the discrete time system (17); we denote this action, which has & = K and the same
state space M, by Xs. For an introduction to the topic of sampling and its relevance in digital
control, the reader is referred for instance to [17].

Let D be the distribution associated to the sampled action ¥5. It follows from the definition
of this sampled action and from the explicit form (25) for the generating vector fields that

DY C Ds. (58)

Furthermore, we claim that in fact this is locally an equality for § small enough. Indeed, pick
any £ € M. There is a finite set of vector fields as in (25) whose values at £ are a basis of
Dyx(£). Seen as functions of ¢, we may arrange these vector fields (evaluated at &) into a real
matrix

A(ty, ..., tk). (59)

W00

We view this as a matrix of functions on IR¥, where the ¢; are all the times appearing in “w
and “u” for each generator, and for a particular value (7y,...,7;) we have the above vector
fields. The columns of A are in Dx () for each sequence of t;’s where well-defined, and they
form a basis whenever |t; — 7;] < A for all ¢, for some A > 0. For each 0 < 6 < A and for each
i, then, we may pick an integer s; with |s; — 7;/0| < 1. It follows that A(s10,...,sxd) is a basis
of Dy (&) for such 6 and s;’s. Since the columns of this matrix are evaluations at & of generators
of X5, we conclude as follows:
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Lemma 5.2 For each £ € M and each small enough & > 0, D% (&) = Dx(€). n

Definition 5.3 The system (11) satisfies the strong or fized-time accessibility property from
e Miff £ € int Og(§). |

For analytic systems (13) affine in controls, it is a “classical” fact ([20]) that the strong
accessibility property is equivalent to the possibility of reaching in fixed (positive) time an open
subset of the state space, and is also equivalent to the rank condition

rank £o(§) = dim M

where Lg is the strong accessibility Lie algebra defined as the smallest subspace of vector fields
on M which contains g1,...,gmn and is closed under Lie brackets by f as well as all the g;’s.

Definition 5.4 The system (11) satisfies the sampled accessibility property from & € M iff
¢ € int O5(&) for some § > 0, where Os(€) is the orbit of £ under the action Xs. n

We may now prove the main result of this section.
Theorem 7 If K is connected, sampled accessibility is equivalent to strong accessibility.

Proof. Sampled accessibility at £ is equivalent to the full rank of Dg at &, by proposition
3.9. Strong accessibility at & is equivalent to the full rank of Dy, (input-topology action) at &,
because of proposition 3.8 and Theorem 6, plus and the fact that Op(§) is open in O(&) and
therefore is also an integral manifold of ¥. Thus (58) gives one implication and lemma 5.2 gives
the other. |

The Theorem is false even if K has just two components, as again illustrated by example
(45): with any fixed J, the sampled orbit Og(0) is the set of all integer multiples of §, but the
zero-time orbit is as a set all of IR.

More precise estimates for what are “good” ¢ can be given, based on the expansions (36);
see for instance [16]. These estimates generalize known results for linear systems and, in its
dual form for controllability, the Nyquist-Shannon Sampling Theorem.
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7 Continuous time systems

Form now on we concentrate exclusively on applications to continuous time systems.

7.1 The accessibility rank condition

We say that the accessibility rank condition (ARC) holds at £ if Ly, has full rank at &; if this
happens at all £, we just say that the ARC holds. The controllability Lie algebra of (11) is the
Lie algebra

L:={XyueK}tra

which for systems of the special form (13) is the same as

{f7gla e 7gm}LA-

This is just the Lie algebra Ly, obtained from the time-topology action, and the ARC is simply
the statement that the vectors X (&), X € £ must span a space of dimension dim M.

The sufficiency part of the following result is often called the (positive form of) Chow’s
lemma.

Theorem 8 Assume that for the continuous time system (11) the ARC holds at £&. Then, for
each neighborhood V' of &:

o The set of states in V that are accessible from £ is open.
o The set of states that can be reached from & contains an open subset of V.

o The set of states that can be controlled to £ contains an open subset of V.

All these statements hold even if controls are restricted to be piecewise constant. Conversely,
if the system is analytic, and if either of the sets of states accessible from, reachable from, or
controllable to & contains an open subset of M, then the ARC must hold.

Proof. The value at any state £ of the Lie bracket of two vector fields depends continuously
on £. Thus the ARC must hold in an open neighborhood W C V of £&. We now consider
the system (11) restricted to the manifold W as its state space. For this system, the ARC
holds everywhere, so we may apply Theorem 3, using the time-topology action associated to
the continuous time system. Note that controls are piecewise constant and take values in the
interior of /. For the third statement, note that ¢ can be controlled to £ relative to the system
(11) if and only if £ can be controlled to ¢ for the time-reversed system

(t) = —P(x(t),u(t), teR. (60)

To apply Theorem 3 to this reversed system, we compute its Lie algebra. This turns out to be
the same as the Lie algebra of the original system, since the vector fields generating £ are the
negatives of the original ones. Thus the third assertion holds too. Each of the reachability and
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controllability conclusions implies accessibility, so the converse statement is a consequence of
corollary 3.12 and proposition 4.12. [ |

Less than analiticity is needed for the converse to hold. The same conclusion is true if the
algebra Ly is finite dimensional or if Dy, is of constant rank

The one-dimensional example & = 1 shows that the ARC does not imply that the reachable
set from £ must be open, or even that it must be a neighborhood of &, as is true for the accessible
set.

If the ARC holds (at every point), every orbit must be open, so M is partitioned into
disjoint open subsets. So we conclude as follows.

Corollary 7.1 If M is connected and the ARC holds, the continuous time system (11) is
transitive. Conversely, transitivity implies the ARC provided that the system is analytic. [ |

For linear systems, transitivity is equivalent to (complete) controllability. This is because
these are analytic systems and the reachable set from the origin, being a subspace, can only
contain an open subset if it equals the entire space.

Exercise 7.2 By computing the controllability Lie algebra for linear continuous time systems,
relate the ARC to the usual controllability rank condition. |

Exercise 7.3 Given a time-varying continuous time linear system & = A(t)x + B(t)u, with
z(t) € R", u(t) € R", for which all the entries of A and B are smooth on ¢, we may consider
the associated nonlinear system

= A(r)z+ B(1)u (61)
=1 (62)

where 7 is a new state variable. The state space is now IR"T!. Prove that if the ARC holds
for (61) then for each £ € IR there is a 7' > 0 such that the set of states reached at time 7" if
starting from £ at time 0 is all of R™. Relate the ARC to a known controllability condition for
time-varying linear systems. |

A continuous time system is sometimes said to be symmetric if for each u € K there is some
u’ € K such that —X,, = X,s. The typical example is that of systems (13) with f =0 and a
symmetric K, in which case u' = —u satisfies gives symmetry. For such systems, being able to
reach ¢ from £ with a constant control u is equivalent to being able to control ¢ to £ using u/'.
Since transitivity is equivalent to transitivity with piecewise constant controls, it follows that
in this case transitivity implies reachability. So the above can be rephrased, for simplicity in
the analytic case, as follows.

Corollary 7.4 If (11) is symmetric and analytic, and M is connected, complete controllability
is equivalent to the ARC. i
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Exercise 7.5 In the nonanalytic case, a system may be controllable but the ARC may not
hold. Consider for instance the system on IR?, with = IR?,

T = u1g1 + u2g2

where g1(z,y) = (1,0), g2(z,y) = (0, a(z)), and « is the function with a(z) = e=1/*” for z > 0
and a(z) = 0 for negative x. Show that this is completely controllable but that the ARC does
not hold. n

The following is a well-known example illustrating the use of the ARC. Assume that we
model an automobile in the following way, as an object in the plane. The position of the center
of the front axle has coordinates (z,y), its orientation is specified by the angle ¢, and @ is the
angle its wheels make relative to the orientation of the car.

FIGURE OF CAR INDICATING COORDINATES z,v, ¢, 0

We assume that the angle  can take values on an interval (—6p, ), corresponding to the
maximum allowed displacement of the steering wheel, and that ¢ can take arbitrary values. As
controls we take the steering wheel moves (u;) and the engine speed (uz). Using elementary
trigonometry, the following (symmetric) model results:

cos(p +0)
sin(¢ + 0)
sin 6

0

where z = (z,y, ¢, 0)" can be thought of as belonging to the state space
M=R xR xR x (—6,6) CR*.

(We could instead identify ¢ and ¢ + 27 and take as state space the manifold R x IR x $! x
(=00, 6p); the results to follow would be the same in that case.) We take the controls for instance
as belonging to the set

K=[-1,1] x [-1,1].

A control with us = 0 corresponds to a pure steering move, while one with u; = 0 models a pure
driving move in which the steering wheel is fixed in one position. We let g1 = steer be the vector
field (0,0,0,1)" and g2 = drive the vector field (cos(¢ + 0),sin(p + 6),sind,0)’. It is intuitively
clear that the system is completely controllable, but it is worth proving it mathematically as
follows.

Exercise 7.6 Apply corollary 7.4 to show that the system is controllable. Do this by computing
the vector fields wriggle:= [steer,drive] and slide:= [wriggle,drive], and showing that at each
point of M, the determinant of the matrix consisting of the columns (steer, drive, wriggle,
slide) is nonzero. |
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What is perhaps less obvious is that one can reach any neighborhood of a given state without
large excursions. More precisely, given any open subset V' of M, the system could be thought
of as a system with state space V', and as such the same result gives that the restricted system
is completely controllable. This is particularly useful if we need to get out of a tight parking
space.

FIGURE OF CAR IN TIGHT PARKING SPACE

Exercise 7.7 Show that for ¢ = 6 = 0 and any (z,y), wriggle is the vector (0,1,1,0), a mix of
sliding in the y direction and a rotation, and that slide is the vector (0,1,0,0) corresponding
to sliding in the y direction. [ |

The trajectories corresponding to following the vector wriggle thus represents the “wriggling”
motion

steer - drive - reverse steer - reverse drive, repeat

because of the following basic fact about Lie brackets. (As it is often said, this is a computation
that everyone should do at least once in their life.)

Exercise 7.8 Show that for any two vector fields X,Y and any ¢,
exp(—tY) exp(—tX) exp(tY) exp(tX)(€) = exp(t*[X, Y](€) + o(t*))(€) (64)

as t — 0. You will need to use the facts that (a) for any vector field Z in R"”

2
exp(t2)(0) = C+1Z(0) + 5 Z(O)Z() + olt?),

which follows from the definition of exp(¢Z) as a solution of a differential equation (Z, denotes
the Jacobian of Z), and (b) Taylor expansions to first order for each of X (x) and Y (x). ]

Note that (64) characterizes the Lie bracket of X and Y as measuring how far they are from
commuting with each other. The term t? explains why many small-time wriggling motions are
needed in order to obtain a displacement in the wriggling direction: the order of magnitude ¢?
of a displacement in time ¢ is much smaller than ¢. The exercise also suggests how to implement
the pure sliding motion: wriggle, drive, reverse wriggle, reverse drive, repeat (many times).

7.2 Some further controllability results

The symmetric case can be easily characterized, at least in the analytic case. The study of
controllability for nonsymmetric systems is the subject of much current research, and is one of
the main areas of theoretical work in nonlinear control. We will not pursue this difficult topic
here, except for a few very elementary remarks.
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Lemma 7.9 Assume that the ARC holds, and that the set of states reachable from a given &
is dense in M. Then every state is reachable from &.

Proof. Pick any ¢ € M. By the second assertion in Theorem 8, applied at the point { and
taking V = M, there exists an open set W such that each state in W can be controlled to (.
By the density assumption, there must be some state in W which is reachable from £. This
gives the result. |

A similar argument is used in the next result. Recall that proposition 2.16 says that ac-
cessibility for a continuous time system is equivalent to accessibility using piecewise constant
controls. When the ARC holds, a similar statement can be made regarding controllability.

Corollary 7.10 Consider a continuous time system (11). Let &, { be any two states in M, and
assume that ¢ is in the interior of the set R(&) of states reachable from z and also that the ARC
holds at ¢. Then, £ can be controlled to ¢ using piecewise constant controls. In particular, if
the system is analytic and completely controllable, then it is possible to reach any ¢ from any
other ¢ using piecewise constant controls.

Proof. By the second assertion in Theorem 8, applied at the point ¢ and taking for V' the
interior int R(§) of the set of states reachable from &, we know that there exists an open set
W C R(&) such that each state in W can be steered to ¢ using piecewise constant controls. Pick
any state ¢’ € W. By the discussion in remark 2.13, there is a sequence of states approaching
¢’ each of which is reachable from ¢ with piecewise constant controls. In particular, there is
one such state ¢ € W. Concatenating the piecewise constant control sending & to ¢” with one
sending ¢” to ¢, we obtain the desired conclusion. For the last statement, we use the converse
part of Theorem 8 in order to conclude that the ARC must hold at every point. |

When control values are unbounded, one may be able to cancel in some sense the effect of
the “drift” term f and reduce to the symmetric situation. The following result illustrates this
fact.

Proposition 7.11 Assume given an affine-in-controls system (13) for which £ = R™ and
M is connected. A sufficient condition for the system to be completely controllable is that
{91, -,9m 1A have full rank at each point.

This condition is far from being necessary. For linear systems, for example, it would require
the B matrix to have rank n, and in particular, that there be more controls than the dimension
of the state space. However, it is a useful condition sometimes. In its proof we require the
following fact.

Lemma 7.12 Assume given an affine-in-controls system (13) for which £ = IR and the ARC
holds. Then this system is completely controllable if and only if the system

:i::uof(x)—i-f:uigi(x), up >0 (65)
i=1
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is completely controllable. (This is a system whose controls take values in K = [0, +00) x R™ C
Rm—l—l.)

In the analytic case, the hypothesis that the ARC holds is redundant, since it is implied by
controllability.

Proof. Any trajectory of the original system is also one for the new system, (simply let ug = 1,)
so only one implication needs to be proved. Assume then that (65) is controllable. We shall
show that, for the system (13), the reachable set R(£) from each £ € M is dense in M. The
ARC holds for this system, because its controllability Lie algebra coincides with that for (65),
since both equal {f,91,...,9m}r4. Then the result will follow from lemma 7.9.

By corollary 7.10, (65) is controllable using piecewise constant controls. Pick any two
£,¢ € M. Thus there exists a sequence of states & = &,...,& = & such that each for each

i =2,...,k there are real numbers T, ug, ..., u,, such that
& = exp(T(uof + > u;g5))(&i-1) (66)
j=1

and T, uy are nonnegative. We prove by induction on i that each & is in the closure of R(§).
Assume that this is true for §_;, and let {; — &_1 as | — oo, each (; € R(§). By continuous
dependence of solutions on controls and initial states, for A large enough

= exp(T [y + 17 + 3 w30,)(@)
j=1

is defined and 7, — &;. But each 7; is reachable from &;_1, because it equals
exp(Tuo+ )+ —5—6))(@)
PRSHO T Ly + 11975

(Note that the fact that K = IR"™ is used here, since the quotients w;/(ug + 1/l) may be very
large even if the u;’s where restricted to be small.) Thus the induction step is completed. R

Proof of proposition 7.11. By the above, it is only necessary to show that (65) is controllable.
For this it is enough to establish that

m
T = Zuz‘gi(ﬂﬂ)
=1

is controllable. But this follows from the Lie algebra assumption, which is the same as the ARC
for this (symmetric) system, together with corollary 7.4. |

The gap between controllability and accessibility, at least in the situation of the above

lemma, is due to the negative motions exp(tf),t < 0:

Corollary 7.13 Assume the affine-in-controls system (13) has £ = R™ and satisfies the ARC.
Then, it is completely controllable if and only if exp(—tf)(£) € R(&) for each £ € M and each
t > 0 where defined.
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Proof.  The necessity of the condition is clear, since controllability means that R(§) = M
for each £. Conversely, assume that the the ARC holds for the system (13). Pick any pair
&, ¢ € M. We need to establish that ( € R(£). There is an integer k and a sequence of real
numbers t1,...,t; such that

§ = exp(t1X1) ... exp(txXk)(C), (67)

where each Xj; is one of the vector fields f, g1, ..., gm. This is because the system has the same
controllability Lie algebra as

,f:X(.I'), Xe{f7917~--7gm}

thought of as a continuous time system having a discrete control space K with m 4+ 1 elements,
and this latter system is transitive due to the ARC. We will prove by induction on k, that
exp(tX)(€) € R(&) for each such X, with respect to the system (65) and therefore by lemma
7.12 also for the original system. But each exp(tg;) is a motion of system (66) (just let u; =0
for each j # 4,) and similarly for exp(¢f) for positive f. Finally, for negative ¢, the case exp(tf)
follows by the hypothesis. |

Exercise 7.14 (a) Many physical systems can be described by equations such as (13) in which
the flow of f is periodic, that is, for each ¢ there is some 7' such that exp(T'f)(§) = £. Prove
that if the ARC holds, M is connected, I = IR™, and the flow of f is periodic, then the system
is completely controllable.

(b) As an application, consider the control of the angular velocity of a satellite using a
pair of opposing jets. The corresponding equations can be obtained from the classical Euler
equations for rigid body motion. When the satellite is symmetric about an axis, and choosing
simple values for the parameters defining the moments of inertia and the axis along which the
control acts, these become

w1l = wowsz+u
d)z = u
w3 = —wow3zt+u

with state space M = IR® and control set K = IR. Show that this system is completely
controllable. ]

Bilinear continuous time systems are systems affine in controls for which M is a submanifold
of IR™ and the vector fields f, g1,...,gm are linear. That is, the equations are

m

i=1
where the F; are matrices such that F;{ € T M for each £ € M under the identification
T¢IR"™ = R". For such systems, the computation of the ARC is particularly easy, since the
Lie bracket of any two linear vector fields f(x) = Ax and g(x) = Bz is obtained from the Lie
bracket of the corresponding matrices, [f,g](x) = (BA — AB)z. Since the space of all n x n
matrices has dimension n?, one must check at most Lie brackets involving n? of the matrices
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F;. (In fact, the computations can be arranged very efficiently by recursively computing a basis
for the span of the set of all brackets formed out of k elements, & = 1,...,n2.) In particular,
one may consider the case of systems on Lie groups, whose state space is a (connected) Lie
subgroup G of GL(n) and the equations are in matrix form

X = (Ao + ZuiA,-)X,
=1

with the A; in the Lie algebra of G. A system like this can be rewritten as a bilinear system
on a submanifold of R™. The vector spaces L(&) are for such systems all isomorphic to each
other, and equal the Lie algebra of matrices generated by {Ao,..., An}. In other words, the
ARC is equivalent to the requirement that the set of matrices obtained by taking arbitrary Lie
brackets of the A;’s should span the Lie algebra of G. For such systems, the results given about
transitivity reduce to well-known and elementary facts in the theory of Lie groups.

Exercise 7.15 Use corollary 7.4 to show that any 3 x 3 orthogonal matrix with determinant 1
is the product of rotations about the z-axis and rotations about the y-axis. You may use that
the space SO(3) of such matrices is a connected Lie group of dimension 3 whose Lie algebra is
the set of all skew-symmetric 3 x 3 matrices. Note that the two types of rotations correspond
to solutions of the differential equation

X =AX, X(0)=1,

where A is

respectively. [ |

An important variation on the idea of controllability is that of fixed time control. This
concept is central in the study of many optimal control problems. Let R (¢) denote the set of
states reachable from & in time exactly T for the continuous time system (11). It is often of
interest to know if R”(£) has a nonempty interior, at least for some positive T". (If this interior
is nonempty for a given T, it is also nonempty for T+ ¢, for each small € > 0, since for each ( in
the interior there is some vector field X, and some ¢ such that the local diffeomorphism exp(¢X)
is defined at ¢.) The ARC, though clearly necessary in the analytic case, is not sufficient for
this: again the trivial example £ = 1 provides a counterexample. For simplicity, we restrict
attention now to systems affine in control (13). Consider the strong accessibility Lie algebra
Ly associated to any such system as follows: Ly is the smallest subset of £ which contains the
vector fields g1, ..., g and which is closed under Lie brackets by f as well as by all the g;’s.
(In other words, Ly is the ideal of L generated by the g;’s.)

Thus Ly is generated in the same manner as £, by taking all possible brackets of f, g1, ..., gm,
except that f itself is not included in the generating set. The only way for f to be in Ly is if it
happens to be a linear combination of the g;’s and of any brackets of at least two of the vector
fields. Note that for each &, either

dim Lo(€) = dim £(€)
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or
dim £y(§) = dim L(§) — 1.

Intuitively, the effect of time (through the autonomous vector field f) is left out of the generating
set. At an equilibrium state (f(§) = 0), both algebras give the same vectors. The system
satisfies the strong accessibility rank condition at £ if Lo(€) has full dimension at &.

Exercise 7.16 Prove that, for an analytic system (13) and any state £, the interior of R (€) is
nonempty for some T > 0 if and only if the strong ARC holds at . Hint. Consider the system

o= [+ ug
z =1

where z is a new variable. Use that the ARC for this system is the same as the strong ARC for
the original system. [ |
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