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Let {A1,...,Ax} C C¥xd pe arbitrary K matrices, where K and d
both > 2. For any 0 < A < oo, we denote by LZC(R+, K) the set of
all switching sequences u = (A.,t.):N— {1, ..., K} x R, satisfying
tj—tj—1 < A and

0=:l’0<t1<~~<tj,1<tj<~-~ Withl'j—>+OO.

Differently from the classical weak-x topology and L'-norm,
we equip £ (R4, K) with the topology so that the “one-sided
Markov-type shift” 9 : L5 (R:, K) — LY (R, K), defined by

u= (g, )57 = 04 ) = Ry, i — ) 15,

is continuous, which is different from and simpler than the clas-
sical continuous-time “translation”. We study the stability of the
linear switched dynamics (A):

X(t) = Aypx(®), x(0)eClandt>0

where u(t) = Aj if tj_1 <t < tj, for any u € L5 (R4, K). By in-
troducing the concept “weakly Birkhoff recurrent switching signal”,
we show that if, under some norm || - ||, the principal matrix @, (t)
of (A) satisfies @, ()] <1 for all ue L5 (R4, K) and ¢ > 0, then
for any 9-ergodic probability P on £5 (R4, K), either

1
lim = log|| @y (t; 0 forP-as.u=(;t;)>;
j>too j g” u( J)H < u=( j ])]:1
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or
}|¢vﬁi(u)(t1+k —tp] =1 Vk j=0forP-as.u=(t;)/5.

Some applications are presented, including: (i) equivalence of var-
ious stabilities; (ii) almost sure exponential stability of periodi-
cally switched stable systems; (iii) partial stability; and (iv) how
to approach arbitrarily the stable manifold by that of periodically
switched signals and how to select a stable switching signal for
any initial data.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

A switched system is a dynamical system that consists of a family of subsystems and a logical rule,
called “switching signal” in this paper, which orchestrates switching between these subsystems. One
popular way to classify switched systems is based on the dynamics of their subsystems, for example,
continuous-time or discrete-time, linear or nonlinear and so on. In this paper, we introduce new
methods, different from the traditional Lyapunov functions, to the stability study of the continuous-
and discrete-time linear switched dynamics. We use a unified treatment to both the continuous- and
discrete-time cases by introducing new “indicator” and “discretization”.

In this introductory section, we establish some basic notations and several lemmas needed and
formulate precisely the fundamental theorems and then roughly describe their applications.

1.1. Fundamental theorems

We state our fundamental results in continuous-time case and discrete-time case, respectively.
1.1.1. Continuous-time switched dynamics and discretization

We first consider the continuous-time dynamics case. Let A= {A1,...,Ax} C Cdxd pe arbitrarily

given K complex d x d matrices, where K > 2 and d > 2. Then associated to A, a continuous-time,
time-invariant, and linear switched dynamical system can be described as follows

X(t) = Aypx(t), x(0)=xpeClandteR, (A)

where xo € CY, viewed as a column vector, is the initial state and R, := (0, +-00) the positive time-
axis, and where the admissible switching signal

w:Ry - K:={1,...,K}
is piecewise constant and left-hand side continuous, which has at most finite number of discontinu-

ities in every interval of finite-length. Given any 0 < A < +o00, such a switching signal u(t) can be
defined by a sequence (4;, tj);”f Cc K x R4, not necessarily unique, with

O=to<t;<---<tjg<tj<--- withtj > +ooand 0 <tj—tj_1 < A,
in this way:

wt)=2x; Vij_p<t<tjandj>1;

and vice versa. Notice here that we do not impose the restriction A; # Ajq for all j > 1.
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We will identify an admissible switching signal u: Ry — K with such an associated sequence
(Aj,t1)+°° Let £DC(R+,K) be the set of all such switching signals/sequences u = ()L],tj)+OO Then,
we deﬁne the “one-sided Markov-type shift” transformation on it as follows:

04 1LY Ry, K) = LY R, K); =g, )15 = 0400 = Gyt —t) 1S, (11)

which is different from and simpler than the classical “translation” as in Footnote 1 below. To
introduce the ergodic-theoretic and dynamics methods for the stability analysis of the switched dy-
namics (A), we need to equip L','ZC(RJr, K) with a reasonable topology. Although there already have
been various classical topologies on it, for example, the weak-x topology as done in [1,59] and the
L'-norm as in [11], yet we will introduce an other simpler topology for our convenience here, as
follows.

For any pair u= (A}, )15, w' = (0, t) [ € LM (R4, K), we define

=1

R S (TR T B (A
do(uw)=) — S LA . (1.2)
SO+ Ay = A1 = ) = (G = £ D

where ¢ > 1 is an arbitrarily preassigned constant. Clearly, d,(-,-) satisfies the standard metric axioms
and so (E‘ZC(]RJr, K), dp) is a metric space. Here, the induced topology by d, (-,-) is much more simpler
than the standard weak-+ topology as in [1,59] and L!-norm as in [11].!

Now, letting Aj =t; —tj_q for u= (4, tj)jﬁ’f € LZC(R+, K), there exists a 1-to-1 correspondence:

LY Ry, K) 3 u=(hj t) 155

+o00
— 0=0jApI% e (Kx (0.4])" with Y Aj=+oo, (1.3)
j=1

where and in the sequel N:={1, 2, ...} denotes the set of all natural numbers. This correspondence
is topological; so, (ﬁgc(]RJr, K), dp) is a separable metric space, since the infinite product topological
space (K x [0, ADY is compact by the Tychonoff product theorem; see Lemma 1.1 below. Under this
topology, it is easily seen that ¢, is a continuous transformation; that is to say, (LPAC(R+, K), 94) is
a topological dynamical system.

For any switching signal u= (4;, tj)+°f € L‘pC(RJr, K), we denote by @&, (t) the “principal matrix”
of the dynamics (A), namely, ®,(0) =Idcs and 4‘1 () = Ay - Pu(t) for all t > 0, where E|f=fj
means the left-hand side derivative at jump dlscontlnumes t =t; for each j > 1. So,

elAn if0<t<ty;

D, (t) = —t;j
u e(t tj-1)Ax; . eA1hy lfl'] 1<t for j > 2.

1 Traditionally, one needs to consider the two-sided switching signal u:R — K and the translation
9:(T,u) > ur, where us(t)=u(r +t)Vvr,teR.

Under the weak-* topology, ¢ is continuous [1,59]. On the other hand, since we will aim for the asymptotic stable behavior of
the output (x(t))¢~o of (A) associated to an input (xp, u), here u € ,C‘ZC(R_,_, K) need not belong to L'(R,; K). So, the L'-norm,
as done in [11], does not work in our situation now.
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Our aim of this paper is to analyze the stability of the output (@,(t) - xo)¢~o of (A) corresponding to
an input (xo,u) in C¢ x L% (R, K). Since 0 < A < +00, we can see that for any xo € C? \ {0} and
any u=(ij, t]-);:f e L% (R4, K), we have

1 1
liminf — log| @, (t) - xo | = liminf — log||®y(¢;) - xo|| (14a)
t—>+oo t j=>4oo tf
and
11m sup logH@u(t) x| = llm sup log”@u(t]) xo, (1.4b)
to be independent of the norm || - || on C? used here. By the cocycle property

1 O Pult) = Dult +1))

for any t >0 and all u=(4j, t])] 1» we can think of (A) as a linear skew-product semiflow driven by

the one-sided Markov-type shift transformation ¥ : [ZIZC(R+, K) — £ZC(R+, K).

However, transition from the switching instants t =t; to t =t j, we will not be interesting to the
dwelling period of time T =ty ; —t;; yet we will only care k, the times of switching or transition.
For this reason, we now introduce a new quantity, called the switching indicator of the dynamics (A) at
the switching signal u, as follows:

1
Z(u,A) = lim sup ; (1.5)
J—>+o0

for any u= (4, t])'“"lj € LPC(R+, K). It is easily checked that ¢(u, A) is independent of the norm || - ||
used here.

Clearly, if u is “slowly switching”, i.e., 0 <€ <t; —tj_1 < A uniformly for j > 1, then there holds
one of the following relationships (1.6a) and (1.6b):

€Xx(u,A) <L, A) < Ax(u,A), (1.6a)
X, A) =L, A) > Ax(u,A), (1.6b)

where the function x (u, A), given by
x (u, A) _llmsup logH(D . (1.7)

is just the traditional (maximal) “Lyapunov exponent” of the dynamics (A) at the switching signal u,
for example, see [3,4,13].

This enables us to use ergodic-theoretic and dynamics methods to prove the following alternative
result, which is fundamental for our applications later.

Theorem A. Consider the switched dynamics (A) based on A = {A1, ..., Ax} C C9*4_ If the principal ma-
trix @, (t) of (A) satisfies

[®u@®] <1 Yue LRy, K)andt >0,

then there holds that for any ¥ -ergodic probability P supported on EZC (R4, K), one has
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(1) either the switching indicator

¢(u,A)= lim 1og||<pu(t,)||<o forP-as.u= (rj, t)T
j=+o0

j=1
(2) or
; +
Hd’gi(u)(tHk —tp)|=1 VkeNand j € Zy for P-as. u= (xj, )]t
Here such a u is called a “|| - ||-extremal switching signal” of the switched dynamics (A).

To prove this theorem, based on (1.4) and (1.6) we will deal with the dynamics (A) by consider-
ing its “discretization”, borrowing a Markov-type shift symbolic dynamical system. This approach is
different from what has been done by taking the 1-time transformation

&, (1):C4 - 4

in available literature.

For lack of the “e-slowly switching” condition, there only holds the right-hand side inequality
n (1.6). However, under the situation of Theorem A, from Theorem B stated in Section 3 it follows
that no existence of (2) is equivalent to that x (i, A) <0 holds for P-a.s. u e E'X(RJ” K).

Let K x [0, A] be the compact product space of K={1,..., K} endowed with the discrete-topology
and the interval [0, A], and we write the set of all discrete-time switching signals o : N — K x [0, A]

as EIKX[O ap'l

by [0.4] = (K x [0, A]) where N = {1, 2, ...} as before.

Then, Eﬂleo, Al is a compact topological space with the product topology that is compatible with the
following metric

+00

d@ (). s4) R
= . v
%O =D i de sy S S T

where d((A,7), (A, ) =|A =X |+ |t —7/|forany i=(%,7),i'=(0',7) e K x[0,Aland p > 1 is a
preassigned constant as in (1.2). Then, the classical one-sided Markov shift transformation, setting by

— 3t

Exi0.a) 0= (1)[5] P 04.(0) = (j41) 5, (1.8)

.yt
9+ . EKX[O,A]

is continuous and surjective under this topology. Moreover, the following diagram commutes:

2
LRy, K) — = LRy, K)

ln N\L WhEl‘Eﬂ’:u:()\j,tj);r:o?HUu=()\j,tj—tj,])?=°?,

+ + +
ZRx10,.4] T ZKx[0,4]

and 7 is continuous and injective, but it is not surjective; for example, 7 ~!(0') = @& for any sequence
0 =0, AT in T o 4 With Y757 Aj < +oo.

However, one can simply observe the following useful fact, which tells us a clear topological struc-
ture of the admissible switching-signal space ZZZC(R+, K) for (A):
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Lemma 1.1. 7 (L (R4, K)) is dense in Eﬂzx[o,m' ie., for any o' = (., f]f);;of € E{gx[om and & > 0,
one can find some oy = (Aj, tj);;of € Eﬁx[O,A] with Zf:c’f Tj = +oo such that do(o”,0y) < €. So,
(LPAC (R4, K), dp) is a separable metric space, but not complete.

Proof. It is easily seen that n(ﬁ‘f(ﬂh,K)) is a O, -invariant dense subspace of E]f(rx[oq AT neither

closed nor open. So, we need to prove only the non-completeness. Let

% for1 < j<k;

_ - (k) +oo pc . k)
ou = (Aj, T; )‘=1en(£A(R+,K)) with 7 _{A for i > k41,

J 7]

Then, oy, — 0 = (Aj,O)}"’f as k — 400, and so {u}k>1 is a Cauchy sequence in (L% (R4, K),dp).

Since o does not belong to 7 (L5 (R, K)), (L (R+,K),dp) is not complete, as claimed. O

Now, for any ¢, -ergodic probability measure P on £2C(R+,K), we can define a corresponding
04 -ergodic probability measure pup on Ei{x[o Al in this way:

pp(B) =P(m~'B) for each Borel set B C E%X[OAJ.
Then, pp( (L (R4, K))) = 1. Next, define
Si=exp(tA;) Vi=(,1)eKx]|0, Al
Clearly,
Sa:K x [0, A] > C¥*%; i S; (1.9)

is a bounded continuous matrix-valued function. We define the cocycle, denoted also by Sa for saving
symbol,

) Id~a for j =0,
Sa:Zy x T 0.4 = C by (o) > { c (1.10)

S(r(j)"'srr(l) fOl‘j > 1.

Here Idce stands for the identity matrix. Clearly &, (tj) =Sa(j,0y) for any j > 1 and we have

SA(j +k,0) =Sa(k,61(0))-Sa(j,0) VikeZiando € I o 4
which is just the so-called “cocycle property” of Sa, driven by the one-sided Markov shift transforma-
tion 61 T 10,41 = TExj0.a

Then, Sa or (1.10) can induce the following discrete-time linear switched dynamical system with
subsystems {S;}ickx[0,4] and admissible switching signals o € Eﬁx[o Al

Xj=Sa(j.0) X0, X eClandj>1, (Sa)
which is called the discretization of the continuous-time dynamics (A).
It should be noticed that our discretization (Sa) of the continuous-time system (A) is different
from the discrete-time Euler approximating system

xj = (Idca + TAu(j) *Xj—1, X0 € C? and jiz1

for sufficiently small 7 > 0, considered in [6].
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1.1.2. Discrete-time switched dynamics
In this paper, we will indeed consider a more general discrete-time linear switched dynamics than
the discretization Sa corresponding to (A). From now on, assume

$:7T—C% S (111)

is an arbitrary continuous matrix-valued function, defined on an arbitrary separable metric space Z,
not necessarily compact, with a metric d:Z x Z — R... For example, 7 is a finite or countable sym-
bolic space with the discrete-topology induced by the trivial metric d(i,i") =0 if i =i, 1 if i #{’, for
all i,i' e 7.

Then, the family {S;}ic7 generates a multiplicative semigroup, write S*. We say S is “product
bounded” if ST is bounded in C¢*¢. This property is also called “absolute stability” of S in [35] and is
independent of the norm || - || used here. Clearly, if 0 < ||S|| := sup{||Si||: i € Z} < +oo, then ||S||!S is
product bounded.

Particularly, there follows immediately from Lemma 1.1 the following important result, for any
finite family A= {A1,..., Ax} CC9? and 0 < A < +o0.

Lemma 1.2. The switched dynamics (A) is uniformly Lyapunov stable, i.e.,
{@u®) |ue £ (R4, K) and t > 0}

is bounded in C*4, if and only if its discretization S is product bounded in C%*d,

For the general case where S is as in (1.11), let (¥+,6,) and S(j, o) be defined similar to Sa for
the discretization of the dynamics (A), as done in (1.8) and (1.10) replacing K x [0, A] by Z; i.e,,

r={o:N>1I}, 6,:2] > X} (i,-)jjr—mim)jj,
and

. _ _ .+w
S(J"’)—{s,-j-.-s,-] ifj>1 Yo=0)js

Then, S gives rise to the discrete-time linear switched dynamical system
xj=S(j,0)-xp, XoeC%andjeN (S)

where o = (ij)j“:"‘l) € E} is also called a switching signal. We study the stability of the output (x;);>1
of (S). The following three concepts,

(I) o -pointwise asymptotic stability: lim;_, 1 [|S(j,0) - xol| =0 Vxq € Cd\ {0},
(II) o -asymptotic stability: lim;_,  [IS(j,0)|| =0,
(Ill) o -exponential stability: limsup;_, | % log [|S(j,o)|l <0,

all are important for the fundamental theory and applications of linear switching systems, which all
are independent of the norm || - | used here.
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When conditions (I), (II) and (III) hold for all o € Z‘;, (S) is said to be absolutely pointwise asymp-
totically stable, absolutely asymptotically stable and absolutely exponentially stable, respectively. Because
a real-world control system often obeys some switching constraints imposed by uncertainty about
the model or about environment in which the object operates, usually one needs to consider a
0. -invariant probability s on X; for example, up on X pushed out by P on £P (R4, K) where
7 =K x[0, A]. Then, (S) is called, respectively, to be p-almost surely pointwise asymptotically, asymp-
totically, and exponentially stable, provided that conditions (I), (II) and (IIl) hold, respectively, for
p-as. o € XF.

From (1.6), we can see that the u-exponential stability of (A) need not be equivalent to the oy-
exponential stability of (Sa), unless 0 <€ <tj—tj_q < A for all j > 1, for an arbitrary u= (1}, tj)fj‘f.
Yet, since @y (tj) =Sa(j,oy) for all u= (4;, tj);.“’f in £ (R4, K), we can easily obtain the following
equivalence relationships for any A={Aq,...,Ag} and 0 < A < +o0.

Lemma 1.3. For the switched dynamics (A) and its discretization (Sa), there hold the following equivalence
relationships: for any u = (A}, tj);:? e LN Ry, K),

(1) the u-pointwise asymptotic stability of (A), i.e., lim;— 4o @, (£) - X0 =0 VX € €4, is equivalent to the
oy -pointwise asymptotic stability of (Sa);

(2) the u-asymptotic stability of (A), i.e., lim;— 1o || @y (t)|| = 0, is equivalent to the o, -asymptotic stability
of (Sa);

(3) the u-exponential switching-stability of (A), i.e., ¢(u,A) < 0, is equivalent to the o, -exponential sta-
bility of (Sa).

We note here that if (A) is u-exponentially stable, i.e., ||®,(t)|| converges exponentially fast to 0
as t — +oo, then its discrete-time Euler approximating system, associated to u defined as before,
is exponentially stable for sufficiently small T > 0.2 However, there is no an equivalence available in
literature. Importantly, parallel to the statement of Theorem A, we can obtain its discrete-time version
as follows:

Theorem A'. If the family S = {S;}icz C C9*¢ is product bounded, then one can define a norm || - ||, on C¢
such that for any 6,.-ergodic Borel probability u supported on X+, one has

(1) either the Lyapunov exponent

Xx(0,S) = lim %log”S(j,o)”* <0 forp-as.oe X},
j—>o00

IS(k, Gi(a)) |,=1 Vk>1andj>0forpu-as.oecX;.
So in this case, j1-a.e. o is || - ||s-extremal of S.
Note 1. In fact, if a || - ||+ satisfies ||Si||«+ <1 Vi € Z, then there holds the same statement. Such a norm
Il - |I5 is called to be “pre-extremal” of S in [22]. We notice that a pre-extremal norm | - || of S need
not be an “extremal norm” of S defined in literature, for example, in [2,5,30,58,17,22]. However, if the

above case (2) happens, then | - ||« is exactly an extremal norm of S.

Note 2. If S has joint/generalized spectral radius 1 and is irreducible, then extremal norms always
exist for S from Barabanov’s extremal norm theorem [2].

2 This assertion is communicated by professor Zhendong Sun.
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We notice here that it is already known from [8,7,36,37,31,19,22] that the system (S) need not be
asymptotically stable almost surely even if S is product bounded.

1.2. Applications of Theorems A and A’

The above Theorem A/A’ is inspired by the following three important aspects, which have attracted
in recent years the interests of researchers from quite different fields.

(1) From the viewpoint of numerical analysis, one always expects that ||S(j, 0)| converges exponen-
tially fast to 0 as j — oo when (S) is o-asymptotically stable. But, is this the case? In addition, if
(S) is o -pointwise asymptotically stable then, is it o -exponentially stable?

(2) For a periodically switched signal o = (w, w, ...) composed by a word w = (i1, ..., i) in Z¥, the
stability of the deterministic switching system

Xj=8(j,0) - Xo, xoe(Cdandj>1

is easily determined by the spectral radius p(Sj, ---Si,). If (S) is periodically switched stable, i.e.,
(S) is o -asymptotically stable for all periodically switched signals o, can it be concluded that (S) is expo-
nentially stable almost surely in the sense of some typical probability p?

Let S C GL(d, C) for which the Euclidean vector norm || - ||, on C¢ is pre-extremal, i.e., ||Si|l2 < 1
Vi € Z. If its admissible switching-signal set A g 2} possesses the dynamics property — mini-
mality, then we will verify that

(a) either (S) is A-absolutely exponentially stable,

(b) or IS(j, o) X2 = |Ix||l2 for all xe C%, o € A and j>1,

(c) or there exists a continuous, invariant splitting of C¢ into subspaces

(3

=

C!=FE(0)®E(0), 1<dimE'(c)=i<d VoeA

satisfying for any j > 1

ISG. o) - xo, = lIxoll2 VX0 € E(0),
ISG. o) - yoll, <CElyolz ¥yo € E¥(0),

where C > 0 and 0 < & < 1 are constants that both are independent of the choices of inputs
(y0,0) € E5(0) x A.
See Theorems D and D’ shown in Section 5.
When the case (c) appears, the stability analysis of the switched system (S) with admissible
switching-signal set A becomes very complicated. For any o € A non-periodic, the stable mani-
fold ES(0) depends completely upon the infinite switching sequence o = (ij)}:f, not upon any
sub-word (iq,...,i¢) of finite-length of o. So, in engineering, the question is this: Whether or
not there are suitable ways to approximate arbitrarily the stable manifold ES(o) by that of periodically
switched signals?
On the other hand, can one, for any fixed initial state yo € C%, design an exponentially stable switching
signal, i.e., does there exist any o € A satisfying the output/trajectory {S(j, o) - Yo ;r:ﬁ’ to be exponentially
stable? For example, a launcher of rockets could be regarded as an initial data. This stabilization
problem is one of the fundamental problems for linear switched systems and has been widely
addressed in the literature; for example, see the survey papers [54,39] for some recent develop-
ment.

For these problems above and their continuous-time versions, we need to study the weak recur-
rence of switching signals in the sense of Z. Zhou [60] and to study the rotation number of switching
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signals. Our approaches presented in this paper are new and completely different from those ad-
dressed in the current available literature.

1.3. Outline

This paper is organized as follows. In Section 2, by introducing some dynamics and ergodic-
theoretic approaches, particularly “weakly Birkhoff recurrent switching signals”, we will prove mainly
Theorems A and A’. The reason why we will introduce the weakly Birkhoff recurrent signal there is
that, according to the classical theory [43], by the recurrence, switching signals can be described by
the layers:

{periodic signals} C {almost periodic signals} C {Birkhoff recurrent signals}

C {Poisson stable signals}.

If a switching signal is Birkhoff recurrent, then it has a positive recurrent frequency; but the recurrent
frequency of a Poisson stable signal might be zero. However, the set of all the Poisson stable signals
is of total measure 1; but this is not true for the Birkhoff recurrent signals. Under our context below,
we will need both the properties of total measure 1 and the positive recurrent frequency. So, we will
need to insert a new recurrent layer between the Birkhoff recurrence and the Poisson stability. This
is the most important point of the present paper.

In the rest sections, we will apply Theorem A (resp. A’) to the stability analysis of a linear,
continuous-time (resp. discrete-time), switched system driven by the one-sided shift transforma-
tions ¥4 (resp. 64).

In Section 3, as a consequence of Theorem A, if the “joint spectral radius §(A) of (A)” is equal to 1
(we note that p(A) > 1, in general, from Lemma 3.1 by our definition in the statement of Theorem B
below), then its pointwise asymptotic stability is equivalent to its exponential stability almost surely;
see Theorem B and Corollary 3.2 stated in Section 3, which seem to be important for the numerical
analysis of linear switched systems.

We shall apply Theorem A to a linear switched system that is periodically switching-stable in
Section 4; see Theorem C stated there, which asserts that if a ¥ -ergodic probability P can approach
arbitrarily to a periodical switching signal, then (A) is exponentially stable P-almost surely.

In Section 5 we will study the partial stability of a continuous-time, linear, switched system driven
by a recurrent switching signal, using Theorem A. The main result Theorem D proved there is a
continuous-time version of corresponding theorems of Ian D. Morris [40, Theorems 2.1 and 2.2] for
invertible driving dynamics, using different methods.

Moreover, we will further consider, in the case driven by minimal dynamics, how to approximate
arbitrarily a stable initial data by ones of periodically switched signals and how to pick a stable
switching signal for any given initial data; see Theorems E and F stated in Section 6. These seem to
be very interesting for one to design desired switches in engineering. To prove Theorems D and E, we
will introduce two known theorems respectively in Sections 5.2.1 and 6.1 from [14,16]. The rotation
number has been well defined and studied for a random orientation-preserving circle homeomor-
phism driven by a quasi-periodically dynamical system. To prove Theorem F, we will introduce it into
the more general framework of switched dynamics in Section 6.2.1, using an approach that different
from the traditional methods, presented in [33,32] for example. Here we will employ a quasi-additive
ergodic theorem, which is an improvement of the classical Birkhoff ergodic theorem and itself of
interest independently for the study of rotation numbers; see Theorem 6.10 stated in Section 6.3
below.

We will end this paper with concluding remarks in Section 7.

2. Weak recurrence of switching signals and exponential stability of switched dynamics
This section is devoted to proving Theorem A and Theorem A’ stated in Section 1.1, using topo-

logical dynamics and ergodic-theoretic approaches. Particularly, we will introduce the important no-
tation - weakly Birkhoff recurrent switching signals.
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2.1. Weakly Birkhoff recurrent points

In this subsection, we will consider first an abstract topological dynamical system defined on a
separable metric space € with a metric dist(-,-). Let

T:Q2— Q

be a continuous surjective transformation of the space 2, where  is not necessarily compact.

Recall from [56] that a probability measure P on the Borel measurable space (2, Bq) is said to be
T-invariant, if P=PoT~1, i.e., P(B) = P(T~!B) VB € Aq,. Further, a T-invariant probability measure P
is called T-ergodic, provided that for any B € %q, P(BAT~1B) =0 implies that P(B) =1 or 0, where
AAB is the symmetric difference of two subsets A, B of Q.

From the topological structure of our switching-signal space E; defined as in Section 1.1.2, there
always exist 6, -ergodic Borel probability measures P supported on it. For example, a periodically
switched signal, that will be precisely defined in Section 4, can induce an atomic 6, -ergodic proba-
bility measure on X.

To prove Theorem A/A’, we need to study the recurrence of the switching signals u in E'ZC(RJr, K)
or o in E}'. A point @ € Q is said to be “Poisson stable” of T, if there is a sequence of positive
integers ny ' +oo such that T™(w) — w as k — +o0; w is called “Birkhoff recurrent” of T, if for any
& >0 one can find a relatively dense subset L(¢) of N ={1,2,...} such that dist(T¥(w), ) < & for
all k € L(g). See [43]. However, the recurrence of a Birkhoff recurrent motion T"(w) is so strong that
it is too minor to capture. Although the Poisson motions T"(w) are abundant, their recurrence is too
weak to satisfy our requirement here. So, we need to insert a new recurrence.

The following important concept is due to Z. Zhou:

Definition 2.1. (See [60,61].) A point w € Q is called a “weakly Birkhoff recurrent point” of T, provided
that for any € > 0, there exists an integer N > 1 such that

jN—-1
Z I]B(w,a)(Tk(a))) >j VjeN,
k=0
where I]Ba(w,g) : Q2 — {0, 1} stands for the indicator function of the open ball B(w, ¢) C € of radius &

centered at w.

In Z. Zhou’s paper [60], such a point is called a “weakly almost periodical point” of T. Here
we rename it “weakly Birkhoff recurrent point”, this is because it lies, by recurrence of the mo-
tion T"(w), between the Birkhoff recurrent motion and the Poisson stable motion. And the recurrence
of an “almost periodical motion”, however, is stronger than a Birkhoff recurrent motion, see [43], also
Definition 5.1 below.

We denote by W(T) the set of all weakly Birkhoff recurrent points of T. Clearly, from the con-
tinuity of T it follows that the set W(T) is T-invariant; namely, T(W(T)) € W(T); or, equivalently,
T~1(W(T)) D W(T). On the other hand, W (T) is independent of the compatible metric dist(-,-) on £
used here.

Notice here that if T is situated in a compact metric space €2, then W (T) is of total measure 1
from Z. Zhou [60]. In his talks, Z. Zhou has asked the following question: Is W (T) a Borel subset of Q2?
A positive answer to this question is also convenient for our arguments later. For that, we define

-1
1 )
Vw, &)= L‘Eﬁgz 1;_0 IIB%(w.,a) (T (w))

It is easily seen that for any € > 0, the function 0(-, €) : Q2 — [0, 1] is Borel measurable.
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Then, the following lemma gives an affirmative answer to Zhou's question above:
Lemma 2.2. W(T) = ﬂ,f;{a) € Q| dw, %) > 0} and so W (T) is a Borel subset of 2.

Proof. Let

Wi (T) = {a)eQ | a<w, %) >0}.

Since 0(-, %) is Borel measurable on 2, we need to prove only that W(T) = ﬂ,fil W (T). From Defi-
nition 2.1, there follows immediately that W (T) € (g2; W(T), noting

jN—-1

1
d(w, &) = liminf — I Tk
(w,¢) jl—>ml20 iN 1; B(w.s)( (@)

for any N > 1; the other direction inclusion is obvious from the definition of the function ?(w, 1{) as
well.
This proves the lemma. O

We notice that in the case where 2 is noncompact, for example, T:x +— x + 1 that preserves
the Lebesgue measure defined on Q2 =R the 1-dimensional real Euclidean space, W (T) might be
empty. However, we could obtain the following result, which shows that if the dynamics (2, T) has
an invariant probability measure, then there always exist weakly Birkhoff recurrent motions.

Theorem 2.3. If 1 is a T-ergodic Borel probability on 2, then w(W(T)) = 1.

Proof. Let supp(u) be the support of w, which is defined by

supp(u) = {w € Q| u(B(w, €)) > 0 Ve > 0};

it is just the minimal, closed, T-invariant subset of § with p-measure 1, since 2 is separable.> On
the other hand, according to [15, Lemma 3] one could find a T-invariant Borel subset G, (T) C 2 of
pu-measure 1 such that for any continuous, bounded function ¢:Q — R and any w € G, (T), there
holds

t——4o0 £

So, to prove the statement of Theorem 2.3, it is sufficient to prove that supp(u) NG, (T) € W(T).

In fact, let @ e supp(u) N G, (T) and & > 0 both be arbitrarily given. Let E be the closure of
the open ball B(w, ¢/2) in @2 and F = Q \ B(w, ¢). Then, by Urysohn’s lemma there is a continuous
function v : Q2 — [0, 1] with ¥ (x) =1 for all x€ E, ¥ (y) =0 for all y € F. From

3 The separable property implies that for p-a.s. w € S its forward T-orbit,

Orbf (w) = {T"(@) [n=0,1,2,...},

is dense in supp(u). In the proof of Theorem A/A’ and Section 5 we will need this.
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Z 1

llmlnf ZIB(“’ £) Tf(a)) llm Zw Tf(a))

/ Ydu > p(Bw, e/2))
0

>

it follows that w belongs to W (T).
Thus, this completes the proof of Theorem 2.3. O

From this theorem proved, it is easy to see that W (T) is of total measure 1 whenever 2 is com-
pact.

2.2. Weakly Birkhoff recurrent switching signals and exponential stability

We now turn to the study of the exponential stability of the linear, discrete-time, switched dy-
namical system of the form

Xj=S(j,0)-x (xeC j>1ando e ¥]), (2.1)

where the set Z of control values is a separable metric space with a metric d:Z x Z — [0, +00), and
where

$:7—>C™ i

is continuous, which defines the cocycle S(j, o) in this way: for any o = (i; )+°° S 2+

Idca for j =0, /
S(j. a)—{ Sij---Siy forj>1. &1

Hereafter, write W (6+) as the weakly Birkhoff recurrent point set of the one-sided Markov shift
9+ : E; — 2}_
defined in the manner as in Section 1.1.2. Let n be a 64-ergodic Borel probability measure on Z‘;.
Then, W (65) is a nonempty Borel set such that (W (64+)) =1 from Theorem 2.3 above.
Next, for any switching signal o € W (6;.), we will study the stability of the corresponding linear
switched dynamical system

Xj=S(j,0)-x (xoeC%andj>1). (S)

Using the recurrence of a switching signal, the following criterion of stability is the key step towards
the proof of Theorem A/A’:

Theorem 2.4. Let S = {S;}icz C C?*4 be continuous in i € Z and assume o = (ij)}:;’ € W(04) is arbitrarily

given. If there exists a pre-extremal norm || - || on C4 (i.e. |Sill« < 1 Vi € Z) for which IS, - Si; I« < 1 for
some £ > 1, then (S) is o -exponentially stable, i.e.,

lim llog||$(j, o), <o.
Jotoo )
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Proof. Let 0 = (ij);“:of. Il - |« and £ > 1 all be given as in the hypothesis of the statement. Then, from

the continuity of S it follows that there exist two constants € > 0 and & € (0, 1) such that for any
o' = (i;);;of € B(0o, €) there holds the following inequality:
ISy -+ Siyle <& ie, 1Sy Sy Xl <ElXl. Vxe

Here the open ball B(o,€) C 2} of radius € centered at the given o is defined under the met-
ric do(-,-) on Z‘Z* as in Section 1.1. Since o is a weakly Birkhoff recurrent point of the one-sided
Markov shift transformation 6. : E}' — E; , there exists an integer N > ¢ such that

jN-1
Y lsee (@) >j viz1.
k=0
This implies that for any j > 1 one could find j integers, say 121, A léj, such that
0<ki<ky<---<kj<jN—1 and 6%()ecB(a,€) forl<s<].
As j is big sufficiently, there exist at least [j/£] integers in {121, .. .,12]-}, say lvcj1 ey Ivcj“./”, such that
Oélv{jl <Iv(j2 < e <’2j[j/é’] <JjN -1,
ki, +e<k;, for2<s<l[j/t]
and
0¥ (0) e B(a.e) for1<s<[j/el.

lherefore,
lim sup 1 log||S(n a)|| = limsup 1 log||S( iN a)||
n—+oo N ’ * iSteo JN I *

= limsup -
jo+oo JIN+L

lOg ||Si]'N+[ e Si] ”*

1 )
< limsup N log&l/9

j——+oo

—1105
= Ne %

<0

which shows that (S) is o -exponentially stable, as desired.
This proves the theorem. O

From the above proof, one can find the importance of the positive frequency of recurrence of a
switching sequence to ensure the exponential stability.

This theorem possesses the same flavor as the celebrated Pliss lemma [45] and Liao sifting
lemma [38] which both are powerful tools in the hyperbolicity theory of differentiable dynamical
systems.
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2.3. Proof of Theorem A’

For proving Theorem A’, we need a basic important result due to R.K. Brayton and C.H. Tong:

Lemma 2.5. (See [10, Theorem 1], also [35, Theorem 3].) If S = {Si}iez C C¥*4 is product bounded, then one
can define a pre-extremal norm || - || on C¢ for it; that is to say, it holds that ||S;||« < 1 foralli € T.

It should be noted that this pre-extremal norm || - ||+ given by Lemma 2.5 is not necessarily an
extremal norm of S; see [22] for a counterexample. To keep things as simple as possible, we give the
proof here.

Proof. Let S; # 04,4 for all i € Z; otherwise any norm is pre-extremal for S. Define
Ixll« = sup{[|SGj, o) - x| ,: 0 € BF, j =1},

where || - || denotes the standard Euclidean vector norm on C¢. Then, ||S;||l, <1 for all i € Z. This
completes the proof of the lemma. O

Now, with Theorems 2.3 and 2.4 at hands, we can readily prove our discrete-time main result
Theorem A'.

Proof of Theorem A’. Let S:7 5 i+ S; € C9%¢ be product bounded and continuous, and let 1 be a
6,-ergodic Borel probability on Z‘Z*. From Lemma 2.5, it follows that there is a vector norm || - ||,

on C? such that ||S;||, <1 for all i € Z. Let

E={o= (ij)fzoj’ € X7 11Si, -+ Siy I« < 1 for some € > 1}.
Since S:i+> S; is continuous with respect to i € Z, £ is an open subset of Z‘} and so Borel measur-
able. Then, either w(£) >0 or u(€)=0.

Case (1). If u(€) > 0, then from Theorem 2.3, it follows that (W (6+) N E) > 0. And moreover,
from Theorem 2.4, it follows that for any o € W(6;) N &, (S) is o-exponentially stable. Thus in this
case, it holds that

X (w,S) ;= lim llogHS(j, o)|, <0 foru-as.o e XF
j—oo )

from the 6, -ergodicity of u and the classical multiplicative ergodic theorem [27,44]. We notice that
the quantity x (i, S) is independent of the norm || - ||, used here.

Therefore, in this case the statement (1) of Theorem A’ holds.

Case (2). We now assume p(€) = 0. This concludes that

ISG.o)|,=1 Vj=1forpu-as.oeXF;
that is to say, there is a Borel subset By of Z‘Z* with w(Bg) =1 such that ||S(j,o)|lx =1 Vj>1 for
any o € By.

Now, let B = ﬂ,jjge;k(Bo). Since w is 6,-ergodic, there holds that B is 6,-invariant (i.e.,
0+ (B) € B) with p(B) = 1. Thus, for any o € B

IS(k,61(@))], =1 Vk>1andj>o.

So, in this case the statement (2) of Theorem A’ holds.
Thus, the proof of Theorem A’ is completed. O
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From Theorem A’, we could immediately obtain the following results.

Theorem 2.6. Assume {S; | i € T} C C4*4 satisfies ||S;|| < 1 for all i € T under a vector norm | - || of CY. Let
o1 .
E={oeXxf; lim —log|S(j,o)| <0¢,
j—oo ]

U={oex}; Sk 6l0)|=1Vk>1andj>0}.

Then, E is a 64 -invariant Borel subset and U a 6, -invariant closed subset; and E U U is of total measure 1, i.e.,
WU(E UU) =1 for any 6-ergodic Borel probability i« on Z‘;.

Note here that ENU = @. So, either (E) =1 and w(U) =0 or u(U) =1 and u(E) =0, from the
04 -ergodicity of p.

Theorem 2.7. Let {S;}icr C C4¥4 satisfy 0 < ||S| := sup;c7 |ISill < oo under a vector norm || - || of C%. Then,
for any 6, -ergodic Borel probability i supported on £, one has

(1) either

lim llogHS(j, o)| <loglSll for p-as.o € £F;
j—oo )

|S(k, Qi(a)) |=1SI¥ Vk>1and j> 0 for pu-as.o € =F.
Proof. We need to consider only ||S||~'S instead of S using Theorem A’. O

We notice that, for any 6, -ergodic Borel probability pu, if its (maximal) Lyapunov exponent
. 1 . +
AMw,S):= lim -log|S(j,0)| forpu-as.oeXf (2.2)
j—>+o0 ]
is not less than log ||S||, then

1
lim —log|S(j,o)| =logliS|l for pu-as.o € ZF. (2.3)
j—+o0o ]

However, the statement (2) of Theorem 2.7 is more stronger than the above (2.3), this is because it
implies that p-almost every o = (ij);r:"f S ZJ} are || - ||-extremal of S.

2.4. The continuous-time version

Based on Theorem A’ proved in Section 2.3, we now can prove Theorem A by considering its
discretization introduced in Section 1.1.

Proof of Theorem A. Let P be an arbitrary ¢ -ergodic Borel probability supported on CZC(R+, K). Let
Sa be defined in the manner as in (1.9) or (1.10). By Lemma 1.2, it follows that [|Sa(j, o)| <1 for all
j=1landanyo € E;, where 7 =K x [0, A]. Then, Theorem A follows immediately from Theorem A’
with u = up.

The proof of Theorem A is thus completed. O
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2.5. Aremark on the dynamics model (2.1)

The switching dynamics model (2.1) considered here includes the very interesting case of linear
skew-product dynamical systems.

Let T: 2 — £2 be a continuous map of a Polish space £2 and S: 2 — C9*¢; > S, a continuous
matrix-valued function. Then, one can define a linear skew-product dynamical system:

ST:2xCl—» 2xC% (0, (T), Su) (2.4)

driven by T: 2 — £2.

Let 21 = {® = (o, T(w), T?>(w),...) | @ € 2}. Then, 27 is a 0 -invariant closed subset of the
Markov symbolic space Eg. Moreover, if w is a T-ergodic Borel probability measure on £2, then one
could define a Borel probability P, which is 6, -ergodic on Z‘g such that P, (£2r) =1 from [15].
Clearly, the p-stability of St is equivalent to the stability of the switched system (S) in terms of PP,.
Conversely, corresponding to the switched system (2.1), it will be convenient to write

So, 1 ZF xCl— TF x CY (0,0 (64(0), So1)(®), (2.5)

it is a discrete-time linear skew-product dynamical system driven by the one-sided Markov shift
04 Z‘; — Z‘%, induced by the random matrix S:0 — Ss(1). Then, for any j >0, x C? and o,

the cocycle S(j, o) - x is defined by the equation SZ)+ (0,%x)= (Gi(o), S(j, o) -x).
3. Equivalence relationships of pointwise asymptotic and exponential stabilities

As the background, let us consider first the continuous-time linear switched dynamical system of
the form

X(t) = Aupx(t), x(0)=xpecClandteR, (3.1)

where u(t) e K={1,...,K}, K >2, is the switching signal to be designed, and where Aj € C?*? are
known matrices for all k € K. The switching signal u: R, — K is a piecewise constant and left-hand
side continuous function of positive time t such that the number of switches is finite in any finite
time interval. In other words, u belongs to EZC(R+, K), for some 0 < A < 4o00. Let {@(t) - Xo}teRr,
denote the state trajectory - output - initiated by @&,,(0) - xo = Xo via the switching signal u. Recall
from [53] that system (3.1) is said to be

(1) switched convergent, if for each xq € C¢ there corresponds a switching signal, say u;o, that makes
qb“;q) (t) - xo convergent to 0 as t — 400, that is, lim;_ 4 ||Q>u;(0 ) - xo|| =0;

(2) exponentially stabilizable, if there exist two real numbers « > 0, 8 > 0 such that to any xo € C?
there corresponds a switching signal, say uﬁ{o, satisfying

| @y, - %0] < Bllxollexp(—at) VEeRy.

In [53, Theorem 1], it has been proved by Z. Sun that for system (3.1), the switched convergence is
equivalent to the exponential stabilizability. From Sun’s proof presented in [53], however, it is easily
seen that although (1) and (2) are equivalent to each other, yet there u;O #+ u;/o that results in different
outputs, for any given same initial data xo € CY. This is very limited in applications, because a real-
world situation often obeys some constraints; that is to say, the admissible switching signals only
form a proper subset of all the switching signals. So, the question is this: When w} € U satisfies (1),
could one guarantee that u;/o € U satisfies (2) and further u,’(0 = u;/o? Here U C ﬁZC(RJr, K) is a preassigned
set.
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On the other hand, it is easy to see, from definitions, that asymptotic stability is weaker than

exponential stability for an individual function; for example, to ¢(t) = %

not exponentially fast
_—

lp®] — 0 but |p®)] 0, ie. %10g|<p(t)|—>07é0 ast — +o0;

so, ¢(t) converges asymptotically to 0, but does not exponentially fast. It shows that the difference of
the two concepts, asymptotic and exponential stabilities, is essential for a deterministic linear switch-
ing system.

Let S:7 — C9*d be an arbitrary continuous function. In [19,23], it has been proved that if the
space Z of control values is compact and if to any 6, -ergodic probability x of X, there holds that

Xj=8(j,0) - Xo, xoe(CdandjeN (S)

is exponentially stable for y-a.s. o € £, then the discrete-time dynamics (S) is absolutely exponen-
tially stable.

In general, for an arbitrary 6, -ergodic probability ;1 on X7, the p-as. asymptotic stability is
essentially weaker than the p-a.s. exponential stability for (S). However, here we ask the following
question: If to any 0. -ergodic probability (. on E}r there (S) is asymptotically stable j-almost surely then,
is (S) absolutely asymptotically stable?

In this section, using Theorem A, we will provide an affirmative answer to this question; see
Corollary 3.2 below. In fact, we can obtain a more general continuous-time result, stated as follows:

TheoremB. Let A= {A1, ..., Ax} C C?and 0 < A < oo be arbitrarily given and assume the joint spectral
radius A(A) of (A) is equal to 1, where*

H(A) :zlimsup{ sup ||<Du(tj)||1/j}.

j—too u:(xj,rj>j§e£QC(R+,K)

Then, for any ¥ -ergodic Borel probability P on LZC(R+, K), the following statements are equivalent to each
other:

(a) The dynamics (A) is u-pointwise asymptotically stable, i.e.,
|@u(6) -x0| =0 Vxq e CY,

lim |
t—+o00

for P-as.ue L (R4, K).
(b) The dynamics (A) is u-asymptotically stable, i.e.,

Jim oy (6] =0,
— 400
for P-as.u e L% (R4, K).

4 Here p(A) is defined very differently from the traditional one in the continuous-time case in available literature, for exam-
ple, in [13,58,59,4], there the joint spectral radius of (A) was defined by

pA) = limsup{ sup  |@u® Hl/t}.
>+ Tuell (R K)
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(c) The dynamics (A) is u-exponentially switching-stable, i.e.,

1
¢, A) = lim -log|®u(tj)| <0,
j—o+oo ]

for P-as.u=(1j,tj){ € LY (R4, K).
(d) The dynamics (A) is u-exponentially stable, i.e.,

. 1
XA = lim —log|®u(ty)| <0,
j—+o00 t]'

forP-as. u=(xj, tj)].*:of e L (R4, K).

The statements of Theorem B are all independent of the norm | - || used. We notice that our
u-pointwise asymptotic stability is similar to the notion “consistent asymptotic stabilizability” in
Z. Sun [51, Definition 2] where &, (t) is required to be uniformly bounded for t € R;. We also no-
tice that the condition that /(A) =1 is weaker than the uniform boundedness of @, (t); let us see a
discrete-time simple example:

11
[0 1]

for which p(S) =1, but ||S™|| — +oo as m tends to +oco. Under his situation, Z. Sun [51] showed
that u-consistent asymptotic stabilizability implies u’'-exponential stabilizability; however, u need not
be equal to v’ there. But in our statement, u is exactly equal to 1’ P-almost surely.

Let Sa be the discretization of the switched dynamics (A) as in (1.9) or (1.10) in Section 1.1. Then
from Lemma 1.1, we can easily obtain the following

Lemma 3.1. The joint spectral radius p(A), defined as in Theorem B, of (A) equals the joint spectral radius of
its discretization (Sa), i.e., p(A) = 0(Sa), where

A(Sa) ;= lim { sup ||SA(j,<r)H]/j}.
ext

J—>+ool o g
So, p(A) > 1 always holds.

Proof. This follows obviously from

sup ||SA(j,c7)Hl/j: sup ||<15u(tj)||1/j VjeN
ocexf u=<,\j,t,-)jjezzgc(ﬂh,ﬂg)

by Lemma 1.1. O

The joint spectral radius was firstly introduced by G.-C. Rota and G. Strang in [47] for the discrete-
time case. It is well known from [2] that a discrete-time linear switched system (S) with a compact
control-value set Z is absolutely exponentially stable if and only if 6(S) < 1. However, Lemma 3.1
implies that this is not true for continuous-time case under the sense of our definition given in
Theorem B; see Footnote 4 before. For example, when {A1,..., Ax} are commutative and each of
the subsystems is exponentially stable, the switched dynamics (A) with admissible set £ZC(R+, K) is
absolutely exponentially stable from [42]; but 6(A) > 1 by Lemma 3.1. This is caused partially by the
topological structure of ZZZC(R+, K), noncompactness; see [18].
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As a result of the statements of Lemmas 3.1 and 1.3, Theorem B comes immediately from the
following discrete-time version with S =Sa and u = up.

Theorem B'. Let S:i — S; € C4*4 be continuous in i € T and bounded, where T is a separable metric space,
not necessarily compact or countable. Assume p(S) = 1. Then, for a 6. -ergodic Borel probability (. on 2}' , the
following statements are equivalent to each other:

(a) The switched dynamics (S) is o -pointwise asymptotically stable, for pi-a.s. o € 2} .
(b) The switched dynamics (S) is o -asymptotically stable, for p-a.s. o € E}r .
(c) The switched dynamics (S) is o -exponentially stable, for pi-a.s. o € E}.

This theorem shows some equivalence relationships under the hypothesis p(S) = 1. They are
important for creating upper bounds, finding convergence rates and exploiting other basic system
properties for switched linear systems, see Remark 4.5 below. For example, as a consequence of The-
orem B’ above, we can obtain the following statement:

Corollary 3.2. Let S:i — S; € C4*4 pe continuous in i € Z, where Z is compact. If to any 6.-ergodic Borel
probability i1 on 2%’ there (S) is asymptotically stable y-almost surely, then (S) is absolutely exponentially
stable and moreover,

[SG.o)| =0 asj— +oo
uniformly for o € XF.
Here the uniformity follows from the semi-uniform subadditive ergodic theorem independently
due to [48,55]; see [19] for an elementary simple proof.
The rest of this section will be devoted to proving Theorem B’.
3.1. Equivalence theorem in the product-bounded case
To prove Theorem B’, based on Theorem A’, we will first prove the following result, which implies

the pointwise asymptotic stability is equivalent to the exponential stability almost surely for product
bounded systems. It is somewhat interesting itself.

Theorem 3.3.LetS: i — S; € C?*4 pe continuous in i € Z and product bounded, where T is a separable metric
space, not necessarily compact or countable. If for a 6, -ergodic Borel probability i1 on X, (S) is o -pointwise
asymptotically stable for pu-a.s. o € Z‘;, then (S) is o -exponentially stable for j1-a.s. o € Z‘}.

Proof. Since the two types of stabilities involved in this theorem both are independent of the choice

of a norm of C¢, the statement comes immediately from Theorem A'.
In fact, for an arbitrary 6, -ergodic Borel probability & on X7, we only need to show that (S)

is exponentially stable p-almost surely if it is o-pointwise asymptotically stable for u-as. o € Z‘%r .
Assume the statement (1) of Theorem A’ were not true. Then for p-as. o € £, we have

|S(.o)|, =1 Vn=1for some fixed pre-extremal norm || - ||, of S.
Let
ES(0) = {xe C% |Sk, 0) x|, =1foro<k<n}

for all n > 0. It is easily checked that E (o) is a compact subset of €4 such that Ef(o) 2 Ele (0)# D
for alln >0, for pu-as. o € E}r. Then
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ES(0) =) Ex(0) #@

n>0

for pu-as. o € Z‘%. Now, for any xo € E€(0), there follows that ||S(n, o) - Xpl|lx =1 -+ 0 as n — +o0, a
contradiction to the pointwise asymptotic stability -almost sure.
This proves the theorem. O

We notice here that the product boundedness of S implies 6(S) < 1, yet the converse is not the
case as is shown by the simple example presented in the notices behind Theorem B. So, Theorem B’
is more general than Theorem 3.3.

3.2. Three important lemmas
For the proof of Theorem B’, we need three important lemmas besides Theorem 3.3.

Recall that the generalized spectral radius of (S) (cf. 1. Daubechies and ].C. Lagarias [24], also
see [59,18] for systems with constraints), is defined by

o(S) =limsup[ sup ,o(S(w))wl or equivalently ,o(S):sup[ sup p(S(w))w},
¢

—+00 ' weTt 21" wezt
where p(A) denotes the usual spectral radius of a matrix A € Cd*d and where
S(w)=Sj,---Sj
for any word w = (i1, ..., i¢) € Z¢ of length £.

We need the famous Gel'fand-type spectral-radius formula due to M.A. Berger and Y. Wang [5],
stated as follows:

Lemma 3.4 (Generalized Gel'fand spectral-radius formula). (See [5].) If S : T — C%*4 is bounded in C**4, then
there holds the identity p(S) = p(S).

In addition, we need a reduction theorem due to L. Elsner [25], stated as follows:

Lemma 3.5. (See [25].) Let S:Z 3 i > S; € C4¥4 pe bounded in C?*%. If p(S) =1 and S is not product
bounded, there is a nonsingular B € C%4 and 1 < ny < d such that

. Slgm) Sia,z) .
B™'SiB= 02 | VieZ

O—ny)xn; S;
where SEH) e C"*M gnd 51(2‘2) € Cl-n)x@-m) forqll i e 7.
One can find simple proofs for the above two theorems in the recent work [17].
The third lemma needed is on the growth of the spectral radius, due to lan D. Morris, which is

proved based on the multiplicative ergodic theorem (cf. [27,44,26]) using invariant cone.

Lemma 3.6. (See [41].) Let T : (2, PBq, L) — (L, Bq, |u) be a measure-preserving continuous transforma-
tion over a metrizable space 2 and v : Z. x S — C9*4 q Borel measurable linear cocycle driven by T, i.e.,

Y(0,w)=ldca and Yy +m, )=y, T"()) - Yy(m w) YoecQandt,m>1.

Ifo log™ |y (1, )| dp(w) < 0o where log0 = —oo and log™ x = max{0, logx} for any x > 0 then, one can
find a T-invariant Borel subset T of Q with u(7") = 1 and a T -invariant measurable function X (w) such that
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X (@) = lim sup 7 logp(¥ (£, w)) = lim - log||y (€, )|
{—+o00 t—>+o0 £

forall w € 1. Particularly, if w is ergodic, then x (w) is constant forall w € 1.

Here x (w) is just the (maximal) Lyapunov exponent of i at the base point w € 7.
Next for proving Theorem B’ we will apply this lemma to the case where Q = E; , T =04,

¥(0,0) =1dga, and ¥ (j,0) =S(j,0) forall j>1and o € X7.
3.3. Proof of Theorem B’

After these preliminaries, we now are in a position to prove Theorem B’ by induction on the
dimension d of the state-space C¢:

Proof of Theorem B’. Let « be a 0, -ergodic Borel probability on E} such that (S) is o-pointwise

asymptotically stable for u-as. o € Z‘}r . In addition, by the hypothesis of the statement we have
0(S) =1. So, p(S) =1 by the Berger-Wang formula (Lemma 3.4).

Step 1. In the case d =1, condition p(S) =1 implies that S is product bounded because of the
following identity

0(S) =sup{ sup ,o(S(w))W].
021" wezt

So, from Theorem 3.3 it follows that (S) is exponentially stable p-almost surely.

Step 2. Now, let m > 2 be an arbitrary integer and assume the assertion holds for any dimension
d<m.

Step 3. We need to prove only that (S) is exponentially stable y-almost surely in the case of d =m.

Indeed, if S is product bounded then Theorem 3.3 implies that the statement holds. So, we next
assume S is product unbounded. Thus, by Lemma 3.5 there exists a nonsingular B € C™*™ and an

integer 1 <n; < m such that
s (1.2)
B7ls;p=| ' ! VieT
s
1

Ny XNy
where Sfl) e Cm>xm, 5;2) € C"2>"2 for all i € Z, where n; =m —ny. Set
$SN:TsirsP, r=1,2.

Then, both systems (S) and (S@) are o -pointwise asymptotically stable for u-as. o € . Since
ni, ny both < m, from the induction assumption, both (V) and () are o -exponentially stable for
[-as. o € Z‘;. Since for any £ > 1 and any word w € Z¢ of length ¢ there holds that

p(S(w)) =max{p(sV(w)), p(S?(w))},

from Lemma 3.6 there follows that one can find a constant 0 < @ < 1 which is such that for p-a.s.
— (it +
o=();_;€27

p(Si, SV <a
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as ¢ sufficiently large. Then, by using Lemma 3.6 once again, it follows that
1 .
lim —log|S(¢,0)| <loga <0 for p-as.o € TF.
L——+o00 £

Thus, (S) is o -exponentially stable for j1-a.s. ¢ € F, as desired.
This therefore proves the statement of Theorem B’. O

4. Linear switched systems periodically switched stable

Let us first consider the continuous-time case. For any given set A= {A1, ..., Ax} C C?*4 and any
0 < A < 400, A gives rise to as before the switched dynamics

x=Aupx, xeClandteRy (A)

where the admissible switching signals u: Ry — K ={1,..., K} belong to UX(RJr, K) that is defined
in the same manner as in Section 11. An u= (4, tj)}rjf is said to be periodically switched, provided
that there is an integer k > 1 so that

Aigk=»Aj and tjg—tjk=tj—tjq Vj=1

In other words, u is periodic if and only if z?jf(u) =u for some integer k > 1. The dynamics (A) is
called to be periodically switched stable if (A) is u-asymptotically stable for any periodically switched
signal u e £ (R4, K).

It is easily seen that the periodically switched stability implies 6(A) =1 from Lemma 3.1 in the
continuous-time case. For this kind of switched system, E.S. Pyatnitskii has asked this important ques-
tion:

Problem. (E.S. Pyatnitskii, cf. [46,49].) Does periodically switched stability imply absolute asymptotic
stability, and further exponential stability, for the linear switched dynamics (A)?

In this section, we will present a weak positive solution to this problem using Theorem A.

Theorem C. Let 0 < A < 400, A = {Aq,..., Ag} C C¥? satisfy p(A) = 1 and assume that P is a
v4-ergodic probability on EZC(HL, K). If supp(PP) contains a periodically switched signal u’ for which (A)
is ' -asymptotically stable, then (A) is exponentially switching-stable P-almost surely, i.e., £(u,A) < 0 for
P-as. ue £ (R4, K).

This result implies that if the dynamics (A) is periodically switched stable and P has a periodical
density point 1/, then (A) is asymptotically and exponentially stable P-almost surely from Theorem B.

Next, we consider the discrete-time case. Let S:Z 3 i S; € C?*¢ be continuous, where the
set Z of control values is a separable metric space. Then, it defines naturally the discrete-time lin-
ear switched system

Xj=8(j,0) - Xo, xoe(Cdandj2l (S)

where the admissible switching signals o : N — 7 belong to X, which can be thought of as a linear
cocycle driven by the one-sided Markov shift 6, : E} — Z}r. Similarly, o is said to be periodical if
o(j+Kk)=o0(j) for all j > 1 for some integer k > 1. (S) is called to be periodically switched stable,
provided that (S) is o-asymptotically stable for each periodically switched signal o € Z‘I* . This implies
that §(S) <1 and that particularly, S is product bounded in the cases d < 3 from [22]. Here, it is
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interesting to note that the discretization (Sa) is not itself periodically switched stable, since Idgq
belongs to Sa.

In the discrete-time case, it is a known fact that periodically switched stability need not imply the
absolute asymptotic stability even in the case that Z is finite as is shown by [8,7,36,37]. In [21], the
authors induced the exponential stability almost surely from periodically switched stability for canon-
ical Markovian 6, -ergodic measures in the case that 7 is finite. Now, we shall induce the exponential
stability almost surely for some more general 6, -ergodic measures. The following is the discrete-time
version of Theorem C.

Theorem C'. Let S:Z > i — S; € C4*d pe continuous and bounded with p(S) =1, where Z is not necessarily
compact. Assume that w is a 6 -ergodic probability on E}' . If supp(w) contains a periodically switched signal
that is asymptotically stable, then (S) is o -exponentially stable for (t-a.s. o € Z‘;.

We notice that since Z is not necessarily compact in the situation of Theorem C’, the statement is
nontrivial even in the special case d =1.

We can prove Theorem C by applying Theorem C’ with S =Sa and @ = up. So, here we need only
to prove Theorem C'.

In [21], the proof relies sharply on a stability criterion established in [20]. Here the main new
ingredient of proving Theorem C’ is Theorem A’ proved before.

The rest of this section will be devoted to proving Theorem C’ stated above.

4.1. Stability in the product-bounded case

To prove Theorem C’ above, we need a lemma using Theorem A’.

Lemma 4.1. Let S:i — S; € C4*4 pe continuous in i € T and product bounded, where T is not necessarily
compact. Assume [ is a 6-ergodic Borel probability on E}, If supp(w) contains a periodically switched
signal that is asymptotically stable, then (S) is exponentially stable y-almost surely.

Proof. Since S is product bounded, from Lemma 2.5 we could assume that there exists a norm, de-
noted by || - ||, on C¢ such that ||S;|| <1 for all i € Z.

Assume, by contradiction, that the statement of the lemma were not true. Then, from Theorem A’,
it follows that there exists a Borel subset I" with p(I") =1 such that

ISy~ Siyll=1 Vn>1andk>0

for all o = (i j)};o? € I'. By the assumption of the lemma, one can pick a periodically switched signal

of period k > 1, say

o' =(ih, ... i it ) € 28, write w = (i, ... ),

such that o’ € supp(u) and (S) is o’-asymptotically stable. Then, one can find some switching signal
o € supp(u) N I" such that ¢’ is an w-limit point of ¢ under the action of the one-sided Markov

shift 64, that is to say, there is a sequence j; / 4o0 so that Qi" (0) — o’ as k — +oo. This implies
that
(5w =1 vez1,

which contradicts that (S) is o’-asymptotically stable.
This proves the lemma. O
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4.2. Proof of Theorem C'

Using Lemma 4.1 proved and Lemmas 3.4, 3.5, 3.6, one could prove Theorem C’ by induction on
the dimension of the state-space CY similar to the proof of Theorem B’. But we now will prove it
following the framework of [21].

First, the following lemma comes immediately from Barabanov’s norm theorem [2], which is sim-
ply proven in the recent work [17].

Lemma 4.2. If the bounded family S = {S;}icz C C9*9 is irreducible (i.e., there is no a common, nontrivial,
and proper linear subspace of C¢ for each S;) with p(S) = 1, then it is product bounded.

The following is a standard reduction lemma in the theory of linear algebras.

Lemma 4.3. (See [2].) For any family S = {S;}icz C C%*4, there exists a nonsingular (unitary) matrix

OeC¥gndr positive integers ny, ..., nr withny + - - - +n, = d such that for eachi € 7
gl(m) ’§lg1,2) o 'Svia,r)
<2,2) =@,
T e A
On,xny Oy, S

where
k) . [Tk ngxn
S® = {8V }jep c T
is irreducible for each 1 <k <.
Based on this triangularization, we further have got the following useful result.

Lemma 4.4. (See [21].) Let i be an arbitrary 6. -ergodic Borel probability on E}r. Then, for the continuous
bounded family S = {S;}icz C C?*4, under the block-triangular decomposition of Lemma 4.3, one has

Ay, $) = max A, S®).

X

Here the Lyapunov exponents

1

1 ~ 1
A(w.S)= lim —log||S;;---Si,[| and A(u.S®)= lim —log]
j—>+o0 ]

’§l{l‘<,k) . '§i(kJ() ”
oo i

for pn-ae. (ij);r:f e X%, all are independent of the norm || - || used.

Remark 4.5. This lemma shows that if every sub-blocks S® are exponentially stable p-almost surely,
then S is exponentially stable w-almost surely. However, if every sub-blocks S® are only asymptoti-
cally stable w-almost surely, we cannot guarantee the w-almost sure asymptotic stability for S. This
proves the importance of Theorems B and B'.

We now can finish the proof of Theorem C'.

Proof of Theorem C'. By the hypothesis of the statement, because of Lemma 4.2 the sub-block sys-
tems S®, 1 <k <r, defined by Lemma 4.3, all are product bounded. Then from Lemma 4.1, they
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are exponentially stable p-almost surely. This together with Lemma 4.4 completes the proof of Theo-
rem C. O

5. A trichotomy result of continuous-time linear switched systems

For a continuous-time linear switched dynamics, if its admissible switching signal u is recurrent,
for example, almost periodic, we can obtain a trichotomy result that is more subtler than the state-
ment of Theorem A.

Throughout this section, let 0 < A < +00 and A= {Aq,..., Ax} C C™*4 d > 2 be arbitrarily given,
which give rise to the switched dynamics

X=Aypx, xeClandteR, (A)
where the admissible switching signals u:R; = (0, 4+00) - K={1,..., K} belong to EZC(R+, K) that
is defined in the same manner as in Section 1.1 and on which there is the topological dynamical
system

04 LY Ry, K) = LR, K); = (g, )15 > 9400 = (g, L1 — ) 155,

Definition 5.1. (See [43].) For a switching signal u € CZC(R+, K), it is called, under the dynamics 9,
to be

1. almost periodic if for any &€ > 0 there exists an integer L(¢) defining an L(g)-relatively dense set
of integers {tx} in Z+ ={0, 1,2, ...}, such that

do(¥Lw, v ™ W) <& VjeZy;
2. Birkhoff recurrent if for any ¢ > 0 the set of values of j e N={1,2,...} for which
do(w, 9L (W) <&
be relatively dense in Z .

Clearly, if u is periodical, it is almost periodic. From the definitions, there hold the following inclu-
sions:

{almost periodic u} C {Birkhoff recurrent u} C {weakly Birkhoff recurrent u}.

For any u, let
Orby () ={viw|j=0,1,...},

which is called the forward ¢ -orbit of u. By Cl(Orb},L+ (1)) we denote the closure of Orb§+ (u) in the
space (LY (R4, K), dp).
Let || - |2 denote the usual Euclidean vector norm on CY. We will prove the following result.

Theorem D. Let A= {Aq, ..., A} C C9*4 be such that || @, (t)||]2 < 1 forall t > 0 and any u € L (R, K).
Ifu=(;, tj);“of in £ZC(R+, K) is Birkhoff recurrent under 9, then there holds one of the following three

statements.
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(1) The dynamics (A) is Cl(Orngr (u))-uniformly exponentially switching-stable, namely, there are two
constants C > 0 and 0 < & < 1 so that

[®w(t )||2 C&l VjeNandu = (],t])] 1eCl(Oerr w).

(2) The dynamics (A) is of Cl(Orbj,r+ (u))-rigid motion, that is to say,

@ (t;) x|, =lxl2 VjeN, xeCand v = (A, j)] 1eCl(Orb+ w).

(3) The dynamics (A) is Cl(Oerr (u))-partially switching-stable, i.e., for some integer 1 < i < d, some con-
stants0 <& <1,C >0, and a continuous splitting

Cl(orb} W) su' > C!'=E (W) @ E*(w), dimE*(w) =i

with the invariance @, (t}) - E/S(w) = Ef/s(m_(u)) for all j >1 and any v = (V. t )*1 in
Cl(Orbj (u)), such that

|Pw(t}) - xoll, = lIxollz VX0 € ES(w)
and
| @ (t)) - yoll, < CE'lIyolla ¥Yyo e B (W)
forall j € N and any v’ = (3}, t] )+ € Cl(Orb} L @)

Note. According to the classical Lyapunov exponent theory,® the stable manifold ES(w') is invariant
with respect to a vector norm | - || of C¢ used here in the following sense:

I Pk oy Cjrk = bi) - yo| <Cy. n%” (Iyoll Vj=1foryo e E* (9% (w))

where Cj. > 0, & > 0 are two constants associated to the norm || - ||. In addition, we do not know
if there holds the classical partial stability, i.e.,

|@w(t}) - yol, < CEllyoll, Vyo e B ()

instead of j by t} in the statement (3) of Theorem D.

5 In fact, here we need only the following simple facts: let ¢(j), ¥ (j) be any given C9-valued functions defined on Z4 such
that

. 1 . ) 1 :
Ay :=limsup - log|e(j)| and Ay :=limsup - log|w ()],
jo+too J jo+oo ]
then for any «, 8 #0,
. 1 . .
limsup log|a@ () + BY ()| = max{hrg, hy) when iy # Ay
Jj—>+oo

and the exponents Ay, Ay both are independent of the choice of the vector norm | - || on cd.
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As oy, the discretization of u, is also Birkhoff recurrent under 6, whenever u is Birkhoff recur-
rent under 9, from Birkhoff's theorems [43, Theorems V.7.07 and V.7.07] which claim: If a dynamics
T:Q — Q is situated in a complete metric space €2, then w € Q is (Birkhoff) recurrent if and only if
CIQ(OerTr(w)) is a compact, minimal set; here “minimal set” means that it is nonempty, closed and
invariant, and has no proper subset possessing these three properties, it follows that CIZ; (Orb;:r (ow))

is a compact minimal set of the compact metric space 2} under 64, where Z =K x [0, A] is as
in the discretization of (A). Meanwhile from Lemma 5.2 below, it follows that u € £ (R4, K) is
Birkhoff recurrent under ¢, if and only if Cl(Orbz',f+ (1)) is a compact, minimal set in [ZIZC(R+,K).

This shows that Birkhoff's theorems are still valid in our situation without the completeness by
Lemma 1.1.
So, the discrete-time version of Theorem D can be formulated as follows:

Theorem D’. Let S:Z 5 i+ S; € GL(d, C) be continuous such that ||S;|l» < 1 foralli € Z. If A is a compact
minimal subset of Z‘; under the dynamics 6., then there holds one of the following three statements.

(1) (S) is A-absolutely exponentially stable,® i.e.,

limsup%log”S(j,o)H2 <0 VYo e A.

j—>+o0
(2) (S) is of A-rigid motion, that is to say,
ISG.o) x|, =1xll Vj>1andxe C4, forallo € A.

(3) (S) is A-partially stable, that is to say, for some integer 1 < i < d, some constants0 <& < 1, C > 0, and
a continuous splitting

As0 > Cl=E(0) ®E(0), dimES(0)=i
with the invariance property S(j, o) - E/S (o) = ]Ec/s(gi(o'))for all j > 1, such that
IS 0) - xo]l, = Ixoll2 Vj > 1 forxo € E(0)
and
ISG.0) - yoll, < C&lllyolla Vi >1for yo e E*(0)

forallo € A.

HereS(n,o) =S;,---S;, forany o = (ij)j:ﬁ’ € Z‘; andn > 1.

It should be noted here that the above Theorem D’ has been proved by lan D. Morris in the case
where A is a compact minimal subset of the two-sided Markov shift transformation

0:217— X1; (ij)jez = (j11)jez-

6 Since here A is a compact 6 -invariant set, the A-absolute exponential stability is equivalent to the A-uniform exponential
stability.
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See [40, Theorems 2.1 and 2.2]. Since for any two-sided switching signal (ij)jez € X7 or u:R — K
the associated switched dynamics is, in fact, completely determined by the one-sided subsequence
(ij)jﬁ’f or ugr,, it appears more reasonable for us to choose the one-sided Markov shift on 2% as
the driving system here; see Footnote 1 in Section 1.1.1.

We will prove Theorem D in Section 5.1 based on Theorem D’. And we will prove Theorem D’
in Section 5.2 using an approach completely different from [40] to overcome the difficulty caused
by the noninvertibility of the one-sided Markov shift 6. Moreover, following our framework, one
could easily obtain a more general continuous-time version than Theorem D, see Theorem D” in
Section 5.3.

5.1. Proof of Theorem D

Let
LY Ry K) 3 u= (4, t)]5] = 0w = (hj, Ap]S) € 27,

where Aj=tj—tj_q forall j>1 and Z=K x [0, A], as in Section 1.1. According to Theorem D’, to
prove Theorem D it is sufficient to prove the following basic fact.

Lemma 5.2. [fu= (4;, tj);”f is Birkhoff recurrent in ﬁic (R4, K) under v, then

7 (C1(Orby, (w)) = Cly (Orby, (o).
So, Cl(Orbg+ (w)) is a compact, minimal subset of £ (R, K) under .

Proof. We need to prove only that Cly+ (Orb;+ (o)) C 7'[(Cl(0rb;+ (1)), where oy = (Aj, Aj);r:"f be-
longs to XF with Aj=t;—t;_q forall j >1.Let o’ =\, A});;OT be an w-limit point of o, under 6.
Then there is a sequence k; — +oo such that G)ﬂ(rj (oy) converges to o’ as j — +oo. We claim that o’
belongs to 7r(Cl(Orb$+ (u))). For that, we only need to prove that Tz"f A/j = +4o00.

By contradiction, assume that j:of A/j < 4o00. Then for an arbitrary y > 0 with y < }l, there

exists an integer Ny, > 1 such that Zj*:of A;+Ny <y.

Since 6, is continuous, we have get that 6‘1y+k" (on) — ny (o) as j — +oo.
On the other hand, by 05” (Ow) = (hj4n, > Ajin, ) 5] we see Y125 Ajin, =+00. So, one can find

an integer L > 1 so that Z§:1 Aj+Ny > 1. Moreover, there is an ¢ > 0 sufficiently small such that for
any 6 = (i}, AAJ-);-;O? exf,

L
" 1 A

2 Aj> 3 whenever dQ(ny (0w),6) <e.

=1

Since ny (oy) is also Birkhoff recurrent under 6, there is some integer ¢(¢) > 1 such that for any

j =1, one can find some nj € [Ny, +kj, Ny, +kj + £(¢) — 1] satisfying dg(eﬁ" (ou),eij (ow)) <é€.
Finally, one can choose some ] > 1 sufficiently large such that

L+L(e)
Z AigN,+k; S 2y whenever j > J.
i=1
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However,

L+e(e)
AifNy +k; < 2y
1

N =

L
<D A <
i=1

i=

for all j > J; it is a contradiction.
This shows the lemma. O

This fact is nontrivial, because (L','ZC(]RJr, K), dp) is not complete from Lemma 1.1.
5.2. Proof of Theorem D’

In this subsection, we will devote our attention to proving Theorem D’ using some known result
cited from [14,15] and Theorem A'.

5.2.1. A semi hyperbolicity theorem

For simply proving Theorem D’, we will need a semi hyperbolicity theorem cited from [14]. Here,
for the convenience we will introduce it in details.

We now adopt the terminology of cocycle. Let S:Z — GL(d,C); i — S; be a continuous, non-
singular, d x d, complex matrix-valued function on a separable metric space Z, where Z need not
be compact. Let W be a compact 6, -invariant closed subset of the discrete-time switching-signal
space ZJ; that is a separable metric space with the induced metric dy(-,-) as in Section 1.1. We
consider the induced cocycle by S, also write as S,

) ) . . _ Idca for j =0;
S:Zy x W — GLWd, C); (],0)|—>S(],o)_{Sn(j)msa(]) for j > 1,

+o0

jo1 P by(o) = ()Y

which is driven by 0y :0 = (ij) i1 restricted to the compact invariant sub-

space W.
Let ¥ € R be arbitrarily given and assume that to ‘a.s.’ ¢ € W, there exists a measurable direct
decomposition of C¢ into subspaces’
o B0, %) @E (0. %) withS(j,0) - E/*(0, %) =E/*(61(0). %) Vi > 1

such that
.1 . N s N
lim —log||S(j.o) x|, <X VxeE'(o,%)\{0}
j=too ]
and
.1 . N u N
lim —log|S(j.0) x|, > X VxeE'(a.})\{0}.
j=+o0 ]

ES(o, x) and EY(o, x) are called the j-stable and x-unstable manifolds of S at the regular base
point o € W, respectively. Moreover, we call

Index(o, x¥) =dimE*(o, X)

the x-index of S at the base point o € W.

7 We notice that since 6, is not invertible, such a decomposition need not exist in general.
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We should notice here that o > ES/¥(c, %) is only measurable, not necessarily continuous, with
respect to o in W.
Next, we introduce the notation “} -semi hyperbolicity”.

Definition 5.3. (See [14].) Given ¥ € R, S is called j -semi hyperbolic on W, provided that S is almost
uniformly j-expanding along E“ (o, x); that is to say, there are constants o’ > 0 and C’ > 0, which
both are independent of o, such that

ISG.o) - x|, = C'lIxllaexp(j (X + ') VxeE'(o,x)and j>1
for ‘as’ o e W.

Here and in the following, ‘a.s.” means relative to all 6 -ergodic Borel probabilities supported on W
unless an explicit measure p is given and write ‘@-a.s.” in this case.
Then, the semi hyperbolicity theorem proved in [14] could be stated as follows:

Theorem 5.4. (See [14, Theorem 1].) Let S be X -semi hyperbolic on W. If Index(o, X) is constant for ‘a.s.’
o € W, then S is almost X -hyperbolic on W ; that is to say, there exists a continuous invariant splitting of C4
into subspaces

o E' (o, x)®E(o, X)

and constants ¢ > 0, C > 0 such that

ISG.o) x|, < Clixllzexp(j(X —0)) Vxe€E'(o, %) andj>1

and

IsG.o) - y], = C Mylzexp(i(R + ) VyeE'(o. ) and j>1
for‘as’ o e W.

Note. This result implies immediately that S is contracting uniformly restricted to E on a 6, -invariant
closed subset of W of total probability 1 if ¥ < 0.

This theorem has been proven in [14] using Liao theory.

5.2.2. Proof of Theorem D’
For convenience, for any o € E}r write

E°(0) = {xeC% |S(n,0) X[, = lIxll2 ¥n > 1}.

Since the Euclidean norm | - ||z is pre-extremal for S by the hypothesis of the theorem, E (o) is a
linear subspace of CY. It is easy to check the invariance Siy - Ef(0) CE(04(0)) for o = (ij)jf:"f.

Proof of Theorem D'. If, for any 6, -ergodic Borel probability © with supp(it) C A, (S) is exponentially
stable p-almost surely, then (S) is A-absolutely exponentially stable from [19] and so the property (1)
of Theorem D’ holds. And we then could stop our proof here. So, we next assume that (S) is not
exponentially stable P-almost surely for some 6, -ergodic Borel probability P with supp(P) € A.
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Then from Theorem A/, it follows that dimE‘(o) > 1 for P-ass. 0 € A. As A is 6,-minimal, from
the Birkhoff recurrence of every o € A and the continuity of S, it follows that there exists a continu-
ous, non-zero distribution o — E€(0) over A satisfying that for any 0 € A and any j > 1

S(j,0)-E°(0) =E°(6].(0)) and |[S(j,0)-x0|,=Ilx0l2 Vxo€E(a),
and that to any v € C? — Ef(0) there are some n, >1 and 0 < 3§, < 1 so that
ISG.o)-v], <8vlvilz Vi>n
It is easily seen that dimE (o) =d —i Vo € A for some integer 0 <i<d— 1.
If i = 0 then, the property (2) of Theorem D’ holds and we could stop the proof here. Therefore,
we next assume 1 <i<d—1.

Write E€(o)* = {x € CY | (x, E(0')) = 0}, i.e., the orthogonal complement of E¢(¢) in CY, for all
o € A, and define a natural (Grassmannian) topological vector bundle

c 1 c 1

ES(A)" = |_|U€AIE (o).

Further, we define, based on 6, ,: A — A, a linear skew-product dynamical system as follows:
SLZy xES (AT > ESA)Y (j. (0. ) > (01(0).84 (. 0) - y)
where
1, . TC 1 c(pl L
S (j,0):E(0)” — E(01(0))

is defined by the projection of S(j, o) - y onto EC(Q (0)) for any y € EC(O')L, such that

Is*G.o) -], <|sG.o) -y, <lylla Vi=1

Then, it follows from Theorem A’ that for any 6, -ergodic Borel probability @ supported on A,
1 ; 1 1s
X (w):= lim —log|S*(j.o)|, <0 p-as.ceA.
j=+o0 ]

Moreover, from the upper-semi continuity of x-1(u) with respect to p ([15, Proposition 5], also
see [19]), one could find some ¥ < 0 such that x(u) <y for all 6, -ergodic Borel probability 1
supported on A.

Thus, from the Liao spectrum theorem, for example see [15, Main Theorem 1], it follows that for
any 6, -ergodic Borel probability w supported on A, the linear switched system (S) (or the cocycle S)
has i negative Lyapunov exponents which are less than or equal to y, counting with multiplicity, for
n-as. o € A. Then, from the multiplicative ergodic theorem [27,44], one could find a 6, -invariant
Borel subset I' C A with u(I") =1 for any 6, -ergodic Borel probability ;« on A, such that there is a
measurable, invariant splitting of C¢ into subspaces

I'so Cl=E(o) ®E(0)

satisfying

fim - Liog|s(j, o) yl,<v VyeE(o)\{0}.
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From the semi hyperbolicity theorem (Theorem 5.4) with ¥ =y /2 and W = A, it follows that Sgs(r)
is contracting uniformly. So, the above splitting over I could be extended onto the closure CI(I").
Since A is minimal, there follows CI(I") = A. So, the property (3) of Theorem D’ holds.

This thus proves Theorem D’. O

5.3. A more general continuous-time version

Let © be a Polish space. A more general continuous-time version of Theorem D’ can be stated as
follows:

Theorem D”. Let @.(-) : © x Ry — GL(d, C) be a continuous linear cocycle based on a semiflow (2, ¢) such
that

|[Pu®],<B" Yo eQandt>0
for some constant B > 1. If A is a p-invariant compact minimal subset of 2, then

(1) either

lim sup 1 log| @, (1) |, <logB Vwe A
t—>+oo L

|P0®)],=8"lxl2 VE=0, xe C? forall w € A;

(3) or @ (t) is A-partially stable, i.e., for an integer 1 <1i < d, two constants 0 <& <1, C > 0, and a
continuous splitting

Aswr C=E(w) @ E(w), dimES(w)=i

with the invariance property @, (H)ES/S(w) = E/5(@(t, )) for all t > 0, such that

[®w(®) - x0[, = B'lIxoll2 Vt =0 for xo € E ()

and

|®w(®) - yoll, <CB'E llyolla ¥t >0 for yo € E¥(w)
forallw e A.

By a muodification of the proof of Theorem D’, one could obtain the statement. So, we omit the
details here.

A very interesting case for Theorem D” is that A is the hull of an almost periodic control function
u:R; — €94 and ¢ is the one-sided translation flow; see Footnote 1 in Section 1.1.1.
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5.4. Remarks

For a general topological dynamics T:Q — Q, the set W(T) of weakly Birkhoff recurrent points
is of total measure 1 from Theorem 2.3, but need not be true for the set of all the Birkhoff recurrent
points.

Clearly a Birkhoff recurrent point must be weakly Birkhoff recurrent, but the converse is not the
case as is shown by a counterexample in Z. Zhou and W. He [62] for the one-sided Markov shift 6
of finitely many letters. Here, we could construct a simple example as follows:

Example 5.5. Let 7 = {0, 1} endowed with the discrete-topology metric. Let p = (1/2,1/2) be a

2-dimensional probability vector. Then the corresponding Markovian probability measure ip, defined
in the means

1 4
pp([its ... i¢l) = (§> Y(i1, ..., i¢) €I,

is ergodic for the one-sided Markov shift 6, : ¥ — X such that supp(ip) = 5. Since the periodic
points of 6, are dense in X}, ¥ is not minimal. Thus, for pp-as. o € £f, it is weakly Birkhoff
recurrent from Theorem 2.3, but not Birkhoff recurrent.

This example shows that Theorem A/A’ is essentially different from Theorem D/D’.

Parallel to the continuous-time case considered in Section 3, the discrete-time linear switched
dynamics (S) is called to be
(1) “switched convergent”, if to each xo € C¢ \ {0} there corresponds some Oy, € Z‘; satisfying

||S(j’aX0) 'XOHZ -0 asj—> +00;

(2) “exponentially stabilizable”, if there exist two constants & < 0 and 8 > 0 such that to each xg €
€9\ {0} there corresponds some 0)20 € Z‘; satisfying

IS(j, o)) - %0, < Bllxoll2 exp(jor) ¥j> 1.
Next, using Theorem D’ we are going to prove that if S is product bounded and switched conver-

gent, then there must be a subset restricted to which (S) is either absolutely exponentially stable or
partially stable. For this, we need first the following lemma due to Z. Sun:

Lemma 5.6. (See [53, Theorem 1].) The following two statements are equivalent:

(i) Sis switched convergent.
(ii) Sis exponentially stabilizable.

Now, the following is a result of the statements of Theorem D’ and Lemma 5.6.
Corollary 5.7. Let S: Z — GL(d, C) satisfy ||Sill2 < 1 for all i € Z, where Z is compact. If (S) is switched
convergent, then there must be at least one 6. -minimal subset A C Z‘lf such that (S) is either A-absolutely

exponentially stable or A-partially stable.

Proof. By Lemma 5.6, (S) is exponentially stabilizable. Let « <0, 8 > 0 be defined as in the item (ii)
of Lemma 5.6 above. We define the set

Zse.= {0 € Tf |3 € €\ {0) sothat [S(j,0) - xo |, < Bllxo 2 exp(jer) Vj > 1.
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Clearly, X5 is 64-invariant, and nonempty by the exponential stabilizability. Moreover, Xs. is a
closed subset of XF; in fact, let {0(j)}j2; be a sequence in X satisfying o(jy — o(g) as j — +oo;

one can take a sequence of unit vectors {x(;} in ¢4 with
[sce.o¢)) x|, < Bexpeary ve=1:

by the compactness of the unit sphere in C9, there is no loss of generality in assuming that X(j) = X(0)
with [|x)ll2 =1; so, IS(¢, o)) - X0y ll2 < Bexp(ba) V€ > 1; this implies that o(g) € Y. Thus, from
the compactness of E} and so X, one can find a 6 -minimal subset A C X . Then, the statement
follows immediately from Theorem D’.

This proves the corollary. O

Remark 5.8. From Theorem E and Lemma 6.1 to be proven in Section 6.1, we see that A given by
Corollary 5.7 might be required to consist of periodically switched signals.

6. Approximation and stabilizability of linear systems driven by minimal dynamics

How to design, for an initial state xg € C%, a stabilizing switching signal u(t) for a linear switched
system (A) is a primary synthesis issue in the theory of control; see [57,9,50-52,28,29] for example.
However, we need first to establish a theoretic foundation before one begins to design such a stabi-
lizing switching signal; that is the existence theorem of stabilizing switching signal/law for any initial
state. This section will be devoted to this topic. It is just the aspects (3) described in Section 1.2. The
main results are Theorem E and Theorem F proved in this section. Theorem 6.10 below is an ergodic
result that seems important for further study of rotation numbers.

6.1. Approximation of stable manifold by periodically switched signals

Corresponding to “partial hyperbolicity” in the differentiable dynamical systems, as is shown by
Corollary 5.7 before, here the “partial stability” defined as in the statement of Theorem D’ could be
an interesting, typical phenomenon in the linear control theory. However, the stable manifold E*(o)
depends completely upon the infinite switching sequence o = (i j)}rj, not upon any finite-length sub-
word (iy,...,i¢) of 0.

So, for applications in engineering, in the partially stable case we often need to find suitable ways
to approach arbitrarily the stable manifold bundle ES(A), since for any input (o,xp) € ES(A) the
output/solution {x,}n>0 of (S) is exponentially stable. For this, we can obtain the following theorem.

Theorem E. Let S:7Z > i+ S; € GL(d, C) be continuous, where Z is a compact metric space. Assume (S)
is A-partially stable for a 6., -invariant minimal subset A of 2. If {o ™} is a sequence of periodically
switched signals with

Ol‘bg;_ (O‘ (k)) in the sense of Hausdorff metric A ask — 400,

then for any ¥ < O sufficiently large

ES (Orba (U (k))’ )2) in the sense of Grassmann ES(A) as k — +oo.

Here E*(Orby (0®), %) = Lo corb; o) E*(0, %) is the X-stable manifold bundle over the peri-
+

odical orbit Orb(‘;+ (0®) and E5(o, ) is defined in the same manner as in Section 5.2.1. In fact, if
o® = (ij)]*:‘ﬁ’ has period 7, then ES(c®), %) is just the direct sum of the eigenspaces associated to
the eigenvalues with absolute value < exp(t,x) of the product matrix Sifk - Si.
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In addition, since A is minimal, such a sequence {o(k)};r:"? always could be selected out from the
following closing lemma.

Lemma 6.1. Let 6, : EZJT — EZJT be the one-sided Markov shift based on a compact metric space Z. Then, for
any & > 0 there exists a constant § > 0 such that whenever d, (0, 01.(0)) <8 foro € ZJ%L and T > 1, one can

find a point o’ satisfying the following two conditions:

(1) 61(c") =0, ie, o' is a periodically switched signal of period T;
(2) do(0% (0),0k(0") < forO<k<t.

Here dy (-,-) is the metric on E}r defined as before.

Proof. This statement follows easily from the definition of the metric dy(-,-) and a standard argument
similar to that of Z=1{1,2}. O

In the proof of Theorem E, we will employ a theorem quoted from [16]. Here we will introduce it

in details for the convenience of readers.
Let o € E}r be a periodically switched signal of period T > 3. We simply write

0={0,0,(0),....0] (o)}

Clearly, 6+ is 1-to-1 restricted to O. The following is an improved version of the classical Alexseev
theorem.

Theorem 6.2. (See [16, Lemma 3.3].) Let | -] be a vector norm of CY, for any w € ©. Suppose that C? has a
Whitney decomposition

C!'=F'(w)®F*(w) YweO

such that dimF! (w) is constant and that S(1, w) and S~ (1, 9;1 (w)) could be, respectively, represented as

[FH(W) F12(w)

i 2 1 5
F21(w) FZZ(W)] F'(w) @ F*(w) - F' (61 (w)) @ F* (64 (w))

and

|:?11(W) Fia(w)

. 2 1/7—1 201
Far(w) ?22(W)i| :F'(w) @ F2(w) — F1 (07 (w)) @ F? (07" (w))

forallw € O, where 6;1 is restricted to O. Assume for any w € O

max{| F11(w)], |_/151’l1(w)J} <eSt, max{|_F2’21(w)J, |_/I':22(W)J} <e %2
and
max{| Fizw) |, | Faiw) |, [Fraw) |, [F21(w) |} < geIs1F521/2
where

—00<G1 <Gy <+oo and 0<eg <min{l—eS1752/2 gl2=c1)/2 _ 1},
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Let

s 42F§2 — log[e(s2s0/2 _ g],

0= ;52 +log[e(S2s1/2 _ ¢].

Then there is an invariant decomposition of C¢ into subspaces

C'=E'(w) @ E*(w) with dimE!(w) =dimF!(w) Vw € O
such that

|Sce, w)- V1J@ﬁ(w) <Ket - |vilw VvieEl(w), £>1

and

|S(e, w)- Vngi(W) > K e+ vyl Vv e E2(w), €3> 1.
Here K > 0 is a constant.
Remark 6.3. The fact that the constants x_ and x, are such that

X-N\¢1 and x, /62 ase—0,

will be useful for proving Theorem E.

Proof of Theorem E. Assume the admissible switching-signal set A is nontrivial, i.e.,, A is not itself a
periodical orbit. Otherwise, the statement holds trivially.
From the hypothesis of the theorem, there is a sequence & N\, O such that the Hausdorff distance

du(Ok, A) < & where Oy := Orb:{+ (c®) forallk > 1.

For any w € O, there is some oy, € A which is such that d,(w, o) < &; so by translation we have
the Whitney decomposition

C? =F'(w) @ F3(w) where F'(w) = E¥(0y) and F>(w) = E (o).

Here the stable and central manifolds ES/¢(cy,) over o, are defined by Theorem D'. Let

1
510g$<§1 <6 <0,

where & is defined by Theorem D’. Since the splitting ES(A) @ E°(A) is continuous in o € A and
S(¢, o) is continuous in o € Z‘}, there holds the condition of the Alexseev theorem (Theorem 6.2) as
k large sufficiently. Thus, the statement follows from Theorem 6.2.

This completes the proof of Theorem E. O
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6.2. Switching-exponential stabilizability and rotation number

Let A= {Aq,...,Ax} c C¥4 and 0 < A < 400 both be arbitrarily given. An input (yp,u) in
(C4\ {0}) x LP (R4, K) is said to be switching stable for A, if the output {y; = ®y(t;) - yo}j>1 of (A)
is exponentially switching-stable, not necessarily exponentially stable in the traditional sense; that is
to say, the switching indicator

1
£(yo, u, A) :=limsup — log[ @y (t)) - yo|, < 0.
Jj—+oo J

The problem that if one can design some switching-stable signal u for an initial data yg € C¢\ {0}
given previously, is very important in engineering.

In applications, such a switching signal, found for the above problem, should be restricted to some
constrained switching-signal subset A C C'ZC(R+, K). Particularly, if A is ¥4-dynamics minimal, then
the problem is trivial in the case of items (1) and (2) of Theorem D. So, we will devote our attention
to the case (3) of partial switching-stability.

On such a basis, we need to use the rotation number of a switching signal defined in Section 6.2.1
below. Our main result of this part can be stated as follows:

Theorem F.Let 0 < A < +ooand A= {Aq1, ..., Ax} C R¥*2 be such that ||, (t)|l» < 1 forall t > 0 and any
ue L% (R4, K). Assume (A) is A-partially switching-stable for a compact, minimal subset A of £5 (R, K)
under 9. If there exists a ' € A having an irrational rotation number at(1; A), then to any yo € R? \ {0},

(1) there exists some uy, € A switching stable for yo such that yo € E°(uy,);

(2) there exists some ug,o € A such that yg € IEC(u/yU).

Here the stable manifold ES and the central manifold E€ are defined in the same manner as in Theorem D.

This theorem shows that in the partially switching-stable case, the stabilizability problem is very
complicated.

6.2.1. Rotation numbers of continuous-time linear switched systems

Rotation number possibly becomes an important tool for study of the chaotic behavior of switched
dynamical systems. So, in this part, we will introduce the theory of rotation numbers for linear
switched dynamics using a very simple approach.

Hereafter, we let 0 < A < 400 and A= {Aq, ..., Ax} C R?*2 be arbitrarily given. We first consider,
for an arbitrary u=(Aj,t j)fjf € £ZC(R+, K), the continuous-time linear switched dynamical system

x(t) = Aypx(t), x(0)=xpcR?andteR,. (6.1)
Write

11 12
Au(t) Au(t)j|

A2l A

Auey = [
u(t)

22

u(t)

Introduce the polar coordinates (r, ¢) in the (x1, x)T-state space R?, i.e.,
X1 =rcos2m@ and Xxp;=rsin2mwe,

where r > 0, ¢ € R. Then from Eq. (6.1), one can see that ¢ satisfies the equation

22 11
Au(t) - Au(t)
2

12

. 1 . .
@ = fun (@) = 7 {Aﬁ}t) cos” 2 — Alf, sin® 2 + sm47r<p}. (6.2)
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For any initial state ¢ € R, we let ¢(t) = @, (t, ¢p) denote the solution of (6.2) with ¢(0) = ¢g. Then,
for any xo = (ro cos 27 g, o Sin 27 o) T with rg > 0, the solution x(t) = Dy () - Xo of (6.1) satisfies that

. T

x(t) = || x(t) |, (cos 27w @y (t, @o), Sin 27 @y (¢, @o)) ¥t > 0. (6.3)
This motivates us to introduce the following definition.
Definition 6.4. For any u € ,CPAC(R+, K) and any ¢g € R, the limit (if exists)

t., —
a(u; A) = lim 7&%(] gD,O) %o
J—+o00

(6.4)

is called the rotation number of (A) at the switching signal u.

The following lemma shows that such a rotation number is well defined, i.e., if ac(u; A) is defined
for some initial state ¢p € R, then it is independent of the choice of ¢g.

Lemma 6.5. Let u € £pAC (R4, K) be any given. Then, for any ¢y, ¢; € R, one has
|(@u(t. #0) — 90) = (ou(t 06) —0g)| <1 VeeR,.
Proof. From the fact fy,)(¢ +1) = fu@r)(¢) in (6.2), it follows that

Qu(t, o+ k) = @u(t,po) +k YVt >0,

for all k € Z and ¢p € R. We may assume, without loss of generality, that ¢} < ¢; < ¢+ 1. From the
monotone increasing property of ¢y (t, ¢o) with respect to ¢p € R, it follows that

9u(t, 90) — @0 < @u(t, 95) — 95 + 96 — 90 < pu(t. 95) — 95 + 1.
Hence we have
(@u(t. 90) = ¢0) — (#u(t 95) —95) < 1.
On the other hand, from
ou(t, 90) = 9o =u(t, 9o +1) — 9y — 1

> pu(t, 90) — 96 + (96 — ¢p) — 1

> pu(t.9g) — @5 —1 by ¢y —¢p>0
it follows that

(¢u(t. o) —w0) — (#u(t 95) —9g) = 1,
which implies the required result. O
In the classical theory of ordinary differential equations, for example [12,33], the traditional defi-

nition of rotation number requires instead of the denominator in (6.4) by t;. Following our definition,
however, we can obtain the following result in the switched dynamics situation.
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Theorem 6.6. Let 0 < A < +o00 and A = {A1, ..., Ax} C R**2 be arbitrary. Assume A is a compact
¥4 -invariant subset of LZC(R+, K). If P is a v-ergodic probability measure supported on A, then there
exists a (rotation) number ot (P; A) such that

au;A) =aP;A) forP-ae ue LN (R, K).

Here

a@im = tim o [ g0 dFw
is a well-defined real number.
Proof. Motivated by Lemma 6.5, we define a continuous transformation
E:Zi x A—>R; (k) > @yu(ty,0) foru=(2j, r]-)fj;’.

Since ¢, (t, @) is the solution of (6.2) with the initial value ¢,, we have from Lemma 6.5 the follow-
ing quasi-additivity property:

EEw+Em W) -1<EC+mw < EWC W+ E(m oL w)+1.

In fact, for u= (&j, tj);rzof and ¢,m > 1, we have
95w = (W), £) ;5] = Oujpes tje — 00123
and
E+m,w) = uterm, 0) =@yt ) (term — te, @u(te, 0))
= Qu(te. 0) + {@y¢ () (. Pu(te. 0)) — @u(te. 0)}:

in addition, note that

Pot (s 0) = 1< Pyt (s Pute. 0)) = Pulte. 0) < Pyt (£, 0) + 1
from Lemma 6.5, and & (m, z?f; w) = Pt ) (t/., 0); thus there holds the quasi-additivity.

Since A is compact, {Z (k, ~)},‘f:°§’ is a sequence of bounded functions on A. Now, applying our

quasi-additive ergodic theorem (Theorem 6.10 in Section 6.3 below) with X = A, T =94,, and
fn(-)=E(n,), we can obtain that

1
lim —@u(te, 0) = o (P; A)
k—+o00 k

for P-a.s. ue A.
This ends the proof of Theorem 6.6. O

In the classical literature, [33,32] for example, the existence of «(IP; A) is proven by considering
the induced skew-product dynamics

©:Zy x AxT' > AxT' (k, (u,00)) = (95 W), pu(tr, o) mod 1) foru= (rj,tp) 1.
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In that way, we will have to construct a ®@-ergodic probability P* on A x T!, for which P is its
marginal measure. So, our approach presented here is more simpler and direct than that.

6.2.2. Proof of Theorem F
We first have a simple lemma.

Lemma 6.7. Let {aj}?":1 and {bj}]‘?oz1 be two real sequences in the unit interval [0, 1]. If {b;} is dense in [0, 1]
and lim;j_, o a;j/bj =1, then {a;} is also dense in [0, 1].

Proof. The statement is obvious and we omit the details. O

Proof of Theorem F. From Theorem D, there is a nontrivial continuous splitting

R?=E°(u) ®ES(u) Vue A.

Let u = ()Jj, t;)].*jf € A have the rotation number o (1'; A) that is irrational. Let x € ES(u') be arbitrar-
ily given with ||| =1 and x = (cos 27 @, sin 2w )T where 0 < ¢ < 1. Put

bij=putj,@)eR Vj>1,

where ¢,/ (-, @) :R; — R is the solution of (6.2) with initial value ¢(0) = ¢ in the case v’ instead
of u. From Definition 6.4, it follows that limj_..bj/j — e (w’; A). Since {jo(u';A) mod 1| j> 1} is
dense in [0, 1], from Lemma 6.7 there follows that {b; mod 1| j > 1} is also dense in [0, 1]. This
implies that the sequence

fjim 1]
P @) xll T

is dense in the unit circle T!. Notice that X;j € Es(ﬁi(u/)) for all j > 1 from the invariance of the
stable manifold bundle ES(A).
Now, consider any initial data yo € T!. One can find a subsequence Xj, — Yo. Since A is com-

pact, we might assume, without loss of generality, that Ml‘ (u") — uy, for some uy, € A. So, it holds

that (ﬁﬁ(u’),xjk) — (uy,, Yo). Clearly, uy, is stable for yo from the uniform stability of & along
ES(A). Then from the classical Lyapunov theory (cf. Footnote 5 in Section 5), there follows easily that
Yo € ES(uy,).

This completes the proof of the statement (1) of Theorem F. The statement (2) of Theorem F can
be similarly proved.

So, the proof of Theorem F is completed. O

6.2.3. A further question

A nontrivial minimal subset of a dynamical system contains uncountably many orbits. So, it is a
hard work to select a stable switching signal for an initial data. In the proof of Theorem F, we have
suggested an approach of selection. We further ask the following question:

Question 6.8. Under the situation of Theorem F and let yo € R?\ {0} be arbitrarily given. Then, can one
find a Borel subset Ay, C A with P(Ay,) > 0 or dimy(Ay,) > 0 such that every ue Ay, is switching
stable for yg, for some probability P supported on A?

Here dimy means the Hausdorff dimension in the sense of the metric dy(-,-) defined in Section 1.1.
An affirmative answer to this question is useful for the fundamental stabilization and optimization
problem of linear switched systems.
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6.3. The quasi-additive ergodic theorem
In this subsection, we will establish the quasi-additive ergodic theorem, which is a slight improve-
ment of the classical Birkhoff ergodic. This part is of interest independently.

First, we prove a lemma.

Lemma 6.9. Let {an}:;xl’ be a sequence of real numbers such that

n+0m —8 <apym <ap +am+68 Yn,m2>1,

where § > 0 is a constant. Then,

for some a* € R.

Proof. We first fix any N > 1. For n =mN + k where 0 <k < N, by

an = AmN+k < Gmy + ax + 8 < (may + md) + (ax + 3),

one has
a a 1)
limsup—n < N + —.
n—+o0 N N N
So, there holds that
a a a
liminf = < limsup—n < X +— VK>1.
n—+o0o n n—+oo N K I

Let € > 0 be arbitrary. Then there is a K>1s0 large that 6/75 < &. From

.. .a . a azy
liminf = < limsup = < =X 4+ ¢ Vk>1,
n—+o0o n n—+oo N K+k

it follows that

.. o0n . Qn . ¢ On . . 0n
liminf — <limsup — < inf — 4+ ¢ <liminf — +¢.
n—+4oo n ns+4oo M =k N n—+o0o n

Letting € \( 0, one can find some a* < oo satisfying

. Qn
lim — =a*.
n—-4+oo n

Similarly, we can obtain that

. . 0n ag
liminf —> — —— VK>1
n>+oon = K K -
which implies a* > —oo.

This proves the lemma. O
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Now, based on Lemma 6.9 and the classical Birkhoff ergodic theorem [56], we can obtain the
following ergodic theorem.

Theorem 6.10 (Quasi-additive ergodic theorem). If T is an ergodic measure-preserving transformation of the
probability measure space (X, %, n), and if {fn};“;"{ is a sequence of L1(u)-functions satisfying the quasi-
additivity condition:

fa®) + fm(Tnx) =8 < fman(®) < frn@) + fm(TnX) +35 Vmnz=1

for pw-a.e. x € X where § > 0 is a constant, then

1 A |
= = im0 due
X

for w-ae. x € X. Here f* is a real number.

We notice that this theorem might be a consequence of the classical Kingman’s subadditive er-
godic theory [34] by letting Fn(x) = f;(x) + 8 and then Fpin(X) < Fn(x) + FR(T™(x)). However, we
would like to present here an elementary proof without using the Kingman subadditive ergodic the-
orem.

Proof. For simplicity, for any n > 1 we let f* = [, fa(x)du(x). Then from Lemma 6.9, it follows that

1
—fi— f* asn— 400
n

for some constant f* € R. Next, denote

F) =limsup > fo(x) and [0 =liminf %fn(x)~

n—+oo 1
Observe that the T-invariance: f(x) = f(Tx) and f&x) = f(Tx) for all x € X. Now

n—1

1 1 1 ,
Ejzzofl(rfx) —8< a0 < Hgofl(”")” ¥n>1

and thus by Birkhoff's ergodic theorem [56] we obtain

ff-8<f<fx<ff+8 forp-aexeX

because of the T-ergodicity of p.

Next, we have a similar, asymptotic, estimate with fy instead of f; in the above inequality, as
follows.

Let fo(x) =0 for all xe X. Fix N >2 and let n>> N. For eachi=0,1,..., N — 1, we write

n=i+miN+k; withO<k; <N.

Then by the quasi-additivity, for p-a.e. x € X
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mj—1
fa) = fi0+ Y in(TNx) —mis + fii, (TN Fx) — 26
=0
and
mj—1 . )
Fo®) < fi0)+ D In(TNHX) +mis + fii, (TMNx) + 25
=0

and summing over i we have

N—1 n—1 N-1 N—1
N =Y fio+ Y fn(T%) = Y mis+ Y faiomn (TN %) — 2N6
i=0 Jj=0 i=0 i=0

and
N—-1 n—1 ) N—-1 N-1 ]
Nfn@) < D fi0) + D fu(TI%) + D mis + ) faiomn (T™V+x) + 2N8.
i=0 j=0 i=0 i=0

Hence, for p-a.e. x€ X

N-1 N-1

1 1= , 1 1 . 28

_ _ Jy) — . o g . m;N-+i _ =

nfn(x)>an§OfN(T X) nNgml(S‘f‘nNg{fl(x)"l‘fnflfmiN(T X)} n
and

1 1 n—1 ] 1 N-1 1 N—1 ] 28

S0 < — FX(:) (T + ; mis+ ;{fi(x) + fricmn (T™N X)) + -

As n — +oo the last two terms on the right-hand side converge to zero for p-a.e. x € X, % — % and,
by the Birkhoff ergodic theorem once again,

1 ) 1 )
Nf;\;_ﬁgi(x)gf(x)gﬁf;‘,-kN for u-ae.xe X

which implies

for p-a.e. xe X.
This proves the theorem. O

We notice that in the statement of Theorem 6.10, if § = 0 then it is just the classical Birkhoff
ergodic theorem.
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7. Concluding remarks

There are several important new ingredients in the present paper.

First, we have introduced the dynamics concepts “weakly Birkhoff recurrent switching signal”
borrowed from Z. Zhou [60], “switching indicator” and “discretization” for continuous-time linear
switched dynamics and importantly applied them to the control theory to prove the alternative result
Theorem A that is the most important tool of this paper.

Second, we have employed a “semi hyperbolicity” theorem proved by X. Dai in [14] to the study
of “partial switching-stability” of continuous-time linear switched systems driven by a minimal dy-
namics.

Third, to counter the partially stable switched system, we have proved an approximation theorem
of stable manifolds using the Alexseev theorem that is an important tool for the hyperbolic theory of
differentiable dynamical systems.

And moreover, for a constrained partially switching stable switched system, we have introduced
the “rotation number” of a switching signal to choose a stable switching signal for any initial data
given previously.
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