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MINIMAL BIT RATES AND ENTROPY FOR EXPONENTIAL
STABILIZATION*
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Abstract. Minimal bit rates and entropy are studied for exponential stabilization of control
systems in continuous time. Upper and lower bounds for the stabilization entropy are derived. In
particular, for linear systems, a formula is given in terms of the real parts of eigenvalues. Then the
minimal bit rate is related to the stabilization entropy.
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1. Introduction. The problem to determine minimal data rates for performing
control tasks has been considered for more than 20 years; see the survey by Nair et
al. [16]. Early landmarks are the papers by Delchamps [4], who considered quantized
information for stabilization and proposed to use statistical methods from ergodic
theory, and Wong and Brockett [22], who discussed stabilization of linear systems
via coding. From the wealth of literature on this topic we also cite Tatikonda and
Mitter [20], Delvenne [5], Fagnani and Zampieri [8], Matveev and Savkin [14], Nair et
al. [17], and Xie [23]. The present paper proposes an approach that is different from
quantization of the state space in order to analyze stabilization about an equilibrium.
In particular, no information pattern is specified describing how the information on
the states of the system is available for the controller. The approach is based on ideas
from [17], where for discrete-time systems the notion of topological feedback entropy
is introduced which has similarities to the notion of topological entropy in the theory
of dynamical systems as presented in Katok and Hasselblatt [10] or Walters [21], and
on concepts from Colonius and Kawan [2] and Kawan [11, 12, 13], where invariance
entropy for controlled invariance has been studied.

Taking up an idea formulated in Tatikonda and Mitter [20, p. 1057], we consider
the time dependent controls which have to be generated by a controller in order
to achieve exponential stability. In contrast to most of the literature, we consider
continuous time systems. There are two ways to measure the information needed for
exponential stabilization for a given set K of initial states: One can look at sets of
control functions on [0, co) which admit exponential stabilization and at the required
bits to discern them on any finite interval [0,7] and then analyze the bit rate for
T — oo; finally, one can minimize the bit rate over such sets of controls. Alternatively,
one may look at sets of control functions defined on a bounded interval [0, T'] admitting
exponential decay on [0, 7] and then look at the minimal number of bits for such a set
of control functions. Then, again, one can analyze what happens for " — oco. In the
first case we speak about minimal bit rates, and in the second case, we speak about
entropy, since this approach is close to entropy in the theory of dynamical systems.
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A discouraging example (Example 2.1) and a general result for linear control sys-
tems show that finitely many controls are not sufficient for an exponential estimate on
a finite interval. Hence we impose somewhat weaker conditions. Then the stabiliza-
tion entropy can be shown to be finite; see Theorem 3.3. In the linear case, a formula
in terms of eigenvalues holds. It is worth emphasizing that this formula pertains to a
fixed exponential decay rate; see Theorem 4.2. Thus it also applies to cases where the
control goal is to increase the exponential decay rate for a stable system, a situation
where finite communication channels might more easily be tolerated. On the other
hand, the stabilization entropy provides an upper bound for the minimal bit rate. In
particular, the minimal bit rate is finite (see Theorem 5.3), and in the linear case, an
explicit estimate is available.

In section 2 stabilization entropy and minimal bit rates for stabilization are defined
and the approach taken in the present paper is explained in more detail. Section 3
provides upper and lower bounds for the stabilization entropy. Section 4 characterizes
the stabilization entropy for linear control systems using the sum of the real parts of
the eigenvalues exceeding the exponential decay rate. Finally, section 5 shows that
the minimal bit rates are equal to or less than the stabilization entropy. For linear
systems, conditions are indicated which ensure that both values coincide.

Notation. The closure of a set A is clA, and the cardinality of a set A is #A; thus
if A is a finite set, #A is the number of its elements and otherwise #A = oco. The
limit superior and the limit inferior are denoted by lim and lim, respectively.

2. Minimal bit rates and entropy for stabilization. This section discusses
the problem formulation and introduces the concepts of minimal bit rates and entropy
for exponential stabilization of a control system about an equilibrium. In particular,
Proposition 2.2 and Lemma 2.3 motivate the technical formulation.

Consider a nonlinear control system of the form

(2.1) (t) = flx(t),u(t)), vel,

where f: R? x R™ — R is continuous and Lipschitz continuous with respect to the
first argument; the admissible controls are given by

U={u:[0,00) = R"™| u(t) € U for almost all ¢ > 0},

where we assume that the controls u are integrable on every bounded interval and
the control range U is a subset of R™. We assume that (i) unique global solutions
o(t, 29, u),t > 0, of the differential equation with initial condition x(0) = xo € R? and
control u € U exist and (ii) on compact intervals, the solutions depend continuously
on the initial value.

We consider the bit rates for the problem to stabilize an equilibrium z* € R?
corresponding to an admissible control value u* € U, i.e., 0 = f(z*, u*). Without loss
of generality the equilibrium is given by z* = 0 corresponding to the control value
uw* =0 € U. Suppose that the system is exponentially controllable to the equilibrium
for all xg in a neighborhood of x* = 0, i.e., there are constants M, « > 0 such that
for all zp # 0 there is u € U with

(2.2) llo(t, xo, u)|| < Me™*" |20 for all t > 0.

This holds, for example, if the linearized system is stabilizable by a linear feed-
back; see, e.g., Sontag [19, section 5.8] for asymptotic stability and Griine and Junge
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2990 FRITZ COLONIUS

[9, Satz 9.8] for exponential stability. For linear control systems, an estimate of the
form (2.2) holds iff the unstable part is controllable.

We are interested in problems where the controller does not have continual access
to the present state 2(t) (or to observed values y(t) = g(«(t)).) Instead, suppose that
the communication channel between the system and the controller only admits a finite
bit rate. Then it is not justified that the controller generates infinitely many different
control functions on a finite time interval, since only a finite amount of information is
available. This excludes state dependent controls w(z(t, o)), where depending on the
initial states xy one obtains infinitely many control functions. Instead, the controller
might use information on the system to compute open loop controls on some time
interval [t;, t;+1]; then, using updated information, a new control function might be
computed and used on the next time interval [t;y1,t;+2]. (The t; might depend on
the initial value xg.) The computations may be based on quantization of the state
space or symbolic controllers or may be done via devices like model predictive control
(MPC). In any case, this results in time dependent control functions u defined on
[0,00). For every initial value, one of these control functions should yield the desired
decay rate. Instead of concentrating on the algorithmic question of how to generate
these controls, we discuss the minimal bit rate needed to discern the time dependent
control functions u on any time interval [0,7], T > 0. This, in fact, is the point of
view taken in Tatikonda and Mitter [20, p. 1057], who estimate the minimal bit rate
for stabilization of discrete time linear systems from below; see [20, Proposition 3.2].

The following example (the simplest controllable system) shows that a direct
approach is not possible. Here on a finite time interval [0, 7] one cannot find finitely
many controls such that for every point in a neighborhood of the origin exponential
estimate (2.2) is satisfied.

Example 2.1. Consider the following scalar system:

(2.3) T=u,ucU=R.

Let « > 0,M > 1 and fix T" > 0. We claim that there is no finite set S of control
functions on [0, 77, such that for every 0 # zp € K := [—1, 1] there is u € S such that
the exponential estimate

t
(2.4) lo(t, xo, u)| = |zo —l—/ u(s)ds| < Me™*" |xg| for all t € [0,T]
0

holds. We proceed by contradiction: Suppose that a finite set S = {u1,...,u,} with
the stated properties exists and define

(2.5) K;:={zo € K| ||o(t,z0,u;)|| < Me™ " ||zo| for all t € [0,T7]}.

Observe that 0 ¢ K;. For the control ug(t) = 0, every point zy is an equilibrium.
Thus for zp # 0 the control ug does not satisfy (2.4) if T is large enough such that
Me=°T < 1, and we may assume that ug ¢ S. Hence for every j one finds t; € [0, 7]

with
¢ t;
/ uj(s)ds / uj(s)ds
0 0

Consider an initial point zo € K with |zo| < minj 5%;. Observe that then |zo| <
M |zo| < %minj cj, since M > 1. We claim that there is no control u; € S satisfying

¢j '= max > 0.

t€[0,T]
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(2.4). In fact, one computes

tj
> ‘/ u;(s)ds
0

An easy generalization of this example shows that the same result valid for any
linear control system.
PROPOSITION 2.2. Consider a linear control system of the form

— |xo| > ¢; — S-G9 e_o‘tj% > Me™ % |zg].

tj
a:0—|—/ u;(s)ds
0 2 2

T = Az + Bu

with A € R4 B € R>™ and controls u : [0,00) — R™ which are integrable on
every bounded interval. Assume that there is an eigenvalue A of A with Re X > 0. Let
a>0,M > 1, consider a neighborhood K of the origin, and fiz T > 0. Then there is
no finite set S of control functions such that for every 0 # xo € K there is u € S with

(2.6) lp(t, w0, u)l| < Me™ [lzo|| for all t € [0,T].

Proof. Again we proceed by contradiction. Suppose that a finite set & =
{u1,...,u,} of control functions with the stated property exists and define K as
n (2.5). Counsider xg # 0 in the real eigenspace E()\) for A. Then, for T large enough
such that Me=*T < 1, any control ug with fot eA=%) Bug(s)ds = 0 will not yield
estimate (2.6). Hence, we may assume that the controls u; € S,5 € J C {1,...,n}
which for any 0 # zo € K N E()) yield estimate (2.6) satisfy for some ¢; € [0, T]

¢
/eA(t_s)Buj(s)ds :‘

0
Choose 0 # z9 € K N E(\) with [|zo|| < minjes 5i. We find for every j € J the
contradiction

cj '= max > 0.

tj
A(ti=5) By (s)d
e / e uj(s)ds

0

lottsszn, )l = oo + [ A= Buy(s)as| = || [ A0 Buys)ds | o
0 0
ch—%:%zef‘m%>M€7“ti lzoll - 0
In contrast to the linear example (2.3), the scalar bilinear system
t=(14u)z,ueclU=R,
can be stabilized by the single constant control u(t) = —2. Thus a single bit is

sufficient. See also de Persis [6] for other situations where finitely many bits are
sufficient. While it might be worthwhile to study bilinear control systems in this
context, we follow a different path in the rest of this paper and relax the exponential
stability property (2.2) by introducing a small additive term. The following simple but
basic lemma shows that then only finitely many bits are required on a finite interval.

LEMMA 2.3. Consider a control system of the form (2.1) and let K be a compact
subset of RY. Assume that there are constants M > 1 and o > 0 such that for all
0 # z € K there is u € U with

(2.7) lo(t, z,uw)|| < Me™*"||z|| for all t > 0.

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.
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Let € > 0. Then for every T > 0 there is a finite set S = {u1,...,un} CU such that
for every x € K there is u; € S with

(2.8) lo(t, @, up)ll < e (e + M ||z]]).
Proof. For every xy € K choose a control u € U with
llo(t, xo,u)|| < Me™*||zo]|| for all ¢ € [0,T].

By continuous dependence on initial values (as assumed for (2.1)) there is § with
0 < 6§ < &/M such that for all z € R? with ||zg — z|| < § one has for all t € [0, T

ot x,u)|| < Me™" ||lazo|| < Me™** (lzo — x| + l|l2)
< Me (5 + ||=||)
<e (e+Mlz|).

Now compactness of K shows that there is a finite set S = {u1,...,u,} C U such
that for each x € K there is u; € S satisfying for all ¢ € [0, 7]

otz u)l <e™® (e+Mz]). O

In view of the preceding lemma, we will consider weakened versions of estimate
(2.7). There are the two ways to measure the information needed for stabilization,
and we begin with an entropy-like notion. Consider a compact set K C R? of initial
states, and let a > 0, M > 1 and € > 0. For a time T > 0 we call a subset S C U a
(T, e, a, M, K )-spanning set of controls if for all x € K there is u € S with

(2.9) llo(t, z,u)|| < e (e + M ||z||) for all t € [0,7).

We denote the cardinality of S by the symbol #S, and the minimal cardinality of all
these sets is

(2.10) Sstab(Th e, a, M, K) := min{#S | S is (T, ¢, «, M, K)-spanning}.

If there is no finite set S of controls with this property (in particular, if there is
no such set at all), we let sgan(T,e,a, M, K) := oco. Note that for e > g9 >
0, any (T,eq,, M, K)-spanning set is also (T,e1,a, M, K)-spanning. Lemma 2.3
shows that exponential controllability condition (2.7) implies the existence of finite
(T, e, a0, M, K)-spanning sets. We want to determine which information has to be
transmitted through a digital communication channel in order to identify a control
function in such a finite set S. The elements can be encoded by symbols given by
finite sequences of 0’s and 1’s in the set

Yk = {(sos182...8k-1)] s; € {0,1} for : =0,1,...,k — 1},

where k € N is the least integer greater than or equal to log, #S. Thus #S is
bounded above by 2*. Equivalently, the number of bits determining an element of S
is log,(2¥) = k. It will be convenient to use here the natural logarithm instead of the
logarithm with base 2. It allows us to avoid the annoying factor log, e in section 4.
(Regrettably, it will show up in section 5.) Now we consider what happens for time
tending to infinity and then e tending to 0 to obtain the following notion describing
an entropy property for exponential stabilization.

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.
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DEFINITION 2.4. Let K be a compact set in R and o, M > 0. Then the stabi-
lization entropy hstan (o, M, K) is defined by

hstab(ct, M, K) = lim lim I sstab (1€, 0, M, K).
eN0T—o0T

In the following, we drop the argument K in this and in similar notions if the
choice of K is clear or if its specification is irrelevant in the corresponding context. The
existence of the limit for € N\, 0 is obvious, since it equals the supremum over all € > 0.
(The value +oo is allowed.) Furthermore, the inequality hggan (', M') < hgpan (c, M)
holds for « > o’ > 0 and M’ > M > 0.

Remark 2.5. If one would consider @ = 0, condition (2.9) just means that
every trajectory starting in K remains in the ball around the origin with radius ¢ +
M maxge i ||z]|. In this case, the results on invariance entropy from Kawan [11, 12, 13]
would apply.

A second way of counting bits is the following. Consider a set of control functions
defined on [0, 00) which allow us to steer the system asymptotically to the equilibrium
x* = 0 satisfying the following conditions. Let M > 1,a > 0, > 0 and let v be a
decreasing function on [0, co) with v(0) = ¢ and lim;_,~, v(¢) = 0. For brevity, we call
~ an L.-function. (Note that continuity of «y is not required.) Let R = R(v,e,a, M) C
U be a set of of control functions such that for all x € K there is u € R with

(2.11) lo(t, z,u)|| < y(t) + Me " ||z| for all ¢ > 0.

Then R is called (v, e, a, M)-stabilizing for K. Thus in the - neighborhood of the
equilibrium, the decay given by the exponential rate a may slow down, but still
convergence holds for ¢ — oco. Let

Ry = {UJHO)T] | U < R}

be the corresponding restrictions of the controls in R. Suppose that the cardinality
#Rr is finite. (Lemma 5.2 will provide conditions when this holds.) The bit rate on
the time interval [0,7] is defined as =+ log, #R. If there is no set R with (2.11) or if
R contains infinitely many elements, we set #Rp := co. The required bit rate for
stabilization using controls in R = R(v,e,a, M) is

. 1
b(R(y,e,a, M)) := h_mT_mof log, #Rr (7, e,y M).

DEFINITION 2.6. With the notions introduced above, the minimal bit rate for

(o, M)-stabilization at 2* =0 of a compact set K C R is

bstan (v, M) := Eh\% ’Ylélgs R('y,l?,fx,M) b(R(vy,e,a, M)),
where the inner infimum is taken over all (v, e, , M)-stabilizing sets R(vy,e, o, M) C
U of controls and the outer infimum is taken over all Lc-functions .

The limit for ¢ N\, 0 is the supremum for ¢ > 0. Note also the inequality
bstab (', M) < bsgan(a, M) for a > o’ > 0 and M’ > M > 0.

An example for an allowed L.-functions is () = ce~**,¢ > 0. However, for this
function, we cannot prove our main result for the stabilization bit rate (Theorem 5.3)
showing that the stabilization entropy provides an upper bound. Also, this theorem
will only give a result for the limit inferior for T — oo (not for the limit superior).
Consideration of the limit inferior may be justified by the fact that we are interested
in the minimal bit rate for 7' — oo, hence the times may be chosen appropriately.

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.
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The stabilization entropy indicates how much the number of required control
functions increases when time increases. Here minimization is performed on each
interval [0, T separately. If one wants to enlarge the time interval where the expo-
nential decay holds, one may have to consider controls which, when restricted to the
smaller interval, are different from the earlier ones. This is in contrast to minimal
bit rates, where restrictions to [0, 7] are considered for control functions defined on
[0,00). Thus, while stabilization entropy certainly merits its own interest, the minimal
bit rate might appear more appealing from this point of view.

Remark 2.7. The difference between these two concepts can also be seen by
looking at them from a quantization point of view. Let R be a (7, €, a, M )-stabilizing
set such that for every T' > 0 the set Ry of restrictions to [0, 7] is finite. Then define
for every u € Rp

Ku,T):={x € K| |t z,u)| <~(t)+ Me " ||z| for all t € [0,T]}.

The sets K (u,T) form an open cover of K which may be viewed as a finite quantiza-
tion. For T > T, the same construction for Ry again yields a finite quantization of
K which is obtained by refining the quantization at time T, since both are obtained
by restrictions of controls in R. In contrast, the quantization for 7" > T obtained by
a (T’ e, a, M)-spanning set of controls used for defining the entropy is not related to
the quantization associated with a (T, e, a, M )-spanning set.

Remark 2.8. With log, e - Inx = logy x one immediately finds

1
bstan (a, M) =1 -lim inf inf 1 —In#Rr(v,e, 0, M).
tab(, M) =log, e al\% vlélﬁe R(’Y’lgo‘)M) ﬂT_moT n#Rr(7y, €, a, M)

In the next two sections we will first concentrate on the stabilization entropy,
which is easier to analyze than the minimal bit rate.

3. Upper and lower estimates. In this section, lower estimates for the stabi-
lization entropy and the minimal bit rate are proven. For the entropy, also an upper
bound can be established, which, in particular, shows that it is finite.

The following proposition explains the behavior of stabilization entropy when the
set of initial values is changed, and it shows that it suffices to consider multiples of
a fixed time step. These properties which are analogous to properties of invariance
entropy (cf. Colonius and Kawan [2, Proposition 3.4(ii) and (iii)]) are not used below.

PROPOSITION 3.1. Consider a system of the form (2.1), let K C R? be a compact
set, and fir oo >0 and M > 1.

(i) Then for alle >0 and 7 >0

— 1 — 1
(3.1) lim flnsstab(T,a,a,M) = lim N—Tlnsstab(NT,a,a,M).

T—o0 N—o00

(ii) Let K; C K, i =1,...,N, be closed subsets of K with K = Ufil K;. Then
the stabilization entropies with respect to K and K;, respectively, satisfy

hstab (Oé, M7 K) = ‘_I}:la*XN hstab(a7 M7 Kl)

Proof. (i) Obviously, the left-hand side of (3.1) is not less than the right-hand
side. In order to show the reverse inequality, let (7%)ren be a sequence converging
to 0o. Then for every k € N there exists ny € N such that nyr < T} < (ng + 1)7,

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.
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and ng — oo for k — oco. If S < T, then sgan (S, e, a0, M) < sgtan (T, €, 0, M), which
implies

Sstab(Tka g, Q, M) S Sstab((nk + 1)7—7 g, Q, M)

and consequently

1 1
— In Sgtab (Th, €, 0, M) < —— I Sgean (e + 1)7, 6, 0, M).
Ty nET
Since -t = 2tl L and ”’“H — 1 for k — oo, we obtain assertion (i)
BT ni  (nEp+1)7

1 1
lim — In Sgtab (T, e, , M) < lim —lnsstab((nk + )71, e,a, M)
k—oo T} k—ocoNgT

1
= J&EHOON_TIHSStab(NT g, M)

(ii) Every minimal (7, &, o, M, K)-spanning set S is also (T, e, a, M, K;)-spanning.
Thus we obtain sgap (T, €, a, M, K;) < Sstab (T, €, o, M, K) implying

,max hstab (o, M, K;) < hggan (o, M, K).

.....

On the other hand, if S; is a minimal (T, ¢, o, M, K;)-spanning set, i = 1,..., N, then
S = Ufil S; is (T, e, a, M, K )-spanning. This yields

N
sstab (T, €, 0, M, K) Z #8i = saan(T,e, 0, M, K;).

=1

By a standard property of such limits (see, e.g., [2, Lemma 3.3]) we obtain

hm—ansstdeaaMK) _max hm—lnsstdb(TgaMK)

T—oo T 1 i= NT—)oo
i=

implying the desired result

hstan(a, M, K) < lim lim —1nZsStab (T,e,a, M, K;)

eNOT—o00T -
1=
< qlax hstab (o, M, K;). O
7

Next we will provide lower and upper bounds for the (a, M)-stabilization entropy
hstab(cv, M). In the following theorem, we denote the divergence of a function f with
respect to the first variable by

div, f(x,u)

(z, u),

HM@.

where fi1,...,fqs : R x R™ — R are the coordinate functions of f assumed to be
differentiable with respect to x.

Let 8 € Ry = [0,00) be given and introduce a set V = V() of admissible controls
which has the form

(3.2) V:i={v:[0,00) = R™| thereis u € U with v(t) = e’*u(t) for all t > 0}.

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited.
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This generalized set of control functions will be needed in section 4. Note that for
B =0, the set V reduces to U. Naturally, V = U also holds for unconstrained control
range U = R™. The definition of stabilization entropy can, with only trivial changes,
be extended to control systems with admissible controls in V.

THEOREM 3.2. Consider control system (2.1) with controls v in a set V of the
form (3.2) and let x* = 0 be an equilibrium with 0 = f(0,0),0 € U. Suppose that
f is C1 with respect to x and that the derivative f.(z,u) is continuous in (z,u).
Let K C R? be a compact set with positive Lebesgue measure \(K) and denote r :=
maxgex ||x||. Let o, M > 0 and assume that div, f(x,v) is bounded below for ||z| <
Mr+1andv eV :={au|a>0 andu € U}. Then the stabilization entropy and the
minimal bit rate for stabilization of K satisfies the estimates

(3.3) hstab(a, M) > ad + Hél‘r/l div, f(0,v) and bstan (e, M) > log, e - Hél‘rfl div, f(0,v).
Proof. If hgtan(cr, M) = oo, inequality (3.3) is trivially satisfied. Hence we may
assume that for e > 0, M > 0 and T > 0 there is a finite (T, €, a, M )-spanning set S =

{v1,...,vs} CV, and we pick S with minimal cardinality, hence s = sgtan (T, €, o, M).
Define for j = 1,...,s the set K; as the set of all x € K with

lo(t, x,v))|| < () :=e " (e + M ||z|)) for all t € [0,T].
One sees that with §(t) := e " (e + Mk) for j=1,...,s
(34) p(t, Kj,v5) C {y € R [ly]l < 8(t)} = B(0;(1)).

In particular, if we consider the ball in the maximum-norm in R?, we obtain for the
Lebesgue measures

(3.5) (T, Kj,v;)) < AB(0: 8(T))) = 2%6(T)".

On the other hand, by the transformation theorem and Liouville’s trace formula we
get for all j € {1,...,s}

NAT K5,0) = [ fder 52 (T, ,07)| o
K; ox
. Oy
. > A
(3.6) > MKj) (1;71;[") det D (T, z,v)

T
= \Kj) - (inf exp </0 divzf((p(T,ﬂi,U),U(T))dT> )

z,v)
Here and in the rest of this proof, inf(, ., denotes the infimum over all (z,v) € K xV

with @(t,z,v) C cIB(0;4(¢)) for all t € [0,T]. Fix Ty € [0,T]. Since §(t) < 6(Tp) for
t > Ty one obtains the estimate

. T .
(3.7) (1;715) exp (/0 dlvwf(@(T,x,U),U(T))dT>

To
> exp < inf / div, f(p(1,z,v),v(r))dr + (T — Tp) (inf) div, f(y, w)) ,
0 yw

x,v

where the second infimum is taken over all (y,w) € cIB(0;6(Tp)) x V. This term is
finite by the assumption on the divergence of f. Since |¢(7,z,v;)|| < Mrk+ 1,7 €
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[0, Tp], our assumption also guarantees that div, f(o(7, z,v), v(7)) with (x,v) € K xV
is bounded below, hence also the first summand in the exponent is finite.

We may assume that A(K;) = maxj—1, . s A(K;). Inequalities (3.6) and (3.5)
imply

/\(SO(Tv K, vl))
inf(, ) exp (fOT div, f(¢(1, z,v), U(T))dT)

0<AK) < iA(KJ) <s AKp)<s-
j=1

245 (T4
inf () €xp (fOT div, f(¢(7, z,v), U(T))dT) ’

<s-

hence

s = Sstab(T, e, 0, M) > AK) inf e /Tdi flo(r,z,v),v(r))d
= Sstab(4, &, fel 2d5(T) (2,0) Xp o Vo J\P(T,Z,0V), (T T -

Using (3.7) and taking the logarithm on both sides one finds
(3.8)  Insgan(T,e,a, M)
>InA(K) —dIn[26(T)]

To
+ inf ( div, f(p(T, z,v), v(r))dr) + (T —To) (Hlln) dive f(y, w).
0 Ry

(I7,U)

Since
(3.9)

1 1 —aT B o1 _
Tlgréo —Ind(T) = Tlgréo —1In[2e"*" (e + Mr)| = —a +T1£I<1>o Tln(2€+ 2MEK) = —a,

one finds the inequality

1 — [T =T,
(3.10) lim — In sgan (T, 6,0, M) > ad + lim — 9% min div, f(y, w)
T T—o0 T )

T—o0 (y,w

= ad + min div, f(y, w).
(y,w)

Recall that the minimum is taken over all (y, w) € cIB(0;e=*T0(e + Mk)) x V. In the
Hausdorff metric the set cIB(0;e~*T0(e + Mk)) converges for Ty — oo to {0}. This
together with (3.10) shows inequality (3.3).

For the minimal bit rate, take a (v, e, «, M)-stabilizing set such that the set
Rr(y,e,a, M) = {vy,...,v.} of restrictions to [0, 7] is finite. Define for j =1,...,r
the set K; as the set of all x € K with

llo(t, z,v;)|| < () + Me™*" ||z|| for all ¢ € [0,7.
Then the proof above can be repeated with §(¢) in (3.4) replaced by
5(t) == y(t) + Me k.t € [0,T).
Instead of (3.9), we estimate for T' > 0 large enough

In§(T) = In[y(T) + Me *Tk] < Infe + Me *Tk] = —aT + Inee®T 4 Mk)
< —aT +1n[2ee*?] = —aT + oT + In(2¢) = In(2¢).
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Hence

1
im — <
Th—I>I<1)0 T Ind(T) <0,

and the analogue of (3.8) shows that

— 1 — | T =T
lim T In#Rr(v,e,o, M) > lim — 9% min div, f(y,w)| = (mln) divg f(y, w).
w Y,w

T—00 T T—oo (y,w)

Then one concludes as above. |

The next theorem, whose proof is a modification of Katok and Hasselblatt [10,
Theorem 3.3.9] and Colonius and Kawan [2, Theorem 4.2], shows in particular that
the stabilization entropy is finite.

THEOREM 3.3. Consider a control system of the form (2.1) and let x* =0 be an
equilibrium with 0 = £(0,0),0 € U C R™ and fix o > 0 and M > 1. Assume that
K c R? is a compact neighborhood of the origin such that for every 0 # x € K there
is a control uw € U with

lo(t, z,uw)|| < Me=*||z|| for all t > 0.

Furthermore, suppose that there is a Lipschitz constant L > 0 such that for all x1, x4
in an open set containing K

(3.11) If(z1,u) — f(ao,u)|| < L ||z — x2| for all u e U.
Then the stabilization entropy of K satisfies
hstab(c, M) < (L + a)d.

Proof. Let € > 0 and consider an open cover C of K by balls B(z;; e~ e /M)
centered at points x; € K with ¢ = 1,..., N := #C. Without loss of generality, we
may assume that all z; # 0. By our hypothesis, we can assign to the point z; a control
function u; € U with

llo(t, zi,us)|| < Me™*"||2;|| for all ¢ € [0,T].
Then for all z € B(x;; e~ X+ Te /M) and all t € [0, T

t
ot ) — ot )| < |l — ]| + L / o, 2, ) — ol 2, us)
0

implying by Gronwall’s inequality that for all ¢ € [0, T
||tp(t,x,ul) - (p(tvxia UZ)H S HZE - x’iHeLt < ei(L+a)T€eLT S eiata-
It follows that for every z € K there is u; such that for all ¢ € [0, T

otz wi) | < Nlo(ts @, ui) = o, @i, wa) || + o (, @i, wi) |
<e e+ Me ||z
<e (et Mz -zl + M|l
<eot (g + Me~CHaTe /0 4 M Hx||)

<e " (2e+ M |z)).

This shows that the set {uy,...,un} is (T, 2e, M, a)-spanning.
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In summary, we have shown that the minimal cardinality sstan (T, 2e, M, ) of
a spanning set is bounded above by the minimal cardinality of a cover C of K by
(e=(F)T¢ /M)-balls. Thus, denoting the minimal cardinality of a cover of a subset
A of R? by d-balls by ¢(8, A), one has

sstab (T 26, M, ) < c(e” 97T /M K).
We want to use that the upper box dimension of a set A C R? is

) Inc(d, A)
3.12 1 — 2 <.
(3:12) Y (1)

The equality In(e(F+T M /e) = (L + )T + In(M /<) shows that
(L + )T = In(eF+9TN /&) — In(e/M).

With § = e~ (F+0)T¢ /M it follows that

— 1 — 1
1 _ < 1 _
lim T In sgtan (T, 26, M, ) < Thm T In¢(d, K)

T— 00
B — Ine(4, K)
= (Bl i o
—  Inc(e"EtTe /M, K)
= (L+a)l ’
(Z+ O‘)Tﬂﬂdn(e(HMM/s) “n(e/M)
— Incle=E+I)Te /M K)

= (Lo fim — T

B —Ine(d, K)
= (E+a)lim =

< (L + a)d.

For the last inequality, we have used (3.12). Now the assertion follows by letting &
tend to 0. |

4. Entropy for linear control systems. In this section, the stabilization en-
tropy is determined for linear control systems in R¢ of the form

(4.1) &(t) = Azx(t) + Bu(t), uel,

with matrices A € R¥? and B € R?™ and control range U C R™ containing the
origin. Naturally, the solutions of (4.1) are given by the variation-of-constants formula

t
o(t,z,u) = etx +/ e Bu(r)dr.
0

First we prove the following lemma.

LEMMA 4.1. Consider a linear control system of the form (4.1) with controls v in
a set V as defined in (3.2). Let K C R? be a compact set with nonvoid interior, and
suppose that the eigenvalues A1, ..., \q of A counted according to their multiplicity
can be ordered such that

Redi <Redy <---<ReMp1 <0< Red <--- <Rely.
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Take o with 0 < o < —ReAp—1 and, if there is no eigenvalue with negative real part,
take any o > 0. Then the («, M)-stabilization entropy of system (4.1) with respect to
K satisfies

hetab (@, M) > ) " (a + Re \y).

i>0

Proof. Step 1. Suppose that Re\; > 0 for all ¢ € {1,...,d}. Then the inequality
d
histan (o, M) Z a+ Re\))

is an immediate consequence of Theorem 3.2 with f(z,v) = Az + Bv. Here

. of d d
div, f(z,v) = tr%(x,v) =trd = Z/\i = ZRe i

i=1 i=1

Step 2. We prove the inequality hgeap(a, M) > Y. ,(a + Re);) for arbitrary
matrices A. If all eigenvalues of A have negative real parts, the assertion is true, since
hstab(c, M, K) > 0 holds anyway. Hence, we may assume that there exists at least
one eigenvalue with positive real part. We write E* and E~ for the corresponding
unstable and stable subspaces, respectively, of the induced flow (t,z) + e4*x. They
correspond to the eigenvalues with positive and negative real parts, respectively. This
furnishes the decomposition R = E+ @ E~ with associated projection 7 : R? — E*.
In an appropriate norm, one has ||7z| < ||z| for all z € R%. The map 7 is open,
hence 7(K) has nonvoid interior in E*. We can project our control system to ET by

y=mAy + nBv = Anz + wBv.
One finds that the corresponding trajectories mp satisfy the semiconjugation property
(o) (t, w(x),v) = 7(p(t,z,v)) for all z € RY, v €V, t > 0.

In particular, (m¢)(t, 7(z),v) = (¢, m(x),v)). Now let ¢ > 0 and T' > 0. Consider a
minimal (7, e, o, M)-spanning set S C V for K and let y = w(x) € 7(K) with z € K.
Then there is v € S such that for all ¢ € [0,T]

(@)t y, )]l = Im(e(t, =, v)ll = lle(t, w(x),v)]| < e (e + M lyl)-

This shows that S is also (7', ¢, a, M)-spanning for the set m(K) in the projected
system. Consequently, taking the limit superior for ' — oo and then letting ¢ N\, 0,
the corresponding entropies satisfy

— 1
hstab(aa M; W(K)) = Eh\‘r% ,1_];1_{1;1)0? In Sstab(Ta g, Q, MJ W(K))

— 1
. <l im — ; = hg .
(4.2) < g%%ﬂ?}oTlnsbtab(T’E’a’M’ K) = hgtan(a, M, K)

The projected system on ET is a linear control system on E* with dimET =d—¢+1,
and the eigenvalues Ay, ..., \g of A |g—: ET — E* have positive real parts. Hence we
obtain by Step 1 that

hatab (0, M, K) > heap(o, M, m(K)) > (d—€+1) ) Redi=» (a+ReX). O
>0 >0
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In order to improve the estimate from above in Theorem 3. 3 we will use in an
essential way the topological entropy of the linear flow ®;z := etz (t,x) € R x R%
For background on topological entropy in compact metric spaces we refer to Katok
and Hasselblatt [10], Robinson [18], or Downarowicz [7]. Topological entropy for
linear flows has been characterized by Bowen [1]; see also Walters [21, Theorem 8.14]
or Matveev and Savkin [14, Theorem 2.4.2], who write down details for linear maps.

For a compact subset K C R? and T,e > 0, a (T,¢, K, ®)-spanning set S is a
subset of R? such that for every x € K there is 9 € S such that for all ¢t € [0, 7]
one has HeAtx — eAthH < e. (Note that here, for the flow, spanning sets are subsets
of the state space, while for control systems, we have defined spanning sets as sets
of control functions.) Then, denoting by siop (7 €, K, ®) the minimal cardinality of a
(T, e, K, ®)-spanning set, the topological entropy of K is defined as

hiop (K, @) = Eh\r‘% TlgI;oT In s4op(T €, K, D).
Finally, the topological entropy is defined as the supremum over compact sets K C R?,
and it is equal to the sum of the positive real parts of the eigenvalues of A,

hiop(®) = suphiop (K, @) = > Rel.
Re \; >0

An equivalent definition of topological entropy is obtained, when one replaces
stop(T, €, K, @) by the maximal cardinality of a (T e, K, ®)-separated set, which is a
subset E of K such that for all zo, 21 € E thereist € [0,T] with |le?tzg — eAtay || > e.

The next theorem characterizes the stabilization entropy regarding the equilib-
rium z* = 0 for linear control systems.

THEOREM 4.2. Consider a linear control system of the form (4.1) with 0 € U.
Assume that there are M, a > 0 such that for all initial values 0 # x € R? there is a
control u € U with

(4.3) lo(t, z,u)|| < Me™*||z|| for all t > 0.

For every compact set K C R? the (o, M )-stabilization entropy of system (4.1) satisfies

(4.4) htan(0, ML K) < Y (a4 ReXy);
ReA;i>—a

here summation is over all eigenvalues \; of A, counted according to their multiplicity
with Re \; > —a.

If, additionally, the set K has nonvoid interior in R?, equality holds in (4.4). In
particular, hggan (o, M, K) is independent of K in this situation.

Proof. The proof is divided into three steps.

Step 1. We show that hggan (o, M, K) < ZRC/\i>_a(o¢ + Re\;) using Bowen’s
result for topological entropy of linear flows. Order the eigenvalues Aq,..., Aq of A
such that

ReA; <--- <Rely.

Let a € (—Re Ay, —ReAp—1] with Re Ay < 0. Then the eigenvalues of A + o with
positive real parts are given by a + Re Ay, ..., a + Re Ay, and hence the topological
entropy of the flow ®¢ = e(A+al)t — gateAt ¢ ¢ R is given by

hiop(@*) = Y (a+Re\).

ReA;i>—«a
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If @« > —Re A1, all eigenvalues of A + al have positive real parts, and if Re Ay < 0
and « € (0,—Re\y), there is no eigenvalue of A + al with positive real part.

Fixe >0and T > 0. Let F C K be a maximal (T, ¢, K, ®%)-separated set, say
E = {x1,..., 2} with cardinality k = sop(T, e, K, ®*). Without loss of generality,
we may take x; # 0 for all j. Then E is also (T, ¢, K, ®*)-spanning, which means
that for all # € K there is z; € E such that for all t € [0, 7]

|6At at

He(AJraI)tx _ e(AJraI)txj‘ v — eftay|| < emote,

’ <e, ie., |

By assumption (4.3), we can assign to each z; € E C K, j = 1,...,k, a control
function u; € U such that

llo(t, z;,u;)|| < Me " ||z;|| for all t > 0.

Let S := {uy,...,ux} C U. Using linearity, we obtain that for all 2 € K there is j
such that for all ¢ € [0, 7]

lo(t, z,u;) — ot x5, uj)|| = [[ez — eMay|| < e e,

and hence

ot @, uz)ll < [l z, uz) — ot 25, ug) | + lle(t, 25, )l
<ee ™+ Me ||z,
<ee ™+ Me ™ |lo; —af| + Me™ 2
< (1 4 M)+ M e

This shows that the set S is (T,e(1 + M), o, M )-spanning. It follows that for all
T>0,e>0

Sstab(Tag(l + M)7M7 O[) S k= Stop(T7€7K7 (I)a)a

and consequently

— 1
hstab(aa M, K) = 21{‘% Th—I};oT In SStab(Tvsv a, M)

o1
= il\z%Tlgr;oTlnsswb(T,a(l + M), M, )

— 1
< lim lim = In s, (7T, e, K,
_sl\(néTl—I};oT 11 St p( €, ) )

= htop(Ka (ba)

< hiop(@) = 3 (a+ Re \y).
i>0

Step 2. In order to prove the converse inequality, consider for 8 € (0,«) the
control system

(4.5) y=(A+BI)y+ Bo(t),
veV(B) = {v:R—=R™| v(t) =e’lu(t),t € R for some u € U}.
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Then the solutions (¢, xg,v) of (4.5) and the solutions of (4.1) are related by

t
0

¢
:e'BteAtxo—i—/ e BePt=)y (1) dr
0
¢
et {e a:o—|—/ eA(t_T)Be_ﬁTv(T)dT]
0

t
= Pt {eAta:O —|—/ eA(t_T)Bu(T)dT]
0

= eﬂtgo(t,xo,u)

with u(t) := e Pto(t),t > 0.

Now let ¢ > 0 and T" > 0. Counsider a minimal (7, ¢, «, M)-spanning set S =
{uy,...,up} C U of (4.1) and define v; € V(B) by v;(t) := e tu(t),t > 0. Then for
every xo € K there is u; € S such that for [0, 7]

1 (t, o, vi)ll = % [lp(t, o, wi) | < e~ @ (e + M ||zo])).

This shows that {v1,...,vx} C V(B) is (T,e,a — B, M)-spanning for system (4.5).
Consequently, the stabilization entropy hstan (e, M, K) of system (4.1) is bounded
below by the (o — f8)-stabilization entropy of system (4.5).

Step 3. Let a, 8 > 0 such that ReA\y_1 < —a < —F < Re ;. We will conclude
the proof by showing that for system (4.5)

stab( Ba > Z(O‘""Re)\z)

i>0

This follows by an application of Lemma 4.1. The assumptions of this lemma hold,
since by choice of § the eigenvalues of A + S1 with positive real parts are given by
B54+Re Ny, ..., B+Re Ay and the largest eigenvalue with negative real part is S+Re Ay_1.
Furthermore, since « < — Re A\y_1, one has

O<a—-p<—(8+ReA_1).

Lemma 4.1 implies that the stabilization entropy of system (4.5) is

heab(or— B, ) > > [(a = B) + (B+Re )] = D (a +Re k).

>l >l

For ¢ = 1 and ¢ = d, one argues analogously. This completes the proof of the theo-
rem. d

Remark 4.3. For smooth nonlinear control systems and arbitrarily small control
range, we conjecture that a formula analogous to (4.4) now holds for the Jacobian at
the equilibrium. Compare Nair et al. [17, Theorem 3] for such a claim in the context
of local uniform asymptotic stabilization.

Remark 4.4. In a discrete time setting, a formula similar to (4.4) shows up in
Nair and Evans [15, Theorem 1] for a problem with random initial states.
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5. Minimal bit rates for stabilization. In this section, the minimal bit rate
for stabilization is related to the stabilization entropy.

Recall that for the definition of the stabilization entropy hstan(a, M, K) only
controls on bounded intervals of the form [0,7] are employed; see (2.9). Hence we
have to concatenate controls defined on finite intervals in order to obtain controls
defined for all ¢ > 0 as needed for bit rates. This is prepared by the following key
technical lemma.

LEMMA 5.1. Consider a compact neighborhood K of the equilibrium z* = 0 for
system (2.1). Let M > 1 and o > o > 0 and suppose that € € (0, 1) is small enough
such that K contains the 2e-neighborhood of the equilibrium. Consider a sequence of
times Ty, > T := Ty > Ty := 0,n € N, such that there is a (T, "2, a*, M)-spanning
set S, C U of controls with a minimal number s, = Sgab(Th,e" 2, a*, M) € N of
elements and T,, is large enough such that

. ent2 In M ent2
(5.1) e T M < T, > - and e~ T M max ||z|| <
3 aF — o zeK 2

Abbreviate 7, := Y.~ T;,n > 0. Define a set R* C U in the following way: v € R*
if for all n > 1 there is u,, € S,, with

V(t) = tp (t = Tn—1) fort € (Th_1,Tn].

Then for every x € K there is a control v € R* with

(5.2) lo(Tn, z,v)|| < 2¢ for alln > 1
and
(5.3) lo(t, z,v)| < 26™T2 + Me™ ||z|| for all t € [Tn, Tus1] and n > 0.

n+2 1

Proof. The first inequality in (5.1) and e € (0,1) imply Me™* T < &= < &,
and hence using T;, > T

1 1 3
5.4 = < < —.
( ) 1— Me—izTn 1— Me—oz*T 2
ETL

Furthermore, the second inequality in (5.1) implies T, (a* — «) > In M and hence
e Tn > ¢2Tn ) and, finally,

(5.5) Me=*Tn < gmTn < 1,

By definition of S,,, for every x € K there exists u,, € S,, such that for all ¢ € [0, T},]
(5.6) l(t, 2, un)|| < e ("2 + M ||]]) .

In particular, for every x € K there exists vy := uy € Sy such that for all ¢ € [0, Ty]
(5.7) lo(t,z, o)l < e (2 + M |laf]) < &+ Me™ " ],

which implies assertion (5.3) for n = 1. By the third inequality in (5.1)

(5.8) lo(Th, z,01)| < €24+ Me™® T ||z|| < 2e,

and it follows that (17, z,v1) € K.
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Now we fix € K and define inductively controls v, € U with the following
properties: For all n > 1 one has

n—1 . n
(5.9) ©(1n,z,v,) € K and [|o(Tn, z, v, )| < Z (Me_o‘*T) €+ H (Me_o‘*Ti) ||| -
i=0 i=1

By (5.8) the control v; satisfies (5.9) for n = 1. Suppose that (5.9) holds for n. Then,
by (5.6), there is a control u,4+1 € Sp41 such that for ¢ € [0, T},+1]

(5.10) o, (T, @, 0n), unsr) | < €7 ("2 4 M [lp(ra, 2, 0n)) -

Define the control v, 1 by

() = U (t) for t €[0,7,],
Unt1t) = Uni1(t — 1) for t € (7, Tl

Then by the induction hypothesis (5.9) for n and T,, > T

HQO(TH—‘,-l,m,UnJ,-l)H = ||(,0(Tn+1,@(Tn,ﬂf,vn),un+1))|‘
< efoz*TnJrl (€n+2 + M ||SO(Tn7$7Un)||)
n—1 . n
<e+ Me ¥ T Z (Me_o‘*T) e+ H (Me_o‘*Ti) ||33|]
1=0 =1
n—1 i n
<e+Me T Z (Mefo‘ T) e+ Me @ Tnt H (Me*a Ti) Ilz]|
i=0 i=1
n i n+1 3 c
S (M —“*T) (M —O‘*Ti) < ey o9
g( e s+£[1 e ol < 5+ 5 =2¢

In the last line we have also used (5.4) and the last inequality in (5.1). This concludes
the induction step, since it shows that (5.9) also holds for n + 1 instead of n. The
control v € R* coinciding on [0, 7,,] with v,,,n € N, is well defined, and assertion (5.2)
is verified.

Next we prove inequality (5.3). It holds on [0,T4], i.e., for n = 0, by (5.7). We
claim that for all n > 1

n—1

. e\ 1 ) n .
(5.11) oz, wn)l| < 30 M7 (e ™) it TT (Meme ™) Ja
1=0 =1

By (5.7) this holds for n = 1, since
lp(Ty, 2, u1)|| < e T2+ Me= @10 ||z
Again arguing inductively, suppose that (5.11) holds for n. By (5.10) and the induc-
tion hypothesis, the control v, 11 satisfies for ¢ € [7,,, Ty 41]
H(P(t, €, anrl)”
= H@(t — Tn, 90(7—717 €, vn)v un+1)”
< efa*(tfrm) (€n+2 + M HSO(TmeaUn)H)

n—1 i n
i . . i+1 . *
< o (t=Tn) <€n+2 +MZM1 (efa T) gn—itl +MH (Me’o‘ Ti) |x|> ’

i=0 i=1
(5.12)
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and for t = 7,11 we obtain assertion (5.11) for n + 1, since

”90 (Tn+1, Z, anrl)H

T, 2 T S r\" i T T,
<e @ Tnrrgn®2 4 Mem @ Tt E M (e*a ) el 4 H (Me*a 1) Ilz]|
i=0 i=1

T _n+2 = . 1 2 g1 Tr T,
<e @ legnt2 4 E M (e_‘" ) gnti—t 4 H (Me_o‘ ) ||l
i=0 i=1

n+1

n , e i1 ) .
-3 M (e*a T) e I (Me’o‘ Ti) ]| -
i=0 i=1

Thus assertion (5.11) holds for all n. For ¢ € [1,,, Tn11], 7 > 0, inequalities (5.12) and
(5.11), and, finally, (5.4) yield

||90(t7xvvn+1)”
n—1 . . i1 . B} n .
< 6n+2 + MZMz (e—a T) En—z+1 4@ (t—Tn)MH (Me—cx Ti) ”xH
1=0 =1

n —a*T [
< et Z<7M€ - )
€

i=0

+eet=m M ] (Me—a*Ti) ]
i=1
By (5.5) Me=*Tn < e=2Tn and (5.3) follows, since for t € [, Ty 1]
3 n
et 2, vat1)ll < §En+2 +e M [Te ™ af| < 28" + Me™* ||z O

i=1

An easy consequence is the following observation which shows that we have con-
structed a stabilizing set of control functions.
LEMMA 5.2. Under the assumption of Lemma 5.1, define an Lc-function v by

y(t) := ™ for all t € [Ty, Tny1) and n > 0.

Then the set R* is (7, e, a, M)-stabilizing, i.c., it is a set of the form R(vy,e,a, M)
with the property that for every x € K there is v € R* with

(5.13) le(t, @, v)| < y(t) + Me™*||z]| for t > 0.

Proof. Note that 2¢ < 1. Assertion (5.13) follows from inequality (5.3) showing
that for ¢t € [7, Ti1),n >0,

lo(t, z,v)| < 2e™2 + Me™ ||z|| s < et + Me™ ||z||. O

The next theorem establishes the announced relation between the stabilization
bit rate and the stabilization entropy.

THEOREM 5.3. Consider a control system of the form (2.1) and suppose that
K c R? is a compact neighborhood of the equilibrium z* = 0. Assume that there are
constants M > 1 and o* > 0 such that for all 0 # x € K there is u € U with

(5.14) lo(t, z,u)|| < Me=*"t||z|| for allt > 0.
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Then for a € (0,a*) the stabilization bit rate and the stabilization entropy satisfy
bstab(aa M) S 10g2 € hstab(a*a M) < 00

Proof. By Theorem 3.3 the stabilization entropy for o* is finite. Hence the first
inequality remains to be shown. In the proof, we will use the natural logarithm also
for the bit rate, and at the end we will use the second part of Remark 2.8. Throughout
the proof, the constant M remains fixed, so we omit this argument. Let ¢ > 0 and
observe that for every n > 0

1 1
lim In sgeap (77, "2, 0*) < lim  lim ?hlsstab(T g, a").

TS0 T &'\ 0 T'—00

Fix § > 0. Then there are T}, > 1 , arbitrarily large, such that

1 1
— n+2 < —
(5.15) T In sgtan(Th, ™%, a*) 1/1{‘n0T11£>I})0T In sgan (17,6, ™) + 6.

Choose T, large enough such that condition (5.1) in Lemma 5.1 is satisfied. Then
hypothesis (5.14) and Lemma 2.3 show that there are finite (T},,e" "2, a*)-spanning
sets S,, as assumed in Lemma 5.1.

By the construction in Lemma 5.1 there is for every o € (0,*) a set R* which
by Lemma 5.2 may be written as R* = R(v,¢,a). On an interval [1,,_1,7,] controls
in S,, are used, hence their number is at most s, = Sgtab(Th, " 2,a*). Thus the
number of restricted controls on [0,7,],n > 1, is

# Tn 7;8 a Hsstdb i€ ,OZ*).

Hence one finds

n

1 n .
1 RT <_1 sta 4 2ok = 1 sta Tz 2 ar .
Il# n(’Y?E OZ) H[HStb 75 704)‘| Tn;nStb( € ,O[)

=1

Now observe that the right-hand side is a convex combination of

o .
lnsstab(ﬂagl+ 704*)77’ =1,...,n,

T;

since

T, + Tj [ln Sstab(ﬂa €i+27 OZ*) +In Sstab(Tj7 €j+2, 04*)]
i 1 T, 1 .
7 1 . T. Jj+2 *)
T—|—TT 1 Sstab (1,777, )

—1 “ta T +2  x
n Sspab (15, € ’a)+ﬂ+TjTj

Together with (5.15) this implies for all n

1 1
< — .
. — In#R,, (7,8, ) 111\210 TlgnooT In sgan (17,6, 0) + 6

For n — oo this yields

1 1
—In#R,(v,e,a) < hm lim Tlnsstab(T g a*)+ 4,

lim
T £ \O0 T/ =00
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and since § > 0 is arbitrary,

1 — 1
h—mraoo ; In #RT (73 g, 05) S El/i\mo Tlli)nooﬁ In Sstab (T/a 6/7 O[*) = hStab(a*)'

This remains true for the infimum over all £.-functions v and then for the limit for

e\ 0, and we conclude using Remark 2.8,

. . — 1
bstan(a, M) = logz e 21\1% R(lvr}af,a) Tlgnoof I #Rr(y,e,a) <logy e hstap (o, M). O
For linear control systems, one gets an easy corollary.
COROLLARY 5.4. Consider a linear control system of the form (4.1) with 0 € U
and let K be a compact neighborhood of the origin such that for some constants M > 1
and o > 0 and all initial values 0 # x € K there is a control uw € U with

lo(t, z,u)|| < Me="t||z|| for all t > 0.

Then for all a € (0, ™) the stabilization bit rate satisfies

(5.16) bstab (0, M) < logy € - hstan (o, M) = logy € - Z (a+Re ;).
Re\i>—«

Proof. Theorem 4.2 implies for all a € (0, a*) that the equality in (5.16) holds. In
order to show the inequality, choose o/ with o < o/ < o* such that the eigenvalues A
of A satisfy Re A > aiff Re A > o’. Then hgap (o, M) = hgan (o, M) and Theorem 5.3
implies the inequality. a

For small decay rate a,, we can improve this estimate using asymptotic invariance
entropy defined in Colonius and Kawan [3, Definition 5]. We specialize and slightly
modify it for our purposes. Consider a linear control system of the form (4.1). Let
K be a compact set with nonvoid interior. Fix ¢ > 0 and times T' > Ty > 0. A set
S C U is called (T, Ty, e, K)-spanning if for every « € K there is u € S with

dist(p(t, z,u), K) := min{|jlx —y|| |y € K} < e for all t € [Ty, T).

The minimal cardinality of such a set is 7. (T, Ty, €, K ), and we define the asymptotic
invariance entropy as

. . . 1
has(K) := sh\% Tglinooh_mT_’o"T Inres(T, To, €, K).
Then the following result holds.

PROPOSITION 5.5. Consider a linear control system of the form (4.1). Let K be
a compact neighborhood of the origin, let 0 € U, and suppose that there is Ty > 0 such
that for all x € K there is a control u € U with p(t,x,u) € K for allt > Ty. Then

has(K) > > Rel;,

Re \; >0

where summation is over all eigenvalues of A with Re \; > 0.

Proof. This follows similarly as Colonius and Kawan [2, Theorem 5.1]. The
differences are that here (i) we consider asymptotic invariance instead of invariance,
(ii) we do not assume compactness of the control range, and (iii) the limit inferior for
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T — oo is considered instead of the limit superior. If A has only unstable eigenvalues,
[3, Lemma 5], which does not need compactness of the control range U, shows that
points (i) and (ii) can be dealt with. Concerning (iii), a look at the proof also shows
that it is valid for the limit inferior instead of the limit superior for 7' — oo. Finally,
the case of general A is treated as in Step 2 of the proof for Lemma 4.1, above, using
projection to the unstable subspace. d

We obtain the following characterization of minimal bit rates for stabilization of
linear systems.

THEOREM 5.6. Let the assumptions of Corollary 5.4 be satisfied. Then the min-
imal bit rate for stabilization satisfies

Inf byean (@, M) = logy e - inf hsean(a, M) = logy e - R;g Re \;.

Proof. It only remains to show that bstar, (o, M) > logy e-> g, >0 ReA; fora > 0.
Consider for ¢ > 0 and v € L. a (v, ¢, a, M)-stabilizing set R = R(v, &, , M), hence
for all z € K there is u € R with

llo(t, z,uw)|| < y(t) + Me " ||z for all ¢ > 0.

By compactness of K one finds 77 > 0 such that for every x € K there is u € R with
o(t,z,u) € K for all t > Ty. Now for ¢ > 0 and all T" > T, > Ty the set of controls
{U|[0,T] | ue R} is obviously (7', Ty, e, K)-spanning. Hence r.5(T, To, e, K) < #Ry.
Taking the logarithm, dividing by 7', and taking the limit for 7" — oo one finds for
every € > 0 and Ty > T}

1 1
li_mTﬁooT hl TaS(Tv T07 & K) S h—mT—)ooT hl #R(77 g, Q, M7 K)
Taking the limit for Ty — oo and then the limit for € \ 0, one obtains

1
—Inr.(T, To, e, K)

has(K) = lim lim li_mT%OOT

6\‘0 TOA)OO
- 1
< g%hﬂTg)ooT In #R(A/7 g, Q, M7 K)
= [logy €] " - bgan (v, M).

By Proposition 5.5 the assertion follows. O
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