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Estimation Entropy for Regular Linear Switched Systems

Guilherme Scabin Vicinansa and Daniel Liberzon

Abstract— In this paper, we introduce the concept of regular
switched systems and we present some consequences of this
property on the estimation entropy’s calculation. For systems
of such a class, one can derive a formula for the estimation
entropy in terms of the system’s Lyapunov exponents. We also
present some sufficient conditions on the system that guarantee
regularity. Some of those conditions include the cases of periodic
switching, simultaneously triangularizable systems, and a large
class of randomly switched systems that contains Markov Jump
Linear Systems (MJLS) as a special case. For that last part,
we use tools from ergodic theory to draw conclusions that hold
almost surely.

I. INTRODUCTION

In recent years a lot of attention has been placed on the
problem of estimation of systems subject to limited data-rate
[8], [6]. Most of the attention those systems have received
is due to the ever growing number of examples of systems
that possess limited information flow between sensors and
actuators.

A question that arises naturally is related to the minimum
data rate necessary to accomplish a desired task, such as
control or estimation. Normally, these questions have some
type of entropy notion as an answer [9]. Trying to solve
the case of estimation with minimum data-rate, the concept
of estimation entropy was introduced in [6]. The goal in
that paper was determining the minimum average data-rate
necessary to estimate the state with an error that decreases
exponentialy fast, with a prescribed exponential rate o >
0. Nonetheless, it is not easy to calculate the value of the
estimation entropy, with the notable exception of linear time
invariant systems.

A class of systems for which the entropy concepts have
recently attracted attention is that of switched systems [3].
Further, some recent works present inequalities for the topo-
logical entropy of linear switched systems [14] and the esti-
mation entropy of nonlinear switched systems [11]. However,
almost all results known are bounds that are sometimes very
loose. In the present paper, we derive a formula for the
estimation entropy of linear switched systems under mild
restrictions on the switching.

First, we present a class of linear switched systems that
are called regular systems. We show that for this class
of systems, under some other technical assumptions, it is
possible to write down a formula for the estimation entropy
in terms of the system’s Lyapunov exponents. This work
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can be seen as a specialization of the work [14] where
general linear switched systems were studied, although most
of the results presented there were bounds for the topological
entropy, with no closed expressions for most of the matricial
cases. Also, this present work extends the class of systems
for which we know how to calculate the estimation entropy,
which was restricted essentially to the linear time invariant
case.

In Section II we present the preliminary results and the
definition of regular linear time varying system in terms of
the Lyapunov exponents of a system. Afterwards, in Section
IIT we prove the formula for the estimation entropy for the
class of discrete linear time varying (LTV) systems. In the
sequel, in Section IV we present sufficient conditions for
regularity, most of those conditions are related to important
classes of systems such as periodicaly switched linear sys-
tems and randomly switched linear systems, which includes
Markov Jump Linear Systems. Finally, Section V concludes
the paper and presents future research directions. As a further
remark, the proofs of the results in this paper can be found
in the technical report [10].

Notations: We denote by ||-|| a norm in a finite dimensional
vector space, unless specified otherwise it can be taken
to be any norm. Let R = (—o00, ), Z>9 = {0,1,---}
the nonegative integers, N = {1,2,.--} the set of natural
numbers. For any set F/, we denote by #F its cardinality.
For subsets of R? we denote vol(E) the volume of the
set (its Lebesgue measure). We also denote by dim(V') the
dimension of a linear vector space V. Also, for any = > 0,
log z is the logarithm with base e.

Given a matrix sequence (A, ), . We denote the product
A = A, ... Ay Ay. We denote by Gl(d,R) the general
linear group of d by d matrices over the real field, and
M(d,R) the set of all matrices over the reals. We denote
det(A) and Tr(A) the determinant and the trace of the
matrix A, respectively. Further, I; € Gl(d, R) is the identity

matrix. Additionally, denote by Pp ({vi}le) the paral-

lelepiped defined by {a; Bv; : «; € [0, 1]}, where {vi}le C
R? is a set of vectors and B € M(d,R). Furthermore,
vol (PB ({vz}le))
given by \/det ((BV)*(BV)), where V is the matrix with
columns v;.

is the volume of the parallelepiped

II. PRELIMINARIES AND DEFINITIONS

In this section we present some definitions and preliminary
results needed for the discussion that follows. First we recall
the definition of the estimation entropy [6] for a dynamic
system given by the following equation:
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& = f(x),

where K is the set of initial conditions that is compact and
K° # (). We denote by &(z, t) the solution to the initial value
problem for the initial condition £(0) = z and time ¢ € R.

Definition 2.1: Let « > 0 and T > 0 be the time
horizon. For every € > 0, we call a finite set of functions
X = {&1(-), -+, 2n(-)}, from [0,T] to R%, a (T, ¢, a, K)-
approximating set if for every z € K initial condition, there
exists &; € X such that ||€(x,t) — & (t)|| < ee™®!, Vit e
[0,T].

Let scsi(T,€,a,K) be the minimum cardinality of a
(T, ¢,a, K)- approximating set. We define the estimation
entropy as

z(0) € K, (1

1
hest(a, K) = lim limsup — log scs: (T €, a, K)
e—0 T—00 T

Another useful definition is that of (T,e, o, K) —

spanning set

Definition 2.2: Let a« > 0 and T > 0 be the time
horizon. For every € > 0, we call a finite set of points
S ={xy, - ,any} C K a (T,e,a, K)- spanning set if for
every x € K initial state, there exists x; € S such that
[|€(z,t) — E(mi,0)]| < ee™®t, Vit e [0,T].

Let s¥,(T,¢,a, K) be the minimum cardinality of a

est

(T, ¢, a, K)- spanning set. We define the quantity

1
hig(a, K) = lim limsup — log s’ (T, €, a, K)
=0 7500 T
It was proved in [6] that heg (o, K) = bl (o, K). In this

paper, we deal with the following equation

(t) = Agpyz(1),

where o : R>g — 3, where #X < oo, is the switching
function [3]. One should note that, after periodic sampling!,
equation (2) becomes a discrete LTV system. Therefore,
equation (2) can be rewritten as

z(0) € K, )

Tpt1 = Akxk, LE(O) eK, 3)

where A, = ®(kT,0), with T > 0 being the sampling
period, and ®(t,0) being the fundamental matrix [2] of
system (2). It is important to notice that A, € Gl(d,R),
Vk € N. In what follows, we will forget about the dynamics
and work directly with the sequence of invertible matrices
(Ak‘)keN :

Some remarks are in order. Since we deal only with LTV
systems, we can drop the entropy’s dependency on the set of
initial conditions and write hsi (o, K) = hest(a), as long
as K is compact with a nonempty interior, as pointed out in
[14].

The following definitions were adapted from [5], [1], [12]
and are reproduced here for the reader’s convenience.

Definition 2.3: A Lyapunov index of a sequence of ma-
trices (Ay),,cy is @ function A : R? — R U {—o0} with the
following properties:

I'This is also true if the sampling is aperiodic, however, we will keep it
periodic in here for simplicity

o AMav) = A(v), for every a # 0

e AMv+w) =max {A(v), A(w)}

Definition 2.4: A Lyapunov exponent for a sequence of
matrices (A, ), cy is the following Lyapunov index

1

A(v) = lim sup — log (HA(TL)U‘ D
n—oo T

Definition 2.4 of LyZpunov exponent for sequences of

matrices is compatible with the usual definition of Lyapunov
exponents for linear dynamic systems [5], in the sense that
the asymptotic exponential growth rate of the solution 3, i.e.
lim sup,,_, ., + log(||,||), with initial condition zy is given
by A(xo). Therefore, the Lyapunov exponents give an upper
bound on the growth rate of the solutions of (3), and they
will be used to obtain an expression for the entropy.

Also, note that, as a consequence of the two first itens
in definition 2.3, a Lyapunov exponent of a sequence of
matrices in G1(d, R) can attain at most d distinct real values?.
We convention that the ¢ < d distinct real values attained
by the Lyapunov exponents will be denoted by y;, ¢ =
1,---q, with the ordering x; < --- < Xq.

In order to give a justification for the previous definitions
we present the following example.

—1
Example 1: Let By = [g p(_)ll and By = pO g .

Consider the sequence A,, = B; whenever n is divisible by
4, and A,, = B> otherwise. Also let {e;, e5} be the canonical
basis for R%. Then it follows trivially that A(e;) = —3 log p
and \(eg) = %logp

A further consequence of definition 2.3 is that the Lya-
punov exponents are constant over one dimensional sub-
spaces except at the origin. Definition 2.3 gives us more as
can be seen in the following definition.

Definition 2.5: A filtration on R? is a family of vector
subspaces V = (E;)%_, with ¢ < d, such that {0} = Ey C
EyC---CE,=R%

Further, we call V = {vi}?zl a normal basis of the
filtration V' if it is a basis for R, and for every j > 1,
the subset of V given by {vi}?inl(Ej ) is a basis for E;.

A filtration V) associated with the sequence of invertible
matrices (A,), oy such that E; = {v € R?: y; > A(v)},
where A is a Lyapunov index for the sequence, and y; are
the Lyapunov exponente values of the sequence previously
defined, is called an Oseledets filtration. Also, the subspaces
E; € V), are called Oseledets subspaces. In addition, the
dimension of FE; is called the multiplicity of the Lyapunov

exponent value x;. Finally, define A = {)\j};l:l as an
ordered list with repetition where for every j = 1,--- ,d,
there exists some ¢ € {1,---,¢} such that \; = x;, and

for every i = 1,--- ,q, x; appears dim(E;) times in A. The
order in A is arbitrary among those for which A\; < --- < Ay4.
We call the elements A\; € A the Lyapunov exponents with
multiplicity of (A,), cx-

Another instrumental definition is that of fempered se-
quence

2Note that, by convention [5], if we pick v = 0, A(v) = —o0
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Definition 2.6: A sequence (A,),, oy is called tempered if

lim 710g||A =0

The idea of this d;ﬁnlgon is that, in this way, the growth
rate of the sequence (||A,]),cy is subexponential. Under
the temperedness hypothesis, it can be shown that the growth
rate of any solution of equation (3) is exponential. Therefore,
the Lyapunov exponents cannot be oo [4]. Moreover, if
(IAn]]) ey is bounded, then the sequence of matrices is
automatically tempered.

The central definition necessary for our discussion, how-
ever, is that of (Lyapunov) reularity. It imposes a direct
relation between the growth rate of the volume of £(Kt)
as t increases, and the Lyapunov exponents.

Definition 2.7: A sequence (A, ),y is called regular if

Z A

We call a dlscrete LTV system regular, if the sequence
(An),cy associated with it is regular. To illustrate the gist
of this definition, we will resort to the following example of
an irregular sequence.

Example 2: Let By and By be as in Example 1. Consider
the sequence A, = By if n € {2%,..- 271}, for i odd,
and A,, = B, otherwise. Note that det (A(")) = 1, for
all possible sequences (A,),cy. Denote by {ei, ez} the
canonical basis. It follows that the A(e;) > 0 and A(ez) > 0,
therefore the sequence cannot be regular.

One should notice that in the previous example the limit
superiors in the definition of Lyapunov exponents are not
limits, i.e., they are different from the limit inferiors. That is
actually the source of irregularity. As we will see in theorem
2.1, if the sequence is regular then those limits must exist.

The following theorem was extracted from [5] and synthe-
sises equivalent characterizations for regularity for the class
of tempered sequences.

Theorem 2.1: Given a sequence (A;,), oy of invertible and
tempered matrices, let {vq1, -+ ,v4} be any normal basis
associated with the Lyapunov exponents of the sequence, and
let Z C {1,---,d} be any set of indices. Then, the following
conditions are equivalent

o lim, oo %log (det (A(”))) = 2?21 Ais
log (vol (Pa (vi 11 €T)) = > ,c7 i

It is important to notice the special case of the second item
of theorem 2.1 when 7 is a singleton, then we get that the
limit superior in definition 2.4 can be replaced by the limit.
Also notice that the example 1 is actually regular by the first
item.

We will also need the following theorem 3.2.1 from [5]

Theorem 2.2: Let (A,)nen be a sequence of matrices in
Gl(d,R). Given an ordered normal basis {vy,--- ,vq} with
respect to the Lyapunov exponent ), there exists a sequence
of orthogonal matrices (U,,)nen such that:

o Cp =U} 1 AUy, is upper trlangular foreachm € N;

o the columns of U; are the vectors vy, -« ,v4;

o the sequence (U,)nen can be chosen such that the

canonical basis ey, - - - , e, is normal with respect to the

hm — log (|det(A

Lyapunov exponents X of (Cp)nen and A(ey) < --- <
Aen)

Note that orthogonal changes of coordinate do not change
the values of the Lyapunov exponents, neither the regularity
of a sequence, i.e., if (A,)nen is regular so is (Ch)nen
[5]. Also, this upper triangular reduction does not affect
temperedness.

III. ESTIMATION ENTROPY AND LYAPUNOV EXPONENTS

In this section, we consider the problem of finding a closed
expression for the estimation entropy of discrete regular
LTV systems. The following lemma is instrumental for what
follows in this section.

Lemma 3.1: Consider a regular matrix sequence
(An)nen  C  Gl(d,R), then the sequence (B )nens
defined by B, = A,e™® is also regular. Moreover, any

normal basis {v1,---,v4} for the Oseledets filtration of
(A,)nen is also a normal basis for the Oseledets filtration of
(Bn)nen, and the Lyapunov exponents A4 associated with
the sequence (A, )nen, are such that Ap(v) = Aa(v) + a,
where Ap are the Lyapunov exponents for the sequence
(Bn)n€N~

Its proof is evident and will be omitted. Next, we prove
that the estimation entropy of regular LTV systems can
be written as a function of the Lyapunov exponents with
multiplicity.

Theorem 3.1: The estimation entropy of a regular discrete
LTV system (3) is equal to Ele max {0, \; + a}. If the sys-
tem is not regular, the estimation entropy is upper bounded
by this quantity.

Proof: We start by proving the lower bound. Consider
(An),cn» a regular sequence of matrices that came from the
system (3). Define B,, = Ape®, it is true that (B,),y
is regular as well by Lemma 3.1. Also, by Lemma 3.1,
any normal basis {v1,-- - ,vq} with respect to the Lyapunov
exponents A4 of (A), oy is also a normal basis with respect
to the Lyapunov exponents Ap of (B,),y. Moreover,
Ag(v) = Aa(v) + o, for every v € RY. As a remark, we
denote by \; the distinct values of A4 with multiplicity.

Hence, by the third item in Theorem 2.1, we know
that for any ordered normal basis {vy,---,vg},
any set of indices Z C {1,---,d}, we have that
lim,, 00 %logvol (Ppw {visi € I}) =3 e Ap(vi).

This implies that V6 > 0, 3N € N, such that Vn > N

vol (P {v; : i € T}) > eXiez(An(v)=o)n 4)

Let Z be the set of indices such that Ag(v;) > 0. Also, let
C={z1, - ,zn} be an (n,¢, o, U,)- spanning set, where
U, = span {v;,i € T} N K. Denote by k, = #I.

Notice that, d¢c; > 0 and decy > 0 such that
Pep,{vi:i€eI} C Uy C Peyr, {vi:i €I}, ie., there
are parallelepipeds, of the same dimension, that contain
and are contained by the set U,. Now, define ¢(K,n) =
_vol(BM (W) log ¢(K,n) = 0
vol(PB(,,L) {v;i€T} & ’ ’
which follows trivially from the inclusions above.

. Notice that lim,, o +
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We also know that, s¥,(n,e,a,U,) >
vol(B™(U,)) _ vol(B™(Uy,))
vol(]B(BW)(x“n) €) (2€)ku

It is straight forward to see that s}, (n,e,a,K) >
ste(n,e,a,U,), by the fact that any (n, €, o, K)-spanning
set is also a (n, €, a, Uy, )-spanning set. By (4), we arrive at
sta(m e, Us) > (it ediez oo,

Taking the logarithm, dividind by n, and taking
limsup we get that hey(e) is lower bounded by
lim SUPy, o0 % log (C(K’ n)) + ZiEI ()‘B (UZ) - 5) -
Llog(2€)*, which is equal to Y, 7 (Ap(v;) — d). Since
0 was arbitrary, and we picked an arbitrary normal basis
hest (@) > ez Ap(vs) = S0, max {0, \; + a}

Now, we proceed to prove the upper bound on the estima-
tion entropy. Note that we do not use the regularity property
for this part of the proof.

Let {v;:i=1,---,d} be an ordered normal basis of
the Oseledets’ filtration of (A, ), . Note that, the basis
{vi:i=1,---,d} can be chosen to be orthonormal by

changing coordinates without loss of generality, so we will
consider this for the rest of the proof. Take the parallelepiped

U= {Z?Zl v oy € [07 dlﬁm(f)}} and note that K C
U. Let I; be the orthogonal projection of U on span {v;},
i.e., the side of the parallelepiped.

For fixed € > 0, fixed 6 > 0 and fixed m € N, divide each
I; in the following way: if A(v;) > —a, divide it into subinte-
vals of length M otherwise divide it into subin-

tervals of length §. Denote £ = min {j € N: \; > —a}.
Now, define Bz(x) = &%) and a; = mingey B;(x). We

[fvall
can now build the following grid j; = [mw, where

M ri==Fk,-,d and ¢; = 5 for i =
k- 1 In addmon let j = (31, -, J4) be an index

functlon Also, define x;, as the e I; such that w =

]21. Finally, z; = > x5, where 3= 5 Ja)-

Note that by construction, 35 € N¢ such that ||z—z;|| < £
forie{l,---,k—1},and ||z — ;|| < M for
i € {k,---,d}. Finally, denote C = {x1,--- ,x;} the set of
all possible x; foredefined.

From the definition of limit superior,
AN € N such that Vn > N we have that
|sup,>p {2 log (JA™v;])} = Aws)| < 6. Then we get
Llog ( —[A(")v ) = A(v ) < supm>n{ Llog (|AM™;])} —
)\(vl) < 4. Finally, it implies that |A ™)y, | < e(A(”l)”)", for
all n > N.

Therefore, for m > n > N, and for 6 € (0, A(vg—1) — @),
it follows that:

C,L':

Yo > 0,

d
Z A(n)%‘,jvi

(A(vl)—Q—a-&-(S)m

‘A(”)m - A(")xj‘ =

d k—
< Ze(k(vi)-&-é)n €e Z 2 —(a)n — e
i=k i=1

for some j, where «; ; is the orthogonal projection of x —x;
over v;.

Now, note that the collection G of functions g;j(n) =
AM g, satisfy the property that ’A(”)m - gj(n)‘ < ee” "

forn e {N+1,---,m}. Consider a family F(N) of func-
tions fi : {0,---,N} — RY, o — fi(t)]] <
e~ for t € {0,---,N}. Notice that, there always exist

such a finite family for a finite N. Construct the functions
Zp(t) = gi(t) for t € {0,--- ,N} and £,(¢t) = fi(t) for
te {N+1,---,m}, for every pair (i, k) possible. Define
an index function p : N? — N, that maps (i,k) — p.
Hence, the set of functions X = {&p} constructed before is
a (m, €, a, K)-approximating set. It follows trivially that its
cardinality is the product of the cardinality of F (V) and the
cardinality of G. For simplicity we will denote F = F(N).

1
lim — log Sest(m, €, a, K)

m—o0 M,
k-1
|I‘de>‘+°‘+5m |I|d
< Jim_ - log <# 1=

d
< lim —log (#}"H 1))

m—oo m

d
Z Aita+d
i=k

For every fixed §, F(N) is kept fixed, therefore the first
term in the last inequality goes to 0. Also, from the fact that
0 > 0 can be chosen arbitrarily close to 0, it follows that
hest(a) < Z?Zl max {0, \; + a} [ |

Therefore, we obtain a formula hes () =
Z?Zl max {0, \; + o} for the estimation entropy. It
should be remarked that this expression is closely related
to Pesin’s formula, since they are essentially the same
when o = 0. However, the conditions under which Pesin’s
formula holds are very different then those required here
[7]. Also, there is no direct use of measure theoretical
concepts in the present derivation.

d
> >+Z (Ai + o+ 6)
1=k

IV. SUFFICIENT CONDITIONS FOR REGULARITY

In this section we advocate in favor of regular systems,
providing several classes of systems that are inherently reg-
ular. We start claiming that continuous-time regular systems
give rise to discrete-time regular systems under sampling,
then present the case of systems with periodic switching.
Next, we present the very interesting case o simultaneously
triangularizable systems, and give sufficient conditions on
the average activation time for each one of the modes.
We conclude with a class of systems that preserve a given
probability measure such as Markov Jump Linear Systems
(MILS).

A. Sampled Regular Systems

Consider the continuous-time linear system described by
equation
x(t) = A(t)x(¢). 5

One can define regularity for system (5) as in the discrete
case, using the following definition of Lyapunov exponents
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AMv) = limsup,_, ., 1 log||®a(t,0)v||, where ®4(t,0) is
the fundamental solution of system (5). Then system (5) is
regular if lim;_,  log|det(®4(t,0))] = E‘Ll i

The following proposition shows that the discrete-time
system that originates from sampling a regular continuous-
time system is regular.

Proposition 4.1: Given a continuous-time LTV system as
in equation (5). Define x,, = z(T,n) and A,, = &(nT), (n—
1)T,) for n € N, where ®(¢,0) is the fundamental matrix of
(5), and T}, is the sampling time. Then, sequence (A;), .y
is regular.

One more consideration must be made regarding tem-
peredness. We define temperedness for continuous-time sys-
tems in an analogous way as for discrete-time systems
as limy_, log||A(t)|| = 0. From this definition, it is
immediate that a sampled linear tempered system is also
tempered.

B. Periodic case

In this subsection we will deal with continuous-time
systems and obtain the result for discrete-time systems as
a consequence by using the previous result on sampled
systems. Given a LTV system & = A(t)z, such that A(t) =
A(t 4+ T) for some 7" > 0 and for all t € R, one can
write the fundamental matrix of it as [2] ®(¢,0) = R(t)e!",
where, R(t) is a periodic matrix with period 7', and e’*
is the monodromy matrix. In this case the real part of
the eigenvalues of F' are the Lyapunov exponents of the
system, also known as Floquet exponents. Now, noticing
that ®(0,0) = I; one gets that R(T) = I;. Therefore
O(kT,0) = eFTF,

One can now take any, possibly complex valued, eigenvec-
tor v; associated with the i-th eigenvalue )\;, with real part
Ai, of F and get A(v;) = limsup 7 log (||®(kT, 0)v;|]) = Ai,
which shows that the real part of the eigenvalues of F' are
the Lyapunov exponents.

From the fact that R(¢) is periodic, one concludes that
®(¢,0) is bounded, which implies that it is a tempered
system. Moreover, from Proposition IV-A we conclude that
any sampling of the fundamental matrix, even if the sampled
system is not periodic itself, renders the sampled system reg-
ular. The discrete-time case is a subcase of the continuous-
time one.

C. Upper triangularizable matrices

The case of simultaneously triangularizable matrices
(An),cy has been studied in [14], where upper and lower
bounds for the topological entropy were given. We show
here that, for a finite set of modes, under the hypothesis
of regularity the bounds given in [14] are not tight in
general. Moreover, we present a closed form expression for
the estimation entropy of these systems. In what follows, we
consider that the sequence of matrices is already in triangular
form, since a linear change of coordinates does not affect the
result.

Theorem 4.1: Consider a sequence of triangular matrices
(An),cn» such that A, = By, for some B; € B, j =

1,---,m, where B = {Bj,---,Bn,} C GI(R,d) is a set
of upper triangular matrices of cardinality m. Also cosider
Ti(n) = Z;‘L:O I4,—p, be the activation time. Then, a
sufficient condition for regularity is that the average acti-
vation time ﬂ of each mode ¢ converges to some value
limy, o0 # = Pi-
In that case, the estimation entropy is given by

d m
hest(a) = Z max { 0, Z pjlog (Bj),; + « (6)
i=1 j=1

It is important to remark that if B; is the exponential of
an upper triangular matrix C}, then log (B;),, = (C;). It
follows that by using the fact that the sum of the maximum
is less than or equal to the maximum of the sums and
taking o = 0, we recover on the left hand side the lower
bound for the topological entropy of linear switched systems
max iO, Z;n:l P; (Tr(Cj))} presented in theorem 4 of [14].
Therefore, under the mild assumption of regularity, we
improve the result previously reported in the literature.

D. Oseledets theorem

One may ask how common of a property regularity is. In
this section we show that regularity is a generic property. The
sense in which regularity is general is a measure theoretic
one to be made precise later. Before discussing this result
we need some definitions.

Definition 4.1 (Linear Cocycle [12]): Let (M, %, ) be a
probability space, f : M — M be a measure-preserving
map. Let A: M — GI(R, d). The linear cocycle defined by
A over f is the transformation F : M x R? — M x R?¢
with F(z,v) = (f(z), A(z)v). It follows that F"(x,v) =
(f™(x), A(x)v) for every n > 1. Moreover, if f is invertible,
then so is F, with inverse F~!(z,v) = (f~!(z), A~ (x)).

To clarify the discussion it is useful to bear in mind
the two following examples. In what follows, let ¥ =
{By,---,B,} be the ordered set of modes, let JJ = 2¥
be a o-algebra. Further, let f : M — M be the shift
map, i.e., (ak)ken — (k+1)ken and consider A : M —
GI(R,d), with (ag)ken — ap. Finally, let F: M x R? —
M x R? be the linear cocycle defined by A over f. Note
that F"((ag)ken, v) = ((Qktn)keN, @n_1 - - ov). We will
define M, % and p in the examples.

Example 3 (Bernoulli Shifts [12]): For this example, let
M = Y™ and % be the product o-algebra. Next, we need to
introduce a measure on M. To do that, we put a probability
measure p : ) — [0,1] on Y and consider the product mea-
sure defined by p({(aw)ren: o € Ej,--- 05 € Ej}) =
p(E;)---p(E;) for every ¢ < j and any sets E;,--- , E; C
Y. Note that p is invariant under the shift map. Note that
this is the probability measure induced by a sequence of i.i.d.
trials of a Bernoulli process.

Example 4 (Markov Shifts [13]): Let P = (p;;) €
M(m,R) be the transition matrix of an irreducible and
aperiodic discrete-time discrete-state Markov chain, that rep-
resents the switching of the modes B; € Y. Assume that
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p(B;), for B; € Y is the unique stationary measure of this
chain. Also, let M C YN be the set with all the sequences
of matrices that are valid with respect to the Markov chain.

Now, we need to introduce a measure
on M. Consider the measure defined as
p({(ar)ken : a; € By, -+, € Ej}) =

Pr(aj—1),7(ay) "'p'fr(ai),w(ai+1)p(ai)’ for every i« < j
and any )-measurable sets F; C Y, where 7 : Y — #Y
returns the index of the corresponding mode?. Note that f is
invariant under the shift map. Also, since P is irreducible,
f is ergodic, see for instance theorem 1.13 from [13].

Consider a discrete-time linear switched system with
distinct modes B; € B, i € {l,---,m}. Then, the
switching function ¢ : N — 1,... m gives rise to a
bijective correspondence between o (N) C {1,---,m}" and
(An)pen C BY through the equality A, = B (n). We call
o(N) a switching and we denote by ¥ C {1,---,m}" the
set of valid switches, e.g. for the Markov example > =
{(In)neN {1l Y prias i )mey) > 0,V € N},
where x; is the index of the active mode at time k.Also,
because of the bijection, we say that the measure p in M
is a measure in X.

Now, we can present the Oseledets’ theorem.

Theorem 4.2 (Oseledets [12], [5]): Let (M, %, ) be a
probability space, f : M — M be an invertible measure-
preserving map. Let A : M — GI(R,d) be such that
log" [[Al] € L'(u) and log™ [|(A)"1|| € L'(n). Also
consider the linear cocycle defined by A over f.

Then, for p-almost every x € M, there is k = k(z),
numbers A (z) > --- > Ai(x) and a filtration {0} = E. C
.-+ C E¥ =R% such that, Vi = 1,--- , k:

o k(f(z)) = k(z) and Xi(f(z)) =

A(z)(E;) = B,y

o lim, o0 L1og |[A™) (2)v]| = Ai(z), for all v € ELF!\

Ei, with EL = {0},
if f is ergodic, the multiplicities of the Lyapunov exponents
k(x) is constant and, consequentely, the dimension of the
subspaces E!, also \;(x) = ); is constant a.e.. We denote by
C' the measurable set with (C) = 1 on which this theorem
is true and call it the set of regular realizations.

Oseledets’ theorem ensures that for any shift invariant
measure £ we have a full measure set C, in X, such that
all its switches are regular. So the set of all regular switches
contains the union U,C,, such that p is shift invariant. In
this sense, the set of all regular switchings is generic.

One important case is the aforementioned periodic
switching case. Using Oseledets’ theorem, we can red-
erive the result from Subsection IV-B by taking p =
% ZiT:_Ol 1) F((An) o)’ where 9§, is the so-called Dirac mea-
sure at = [13]. fte is clear that p is shift invariant and
ergodic. Moreover, the log™ (||A||*) € L'(u) condition is
satisfied if the sequence (A,), .y is bounded, so it trivially
holds. Therefore, every periodic switching is regular. Another
important case is that of Markov Jump Linear Systems,

Ai(z) and

3The index of an element of B; € Y is 4.

which are modeled, in our framework, as in Example 4.
Therefore, ergodic MJLS have realizations that are, with
probability one, regular.

V. CONCLUSION AND FUTURE WORKS

In this paper we presented a closed expression for the
estimation entropy for a class of linear switched systems,
expanding and improving results already reported in the
literature. We showed that the class of tempered regular
systems contains several examples of practical interest such
as periodic switched systems, simultaneuously triangulariz-
able systems, and randomly switched systems, in particular
Markov Jump Linear Systems.

As future works we propose to present a quantization
method that achieves the estimation entropy for the class
of tempered systems regardless of the fact that the system
is regular or not. Also, it remains an open question if there
is a general closed expression for irregular systems, future
works should address that problem. The authors also belive
that the study of almost periodic nonlinear oscillators can
be better understood though linearization over the periodic
trajectory and using the framework of linear time varying
systems presented here. Finally, the study of control of linear
switched systems with minimum average data-rate has yet to
be properly considered.
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