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ON THE ACCESSIBILITY AND CONTROLLABILITY OF
STATISTICAL LINEARIZATION FOR STOCHASTIC CONTROL:
ALGEBRAIC RANK CONDITIONS AND THEIR GENERICITY

R. BONALLI*, C. LEPAROUX', B. HERISSE!, AND F. JEANS

Abstract. Statistical linearization has recently seen a particular surge of interest as a numer-
ically cheap method for robust control of stochastic differential equations. Although it has already
been successfully applied to control complex stochastic systems, accessibility and controllability prop-
erties of statistical linearization, which are key to make the robust control problem well-posed, have
not been investigated yet. In this paper, we bridge this gap by providing sufficient conditions for
the accessibility and controllability of statistical linearization. Specifically, we establish simple suf-
ficient algebraic conditions for the accessibility and controllability of statistical linearization, which
involve the rank of the Lie algebra generated by the drift only. In addition, we show these latter
algebraic conditions are essentially sharp, by means of a counterexample, and that they are generic
with respect to the drift and the initial condition.

Key words. Robust stochastic control, statistical linearization, accessibility and controllability,
algebraic rank conditions, generic results.

AMS subject classifications. 93B03, 93B27, 93E03.

1. Introduction. Let (Q,F, (F;)i>0,P) be a filtered probability space, with
complete filtration (F:)>0, and let (Wy):>0 be a d-dimensional Wiener process which
is adapted to (F3)i>0. In this work, we focus on stochastic control systems which are
modeled by Ito-type stochastic differential equations of the form

(1.1) da(t) = f(a(t), u(t)) dt + g(z(t)) dW;.

where f and g denote drift and diffusion, respectively, whereas = and u denote the
finite-dimensional state of the system and the control applied to it, respectively.
Equations such as (1.1) are frequently leveraged to accurately model control sys-
tems which are subject to exogenous random perturbations, finding beneficial use
in many applications which include aerospace [19], biology [2], and finance [6], to
name a few. In particular, one may often mitigate harmful random outcomes which
perturb control systems by appropriately controlling (1.1) with the objective of min-
imizing (or, at least constraining) the variance of the state = throughout the control
time interval: we call this latter minimal variance control. Successful application
of this technique has been originally obtained in the context of linear systems, en-
abling numerical approaches ranging from exact covariance control [12] and variance
minimization through linear-quadratic regulators [21, 7], to multi-objective variance
minimization via sensitive robustness [18]. For what concerns non-linear systems,
we find extension of this latter paradigm [20], followed by open-loop-based sensitive
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robustness [9], and more recently, by improved perturbation-based methods which
penalize an appropriate sensitivity matrix within the cost [22].

Unfortunately, the aforementioned procedures suffer from expensive numerical
computations, which has recently fostered the investigation of methods for minimal
variance control which rely on numerically cheaper approximations of the original for-
mulation. Among such methods we find statistical linearization [1, 2], which basically
hinges upon the linearization of both the dynamics of the mean and the dynamics
of the covariance of the state x around its expected value. More specifically, if only
deterministic open-loop controls are leveraged, (1.1) may be replaced by the following
system of deterministic differential equations

12 {m@ = f(m(®),u(t).
P(t) = Do f(m(t), u(t) P(t) + P()Ds f (m(t), u(®)T + glm(t)g(m(t) T

where m € R™ and P € M, (R) denote first-order approximations of the mean and
the covariance matrix of the state x, respectively. If one is capable of controlling (1.2)
such that additionally ||P|| takes small enough values throughout the control time
interval, the quantities m and P will closely resemble the exact mean and covariance
matrix of the state x, respectively, thus endowing statistical linearization with the-
oretical guarantees of accurate approximation (indeed, a work in which we carefully
analyze the accuracy of this method should appear soon, see [14]). The main benefit
which statistical linearization offers is to reduce minimal variance control, which is a
stochastic problem, into an essentially easier problem, which consists of controlling
a deterministic system subject to state constraints (on the variable P), yielding a
numerically cheaper and theoretically guaranteed alternative.

Although this method has already been successfully applied to complex systems,
e.g., [22, 19], statistical linearization might suffer from controllability issues. Indeed,
since the variance can be minimized only if the variable P can be controlled directly, at
the very least the system (1.2) must be accessible, i.e., the reachable set of (1.2) must
have non-empty interior. It is worth noting that this latter property is fundamental
when leveraging statistical linearization for robust optimal control, in that it allows
one to locally steer (1.2) along every directions, a key requirement without which
one might not be capable to reduce the value of the cost [24, 4]. Unfortunately,
accessibility might not hold even when considering very simple settings. Indeed, in
the case where (1.1) is linear, i.e., the mapping f is linear in (z,u), and the mapping
g is constant, the dynamics of P in (1.2) is independent from m and u, which makes
it not accessible: in turn, it is impossible to control the values of P in linear settings.

Although accessibility is difficult to verify and no general exact characterizations
exist, one may often establish accessibility through sufficient conditions on the rank of
a certain Lie algebra (which, in special cases, may additionally yield complete control-
lability). This remark leads us to investigating the following first crucial question for
the well-posedness of statistical linearization: are there conditions on the mappings f,
¢ which yield accessibility of (1.2) by means of Lie algebra-based sufficient conditions?
Note that in practice, uncertainty is often difficult to model. Therefore, the afore-
mentioned sought conditions must depend on the values of the variable m only (that
is, they must not depend on the values of P), and in addition, they should be prefer-
ably stated in terms of the mapping f uniquely, (that is, they should yield the same
properties for different mappings ¢). Once such sufficient conditions are obtained, it
is then paramount to understand how restrictive they are. This remark leads us to
investigating the following second crucial question for the well-posedness of statistical
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linearization: do generic systems (1.1) satisfy the aforementioned conditions? The
aim of this paper is to answer these two questions.

Before answering the aforementioned questions, let us briefly discuss connections
between controllability properties of the original stochastic system and of its statisti-
cal linearization, although rigorously establishing such connections is out of the scope
of the present work. A priori, the controllability properties of the original stochastic
system are not directly related to the controllability properties of its statistical lin-
earization. That said, perhaps under additional conditions one may prove a stochastic
control system is “approximately controllable” in expectation and in covariance in the
case its statistical linearization is controllable. Note that such result would necessarily
require to derive estimates of the error between the evolution of the mean and the
covariance of the original stochastic system (1.1) and the evolution of the variables
(m, P) of its statistical linearization (1.2). Importantly, we derive some of such esti-
mates in our upcoming work [14], partially addressing such matter for some classes
of stochastic control systems. In particular, [14, Corollary 3] and [14, Proposition
4] yield approximate controllability of the mean of the original stochastic system,
although controllability of its covariance still remains an open question.

The paper is organized as follows. In Section 2, we first summarize existing
Lie algebra-based sufficient conditions for accessibility and controllability. Then, we
express the Lie brackets generated by the system (1.2) as functions of the Lie brackets
generated by the mapping f, thus obtaining sufficient conditions for the accessibility
of (1.2) in terms of the mapping f uniquely. In the particular case of control-affine
systems, we additionally obtain conditions for complete controllability. We also study
the class of biaffine systems to show that the sufficient conditions we obtain are not
necessary in general. Finally, in Section 3 we show that the aforementioned sufficient
conditions for accessibility and controllability are generic for stochastic differential
equations (1.1) which are control-affine. Specifically, we show that, for some given
diffusion g, system (1.2) is accessible, generically with respect to the drift f and the
initial condition (mg, Pp).

2. Conditions for accessibility and controllability. As we mentioned in the
introduction, we consider stochastic control systems of the form (1.1), that is

da(t) = f(x(t), u(t)) dt + g(x(t)) AW,

where the state = takes values in R", the control u takes values in a subset U of R™»,
and the mappings f : R” x R™ — R™ and g : R” — R"*? are assumed to be smooth.
The statistical linearization of (1.1) is the deterministic control system

{w@(t) = f(m(t), u(t)),
P(t) = Do f(m(t), u(t) P(£) + P()Da f(m(t), u(t)T + g(m(t)g(m(®))T,

where D, f denotes the Jacobian matrix of f with respect to x. Here, m(t) € R",
u(t) € U, and P(t) € Sym(n), the vector space of (n x n) symmetric matrices.

Actually, one can show more specific properties of P(¢). Indeed, the latter satisfies
the differential Lyapunov equation

P =D, f(m,u)P+ PD,f(m,u)" + g(m)g(m)",
for which it holds

(2.1) P(t)= @(t,O)P(O)@(t,O)T —i—/o D(t, s)g(77”L(s))g(m(s))T<I>(t,s)—r ds, t>0,
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where the fundamental matrix ®(¢,s) € R"*™ is defined as the unique solution to

0
Eq)(tv S) = sz (m(t)v ’U,(t)) (I)(ta S)’

D(s,s) =1.

From (2.1), we infer that P(t) is positive definite for every ¢ > 0 for which P(t) is
well-defined, as soon as P(0) is itself positive definite. Motivated by this remark and
the fact that the initial value of the covariance of the state x of (1.1) is selected as
initial condition P(0), from now on we assume P(t) is positive definite.

Denote by Sym™ (n) the set of positive definite (n x n) symmetric matrices, and
consider an open subset V' of R™ (specifically, in some settings it can be convenient
to work with m in V instead of m € R™). We introduce statistical linearization as
the control system on V x Sym™ (n) which is given by

m

(2.2) X =FX,u), X= ( P

> €V xSymt(n), wel,

where the smooth mapping F : V x Sym™ (n) x R™ — R™ x Sym(n) is defined by
f(m,u)

2. F(X,u)= .

23) 5=, fm, 010+ P + gl

Our main goal is to study accessibility and controllability properties for this system.

Remark 2.1. As a consequence of (2.1), the trajectories of F(X,u) are defined on
the same time-intervals in which the trajectories of f(m,u) are. In particular, if for
a given u € U the vector field f(-,u) is complete on R", then the vector field F(-,u)
is complete on V' x Sym™ (n).

2.1. General conditions for accessibility and controllability. Let us first
recall the main existing accessibility and controllability conditions. We refer to [13,
Chapter 3] for further details. Let

(2.4) = f(x,u), zreV,ueld CR"™,

be any (smooth) control system on an open subset V' of R™. Specifically, this control
system is characterized by the family of (smooth) vector fields

f={fu=7rCu) : vel}.

Two Lie algebras of vector fields are naturally associated with f:
e the Lie algebra generated by f,

Lie(f) = span {[f1, ..., [fe—1, fill : k > 1, fi € f};

o the so called zero-time ideal®, defined as

I(f) = span{ f1 — f2, fs : f1, fo € f, f3 € D(f)} C Lie(f),
where D(f) = {[fl, ceey [fk—lu fk]] k> 2, fi S f}

1The terminology zero-time ideal comes from the fact that Z(f) is associated with the set of
chained flows of the form ef1f1 o ...oetkfi k € N, f; € §, where the total time t1 + - - - 4 t;, equals
zero. On the contrary, Lie(f) is associated with the set of such elements but for which the total time
t1 4+ -+ + tg is let free.
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From now on, for every € V, we denote by Lie,(f) (resp. Z,(f)) the set of vectors
f(z) € R™ such that f € Lie(f) (resp. f € Z(f)).

DEFINITION 2.2. We say that f (or the control system (2.4)) satisfies the accessi-
bility rank condition at 2 € V if dim Lie,(f) = n, and that it satisfies the accessibility
rank condition in fixed time at z € V if dim Z,(f) = n.

Remark 2.3. Note that the accessibility rank condition in fixed time implies the
accessibility rank condition since Z(f) is contained in Lie(f).

For every x € V, let us denote by A(z,T) the reachable set from x in time T > 0
of (2.4), and by A(x) = Uy~ A(z,T) the reachable set from x. The accessibility rank
conditions give sufficient conditions such that reachable sets have nonempty interiors
(see also [23, Sect. 4.5] for the necessity of these conditions).

LEMMA 2.4 (Accessibility properties, Th. 2 p. 68, and Th. 3 p. 71 of [13]).

1. If§ satisfies the accessibility rank condition at every point of V, then Vx € V,
A(x) has nonempty interior and the set of interior points is dense in A(z).

2. If§ satisfies the accessibility rank condition in fived time at every point in V,
thenVx € V., A(z,T) has nonempty interior for T > 0 small enough and the
set of interior points is dense in A(x,T). If moreover f contains at least one
complete vector field on V', then the preceding properties of A(x,T) hold for
every T' > 0.

The property for a control system of having reachable sets with nonempty interi-
ors is often called accessibility, which is a crucial property especially in the context of
optimal control. Indeed, it guarantees that one can generate infinitesimal perturba-
tions in any direction around the endpoint of a trajectory by varying its generating
control (either in fixed time if int.A(x,T) is nonempty, or in free time if int.A(z) is
nonempty), opening up the possibility of performing calculus of variations.

Consider now the particular case of control-affine systems, i.e.,
(2.5) flz,u) = fo(z) + Zulfl(x), uel =R".
i=1

The Lie algebras associated with such a system respectively take the forms
Lie(f) = Lie{f;: i=0,...,n,} and Z(f) = Lie{ad®fo - fi: s>0, i=1,...,n,},

where we denote ad' fo - fi = [fo, fi] and ad®fo - f; = ad' fo - (ad* "' fo - fi) for s > 2.
The main benefit offered by these relations is that they allow for expressing the acces-
sibility rank conditions in terms of iterated brackets of the f;’s uniquely. Moreover, a
somewhat stronger version of Lemma 2.4 may be established, enabling the following
ease-of-use sufficient conditions for the controllability of control-affine systems.

LEMMA 2.5. Assume V is connected. If for every x € V it holds that

(2.6) dim Lieg (f1,..., fn,) =0,
then the control-affine system (2.5) is controllable on V' in free and fized time, i.e.,
for every x € V, A(x) =V and A(z,T) =V for T >0 small enough.

Remark 2.6. Note that the Lie algebra Lie (fi, ..., fn,) is included in Z(f), there-
fore (2.6) implies that the accessibility rank condition in fixed time at = holds.
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2.2. Form of the Lie brackets for statistical linearization. The accessi-
bility rank conditions require the computation of Lie brackets. We establish here a
general expression of the Lie brackets between the vector fields which define the sta-
tistical linearization. For this, given a controlled drift f and a diffusion g defining the
statistical linearization (2.2), we denote by f = {f(-,u) : u € U} the family of vector
fields on V' which is defined by the drift, and by §, = {F(,u) : u € U} the family
of vector fields (2.3) on V x Sym™(n) which is defined by the statistical linearization.
Clearly by definition, for every F' € §, there exists f € § such that

— f(m) [ m
FX) = (Df(m)P+ PDf(m)T + g<m>g<m>T> » X= < P > €V x Sym™(n).

LEMMA 2.7. Consider two vector fields Fy, Fy on V x Sym™ (n) of the form

_ fi(m) .
Fi(X) = (Dfi(m)P + PDfi(m)T + Bl-(m)> » =12

where f1, fa are vector fields on V and By, By : V — Sym(n) are smooth mappings.
Then,

) (1, ol (m)
3P = (i, o+ P ) + Bra())

where, for every m € V,
Blg(m) = ng(m) - f1 (m) —dBy (m) . fg(m) + ng(m)Bl (m) —Dfy (m)Bg(m)
+ Bi(m)D fo(m)" — Ba(m)D fi(m)"

is a symmetric matriz (note that we denote by D f(m) the Jacobian matriz of a vector
field f, whereas we denote by dB(m) the differential of a map B at m).

Proof. By definition, the Lie brackets of F} and F5 is given by
[F1, B2)(X) = dF2(X) - Fi(X) — dF(X) - Fa(X).

Let us denote Y = (Y,,,Yp) any element Y € R™ x Sym(n). On the one hand, the
first n components of dF»(X) - F1(X) satisfy

(dF>(X) - F1(X))m = d(F2)m(X) - F1(X)
o

T 9m

and therefore we readily obtain that

(m) - (F1(X)m + %(m) S(F1(X))p = Dfa(m)fr(m),

[, B2 (X)m = [f1, f2](m).

On the other hand, the remaining n? components of dFy(X) - Fy(X) satisfy

m m) T m
(dFQ(X).Fl(X))P:f?(sz( )P+P§ﬂfz( )T + By(m))

oP

- fi(m)

+

- (Dfi(m)P + PDfi(m)" + By(m)).
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Let us develop these two terms separately. For the first term, we may compute

0 (Dfalm)P + PD(m)T + By(m)
am rlm) =

D?fy(m) - (fi(m), )P + P[D* fo(m) - (fi(m),.)]" + dBa(m) - fi(m),
where, with an abuse of notation, we implicitly identify the linear mapping

D?fa(m) - (fr(m),.) - h € R = D? fa(m) - (fi(m), h) € R"

to an (n x n) matrix. For the second term, we may compute

m QmT 2{m
9 (Dfs( )P+P8D]:J:( )+ Bx( )).(Dfl(m)P+PDf1(m)T+Bl(m)):

D fs(m)D fi(m)P + D fo(m)PDfi(m)" + Dfi(m)PDfo(m)" + P[D fo(m)Df1(m)]"

+ Dfs (m)Bl (m) + By (m)ng (m)T
Similar formulas hold for (dFy(X) - F5(X))p, which can be readily checked by index
exchange. At this step, by leveraging the relation

Dlf1, f2](m) = D? fa(m) - (f1(m),.) — D? fi(m) - (fa(m),.)
+ Dfa(m)D f1(m) — D fi1(m)D fa(m),

we finally obtain that
[F1, Fo]p(X) = D[f1, fo](m)P + PD[f1, f2(m)" + Bi2(m),

where Bis is as stated in the lemma, and the conclusion follows. O

An elementary induction argument on this lemma yields a simple closed form for
every element in Lie(§,) and Z(F,), respectively.

COROLLARY 2.8. Every vector field F in Lie(F,) (resp. in Z(§,)) writes as

f(m)
(2.7) F(X) = <Df(m)P+PDf(m)T +B(m)>’

where f belongs to Lie(f) (resp. to Z(f)) and B : V — Sym(n) is a smooth mapping.
Reciprocally, if f belongs to Lie(f) (resp. to Z(f)), then there exists F' in Lie(F4) (resp.
in Z(§,)) and a smooth mapping B : V — Sym(n) such that (2.7) holds.

Finally, if F € Lie(§o) (i.e. if g=10), then B = 0.

Remark 2.9. The family §g plays an important role in the forthcoming algebraic
conditions. It is important to note that this family is not directly associated with the
statistical linearization of a stochastic differential equation (1.1), in that the latter is
not defined for g = 0. Nevertheless, this family §y can be interpreted as the statistical
linearization of a deterministic control system subject to imperfect information on the
initial condition, which is modelled through a Borel measure (see for instance [16]).

2.3. Algebraic conditions for accessibility. To simplify the expression of the
accessibility rank conditions, we first provide an algebraic result which allows us to
express these sought conditions independently from g and P. In what follows, we
denote E = R™ x Sym(n), a vector space of dimension N =n + @ Recall that
So denotes the family of the vector fields (2.3) associated with g = 0. Also, we denote
by M,(R) the space of (n x n) matrices and by I € Sym™(n) the identity matrix.
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LEMMA 2.10. For every m € V, the following properties hold:
1. dimZ,, 1y (30) = N if and only if dimZ,, p)(Fo) = N VP € Sym™ (n);
2. dim Lie(,, 1) (30) = N if and only if dim Lie(, p)(Fo) = N VP € Sym™ (n).

Proof. For any given P € Sym™ (n), we introduce the map ¢p : R” x M, (R) — E,

which is defined by
v
¢P(U7A) = (AP+PAT> .

We claim that
(2.8) R™ x M, (R) = E @ ker ¢p.

For this, note first that ker pp = {0} x Skew(n)P~!, where Skew(n) denotes the set
of (n x n) skew-symmetric matrices. Hence, we are left to prove that

M, (R) = Sym(n) @ Skew(n)P~*,
or equivalently that
Sym(n) N Skew(n)P~! = {0}.

For this, if we assume S is an element of this intersection, that is S is symmetric and
S = AP~! with A € Skew(n), it must hold that

AP '=8=8T=AP )T = —P 1A,

implying that PA+ AP = 0. This latter Lyapunov equation has no trivial solutions if
and only if Sp {P} N Sp{—P} # 0, which is not the case since P is positive definite.
Therefore, A = 0 and thus S = 0. We conclude that (2.8) holds true.

At this point, we proceed by first showing the first point of the lemma. For this,

fix m € V and denote
5={(4m) - rexo)

Since Z(f) is a Lie algebra, E is a linear subspace of R™ x M, (R). Moreover, for every
P € Sym™(n), thanks to Corollary 2.8 it holds that

Lim,p) (o) = op(E) C E,

and hence, thanks to (2.8) we have that dimZ,, p)(8o) = N if and only if E C E.
Since this last condition holds true independently from P, Point 1. of the lemma
follows. Point 2. can be proved along the same line. d

Let us now study the dimensions of the subspaces Zx (§4) and Liex (F,), for g # 0.
Specifically, the following key density result holds true.

LEmMMA 2.11.
L. If dimZ(,y,, 1) (So) = N for every m € V, then there exists an open and dense
subset Q of V x Sym™ (n), such that dimZx (F,) = N for every X € Q.
2. Ifdim Lie(,, 1 (So) = N for every m €V, then there exists an open and dense
subset Q of V x Sym™ (n), such that dim Licy (§g) = N for every X € Q.
Proof. We only prove Point 1., the proof of Point 2. being identical. Fix my € V.
By assumption, there exist N vector fields fi,..., fx in Z(f) such that

det <<Df1 (moj;limlg}l(mO)T) T <DfN(m(JJ;NJ£nZ7(J}N(m0)T)> #0
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where detgp denotes the determinant in the vector space E. By continuity, for every
m in a neighbourhood V,,,, C V of mg it holds that

fi(m) fn(m)
(2.9) det g <(Df1(m)1+Df1(m)T) <DfN(m)er DfN(m)T>) #0.
At this step, from Corollary 2.8, there exist Fi, ..., Fn in Z(§,) such that

LX) — fi(m) L

Fi(X) = (Dfi(m)P—i-PDfi(m)T +Bim)) T b

Let us introduce the scalar function on V' x Sym™ (n), which is defined by
p(X) = detE (Fl(X), ceoy FN(X)) .

Clearly, dimZx (§4) = N as soon as p(X) # 0. But for any fixed m € V,,,, the
mapping p(X) is a polynomial function of P, whose homogeneous term of highest
degree is

PI(X) = det <(Df1(m)15f lfn;)Dﬁ(m)T) <szv<m>gjﬁ%ffv<mf>) |

Therefore, (2.9) yields p’(m,I) # 0, and thus both p° and p are not the zero P-
polynomial. As a consequence, the subset

Qg = {X € Ve x Sym™ (n) : p(X) # 0}

is open and dense in V,,, x Sym™ (n). By taking the union of the sets Q,,, for all mo €
V, we obtain a dense and open subset  of V x Sym™ (n), on which dim Zx (§,) = N.O

2.4. Accessibility criterion for statistical linearization. We are now in po-
sition to establish sufficient conditions for the accessibility of the statistical lineariza-
tion. Specifically, the following result comes from a direct application of Lemma 2.11.

PRrROPOSITION 2.12. Consider drift f and diffusion g mappings, and denote by f
and §q the families of vector fields associated with f and the corresponding statistical
linearization (2.2), respectively. The following conditions hold true:

1. if for every m € V there holds

(2.10) dim { ( by (m)fi”g f(m)T) . fe Lie(f)} _ N,

then §4 satisfies the accessibility rank condition on an open and dense subset
of V x Sym(n)*;
2. if for every m € V there holds

(2.11) dim{<Df(m)f_i(_an(m)T> : feI(f)}_N,

then §4 satisfies the accessibility rank condition in fized time on an open and
dense subset of V x Sym™ (n).

Remark 2.13. In the case g = 0, by Lemma 2.10 the open and dense subsets which
result from Proposition 2.12 are the whole space V x Sym™ (n), and the requirements
of Point 1. and 2. of the proposition are equivalent to the accessibility rank conditions
in free and fixed time, respectively. This equivalence does not hold in general for
nonzero g, see Section 2.5 for a counterexample.
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Importantly, these conditions involve properties of the family of controlled drift
mappings f uniquely, and in particular neither the diffusion g nor the covariance vari-
able P explicitly affect them. Through these accessibility conditions, one can deduce
the structure of the reachable sets in free and fixed time, and thus generic accessibil-
ity properties for (1.2) by means of Lemma 2.4. Note that, thanks to Remark 2.1,
the assumption concerning the completeness of the vector fields which is required in
Lemma 2.4 can be merely tested on the family f.

Proposition 2.12 may be refined in the case of control-affine drift, that is, mappings
f of the form

flz,u) = fo(z) + Zulfl(x), uelU =R".
i=1
In such case, the statistical linearization takes a control-affine form as well, specifically
(2.12) X =Ffo(X)+ > uiFp(X), ueR™,
i=1

where we introduced the following vector fields on V' x Sym™ (n):

B fo(m)
Fryg(X) = <Df0(m)P 4 PDf((JJ(m)T + g(m)Tg(m)) ’

Fp,(X) = <Dfi(m)Pfi|ET;L3)Dfi(m)T)’ X= < b > i =1

In addition to the accessibility stated through Proposition 2.12, from a direct appli-
cation of Lemma 2.5 we obtain stronger controllability conditions for (2.12).

PROPOSITION 2.14. Assume V is connected. If for every m € V there holds

dim{(Df(m)fiﬂgf(m)T> . fe Lie(fl,...,fnu)} - N,

then system (2.12) is controllable on V x Sym™(n) in free and fived time.

Proof. Tt suffices to notice that, by applying Lemma 2.10-Point 2. to the family
So=1{F},...,Fy,, }, the assumption above implies that (2.12) satisfies the assump-
tion of Lemma 2.5. d

2.5. Counterexample: the biaffine case. The aforementioned results give
sufficient but not necessary conditions for accessibility. To illustrate that, below we
provide an example of a particular class of systems which is generally accessible even
though it does not verify the latter sufficient accessibility conditions.

The class we consider is the one associated with constant diffusions g and control-
affine drifts f which depend linearly on z, ie., fi(z) = A;xz with A; € M,(R) for
i = 0,...,my. We say that such an f is a biaffine system, the simplest class of
nonlinear systems. The statistical linearization takes the control-affine form (2.12),
where

_ Aom ' B Aim o
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For simplicity we set Fy = Fy, 4 and F; = Fy,. Lemma 2.7 yields the following forms
of the Lie brackets,

vy [Ai, Ajlm o

where the symmetric matrices B;; € Sym(n) are given by
(2.14) Boj = Ajgg" + ggTA]T and B;; =0 fori,j=1,...,n,.

We first show that, in such specific case, the accessibility conditions given by
Proposition 2.12 do no longer hold true.

PROPOSITION 2.15. Assume that the drift f is a biaffine system. Then, at every
m € R™, the sufficient conditions (2.10) and (2.11) in Proposition 2.12 are not satis-
fied. In particular, if in addition g = 0, then the statistical linearization satisfy none
of the accessibility rank conditions.

Proof. As a consequence of (2.13), condition (2.10) at m € R™ writes as

. Am )
d1m{<A+AT> : AELle(AO,Al,...,Anu)} — N.

Fix m € R*, P € Sym™ (n), and introduce the linear map V(m,py : Mn(R) — R™ x
Sym(n) defined by

A
Vi, ) (4) = (AP +ﬂ}3AT> :

If condition (2.10) holds at m, then necessarily ranky,, ry = N. Let us prove that
this latter condition is not actually true.
For this, obviously we have that

ker ¢, 1) = {A € Skew(n) : Am =0} .

If m = 0, then kert,, 5y = Skew(n) is of dimension n(n — 1)/2, and thus, by the
rank-nullity theorem, ranki,, 1y = n*> —n(n —1)/2 = n(n +1)/2 is smaller than N.
If m # 0, then we can find an orthogonal basis {ei,...,e,} of R” where e; = m. In
that basis, the element A; ; in the ith row and the jth column of A satisfies

Y2

_ T — T L
Aij=e; Aej = —e; Ae; = —A

yielding A; ; = A;1 = 0. As a consequence, in these coordinates, we have

ker ¢, 1) = {A = (8 21) € M,(R): A€ Skew(n — 1)}

Thus ker ¢, ) has the same dimension as Skew(n — 1). Hence ranki, 1y = n? —
(n—2)(n—1)/2 is equal to N — 1 and we deduce that the condition (2.10) is never
satisfied. This proof can be easily replicated to show condition (2.11). ad

Proposition 2.15 shows that our sufficient conditions for accessibility can not be
leveraged to prove that biaffine systems are generally accessible. Nevertheless, it is
still possible to formulate other sufficient general conditions for the accessibility of
biaffine systems. In particular, the following result holds true.
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PROPOSITION 2.16. Assume that the biaffine system satisfies the followings:

(i) dimLie(Ay,..., A,,) = n?;

(i3) there exists i € {1,...,n,} such that Bo; = Aigg' + gg' A is nonzero.
Then §4 satisfies the accessibility rank condition in fized time on an open and dense
subset of R™ x Sym™ (n).

Remark 2.17. Conditions (i) and (ii) are satisfied by generic matrices Ay, ..., Ay,
when n, > 1 and g # 0, respectively. Hence the statistical linearizations of a “very
large” class of biaffine systems satisfy the accessibility rank conditions, though they
do not satisfy the sufficient conditions which are provided in Proposition 2.12.

Proof. Note first that, as a consequence of (2.13), every vector field in Z(5F,)
writes as

Am

F(X):<AP+PAT+B)’ A e M,(R), B e Sym(n),

and thus F(X) depends affinely on X = (m, P). As a result, the accessibility rank
condition in fixed time dimZx (§4) = N holds either nowhere, or for points X which
belong to an open and dense subset of R” x Sym™ (n) (to see this, use the argument
we provide at the end of the proof of Lemma 2.11). Therefore, it is enough to prove
that dimZx (§4) = N holds for any specific point X.

For this, by Hypothesis (ii) the symmetric matrix By, is nonzero, thus we can
choose mm € R™ and P € Sym™ (n) such that m " P~'By; P~'m # 0. Set X = (m, P).

Now, note that, on the one hand the set Z(§,) contains the vector

. Agim o _
[FOaE](X) - <AOiP+ pA(—Jrz +B0i) ) where AOZ - [A(),AZ],

whereas, on the other hand, it contains the linear subset

W ={F(X) : FeLie(F,...,F.,)}.

Thanks to (2.13) and (2.14), every F(X) € W writes as

F(X):(AP—I—PAT)’ WithAELie(Al,...,Anu).

It then results from Hypothesis (i) that W is the image of the map g which is
defined in the proof of Proposition 2.15. Moreover, a straightforward adaptation of
the latter proof implies that ranky g = N — 1, and therefore that dimW = N — 1.
Let us prove that [Fp, F;](X) does not belong to W. Indeed, if an element (v, Q) €
R™ x Sym(n) belongs to W, then there exists a matrix A € M,,(R) such that v = Am
and Q = AP + PAT. Equivalently, there exists Q € Skew(n) such that v = (%Q +

Q)P~Ym. By multiplying the latter expression by m ' P~!, we obtain that
_ 1 .
a(v,Q) :==m' P~ (v — EQP”m) =0.

Let us compute this expression in the case (v, Q) = [Fp, F;](X). We have that
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But the choice of X guarantees a([Fp, F;](X)) # 0, which implies [Fy, F;](X) & W.
In summary, we have shown that W @ R[Fp, F;](X) is a vector space of dimension
N included in Zx(§,). We deduce that dimZg (§,) = N, concluding the proof. 0O

3. Generic accessibility and controllability. In this section, we conclude
our study by establishing generic accessibility and controllability properties for (1.2).
Specifically, we show that the various sufficient rank conditions which we established
in Section 2.4 hold generically (in the sense of Thom’s transversality) with respect to
the drift f, and eventually with respect to the initial conditions m(0) and P(0).
From now on, we consider control-affine drift mappings uniquely, i.e.,

f(a:,u):fo(x)—FZuzfz(x), ueu:Rnuv
=1

and we thus adopt the notation we introduced through (2.12). For an open subset V/

of R™ and ¢, r € N, we introduce the following quantities (see, e.g., [11]):

o 7t JY(V,R") — V is the vector bundle of ¢-jets of maps in C>(V,R");

o for every h € C=°(V,R"), ji(h) : V. — J*(V,R") is the jet map associated with 7¢;
in particular, when clear from the context, for the sake of conciseness we denote
§t(h)y = j4(R)(y) € JY(V,R"), for every h € C*°(V,R") and every y € V.

We recall that the family of sets
{h € C®(V,R") : j(h)(V) C v}, V open subset of J(V,R"),

generates the (weak) Whitney topology of C*°(V,R"). Our main results are as follows.

THEOREM 3.1 (Accessibility with Respect to Generic Drift). There exists an
open and dense (w.r.t. the Whitney topology) subset Opc. C C(V,R™  (ut1)) sych
that for every (fo, f1,-.-, fn,) € Oace, the family of vector fields

f: {fo'f‘zuuifi : UEU}
i=1

satisfies condition (2.10) for every m € V. In addition, there exists an open and
dense (w.r.t. the Whitney topology) subset Opce, C C(V,R™ ™tV sych that
for every (fo, f1,---, fn.) € Oace, , the aforedefined family of vector fields § satisfies
condition (2.11) for every m € V.

Together with Proposition 2.12, Theorem 3.1 readily yields the following corollary.

COROLLARY 3.2 (Accessibility with Respect to Generic Drift and Initial Datum).

There exists an open and dense (w.r.t. the Whitney topology) subset Opce, C

O (V, RtV - such that for every (fo, fi,---s fnu) € Oace, and every diffusion
g € C(V,R™ ) the family of vector fields

5= {Ef07g+2uiFfi : uEM}

i=1

satisfies the accessibility rank condition in fixed time on an open and dense subset
Q, CV x Sym™(n) which depends on g uniquely.
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THEOREM 3.3 (Controllability with Respect to Generic Drift).

Let ny, > 2. There exists an open and dense (w.r.t. the Whitney topology) subset
Ocontr C C®°(V,R™"*") such that for every (f1,..., fn,) € Ocontr, every vector field
fo € C=(V,R™), and every diffusion g € C*(V,R"*%), the family of vector fields

T = {Ffoyg_FZUiFfi : UGZ/{}

=1

is controllable on V x Sym™ (n) in free and fived time.

Through the rank conditions provided above, one can deduce the structure of the
reachable sets in free and fixed time of the statistical linearization, and thus generic
accessibility and controllability properties for (1.2), by means of Lemma 2.4-2.5.

The rest of the section is devoted to proving these results. In particular, we prove
the first part of Theorem 3.1 for n, = 1 (the cases n, > 2 trivially result from the
latter), given that the proofs of Theorem 3.3 and of the second part of Theorem 3.1
follow the same line, though they are less pedagogical. Moreover, since all our proofs
develop along local analysis, without loss of generality we implicitly assume V = R"
in what follows.

3.1. Fundamental concepts from transversality theory. Before jumping
into the proof of Theorem 3.1, we recall some useful concepts from algebraic geometry
and transversality theory which are key to achieve the aforementioned proof, for which
we mainly refer to [25, 3, 17, 10]. In particular, for the sake of clarity in the exposition,
we gathered the classical concepts of algebraic geometry we make use of in our proofs
in Appendix A, so that in this subsection we may focus on transversality theory.

Since we set up n,, = 1 and V = R”, throughout the following sections, for
any given £ € N we consider the vector bundle of (-jets J*(R™ R?"), for which we
implicitly adopt the following identification

3n+2n 3¢ n+?—1
(3'1) JE(RW,RQW)%’R + szl( i )7

which is achieved through some (global) trivialization mapping. In addition, if (U, )
is any local chart of R™ at m € R", for every fo, f1 € C°°(R™,R") the coordinates
jf,(fo, f1)m of the jet 7°(fo, f1)m € J*(R™, R?") with respect to (U, @) are denoted by

35 (for f1)m = (w(m), ol ol

(@{?{il})oﬁil <n; (90{;1{1'1}>0Si1 <n;

fo f1
(Pelfin, . i) J0<ir - Sie<ns (‘pg;{il,,,,7”})0Si1§"'§itz§n>7

n+j—1
where ((ij'O)OSilg---gijgna ((pjf-l )OSHS"'SZ']'SH eR ( J >, for every 1 S ] S L.
Through the identification (3.1), we may introduce semi-algebraic sets SA C

JE(R™, R?") (see Appendix A), and thus we can make use of the following key transver-
sality result to prove Theorem 3.1.
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THEOREM 3.4 (Transversality Theorem, Proposition p. 38 of [10]). Let SA C
JE(R™,R?™) be a closed semi-algebraic set which satisfies

codimSA > n + 1.

Then, the subset
Osa={(fo. 1) € C=(R B> j(fo, 1) N SA =1}

is open and dense (w.r.t. the Whitney topology) in C>°(R™, R?").

Theorem 3.4 results from combining Theorem A.1 with Thom’s stratified transver-
sality theorem (for details, see [17, “Théoréme 6.1” and “Remarque” at page 175]).

3.2. Proof of Theorem 3.1. Our proof of Theorem 3.1 is inspired by the proofs
in [15, 5, 8], which consist of showing that specific bad sets have arbitrarily large
codimension. We introduce appropriate, non-trivial modifications to these proofs to
address submersion singularities which are due to possibly non-transverse components.
In particular, we introduce four bad sets Bl}, Bf, B?, and B}l (see below). Although
we could prove our result without explicitly considering B}, we introduced this latter
on purpose to show how the classical transversality cunning in [15, 5, 8], which can
be leveraged to handle B}, must be revisited to manipulate B2, B3, and B;.

3.2.1. Definition of the bad sets. Through a slight abuse of notation which
is possible thanks to the identification (3.1) , for » € NN [0, ¢ — 2] the mappings

34 (fo, f1)m € JE(R™,R*™) s ad" Fy, o - Fy, (m, ) € R,

jg(f(bfl)m € Jé(anR%l) > ad” [Ff0,07Ff1] 'Ffl (mvl) € RN’

where ad” is the r-iterated Lie bracket, are well-defined vector-valued polynomials.
This remark, together with the identification (3.1) , allows us to define the following
bad sets, which are semi-algebraic sets of J*(R", R?*") (for any ¢ € N large enough):

B = {1 S € TR 5 fo(m) 20
vank [ad' Fy, o - Fy, (m, 1) ‘ ad3Fy, o - Fy, (m, 1) ‘

_ ‘ adQW2J71Ff0,0 - Fy, (m,I)} < N},
B2 = iU F € FURVEE) 5 foom) =0, ad o (o) 20
rank {ad1 [Fro0.Fp] - Fr,(m, 1) ‘ ad®[Fy,0, Fp, ] - Fp, (m, 1) ‘

_ ‘ a,d2|-(€_l)/2j_lI:Ff[),07Ff1:| - Fy, (m,[)} < N},

B} = {jg(f(hfl)m e JAR™,R*™) 1 fo(m) =ad'fo- fi(m) =0, fi(m)# 0}7
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B} = {ﬂfo,fl)m e JYR™,R™) : fo(m) = fr(m) = 0}=

Thanks to (A.2), we finally have that the bad set

B, =B} UB}UB}UB} C JYR",R?™)
is a semi-algebraic set whose codimension satisfies

(3.2) codimB; > min codim B}.

1= 14y
3.2.2. Existence of an open and dense subset. Assume that

(3.3) min codimBj >n+1, for some ¢ € N.

i=1,2,3,
Therefore, (3.2) yields codim By > n + 1 and we can apply Theorem 3.4 to infer the
existence of an open and dense (w.r.t. the Whitney topology) subset

Opce = {(fo,fl) € C®(R™,R?") = j*(fo, f1) N By = @} C C=(R",R?).

In particular, straightforward computations by contradiction show that

(fo,f1) € Oprce =— dim Lie,, ((Df—ifoT) : f S {fo,f1}> = N.

Therefore, the proof of Theorem 3.1 is achieved once (3.3) is proved.

Remark 3.5. Theorem 3.1 may be proved similarly by replacing B} with

{jf(fo, Fm € TR B2+ fo(m) # 0, adfy - fy(m) £ 0,
vank [ad" [Fyo0, Fy,] - Fr, (m, 1) | ad® [Fpo0, Fp,] - Fr, (m. 1) | ...

_ ’ adQL(Efl)/ijl[FfO)O,FfJ - Fy, (m,I)} < N},

The required modifications are straightforward, and thus we avoid to report them.

3.2.3. Codimension computations. The rest of the manuscript is devoted
to prove (3.3). We provide computations for B} and B uniquely, given that the
computations for B and B} essentially follow the same line, though they are easier.

We fix ¢ € N large enough (to be selected later). For r € N, m € R”, and
hoy ..., hy € C°(R™,R"), we denote by

0" hg

(D"ho),, ., (m) = m(m)

e R
the tensor-valued mapping given by the rth derivative of hg with respect to the multi-
index (i1,...,1,), as well as the matrix-valued mapping

(D" 'ho)hy ... k). (m) = | Z (DT+1hO);)il)m7iT(m)hzf(m)...hff(m) c R,

ij
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n+r— 1)
Also, we denote the symmetric tensorization of any element 6, € R ( " by

S0;) :R" x--- x R" - R",
—_——

r—times

whereas we denote the symmetrization of a matrix A € R™ by Sym(A) = A+ AT. For
every r € N and p € [0, 7], we denote by L? the Stiefel manifold of linear mappings

L:R" - RN
such that rank L = p, for which it holds that
(3.4) codim LY = (N — p) (r — p).

Finally, for every r € N, we introduce the notation 1, = (1,...,1) € R".

Computations for Bj.

We introduce appropriate coordinates, i.e., the mapping yx defined below, under
which it is easy to check that appropriate mappings are submersions, yielding the
desired result. Note that the mapping x has been first introduced in [5, Section 5].
Unfortunately, due to some Lie bracket singularities, the technique developed in [5]
does not work for B, and we will need to introduce new singularity-free coordinates.

Straightforward computations by induction yield the following key result.

PROPOSITION 3.6. For m € R™ and fo € C®(R™,R") such that fo(m) # 0, the
following equivalence holds true for f1 € C*°(R™,R") and r € N:

A (D" fo,Difr, 0<i <7 —1)
adTFfoyo'Ffl(maI) = . .
BT(DZ+1fO7le17 0<:< ’f')

(D" f1) fo--- fo
—times
Sym((D ) fo- o) |

r—times

where A, and B, are polynomial expressions of the derivatives of fo and fi.

Consider the canonical global chart (R™, Id) of R™, given by the identity map

Id. Since every j(fo, f1)m € B} satisfies Idgo # 0, we may select constant vectors
va,...,v, € R™ such that the tuple of vectors

{v1(p), 02 (), - -, va(P)} = {L1dJ° w2, .. 00}, for p=j*(fo, f1)m € Vi,
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spans R" in some open subset V} C JY(R™,R?"). In particular, the mapping
X (5 (fo, f1)m) = <X6n =m,
=1, =1l
(X{?{i1}>1§i1§n - (S(Id{())vil)gilgn’

f1 ) - (s Idfl ) )
(Xl?{“}>1gilgn ( (Idy")viy 1<iz<n’

[ — foy,,.
(Xl;o{il ..... ”})1913--_' <n (S(Ideo)v“ ce U

) ,
1<i3 < <ig<n

i _ ) :(defl ) )
(Xl?{“ ----- il ) 1<iy <o <ig<n (Tdy"Jviy - v, 1<iy<-<ig<n )’

which is smoothly well-defined in V}, is a local chart for J¢(R"™,R?>"). For j*(fo, f1)m €
V}, let M denote the matrix which corresponds to the smooth change of coordinates

¢ =3 My (05 v, MOF) = (My(6])),_, .., € GL(n),
=1

where e/ denotes the jth column of I € Sym™ (n). Therefore, for € N we compute

(D™ f) fo.. fo= | Sl ) 1ale .. 1dfeet] ... ‘S(Id{;l)fdgﬂ...fdgﬂ en
r—times r—times r—times

g S(Id{ﬁrl)vl...vlvl S(Id{brl)vl...vva . ‘S(Id{‘jrl)vl...vlvn M

r—times r—times r—times

_ f f f
= (Xrirl;hﬂ Xrirl;{lr,2}‘ X""il’l;{l'rvn})M7

which together with the equivalence of Proposition 3.6 finally yields

A (s X 0<i<r—1)
(35) adTFfo,O' Fy, (mvl) =
Br(X{ilaX{Ia OSZST)

X

f
Xrirl;{h,z}

SYm((Xﬁrl;lrﬂ Xﬁi—l;{lr,n})M(Xgo)) ’

for every j¢(fo, f1)m € V} and every r € NN [1,£ — 1].
At this step, up to appropriate identifications, the triangular form of (3.5) allows
us to infer that, for every ¢ € N such that 2|¢/2] — 1 > N, the mappings

L= [a‘leme'Ffl (m, I) ‘ ad®Fy, 0 - Fy, (m, 1) ’

| By 3 D
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are submersions. In particular, we infer that (£})
for every p € [0, N], which due to (3.4) satisfy

(LSLZ/QJ—1> C V} are submanifolds

(3.6) codim (55)71(135”/2%1) = codim LSWQJ—l

= (N=p) (2L6/2] = 1-p).

Since
N-1

Binve < |J (€))L a0,

p=1

thanks to (3.6) we finally obtain that

codimB} N Vgl > codim (L%)il (LéthT/lu—l)

nn+1)

=2[4/2| —n— >n+1,

as soon as we select £ € N large enough. We conclude that (3.3) holds true for B}.

Computations for B2.

Unfortunately, the technique developed in the previous section does not work for
B2, in that the vector field fj is identically zero. Thus, we introduce new singularity-
free coordinates, i.e., the mapping 1 defined below, which allow us to easily show
surjectivity of some differentials, yielding the desired result also in this singular case.

We start proving the existence of new singularity-free coordinates enabling the
following key equivalence between high-order Lie brackets.

PROPOSITION 3.7. For every m € R™ and every fo, f1 € C°(R™,R") satisfying
ad' fo - f1(m) # 0, there exists a local chart (U, @) of R™ at m which smoothly depends
on the coefficients of both fy and f1, and such that for every r € N, the following
equivalence holds true:

0
adT[Ffo,O’Ffl]' Ffl(m’l> = 6Tf
D*o M =1D

1 90"h
1

N Dy oy

som (D . ar-i—lfl ar-i—lfl ar-i—lfl D
Y 4 ortlz? | orafay | | Orafay L4

Proof of Proposition 3.7. We first start by recalling a classic representation result,
in a general abstract framework. Let M be a n-dimensional manifold, and V €
C>®(M;TM) be a smooth vector field, i.e., a section of the tangent bundle mps :
TM — M. Fix p € M, and let (U, ) and (Us, ) be local charts of M at p, so that

n

@( ,Zvﬁf(m) = (e@)v). ¥ <p,_zwia;"<p>> = (¢(p).w)

=1
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are local charts for TM with domains 73, (U;) and 7' (Us), respectively. If

n

SN VEPOL () =V () =D V()Y (),
1=1

=1

the following rules for the change of coordinates of V' and its differential, hold:

(3.7) V¥(p) = Doy ) p)Ve(p),

(3.8) D(poVory™)(p) =
=D(o@d " )(p,V(p)D(po Vo ) p)D(pov ) (p),

with

- D(yop™')(p) 0
D(%og™)(p,V(p) = € GL(2n).
DX (o )V¥(p) D(oy™)(p)

At this step, since ad' fo - f1(m) # 0 we may find a local chart (U,¢) of R” at
m, which smoothly depends on the coefficients of both fy and f; (indeed, this chart
is a smooth mapping of the flow of the vector field ad' fy - f1, which is smooth with
respect to the coefficients of both fy and f1), and such that

[fo, f1] = 0F, locally in U.

In these coordinates, through straightforward computations, we obtain

0" fr

(ad"[fo, f1] - [1)¥ = e

locally in U,

and therefore, by selecting M = R™ V = ad"[fo, f1] - f1, (U1,¢) = (U, ), and
(Uz, ) = (R™, Id), the relations (3.7) and (3.8) respectively yield

a’l‘
ad”[fo, 1] - 1L = Dp™* f;, locally in U,
orzy
r 4, 0"
D(ad"[fo, fi] - f1) = (D%p 1)%{; Do
1
arJrlfl ar+1fl ar+1f1
1 .
+ Dy <8r+1x<{7 8T$Sf$§ s ‘ 7ar$fxﬁ> Dy, locally in U,
and the conclusion readily follows from Lemma 2.7. d

Let us introduce the subset
S = {jé(f()ufl)m e JYR™R®™) : fo(m) =0, ad' fo - fi(m) # 0}.

Since the mapping

Fio JHRYRPY) 5 R™ 55 (fo, f1)m — fo(m)
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is a submersion, we infer that
8t = (F O\ {5 o, f)m € TR B2 ad' fo - fi(m) = 0}

is an embedded submanifold of J¢(R™, R?") with dim S = dim J*(R", R*") —n, which
contains BZ. By fixing m € R™ and letting (U, ¢) be the local chart of R™ at m given
by Proposition 3.7, which smoothly depends on the coeflicients of both fy and fi, we
define the open set V? = II, }(U) C J*(R™,R?"). Therefore, the mapping

B or fi)m) = (W = p(m),
$ = Do Hm)pl*, ¥t = D (m)p{,
(d]lf?{il}) 1<ii<n - (D(p_l (m)go{‘;’{il}> 1<ii<n’

f1 _ -1 1
(1/)1;{i1})1§i1§n = (D‘P (m)@l;{h})lgilgnv

fo ) ) _ (D -1 fo . )
(%{“"“’”} 1<is << <n oG i) i

o)~ (P
(’@[12;{“ VVVVV ir} 1<iy < <ig<n 2 (m)gof;{zl ..... Q0 } 1<iy <--<ig<n )

that is smoothly well-defined in V7, is a local chart for J*(R"™, R?") which is adapted
to S7. Finally, evaluating the equivalence of Proposition 3.7 through this chart yields

ad” [Ffo,OvaJ 'Ffl (mal) =
0

(39) - 2 1 m —1 m fi —1 m
Sym (D%~ (W) Do~ (W)l Do (@™ (i)

Wiy
+

f
Sym ( (wr}‘rl;lT+1

for every j¢(fo, f1)m € S? NV?Z and every r € NN [0,£ — 2].
At this step, up to appropriate identifications, the triangular form of (3.9) allows
us to infer that, for every ¢ € N such that 2[(¢ — 1)/2] — 1 > N, the mappings

¢ﬁr1;{1h2} ‘ ‘ @brfirl;{lT,n})DS"(S"l(%bgl)))

ﬁ? = [adl [Ff0,07Ff1} Ffl(X) ‘ adg [Ff(),Oval} Ffl(X) ’
, ‘ ad?l V2 p o By - Fy (X)} . S2N V2 RVXCLE-D/2)-1)

are submersions. In particular, we infer that (Ef)fl(LgW_l)/%_l) C 8NV are

submanifolds for every p € [0, N, which due to (3.4) satisfy

(3.10) codim (£7)™* (L5, = codim L?

(-1)/2)-1) 2((6-1)/2] -1
=(N=p) (2= 1)/2] = 1-p).
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Since
N-1

Bt? ﬂV€2 C U (‘Cﬁ)il(LgL(efl)/ijl)a
p=1
thanks to (3.10) we finally obtain that

20(e=1)/2]-1
nn+1)
2

codim Bf NV} > codim (£7) ! (LN_l )

—2(((—1)/2) —n— >n+1,

as soon as we select £ € N large enough. We conclude that (3.3) holds true for BZ.
This latter argument concludes the proof of Theorem 3.1.

Appendix A. Useful concepts from algebraic geometry. Let £,r € N. A
semi-algebraic set SA C R" is a subset of the form

4
(A1) SA= U{yeRT: Piy) ==,y =0, ¢i(y) <0,....q,(y) <0},

i=1
for polynomials pé-, qj— : R” — R. Semi-algebraic sets enjoy the following properties:

e finite unions of semi-algebraic sets are semi-algebraic sets;

e closures (w.r.t. the natural topology) of semi-algebraic sets are semi-algebraic sets.

A simple induction argument on (A.1) shows that semi-algebraic sets are disjoint
unions of open subsets of algebraic sets. Thus, Whitney’s stratification theorem read-
ily yields the following representation result for semi-algebraic sets.

THEOREM A.1 (Whitney’s stratification for semi-algebraic sets [25, Th. 2, p. 546]).]]
Letr € N and SA C R" be a semi-algebraic set. There exist £ € N and embedded
submanifolds My, ..., My CR", which are mutually disjoint and such that

¢
SA=|JM; and dimM,; <dimM;, i=1,...,0— 1.
i=1
Thanks to Theorem A.1, given r € N and a semi-algebraic set SA C R”, we may
define the dimension and the codimension of SA as

dimSA = max dimM; and codimSA=r—dimSA.

yeeey

Importantly, the topological closure does not modify the dimension, nor the codimen-
sion of a semi-algebraic set. Indeed, as a matter of example let r € N and

SA={yeR": ply) =0, q(y) <0},
for polynomials p, ¢ : R™ — R. By definition, we must have

dim SA < max { dimSA , dim {y € R" : p(y) = q(y) = o}}
< max{dimSA , dim {y eER": ply) = 0}} =dimSA,
where we infer the last equality from the fact that SA is open in p~*(0), and thus

(A.2) dimSA =dimSA and codimSA = codim SA.

The extension of this property to general semi-algebraic sets follows by iterating the
previous argument through classical induction.
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