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Nonlinear Controllability and Observability

ROBERT HERMANN anp ARTHUR J. KRENER, MEMBER, IEEE

Abstract—The properties of controllability, observability, and the theory
of minimal realization for linear systems are well-understood and have
been very useful in analyzing such systems. This paper deals with analo-
gous questions for nonlinear systems.

[. INTRODUCTION

REQUENTLY, control systems of the following form
are used to model the behavior of physical, biological,
or social systems,

x=f{x,u)

v=g(x)

>

(1)

where © €, a subset of R, xéM, a C* connected
manifold of dimension m, y&R" and f and g are C~
functions.

The control variable u represents the externally applied
controls or exogenous inputs to the system and the output
variable y represents the observable parameters of the
system. The state variable x may or may not be directly
measurable and is used to represent the memory of the
system. The past history of 2 affects its future evolution
only through information conveyed by this variable.

The state space M may be deficient in one of two ways.
It may be too small to adequately represent the full
variety of memory states, i.e., it may fail to distinguish
between real states where some control exictes different
observable effects. If this is the case, then the mathemati-
cal system ¥ fails to adequately model the real system and
hence, must be revised.

On the other hand, the state space may be too large.
The system may not be controllable, i.e., if 2 i1s known to
be in a given state x"EM at some time there may be
other states x € M where the system cannot possibly get to
or have come from using the given set of inputs. Or there
may be distinct states which are indistinguishable from an
input-output point of view, ie., if the same input is
applied in either of these states then the same output
resuits. These probiems can be caused by ignoring possi-
ble real inputs or real observables, in which case these
must be added to the model. If, after all the significant
input and output variables have been incorporated into Z,
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the state space M is still too large, then one would like to
apply a systematic technique to reduce M and still pre-
serve the input-output structure of the model.

Using the ideas of controllability and observability, in
the early 1960’s Kalman and others carried out this pro-
gram for linear systems. The similar questions for nonlin-
ear systems were not effectively treated until the early
1970’s. Based on the work of Chow [5], Hermann [9},
Haynes-Hermes [8], and Brockett [9] and working inde-
pendently, Lobry [21], [22], Sussman-Jurdjevic [25}, and
Krener [19], [20] developed the nonlinear analog of linear
controllability in terms of the Lie algebra % of vector
fields on M generated by the vector fields f(-,u) corre-
sponding to constant controls v €.

It was shown that if the dimension of % is constant or if
the system X is analytic, then there exists a unique maxi-
mal submanifold M’ of M through x° which carries all the
trajectories of ¥ passing through x° such that any point
on this submanifold can be reached from x° going for-
ward and backward along the trajectories of the system.
In particular if the dimension of F(x®) is m then M= M’
and so the system is “controllable” in some sense, to be
made precise in Section 1. If it is less than m then Z can
be restricted to M’ where it is *“controilable.” This is one
half of reducing the state space M.

For linear systems

x=Ax+ Bu
y=Cx {1
where u€R', x€R™, yER", this reduces to the well-
known criterion that the rank of the matrix

(B:AB:--- :A™'B)

be m.

The other half of the program of reducing the statc
space was supplied by Sussmann [28] for analytic or
svmmetric svstems. This generalized the work of Brockett
[3] on Lie groups. Sussmann noted that indistinguishabil-
ity is an equivalence relation on M and showed that for
analytic “controllable” or symmetric “controllable” sys-
tems, indistinguishability is a closed regular equivalence
relation so that the quotient is another manifold. He also
showed that the quotient inherits a system which has the
same input-output behavior as = but is “controllable”
and observable, i.e., has no indistinguishable states.

In this paper we take a different approach to nonlinear
observability, related to that of previous authors [16]-{18]
but which is more in the spirit of the approach to nonlin-
ear controllability described above. In particular we de-
velop results involving observability which are analogous
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to the controllability results depending on the dimension
of F(x). The relevant objects in this study are §, the
smallest linear space of functions on M which contains
the observations g,(x),- - - ,g,(x) and which is closed with
respect to Lie differentiation by ¥, and the differentials of
8 denoted by d§. If the dimension of d§ is constant over
M then indistinguishability need not be regular but there
is a related regular equivalence relation which we can use
to factor M. On the quotient there exists a system with the
same input-output behavior as X but which is “observ-
able” in the sense that neighboring points are distinguish-
able. In particular if the dimension of d§(x) is always m
then = has this property. For linear systems this reduces
to the well-known criterion that the matrix

be of rank m.

In order to bring out the “duality” between “controlla-
bility” and “observability” (which is, mathematically, just
the duality between vector fields and differential forms),
we first review in Section Il the known facts concerning
nonlinear controllability and then in Section III we dis-
cuss our approach to nonlinear observability. Finally Sec-
tion 1V deals with the question of minimality for nonlin-
ear systems.

I1. NONLINEAR CONTROILLABILITY

We consider the system Y duseribed in Section 1L Recall
a (™ (analytic) m-dimensional manifold M is a Hausdorff
topological space with a {* (analytic) structure, ie., a
countable cover of coordinate charts (U x,) where

1) /" s an open set in M.

2) x,=col{x, . -
onto its range, and

3) if (U x,) and (U”,x,) are two such ‘cuordmale
charts thien the change 01 COORUINEes Xy X,

R —~ TN Lo P s
Lr' ) 7_\/3(Lm1 i L /) IR ( i (uhdl;f:p).

-, x,,): U R™is a homeomorphism

:A\a(kL’/ N

For further details we refer the reader to Hermann [10] or
Boothby [2]. A non-Hausdorff manifold is a non-Haus-
dorff topological space with such a structure. If M is not
Hausdorff then solutions of ordinary differential equa-
tions on M need not be unique.

Throughout this section we simplify notation by assum-
ing M admits globally defined coordinates x =
col(x,, - - ,x,,). This allows us to identify the points of M
with their coordinate representations and to describe con-
trol systems in the familiar fashion (1). However when
dealing with nonlinear observability in the next section we
shall be forced to consider several coordinate charts.
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It is with no loss of generality that we assume y €R". If
y €N, a C* manifold, then by the Whitney Imbedding
Theorem, N can be imbedded in R” for some n which
then can be taken as the range of g.

The assumption of infinite differentiability for M, f, and
g is not essential but is only invoked to avoid counting
the degree of differentiability needed in a particular argu-
ment. Occasionally we consider analytic systems where
these are assumed to be an analytic manifold and analytic
mappings. Nonautonomous systems are handled in the
standard fashion by assuming time is one of the state
variables.

We also assume the system is complete, i.e., for every
bounded measurable control u(f) and every x°€ M there
exists a solution of the differential equation x=f(x(?),
u(1) satisfying x(t?)=x" and x(r)€ M for all r&R. We
use the notation (u(7).[1%']) to denote functions defined
on [£°,¢'].

Given a subset UCM, x' is U-accessible from x
(denoted by x'A,,x? if there exists a bounded measurable
control (u(1),[1%,1']) satisfying u(1)€Q for r€[¢°1'] such
that the corresponding solution (x(#),[¢%¢']) of the dif-
ferential equation (1) satisfies x(¢°)=xY x(s")=x' and
x(NEU for all t&{1°%¢'). M-accessibility and A4,, are
simply referred to as accessibility and A. Given any rela-
tion R on M we use the notation

R(x")={x'eM:x'Rx"}.

0

For example A(x" is the set of points accessible from x°.
The system 3 is said to be controllable at x° if A(x%)=M
and controflable if A(x)= M for every x& M.

If 3 is controllable at x? it still may be necessary to
travel a considerable distance or for a long time to reach
points near to x°. As a result this type of controllability is
not always of use and so we introduce a local version of
this concept. ¥ is locally controllable at < if for every
neighborhood U of <% A,(x% is also a neighborhood of
x% 3 is locally controllable if it is locally controllable at
every x € M. (This is called local- local controllability by
Haynes and Hermes [8].)

Accessibility 1s 4 retiexive and transitive relation but for
nonlinear systems it need not be symumetric. Tor this
reason we need o weaker relation. Given an open set
I7C M there is a uniaue smallest equivalence relation on
U which contains all U-accessible pairs. We call this
relation weak U-accessibility and denote it by WA,,. It is
easy to see that x WA, x" iff there exists x%- -+, x* such
that x®= x', x* =x" and either x'4,x""" or x' " 'A,x" for
i=1,---,k. Weak M-accessibility and WA,, are simply
referred to as weak accessibility and WA. X is weakly
controllable at x° if WA(x®= M in which case WA(x)=
M for all x and so X is weakly controllable.

Notice that weak controllability is a global concept and
does not reflect the behavior of 2 restricted to a neighbor-
hood of x”. So again we introduce a local concept. X is
locally weakly controllable at x° if for every neighborhood
U of x° WA, (x" is a neighborhood of x° X is locally
weakly controllable if it is locally weakly controllable at
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every x € M. Clearly (local) controllability implies (local)
weak controllability and it is not hard to show using the
transitivity of (weak) accessibility and the connectivity of
M that local (weak) controllability implies (weak) control-
lability, i.e., we have the following implications:

2 locally controllable = X controllable

2 locally weakly controllable = 3 weakly controllable.

In general there are no other implications but for autono-
mous linear systems it can be shown that all four concepts
are equivalent.

The following result gives an intuitive interpretation of
local weak controllability. Loosely put it shows that 2 is
locally weakly controllable iff one needs local coordinates
of dimension m to distinguish the trajectories of ¥ from
any initial point.

Theorem 2.1: X is locally weakly controllable iff for
every x € M and every neighborhood U of x the interior
of A, (x)# .

Proof: Suppose X is weakly controllable. Given any
x%€M and any neighborhood U of x° we can choose
u' €L such that f'(x)=f(x,u') is not zero at x° (assuming
m>0, if m=0 then the result is immediate). Let sy (x)
denote the flow of /', i.e., the family of solutions of the
differential equation

d
Y ()=1'(v/(x)
satisfying the initial conditions
Yo(x)=x.

For some €>0 the set V'={y(x"):0<s<e¢} is a sub-
manifold of U of dimension 1.

Suppose inductively V7!
manifold of U defined by

Vol {'Yf/ 'll o ... oY.vl,(xO) H EEEE )

J
in some open subset of the positive orthant of B/ ! }

is a j— 1 dimensional sub-

where v, (x) 1s the flow of f'(x)=f(x,u’) for some u' €.
Clearly Vi "CT AL (x%). Ifj < m we construct VY by choos-
ingaw €Qand x/~'e 1/~ This is always possible for if
not then every trajectory of I starting on ¥/~ would
remain on b’ ! for a while. This contradicts the local
weak controllability of 2.

It follows that we can choose an open subset of the
positive orthant of R’ such that the map (s,,- L)
yi ° -+ oyl (x%is an imbedding of the subset into U. Call
the range V/. We can continue until j=m, V™ is a
nonempty open subset of A4,,(x% and so the interior of
Ay (X~

As for the converse suppose the interior of 4,(x%)#g,
we choose a control (u(),[%¢']) such that the corre-
sponding trajectory (x(¢),[¢°,¢']) satisfies x(1%)= x°, x(r')
=x'€ interior of A4,(x% and x(f)€ U for t&[1°"]. Let
Y,(x,°) denote the time dependent vector field f(x)=
S(x,u(n), ie,
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Ly (5,0 =, (1, 5,19)
71"(-“ IO) = X.

Then v,-,") is a diffeomorphism of a neighborhood V of
x! onto a neighborhood of x°. Moreover we can choose
V C Ay(x°) sufficiently small so that y«(V,1")C WA, (x°).

a

The advantage of local weak controllability over the
other forms of controllability discussed above is that it
lends itself to a simple algebraic test. First we introduce
some additional mathematical concepts.

The set of all C> vector fields on M is an infinite
dimensional reai vector space denoted by X.(M) and also
a Lie algebra under the multiplication defined by the
Jacobi bracket [h,, h,] given by

oh, dh,
[hl,hz](x)= ﬁ(-")hl(x)_ —a;—(x)hz(x)
where A, h, and [A;,h,] € X(M). Elements of X (M) are
represented by column m-vector valued functions of x.
For any fixed A, €X.(M) the real linear transformation
from %X (M) into itself which sends h, > [h,,h,] is called
Lie differentiation with respect to h, and is denoted by
Ly.

Each constant control u € defines a vector field f(x,u)
EX (M), we denote by 9 © the subset of all these vector
fields. Let ¥ denote the smallest subalgebra of X (M)
which contains % °. A typical element of F is a finite
linear combination of elements of the form

VI RRTSYSRN))

where f'(x)=f(x,u') for some constant ' €. We denote
by “r(x) the space of tangent vectors spanned by the
vector fields of % at x. ¥ is said to satisfy the controllabil-
ity rank condition ar x" if the dimension of F(x%) is m; 2
satisfies the controllubility rank condition if this is true for
every x&e M.

Theorem 2.2: If X satisfies the controllability rank con-

dition at x° then ¥ is locally weakly controllable at x°.

Proof: The proof is very similar to Theorem 2.1. We
start by choosing a neighborhood of U of x* small enough
so that Z satisfies the conirollability rank condition at
every ¥ < /. We construcet a sequence of submanifolds as
before but this time there is a different reason why one
can always choose i/ € and x/~'& V7~ ! such that f/(x)
=f(x,’) is not tangent to ¥/~! at x/~'. If this is not
possible then & restricted to ¥/~' is a subalgebra of
(¥ 7"y which implies the dimension of Fx)<j-1<m
on V/7'C U which is a contradiction.

It follows that for every neighborhood U of x° the
interior of A,,(x% is not empty. The second half of the
proof of Theorem 2.1 implies WA,,(x°) is a neighborhood
of x°.

From the above we see that if T satisfies the controlla-
bility rank condition then it is locally weakly controllable.
The converse is almost true as we shall see later on in
Theorems 2.5 and 2.6.
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Suppose the trajectories of X are required to satisfy the
initial condition

x(%)y=x",

then 3 defines a map from inputs to outputs as follows.
Each admissible input (u(f),[1%1']) gives rise to a solution
(x(0),[1%,¢']) of %=f(x,u(s) satisfying the initial condi-
tion. This, in turn, defines an output (y(1),[%1']) by
y(t)=g(x(1)). We denote this map by

S o:(u(), [, ) (p(0), [ 50'])

and call it the input-output map of = at x°. Given a map

Be(u(). [ = (0, [ %))

from inputs to outputs, the pair (2,x") is said to be a
realization of S if X .= f.

Now suppose = is neither locally weakly controllable
nor weakly controllable. Given the input-output map Z0
we would like to find another realization (2,z% of this
map which is weakly controllable in some sense. The
obvious way to proceed is to find a submanifold M’ of M
which contains x° and all the trajectories of X passing
through x° then let ' be the restriction of % to M’ and
9=x% If M’ is chosen small enough then hopefuily 2’
will be weakly controllable in some sense.

To carry out this program we introduce some mathe-
matical tools. A connected submanifold M* of M is an
integral submanifold of %% if at each x&M ' the tangent
space to M’ at x is contained 1n %(x). M’ is a maximal
integral submanifold of & if it is not properly contained in
any other integral submanifold of F. There are two im-
portant cases when % has maximal integral submanifolds.

Frobenius Theorem [10]: 1f the dimension of G(x)=k
for every x € M. then there exists a partition of M into
maximal integral submanifolds of o all of dimension k.

Hermann-Nagano Theorem [11}, [12], [14], (23} If
the system is analytic then there exists a partition of M
into maximal integral submanifolds of 5 oof varying di-
ensions. The dimension of F(x) can vary but it will be
constant on each submanifold of the partition and equal
to the dimension of that submanifold.

The relationship of these two theorems with controlla-
bility is given by the following.

Chow Theorem [3): 1f either of the above 1 satisfied
and M’ is the maximal integral submanifold of % contain-
ing x° then M’ = WA (x°).

This leads to the following.

Theorem 2.3: Suppose (2,x%) is a realization of an in-
put-output map such that either

1) %(x)is of constant dimension, or

2) Z is analytic,
then there is a locally weakly controllable realization
(2, x% of the same input-output map on the maximal
integral submanifold M’ of & containing x% In fact, &’
satisfies the controllability rank condition.

For completeness we mention the case when > does not
satisfy either of the hypotheses of Theorem 2.3. It has
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been shown by Sussmann [29] that for any C* system,
WA (x® can be given the structure of a C* manifold, in
general it will not be an integral submanifold of F.

Theorem 2.4 (Sussmann [29]): Given any realization
(2,x%, there exists a weakly controllable realization
(2, x% of the same input-output map on M’'= WA (x9).

Notice that unlike Theorem 2.3 the above does not
guarantee that =’ is locally weakly controllable or satisfies
the controllability rank condition. Locally weakly control-
lable systems “almost” satisfy the controllability rank
condition.

Theorem 2.5: 1f = is locally weakly controllable then
the controllability rank condition is satisfied generically,
i.e., on an open dense subset of M.

Proof: For any system the controllability rank condi-
tion is satisfied on an open subset of M, possibly empty.
To see that it is dense for locally weakly controllable
systems suppose there exists an open subset U of M where
the dimension of %(x)< m. Without loss of generality we
can assume dim%(x)=k <m for all xeU. For some
x°E U, let U’ denote the maximal integral submanifold of
% (x) in U given by the Frobenius Theorem, then A4,,(x%
C U’ and so using Theorem 2.1 we see X is not locally
weakly controllable at x°. O

For analytic systems we can strengthen the above, in
fact, weak controllability, local weak controllability, and
the controllability rank condition are equivalent.

Theorem 2.6: If 3 is analytic then £ is weakly control-
lable iff it is locally weakly controllable iff the controlla-
bility rank condition is satisfied.

Proof: We have already shown that for C* systems
the controllability rank condition implies local weak con-
trollability which implies weak controllability. The reverse
implications follow for analytic systems if we show that
xWAx' implies that the dimension of %(x°) and %(xh
are the same. For then. if 2 is weakly controllable, the
dimension of :7(x) must be constant and hence equal tom
by the Frobenius and Chow Theorems.

To show that x°W.Ax! implies the dimension of F(x°)
and F(x") are the same, it suffices to consider the case
x'=y(x% where y is the family of solutions of the vector
field f(x)=f(x,u) for some constant u & and x >0. The
map (d/dx)y_,(x') is a iinear isomorphism from  the
langent space al A W the tangent space at x% For any
he (M), the C:tmphe!l—.BakermHausdorff formula
allows us to expand (9/0x)y AxYh(x") in a convergent
series

Sy = S () R

In particular, if A€ % then the right side of the above is
a vector in 7(x% so (3/0x)y_,(x') carries %(x"). into
% (xY). Therefore, the dimension of F(x')< dimension of
5 (x9). Reversing the argument shows that the inverse map
(3/3x)y,(x%) carries F(x°%) into %(x"y and the result
follows. 0O

Example 2.7: Consider the linear system (2). In this
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case J °={Ax+ Bu:u€Q}, so the Lie algebra is gener-
ated by the vector fields {Ax,By,- - -, By,;) where By
denotes the jth column of B considered as a constant
vector field. Computing brackets yields

[A4x,B,;]=—A4B,,
[ 4x[ 4x,B,,]]= 4B,

[ Bxj»Bsi ] =0
[ B[ 4x, B4, ]]=0

and so on. The Cayley-Hamilton Theorem implies that &
1s spanned by the linear vector fields Ax and the constant
vector fields A'B,; where i=0,---,m—1 and j=1,---,/

This system is analytic so the Hermann-Nagano Theo-
rem guarantees the existence of maximal integral sub-
manifolds of ¥ through each x € R™. In particular if we
let M’ denote the maximal integral submanifold through
x =0 then M’ must contain the integral curves of all linear
combinations of the constant vector fields {A ‘B*j} start-
ing at 0 and hence must include the linear subspace
spanned by these vectors. In fact M’ is precisely this
subspace because at each x € M’ the tangent space to M’
contains Ax also.

Notice that in this context the controllability rank con-

dition reduces to the well-known linear controllability
condition that

rank(B:AB:---:A™ " 'B)=m.

The controllability rank condition only implies local weak
controllability but for linear systems it also implies con-
trollability (see [4] for details).

If the controllability rank condition fails and the rank
of the above matrix is m’<m, then by restricting the
system to M'=R"™ the maximal integral submanifold of
% through 0, we obtain a controllable linear system.
Notice that in this case the dimensions of the maximal
mtegral manifolds of ¢ can vary, for if Ax & span {A ’B*j.}
then the maximal integral manifold of % through x will be
of dimension >m’. It cannot be a linear subspace of R™
because it does not contain O which must lie in a maximal
integral manifold of dimension m’.

Example 2.8: Consider the lincar system (2) but where
A B(D. and C(r) are C* matrix valued functions of
time. We adjoin another state variable x,=1 and rewrite
the system equations

Xp=1

x=A(xg)x+ B(xy)u
Yo=Xo

y=C(xy)x. (3

The structure of % is similar to that for autonomous
systems, for example,

1 0 1_1 3 0
(A(xo)x)’(B*j(Xo)) B a_xoB#j(xO)_A(XO)B*j('xO)

()

0 0 ]
( Bt,(xo) )’( Byi(xo)
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From this it can be shown that the controllability rank
condition is equivalent to the familiar requirement that

rank (B (1):A,B(1):028(1): -+ )=m

for every t € R where
BB()=2 B(1)- A()B (),

A;B(r)=(% .y (t))A;-‘B(z).

See [4], [6], or [15].
Example 2.9: Consider the bilinear system

l
x=Ax+ Y u,B'x,
(=1
where u€Q= R’ and M is either R™ or an m-dimensional

subgroup of GI(h,R), the group of invertible AXh
matrices.

The Jacobi brackets of linear vector fields Dx, Ex is
seen to be

[Dx,Ex]=[D,E]x
where
[D,E]=ED—DE

is the commutator of the matrices D and E. ¥ is isomor-
phic to a Lie subalgebra of g/(mR) if M=R™ and
g/ (h,R) if M is a subgroup of G/(h,R). (g/(m,R) is the
Lie algebra of all m X m matrices with commutation as the
bracket). Let F denote the group

F={expX: X €%}.

The maximal integral manifold M" of o through x, is just
the orbit of x° under F

M'= Fx°

and 9 satisfies the controllability rank condition iff F acts
transitively on M.

ITI. NONLINEAR OBSERVARBILITY

We consider the system = as described in Section I and
the input-output map of the pair (2, x% as described in
Section II. A pair of points x° and x! are indistinguishable
(denoted x%x') if (2,x% and (Z,x') realize the same
input-output map, i.e., for every admissible input

CIONTEYY)
2 o(u(0), [ 28" ) =2, (u(0), [ O01"]).

Indistinguishability / is an equivalence relation on M. X is
said to be observable ar x° if I(x°)={x°} and ¥ is
observable if I(x)={x} for every x€ M.

Notice that the observability of = does not imply that
every input distinguishes points of M. If, however, the
output is the sum of a function of the initial state and a
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function of the input, as it is for linear systems, then it is
easy to see that if any input distinguishes between two
mitial states then every input does.

Notice also that observability is a global concept; it
might be necessary to travel a considerable distance or for
a long time to distinguish between points of M. Therefore
we introduce a local concept which is stronger than ob-
servability. Let U be a subset of M and x° x' € U. We say
x° is U-indistinguishable from x' (x°I,,x') if for every
control (u(¢),[%¢']), whose trajectories (x°(1),[¢°¢']) and
x'(0,[¢% ") from x° and x' both lie in U, fails to
distinguish between x° and x'. ie., if x%1)€ U and x'(1) €
U for t€[1° '], then

S o), [ 8" ) =20 (u(0), [ °11]).

U-indistinguishability is not, in general, an equivalence
relation on U for it fails to be transitive. This is related to
the fact that X restricted to U is not necessarily complete.
(See Sussmann [27] for a fuller discussion of this point.)
However, we can still define £ to be locally observable at
x% if for every open neighborhood U of x° I,,(x%={x°},
and X 1s locally observable if 1t is so at every x€EM.

On the other hand one can weaken the concept of
observability; in practice it may suffice to be able to
distinguish x° from its neighbors. Therefore we define =
to be weakly observable at x° if there exists a neighbor-
hood U of x° such that 7(x%)n U={x°} and X is weakly
observable if it 1s so at every x€ M.

Notice once again that it may be necessary to travel
considerably far from U to distinguish points of U, so we
make a last definition, = is locally weakly observable at x°
if there exists an open neighborhood U of x? such that for
every open neighborhood V' of x° contained in U, I,(x°
={x%) and is locally weakly observable if it is so at every
v & M. Intuitively, T is locally weakly ohservable if one
can instantaneously distinguish each point from its
neighbors.

It can easily be seen that the relationships between the
various forms of observability parallel that of controllabil-

iy. Le.,

= locally observable =

> observable

2 locally weakly observable = 2 weakly observable.

In general there are no other implications but for auton-
omous linear systems it can be shown that all four are
equivalent. The advantage of local weak observability
over the other concepts is that it lends itself to a simple
algebraic test. To describe it we need some additional
tools.

Let C*(M) denote the infinite dimensional real vector
space of all C* real valued functions on M. Elements of
X.(M) act as linear operators on C*(M) by Lie dif-
ferentiation. If h€X (M) and € C*(M) then L (p)E
C*®(M) is given by

Li(@)(x)= T (x)h(x)

733

The gradient dop=9¢/9x=(dp/3dx,, - -,0¢p/dx,) is a rTOW
vector valued function.

We denote by §° the subset of C*°(M) consisting of
g, "8, and by § the smallest linear subspace of
C>=(M) containing G° which is closed with respect to Lie
differentiation by elements of ¥ °. An element of § is a
finite linear combination of functions of the form

lﬂ((ljk(gx)))

where f/(x)= f(x,u’) for some constant u/ €Q.
If h,h,€X(M) and g€ C®(M) then

th(Lhz(‘P)) - Lhz(th (‘P)) = L[h,,hzl(q))~

From this it follows that § is closed under Lie differentia-
tion by elements of ¥ also.

Let X *(M) denote the real linear space of one forms
on M, ie. all finite C*(M) linear combinations of
gradients of elements of C*(M). These are represented
by row m-vector valued functions of x. The pairing be-
tween one forms and vector fields denoted by {w,h)€E
C>(M) is just multiplication of 1XxXm and m X1 matrix
valued functions of x.

We define a subset of X*(M) by d§°={dyp:p€8°)
and a subspace d4 = {dp: €9 }. Just as vector fields act
on functions and other vector fields by Lie differentiation,
they act on one forms according to the definition

L@ = (90} +0(x) 32 (x)

where wE€X *(M). heX (M) and * denotes transpose.
The three kinds of Lie differentiation are related by the
following Liebnitz-type formula

Ly, Cw o= (L w, by + <o, [ by by )
If w=dgp, then L, and d commute

Ly(dp)=d{Ly(¢)).

From this it follows that dG is the smallest linear space
of one forms containing d$° which is closed with respect
to Lie differentiation by elements of J Y (or %). Elements
of do are finite linear combinations of one forms of the
form

d(Lo(- - (Lp(g)) - ))=Lp( - (Lp(dg)) )

where f/(x)=f(x,u') for some constant &/ €. As before
we denote by d¢(x) the space of vectors obtained by
evaluating the elements of d8 at x. The space d8(x%
determines the local weak observability of = at x° Z is
said to satisfy the observability rank condition at x° if the
dimension of d6(x%) is m, = satisfies the observability
rank condition if this is true for every x € M.

Theorem 3.1: If X satisfies the observability rank con-
dition at x° then = is locally weakly observable at x°.

The proof depends on the following.

Lemma 3.2: Let V be any open subset of M. If X x'e
V and x%, x" then ¢(x%)=g(x") for every p€6.
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Proof: 1f x°l,x' then for any k >0, any constant
controls u'.---,u*€Q, small s,,---,5,>0 and g, i=
I,-+-.n, we have

alre oyt (X)) =g (vke - oyZoy) (x").

Here v, (x) denotes the flow of f/(x)=f(x,u’). Differenti-
ating with respect to s, - - ,81, at 0 yields

Lf‘(' e (Lfk(gi))' o )(XO)=Lf’(' T (Lfk(gi))' e )(xl).

G is spanned by functions of this form so the lemma
follows. O

Proof of Theorem 3.1: 1f the dimension of d§(x%)=m
then there exists m functions ¢, .9, €8 such that

dp(x%),- - dy, (x% are linearly independent. Define a
map

O: x> col (g, (x),- - -, 9, (x)).

The Jacobian of @ at x° is nonsingular so ® restricted to
some open neighborhood U of x° is one to one. If ¥ C U
is an open neighborhood of x° then Lemma 3.2 implies
I, (x%)=(x°} so X is locally weakly observable at x°.  []

From. this we see that if T satisfies the observability
rank condition then X is locally weakly observable. The
converse is almost true as we shall see later on in Theo-
rems 3.11 and 3.12.

Suppose (Z,x% is a realization of an input-output map
which is not observable in any of the above senses. We
turn our attention to finding such a realization (2, 2% of
the same input-output map. To understand the difficulties
involved consider the following. :

Example 3.3: Let ucQ=R, xEM=R, ycR?, x(0)=
x°=0, and

YU v =008y v, =siny,

Clearly the system satisfies both controllability and ob-
scrvability rank conditions. Therefore, it is locally weakly
controllable and locally weakly observable. It is not ob-
servable hecause v% and x¥= %+ 2kx arc indistinguish-
able for anv x” and anv integer k.

To obtain an observable system with the same in-
put-output behavior as the original we must identify x°
ana A, lad 1s, detie a system 2 on M’'=S" the unit

ey 0(0)=0"=0 und

n
weivan Wy U\

b=u yi=cosf y,=sind.

Note that (3 x%) and (X7 0% realize the same input-out-
put map.

This example seems to imply that one can obtain an
observable realization from one that it is not by “factor-
ing” by the relation I of indistinguishability, the new
system lives on the state space M'= M /1. However, given
an equivalence relation R on M it is not always true that
M /R with the quotient topology is Hausdorff and admits
a C™ structure in such a way that the canonical projec-
tion m:M—M/R is a submersion, ie, a C® map of
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Fig. 1.

Dynamics and observers of Example 3.4.

maximal rank. A necessary and sufficient condition for
the quotient topology on M/ R to be Hausdorff is that R
be a closed equivalence relation, that is, the graph of R be a
closed subset of M X M. An equivalence relation R which
admits a C* structure on M/R compatible with the
projection is called regular. A necessary and sufficient
condition for regularity is that the graph of R be a
regularly imbedded submanifold of M X M and that the
map (x%x')>x® from the graph of R onto M be a
submersion [23].

It is not hard to see using the continuity of solutions of
differential equations with respect to initial conditions
that for any C* system X the relation / is closed. How-
ever, the following example due to Sussmann shows that it
need not be regular even when the controllability and
observability rank conditions are satisfied.

Example 3.4: Let u€Q={(u,,uy):u, > 0} xeM=R, y
€R? and

X=u f, (x)+uf,(x)
yi=8(x), y,=g,(x).

We choose f,g:R—R to be C*® functions with the
following graphs. See Fig. 1.

Since f; and f, have no common zeros the system
satisfies the controllability rank condition and is locally
weakly controllable. Since dg, and dg, have no common
zeros the system satisfies the observability rank condition
and is locally weakly observable.

From the graphs of g, and g, we see the only possible
pairs of indistinguishable points are x and — x where
Ix{> 1. Since f(x)=1if x> 1 and f;(x)=—1if x< — 1 1t
can be seen that these pairs arc indistinguishable.

If we quotient the state space M= R by the equivalence
relation of indistinguishability, the result is clearly not a
manifold for it looks like a circle with a ray attached. At
this point one can ask what additional assumptions on 3
are needed in order to insure that / be a closed and
regular equivalence relation. Sussmann has proved the
following.

Theorem 3.5 [27]: If (£,x% is a weakly controllable
realization and either

a) 2 is analytic or

b) 2 is symmetric (i.e.,Vu €Q Jv €Q such that f(x,u)
=~ f(x,0) VxEM), then [ is a closed and regular equiv-
alence relation. Moreover, there exists a system X’ on
M'=M/I such that (£,7(x%) is an observable and
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weakly controllable realization of the same input—output
map. If 2 is analytic, then ¥’ is also locally observable.

In some sense Theorem 2.3b 1s the dual of Theorem
3.5a and Theorem 2.4 is the dual of Theorem 3.5b. What
we would like to discuss now is the dual of Theorem 2.3a.
Proceeding analogously we might expect that / is a regular
equivalence relation if the dimension of d§ (x) is constant
over M but Example 3.4 shows this not to be the case.
Just as we have used the relation WA in addition to A4
when studying nonlinear controllability so must we in-
troduce another relation for nonlinear observability.

We call this new relation strong indistinguishability, x°
and x' are strongly indistinguishable (denoted by x°SIx') if
there exists a continuous curve a: [0,1]>M such that
a(0)=x° a(l)=x" and x%a(s) for all s€[0, 1]. Clearly S/
is an equivalence relation, x°SIx' implies x%x' and =
weakly observable at x° implies ST(x%) = {x°}.

As we shall demonstrate in a moment. if the dimension
of d&(x) is constant over M then S/ is a regular equiva-
lence relation and the quotient M’, possibly non-Haus-
dorff, inherits a locally weakly observable system 3’
which realizes the same input-output map as Z. Before
proving this we must introduce some more machinery. Let
H(x) denote the space of all tangent vectors at x which
annihilate every element of d¢ (x)

H(x)={reT M:{dp(x),m>=0, Voes§ ).

If the dimension of ¢ & (x) is constant, say k, over M then
the dimension of }(x) is constant, m — k. The importance
of J((x) is explained by the corollaries to the following
lemma.

Lemma 3.6: Suppose the dimension of d&(x) is k for
every x € M. Let f,(x) be a time-dependent vector field on
M <uch that f(-)EF for every ¢ [for example, if u(r) is an
admissible control and f,(x)=f(x,u(1))]. Let v,(x°°) be
the flow of f, i.e

())_,

Ym(-’(OJO) = x",

d
,{,1; Y, ( X () 0))

Then
45 (7, (%10 Ly, (x0. 0V = d G (x0,
Dax T
Proof: Since v, (x°%1%) =7v,(y,(x%1%,1), it suffices to
consider only small |/—¢°. Choose dg,,---,dp, €dS

which are linearly independent on a neighborhood U of
x". A straightforward calculation yields

d
4 dmne r°>)—§(x°‘r°>)
Ly (dp;)(v,(x° t°))

(x 19).

On the other hand we can choose functions A,;(r) such
that
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(1) e 0= $ (0

=
for i=1,--- k. Moreover if fEF and dpEd§ then
L/(dp)EdS so there exists functions p, (¢) such that

L, (dp)(v,(x%1) = 2 w, (1)de,(v,(x% %))

r=1
fori=1,--- k.
Combining these three equations we obtain

(2 A,,m) S 8 w0

j=1 r=1 j=1

for i=1,--- . k. This is a linear homogeneous differential
equation so there exist invertible linear transformations
A(1): R¥—R* such that

(N (0)=AD(N().

The lemma follows since d9 (x%) is spanned by

d(Pi(XO)= Z A//(’O)dxj
j=1
for i=1,---.k and for small |t—1%,

dS(v,(x°1%)0
/3xy,(x% 1% is spanned by

dy,
a'(p,-(yl (x9, 10)) ™ (x°,1%) = 2 A A1) dx;
J

fori=1,--- k. O

Remark. The above depends heavily on the fact that
the dimension of d4¢ (x) is constant so that 4§ is “locally
finitely generated.” For similar results see Hermann [10].

A curve a:[0.1] =M 1s piccewise C* if 1t 1s C* at all
but finttely many points of [0, 1] and left (right) limits of «
and all its derivatives exist at every point of (0, 1] ([0, 1)).

We define another equivalence relation on M, x"Hx! if
there exists a continuous and piecewise ¢ * curve «:[0.1]
—M such O a(ly=x'

that w{0)= x and

4 (e als)).
as :

Corollary 3.7 Assuming the dimension of d&(x) is
constant, if x"Hx' then x°Six".
Proof: Let (u(1),[1".t']) be any admissible control
with flow y,(x.:%. The ith component of the output at
time ¢ when the svstem is started at a(s) at time ° is

_y’.(l)=g,(y,(a(s),lu))-

The derivative with respect to s is given by

0= {de (a6, ) o (a(5).1). 225 )

which is identically zero by the last lemma.
This next result shows that % is a collection of symme-
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try vector fields (in the sense of Sussmann [26]) for the
relation H.

Corollary 3.8: Assume that the dimension of d§(x) is
constant. Let f€% with flow vy,(x). If x°Hx! then
Y, (x®) Hy,(x") for all r€R.

Proof: Let a:[0,1]>M be a continuous and piece-
wise C* curve such that a(0)=x° a(l)=x' and
d/ds a(s)€ K (a(s)). Define a curve, 8: [0 1]l->M by B(s)
=7,(a(s)). Clearly B is continuous, piecewise C*, and
,B(O)=y,(x°),8(1)=y,(x‘). Moreover for g €5

Cp(B(s)). 5 Bs)=Lo(B(s)= dgqo(v,(a(s)))
= (dp(y,( a(s))) (a(9). % a(s))>
=0.

So d/dsB(s)e HA(B(s)). O

Theorem 3.9: Suppose the dimension of d§(x) is k,
then S7 is a regular equivalence relation and there exists a
locally weakly observable system X' on the k-dimensional
non-Hausdorff manifold M’= M /SI which has the same
input-output properties as =. More precisely if 7: M—M’
is the canonical projection then (Z,x% and (2, 7(x%)
realize the same input-output map for every x°€ M. If T
is (locally)(weakly) controllable then so is ='. If = satisfies
the controllability rank condition then so does X' and
moreover M’ is Hausdorff.

Proof: An outline goes like this.

From Corollary 3.7 we see that H equivalence implies
SI equivalence. We first show that H is a regular equiva-
lence relation and that we can define a system X’ on
M’=M/H with the same input-output properties as 2.
We then note that X' satisfies the observability rank
condition, hence X' is locally weakly observable from
which it follows that H=S/.

Remark: By Corollary 3.7 x’Hx" implies x°SIx' which
by definition implies x°/x' which by Lemma 3.2 implies
@(x%=g(x") for every g €6

Given any x"€ M there exists dg, -
are linearly independent at

,do, €d§ which
x% After rcordering the x

coordinates we can suppose that dp,, - - -, dy,,
dx, .-+ .dx, are linearly independent at x° Define
(=@ ()= Q(x"), =1k z(x)=x—x), i=k+
i,--+,m and

={x:|z;(x)|<e}.

If € is chosen sufficiently small, then (U, x) is a coordinate
chart around x°.

Claim 1f x'.x*€ H(U) then x'Hx? iff ¢,(x")=¢,(x?)
fori=1,---,k. The only if part follows immediately from
the above remark. As for the converse suppose first that
x!,x?€ U and g (x')=g¢(x?) for i=1,--- k. Then z,(x")
=z,(x?) for i=1,--- k. Clearly 3/03z,,, -*,0/0z,€
I(x) for every x € U and these vector fields can be used
to get from x' to x* within the z-cube U so x'Hx2. More
generally if x',x*€ H(U) and ¢,(x")=g¢,(x?) for i=
1,-++,k then there exists p/ € U such that x/Hp’/ and
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@ (p)=@(x/) fori=1,-- -,k and j=1,2. From before we
know p'Hp? which by transitivity implies x 'Hx2.

We next put a C* structure on M'= M/ H. Notice that
H(U) is open and 7 (m(H(U))=H(U) so V=
7(H (U)) is open in the quotient topology on M’. The
functions of § are constant on H-equivalence classes so
every 9 €G can be pulled down to M’, i.e., there exists a
continuous ¢’ : M'— R such that ¢’ °c 7 =¢.

In particular we define z/=¢/—q,(x% for i=1,--- k
and z'=(z},- - +,z). The claim implies that the map z": V
—R¥ is one to one. Moreover it is open because if W is
an open subset of ¥ then

Z(W)=meze(a " (W)NU)

where 7, : R™—R* is the projection on the first k factors.
Therefore z': ¥—R* is a homeomorphism into and (V.z")
a coordinate chart. In the coordinates (U, z) and (V,z) on
M and M’, the projection 7 is just m, and clearly a
submersion.

M is covered by a countable number of charts (U, z)
and so M’ is covered by the corresponding (V, x'). Verify-
ing that changes of coordinates on M’ are C* reduces to
checking that every ¢": M'—>R is C* on (V,z). But if
@€&€§ then on (U,2)

=2\ (2)

80 (z2)=¢(z, - ,z;). Clearly ¢'(z)= (2}, - - ,2;) is C*.

This shows H is a regular equivalence relation on M.
Next we define 2 on M’ locally. In the coordinate

system (U, z) on M, the dynamics of = are given by

t= (xS (x(2) ).

In particular for i=1,--- k
dg,
f= ) (5()0) = Ly ) (x(2).

The right side is an element of § and hence pulls down to
a function f/(z".u) on V'. We define the dynamics of I’ on
(V,z') by

F={u).

Clearly if z(r) is a curve in U generated by the dy-
namics of X under the control u(r) satisfying z (%) =:Y
and if z'() is the curve in ¥ generated by the dynamics of
2" under the control u(?) satisfying z'(1®) = #(z° then for
small |7 — 19|

z()=m(z(1)).

From this it follows that if = is (locally) (weakly) control-
lable so is X',
Moreover each g, €& and hence pulls down to a func-

tion g/ on M’ which we use to define the output of 2’ on
(V,Z') as

y=g'(2").
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The outputs of £ from z° under u(s) and =’ from 7 (2%
under u(¢) are the same because g=g’°7 and so

g(z(N) =g n(z(0))=g'(z'(1)).

Notice M’ is of dimension k.
We turn now to the relationship between % and § of =
and ¥’ and 6’ of ¥'. Note that

F e (x), )= SE () f (xo)

It follows from this and the definition of % and % that
f" €% iff there exists an f € 9 such that

P ()= ST (x) £ ().

In particular

G (m(x)) = %%(x)@(,\-).

and since # is a submersion this shows that if T satisfies
the controllability rank condition so does Z'.
Furthermore

gom=g

and so

Lyg,(x)= Ly (g)(7(x)).

Repeated applications of this formula show that ¢’ €8 iff
there exists on @ &6 such that

¢'(7(x))=g(x).

In particular the coordinate functions z; =g/ are in §' so
3 satisfies the observability rank condition and therefore
is locally weakly observable.

This also implies that H and S/ are the same relation.
We have already seen that x°Hx' implies x°SIx'. Suppose
the converse does not hold; there exists x% x'€ M such
that x°STx! but x"Hx'. Let «(s) be the arc of Z-indis-
tinguishable points joining x% x'. since T and X’ have the
same input-output properties. 7(a(s)) is an arc of Z'-indis-
tinguishable points joining 7(x") and 7(x"). Moreover this
arc is not constant because 7(x")7 m(x'). This contradicts
the locai weak observability of 2

If = satisfies the controllability rank condition then M’
can be seen to be Hausdorff. Given x%x'€M first

suppose there exists a ¢ €3 such that @(x%# @(x"). De-
fine disjoint open sets

U= (x € Milp(x) g ()] <lp(x") ~ p(x)1/2)
U'={x€M:|p(x)—g(x")>lp(x") —o(x")]/2}.
Since g is constant on H equivalence classes
7 Y (a(U'))=U"

and so 7(U®) and #(U') are disjoint open neighborhoods
of 7(x% and 7(x").
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On the other hand suppose @(x®)=e@(x") for every
@€ §. Using the controllability rank condition we choose
fi-f €S which are linearly independent at x°. We
also choose dg,, - - ,dp, €d§ which are linearly indepen-
dent at x°. Then the k X m matrix with i—jth element

{dy;(x).f(x))= Ly(@)(x)

is of rank k at x° Without loss of generality we can
assume the first k columns of this matrix are linearly
independent at x°. The elements of this matrix are all in §
so the first k columns are also linearly independent at x'

and therefore dp,,- - - ,dg, are linearly independent at x'.
As before we can construct a coordinate cube (U°,z)
around x° using @y, -+ , P> X4 1" - * 5 X,,- In a similar fash-

jon using the same € and ¢,,- - -, g, but perhaps different
Xp 41" s X, W€ construct a cube (U‘,z) around x'. Given
8 >0 define m— k slices S and S in U° and U' by

S§={xEUf:z,(x)=0, i=1,---,k and
|z,(x)] <8, i=k+l,-~-,m}.

Let v/(x) denote the flow of f'(x) for i=1,---,k and Cy
denote the cube of side 28 around 0 in R*. Define maps

lecak X Sg-—>M
by
[3/(51"" 'Ys],(x)

where x € 5/ and |s;| <8 for i=1,--- k. Of course S{ is a
m— k dimensional cube so we can view these maps as

— ok
S X)=yho

B Cy M

where CJ” is an m-cube of side 28. More precisely if
(s,.--+,5,)ECT then

B sy ,Sm)=/3i(5|*' 8 X)

where x € S with z,(x)=0 for i=1,--- .k and z(x)=3,
fori=k+1,---,m. For sufficiently small & these maps are
diffeomorphisms onto open neighborhoods B of x* con-
tained in U'. In fact (7,5, - - ,s5,,) are coordinate charts
at ¥/ If & i< chosen sufficientlv small then we can assume
that for everv x€ W' and for every (s,.---.s,)ECs we
have

e e (eUu
Now suppose there exists p°€ W p'e€ W' such that

p°Hp'. In particular suppose p®=7v} - - °y/(q") where
q°€ Sy. Let

ql=yt.y‘o-.. O-Y,ixk(p])’

then by assumption ¢' € U' and by Corollary 3.8, ¢°Hg".
Because g°€ S2. x°Hq® so x%Hg'. This implies that ¢;(x°)
=¢,(q") for i=1,---,k and so by assumption @(g')=
@(x") for i=1,-+-,k. By our previous claim, ¢'Hx' and
so x°Hx'.
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We have just shown that if #(W%Nx(W')% g then
7(x%)=m(x"). It follows that if 7(x°)sm(x') then these
are disjoint open neighborhoods of 7(x% and #(x"). ]

The following simple example shows that if = fails to
satisfy the controllability rank condition then M’ need not
be Hausdorff.

Example 3.10: Let M= R*\{(x,,0):x,<0}yER" and
x=0 y=x,.

The dimension of d§(x) is one for all x so we can form
the quotient M’= M /SI. However this is a non-Haus-
dorff manifold because #(0,1) and #(0, —1) are distinct
points without a pair of disjoint neighborhoods. Notice
that factoring M by the closure of the relation SI is not a
way around this problem for the closure of S/ is not a
regular relation.

Theorem 3.5a and b and Theorem 3.9 exhibit three
situations where realizations can be made observable in
some sense. If X is analytic then 2’ is locally observable, if
2 is symmetric then X is observable and if dS(x) of T is
of constant dimension then 3’ satisfies the observability
rank condition and hence is locally weakly observable.
The converse of this last remark is “almost” true.

Theorem 3.11: 1f T is locally weakly observable then
the observability rank condition is satisfied generically.

Proof: For any system the observability rank condi-
tion is satisfied on an open subset of M, possibly empty.
Suppose there exists an open subset U of M where the
dimension of d§(x)<m. Without loss of generality we
can assume dimd§ (x)=k <m for x€ U. Choose x°€ U,
an open set } such that x°€ V' C U and a C* function
@:M—R such that g(x)=1 for all x& V, ¢(x)%0 for all
x€ U and @(x)=0 for all x& M\ U. Consider the system
2’ defined by

= () (oo
y=g(x)
x(0)=x".

The state space of £'1s U and Z' is complete. It is easy to
see F'(x)=T(x) for all x& U. From this it lollows that
dG'(x)=dC(x) forall s= [/ and so dimd € (x)=k for all
x &€ U. We can apply Theorem 3.9 to =" on I/ s0 3 is not
locally weakly observable. Since T and ¥ agree on V, = is
not locally weakly observable either.

Recall that for analytic systems, weak controllability,
local weak controllability, and the controllability rank
condition are equivalent. With regard to observability an
analogous result holds for analytic systems which are
weakly controllable.

Theorem 3.12: 1f 2 is a weakly controllable analytic
system then 2 is weakly observable iff it is locally weakly
observable iff the observability rank condition is satisfied.

Proof: 1t suffices to show that weak observability
implies the observability rank condition. By Theorem 2.6
Z satisfies the controllability rank condition, we proceed
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in a similar fashion to the proof of that theorem to show
the dimension of d9(x) is constant..

Let x'=1v,(x% where y denotes the flow of fEF. The
adjoint of (3/9x)y,(x° carries one forms at x! to one
forms at x° according to the rule

o(x) b a(x) 27, (x9),

for wE X *(M).

This map also has a Campbell-Baker-Hausdorff expan-
sion

o) gne= 3 (L3

In particular, if w€ H then the adjoint of (3/3x)y,(x%
carries d8(x") into d8(x° so the dimension of d8(x') is
less than or equal to the dimension d9(x%. A similar
argument using the adjoint of (9/3x)y_,(x") shows the
reverse inequality.

Therefore, if xX’WAx' then the dimensions of d§(x°)
and d§(x') are the same. Since = is weakly controllable,
this implies that the dimension of 48 (x) is constant.

Suppose dimd & (x) =k then we apply Theorem 3.9 and
identify strongly indistinguishable points. But = weakly
observable implies there are no strongly indistinguishable
points so k£ must equal m.

To relate the results of this section to the well-known
linear theory, we consider the following.

Example 3.11: Consider the linear system

X=Ax+ Bu
y=0Cx.

In Example 25 we saw that § was spanned by
{Ax,A'By;:r=0,-- m—1, j=1,--- [} where B,; de-
notes the jth column of B. Let C,, denote the ith row of C
then for 720, p>0

Ly CayAx=C A" 'x
Ly CxAPx=CuA"""By;

Ly Coud’Byy= Ly CisA°By,=0.

‘Therefore by the Cayley-Hamilton Theorem ¢ is spanned
by

{Cad'x,CyA'By;ti=1,-- ,m,j=1.-- I and
r=0,--. ,m~1}
and d§(x) is spanned by
{C,,A’:i=l,- ceomyr=0,-- m— 1}.
Clearly d§(x) is of constant dimension. The observability

rank condition reduces to the well-known linear observa-
bility condition that



HERMANN AND KRENER: NONLINEAR CONTROLLABILITY AND OBSERVABILITY

C
CA
rank )

CAm—l

If the observability rank condition fails then we define
F(x) to be the constant linear space of column vectors
orthogonal to d§(x). Two points x° and x' are H equiv-
alent (or SI equivalent) if x' — x°€ J((x) because

a(s)=x"+s(x"—x%

is a curve tangent to J((x) from x® to x'. Factoring M by
I (x) results in a locally weakly observable system which
because of linearity is also locally observable (SI=1 for
linear systems).

Example 3.12: Suppose the linear system is nonautono-
mous as in Example 2.6. As in formula 2.1 we add time as
a state variable which we can observe directly. Then
direct calculation shows that the observability rank condi-
tion is equivalent to

(1)

AC(1)
rank :

[
3

A2, C(1)

for every t € R where

AC()= %C“” C (A,

A0 A IC () A().

3=

See [3] or [5).
Example 3.13: Consider the bilinear system of Exam-
ple 2.8

!
x=Ax+ 2, uB'x.
i=1

If M=R"™ (or a subgroup of G/(h,R)), let C be a nXm
(n X h) matrix and

y=Cx,
then
8§ ={CyDx:i=1,-+,n; Dx€TF}
d8 ={C,D:i=1,"-+,n; Dx€Y}.
See [3] for further details.
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IV. MINIMALITY

A linear system is said to be minimal if it is controllable
and observable. As is well known, two minimal linear
systems initialized at 0 which realize the same input-out-
put map differ only by a linear diffeomorphism of the
state spaces, [1], [4]. A nonlinear system which is observ-
able, weakly controllable and either analytic or symmetric
is called minimal by Sussmann [29]. He has shown that
two minimal nonlinear systems which realize the same
input—output map from their respective initial states differ
only by a diffeomorphism of the state spaces.

A nonlinear system X is locally weakly minimal if it is
locally weakly controllable and locally weakly observable.
Two locally weakly minimal realizations of a given in-
put—output map need not be diffeomorphic as is seen by
Example 3.3, but the following theorem shows they must
be of the same state dimension which is minimal over all
possible realizations.

Let =, 2’ be two nonlinear systems with control set
Q=Q CR' states spaces M and M’ of dimension m and
m’ and output with values in R” given by

Yix=f(x,u)
y=g(x)

S i=f(z.u)
y=g'(z).

Theorem 4.1: Suppose (Z,x%) and (2,z% realize the
same input-output map. If ' is locally weakly minimal
then m> m’.

Proof: Without loss of generality we can assume that
3 satisfies the controllability and observability rank con-
dition at z° (If not, by Theorems 2.5 and 3.11 we can find
a control (u(r).[",1']) and a corresponding X’ trajectory
(2(),[1%1"]) with 2(:")=z% z(¢"y=z" such that thesc con-
ditions are satisfied at z'. Moreover if x' is the endpoint
of the corresponding ¥ trajectory then (2,x') and (2'.2")
realize the same input—output map.)

Since 3’ satisfies the observability rank condition at z°
we can find a neighborhood V of z' and functions
5Py €9 such that the map

® =col(gy.--.@,): V>R

is a diffeomorphism into.

Because ¥’ satisfies the controllability rank condition,
as in Theorems 2.1 and 2.2 we can find controls u!,- - - ,u™
and corresponding vector fields f*(z)=f'(z,u') with flows
v":(z) such that the map

m g

\I/’(sl“ te ’Sm)=Y S

oy (29
is a diffeomorphism from some open subset S of the
positive orthant of R™ into M'.

Let ¢, ®, ', y', ¥ be the corresponding objects of Z.
Since (2,x°% and (', z% realize the same input—output
map ¢o¥ =9’ ¥ and so
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. \I’ ® .
SCR™—>M—>R"

is a diffeomorphism. But clearly this is only possible if
mzm.

Corollary 4.2: 1f (2,x% and (2,2% are locally weakly

minimal realizations of the same input-output map then
their state spaces are of the same dimension.

(u

(7]

[18]
(19]

REFERENCES

B. D. O. Anderson and ). B. Moore, Linear Optimal Control.

Englewood Cliffs, NJ: Prentice-Hall, 1971.

W. M. Boothby, An Introduction to Differential Manifolds and

Riemannian Geometry. New York: Academic, 1975,

R. W. Brockett, “System theory on group manifolds and coset

spaces,” SIAM J. Contr., vol. 10, pp. 265-284, 1972,

——Finite Dimensional Linear Systems. New York: Wiley, 1970.

W. L. Chow, “Uber Systeme von Linearen Partiellen Dif-

ferentialgleichungen erster Ordnung,” Math. Ann., vol. 117, pp-

98-105, 1939.

H. D’Angelo, Linear Time- Varying Systems.

and Bacon, 1970.

E. W. Gnffith and K. S. P. Kumar, “On the observability of

nonlinear systems, 1." J. Math. Anal. Appl., vol. 35, pp. 135-147,

1971.

G. W. Haynes and H. Hermes, *“Non-linear controllability via Lie

theory,” STAM J. Contr., vol. 8, pp. 450-460, 1970.

R. Hermann, “On the accessibility problem in control theory,” in

Int. Symp. on Nonlinear Differential Equations and Nonlinear

Mechanics. New York: Academic Press, 1963, pp. 325-332.

——Differential Geometry and the Calculus of Variations. New

York: Academic, 1968.

——"“The differential geometry of foliations, II,” J. of Math. and

Mech., vol. 11, pp. 303-316, 1962.

-——"Some differential geometric aspects of the Lagrange varia-

tional problem,” J. Math, vol. 111, no. 6, pp. 634673, 1962.

——"Existence in the large of paralielism homomorphisms,”

Trans. Amer. Math. Soc., vol. 108, pp. 170 -183, 1963.

777777 “Cartan connections and the equivalence problem for geomet-

ric structures.” Contribution to Differential Fquations, vol. 3, 1964,

pp. 199-248.

H. Hermes and J. P. Lasalle, Functional Analysis and Time Optimal

Control.  New York: Academic. 1969.

Y. M-L. Kostyukovskii, “Observability of noalinear controlled

systems,” Automat. Remote Conir., vol. 9, pp. 1384-1396, 1968.
“Simple conditions of R e T naihs coaulied

systems,” Automat. Remote Contr.. vol. 10, pp. 15751584, 1968.

S.R. Kou. D. L. Elliot, and T. J. Tarn, “Observability of nonlinear

systems,” Inform. Contr., vol. 22, pp. 89-99, 1973,

A. L Krener, “A generalization of the Pontryagin maximal princi-

ple and the bang-bang principle.”” Ph I dissertation, University of

California, Berkeley, CA, 1971,

Boston, MA: Allyn

(20 —"A generalization of Chow’s theorem and the bang-ban
theorem to nonlinear control problems,” SIAM J. Contr., vol.
12, pp. 43-52, 1974.
C. Lobry, “Controllabilite des systémes non linéaires,” SIAM J.
Contr., vol. 8, pp. 573-605, 1970.
—“Quelques aspects qualitatifs de la theorie de la commande,”
These de doctorat d’état, Universite de Grenoble, Grenoble,
France, 1972.
T. Nagano, “Linear differential systems with singularities and an
application to transitive Lie algebras,” J. Math. Soc. Japan, vol. 18,
pp. 398-404, 1966.
J. P. Serre, Lie Groups and Lie Algebras. New York: Benjamin,
1965.
H. J. Sussmann and V. J. Jurdjevic, “Controllability of nonlinear
systems,” J. Differential Equations, vol. 12, pp. 95-116, 1972.
H. J. Sussmann, “Minimal realizations of nonlinear systems,” in
Geometric Methods in Systems Theo, » Mayne and Brockett, Ed.,
Dordrecht, The Netherlands: D. Riedel, 1973.
——"A generalization of the closed subgroup theorem to quotients
of arbitrary manifolds,” J. Differential Geometry, vol. 10, pp-
151-166, 1975.
“Observable realizations of finite dimensional nonlinear au-
tonomous systems,” Math. Systems Theory, to be published.
“Existence and uniqueness of minimal realizations of nonlin-
ear systems I: Initialized systems,” Math. Systems Theory.

2y
[22]

[23]

(24]
{25]
(26]

[27]

[28]
[29]

Robert Hermann, for a photograph and biography see p. 25 of the
February 1977 issue of this TRANSACTIONS.

Arthur J. Krener (M *76) was born in Brooklyn,
NY on October 8, 1942. He received the B.S.
degree in mathematics from Holy Cross College,
Worcester, MA in 1964 and the M.A. and Ph.D.
degrees in mathematics from the University of
California, Berkeley, in 1967 and 1971, respec-
tively.

From 1971 to 1974 he was an Assistant Pro-
fessor of Mathematics at the University of Cali-
fornia, Davis. During 1974-1975 he was a Re-
search Fellow in decision and control at
Harvard University. Cambridge, MA. He is currently an Associate
Professor in the Department of Mathematics, University of California,
Davis. His present research interests are in the areas of optimal control,
nonlinear systems, stochastic process, and image processing.

. Krener is a member of the Society for Industrial and Applied
Mathematics.




