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Abstract Quantization rate is a crucial measure of complexity in determining stabilizability of control
systems subject to quantized state measurements. This paper investigates quantization complexity for a class
of nonlinear systems which are subjected to disturbances of unknown statistics and unknown bounds. This
class of systems includes linear stablizable systems as special cases. Two lower bounds on the quantization
rates are derived which guarantee input-to-state stabilizability for continuous-time and sampled-data feedback
strategies, respectively. Simulation examples are provided to validate the results.
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1 Introduction

With the rapid development of networked control systems, control and communication systems become
increasingly integrated. Due to communication resource constraints, such as bandwidth and power,
packet delivery rates and data throughput are fundamentally limited. Consequently, feedback control
under information complexity limitation becomes a critical issue. Achieving stabilization of a feedback
system under quantized signals is mandatory in such frameworks.

A signal quantizer maps an infinite set of continuous values into a finite set of quantized values. Since
information is inevitably lost during this process, taking full advantage of limited resources to achieve
stability and performance in feedback control is of essential importance in control design for networked
systems. This problem has drawn great interest and research effort in theoretical and methodology
development in quantized control during the past several decades, resulting in significant advances in
new methodologies and their applications [1-11].

Theoretically, a fundamental difficulty rising in quantized feedback control is that an originally sta-
bilizable system under full state feedback can become non-stabilizable under a given scheme of signal
quantization. In principle, the less the information is available during quantization, the less the ability of
a feedback system has in stabilizing an unstable plant. This intuition brings about a fundamental question:
to guarantee the stabilizability of a quantized feedback system, how much information must the quantizer
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provide? Much effort has been directed to understand this issue. For noise-free systems, Refs. [12-14]
derived certain critical data rates for stabilizability in auto-regressive moving average (ARMA) systems
and linear time-invariant (LTT) state space systems. Ref. [15] revealed an interesting relationship between
the quantization level and the growth rate of the underlying nonlinear systems. Plants with uncertain
structures were further studied in [16-19] for stability conditions under quantized feedback. Communica-
tion uncertainties are typically modeled in stochastic frameworks. Under random noises of known bounds
on variance, a lower bound on quantization rates was found in [20] for the mean square stabilizability of
a class of stochastic LTI systems. See also the related results on stochastic systems under quantization
constraints [21,22].

However, when systems are perturbed by external disturbances with unknown bounds, the situation
becomes far more complicated. It implies that no prior knowledge about the noises is available to
assist feedback design from the outset. In such circumstances, an adaptive quantization scheme with an
adjustable parameter was introduced in [23] to overcome uncertainties caused by completely unknown
disturbances. This elaborative scheme enables [24] to compute a quantization rate which is sufficient to
achieve the stabilizability of a LTI system under quantized feedback.

This paper aims to study the quantization rates for the stabilizability of Lipschitz nonlinear systems.
It is well understood that nearly all practical control systems are nonlinear. At present, to the best of
our knowledge, quantization rates for nonlinear systems under noises of unknown bounds and unknown
statistics are not available in the literature. Our results present two lower bounds on quantization rate for
stabilizability of a class of nonlinear systems and corresponding control strategies for continuous-time and
sampled-data quantized feedback systems, respectively. More precisely, our first result claims that the
unknown disturbance does not affect the quantization rate in the continuous-time feedback case, provided
it is bounded during the process. For the sampled-data feedback, the main result (Theorem 2) derives a
lower bound on quantization rate, in terms of the sampling rate and the appropriate linear approximation
of the nonlinear system. Especially, for sufficiently high-frequency sampling, the assumption of Theorem 2
is equivalent to a Schur matrix, which is the standard stabilizability condition for discrete-time linear
systems. Based on a trajectory-based analysis, we give a control strategy similar in spirit to that of [24]
but is more difficult, due to the sampling of control. Furthermore, compared with [8], our assumption
for Theorem 2 exerts on the system function f(x). The theoretical findings are evaluated and confirmed
by simulation examples.

The rest of the paper is organized as follows. Section 2 states the two main results with explicit lower
bounds on quantization rate for stabilizability of a class of quantized nonlinear systems with noises of
unknown bounds, under continuous-time and sampled-data feedback, respectively. The proofs are given
separately in Sections 3 and 4 along with the design of an appropriate signal quantizer under the derived
quantization rate and a corresponding feedback strategy. Some simulation examples are given in Section 5
to validate the theoretical results. The paper concludes with some remarks in Section 6.

2 Main results

We first consider the following class of nonlinear systems under quantized feedback control in continuous-
time:
& = f(z) + Bu+ Dd, (1)

where x € R” is the state, u € R™ is the control input, and d € R? is a bounded disturbance, the bound of
which is unknown a priori. u and d are Lebesgue measurable and locally bounded. B € R"*™, D € R"**®
are constant matrices. f: R™ — R"™ is Lipschitz and satisfies

If (@)l < Lil]l, vz eR™ (2)

In a quantized feedback loop, the state is measured by a quantizer ¢ : R® — Q, where Q is a finite
subset of R™. The quantization rate R of quantizer ¢ is defined as the cardinal number of Q. Acting
on the quantized state ¢(z), a quantized state feedback is designed in the form of u = g(g(x)), where
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g : R™ — R™ is a continuous function. In this section, the state is quantized by ¢ continuously in time.
Therefore, the goal is to find an appropriate quantization rate R under which the system (1) can be
stabilized by a quantized feedback controller of quantization rate R in the following sense.

Definition 1. The closed-loop system (1) is said to be input-to-state stable (ISS), if there exist some
functions 71,72, 73 € Ko such that for every initial state x¢ and every bounded disturbance d,

(@) < v(llzoll) +72(lldllfo,400)), VE=0 (3)

with [[d|[o,+o0) = SUPtefo,+o0) [d(1)]| and

i sup ()] < 3 ( tim_sup ()] (1)
The open-loop system
& = f(x(t)) + Dd(t) (5)

is assumed to be forward complete, namely for every initial state o = x(0), its solution exists and is
unique for all ¢ > 0.
Furthermore, the system is assumed to be stabilizable without quantization.

Assumption 1. There exist a matrix K € R™*"™ and a positive constant N such that
2V (f(x) + BKz) < —Nljz||?, Vz€R" (6)

Remark 1. Note that for linear systems, f(z) = Az and Assumption 1 is reduced to the standard
condition that the pair (A, B) is stabilizable and the inequality

T (A4 BK)x < —N||z||?, Yz eR",

implies that A + BK is Hurwitz.
We first present a simple theorem for the continuous-time feedback.

Theorem 1. Under Assumption 1, system (1) is input-to-state stabilizable under quantized feedback

whenever \BE] "
2
T) - @)

Remark 2. Function 73 in (4) derived for Theorem 1, as shown in the proof below (see (18)), is in fact
a constant gain.

R>n2 (5+

For practical implementation, we now consider system (1) with the feedback control designed and
implemented by using sampled and quantized data. Let T" > 0 be a given sampling period. Denote
I, == [kT,(k+1)T) for k € N. By the standard ZOH D/A (zero-order-hold digital-to-analog) conversion,
w in (1) is a piecewise constant control, i.e., u(t) = ur = u(Tk) for t € [Tk, T(k + 1)). We use the
notation zy, := x(kT), and similarly for other variables. Let dy := [|d||r,, d[j, j,) := SuDge(;, j,) di for
J1:J2 € N, and djg yo0) = SUPjeo, +o00) dk-

First, we define ISS in sampled-data systems.

Definition 2. The closed-loop system (1) with a sampled-data feedback is said to be input-to-state
stable (ISS) if there exist three functions v1,7v2,7v3 € Koo, such that for every initial condition ¢ and
every bounded disturbance d,

llzrll < vi(llzoll) +72(djo,400)), VA EN

and

lim sup||zx| <73 ( lim supdk) .
k—-+o0 k—+o00

In the framework of sampled-data feedback control systems, we will focus on the following class of the
nonlinear term f(x).
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Assumption 2. There exist two matrices A € R"*™ and K € R™*™ such that

co = ||® +TK| + (L + ||A])Te"" max

—Lt 1
max, e <, (8)

t
eAtJr/ eA*BKds
0

where ® := 4T, T := fOT e4*Bds and L is the Lipschitz constant of f(x) defined in (2).
Remark 3. The matrix A in Assumption 2 acts as a linear approximation of the nonlinear system
function f(z). With high-frequency sampling (7T is sufficiently close to zero), Assumption 2 is equivalent
to that ® 4+ 'K is Schur. In other words, it becomes the standard stabilizability condition for discrete-
time linear systems. Note that (8) may require the sampling interval T' being relatively small to ensure
the existence of A and K.

Our main result is stated as follows.
Theorem 2. Under Assumption 2, the system (1) is input-to-state stabilizable under quantized and
sampled feedback whenever

R>n%(3+ o ) , 9)

1702

where ¢z is defined in (8) and

cs = ||TK| + (L + HAH)TeLT max

—Lt, 10
. e (10)

t
/ e BKds
0

Remark 4. Formula (9) indicates that the lower bound of R is small when ¢ and cg are small. When
T is fixed, according to (8) and (10), it is crucial to find appropriate A and K, which are the linearization
and the control gain of the nonlinear system.

Remark 5. Theorems 1 and 2 could be extended to the local Lipschitz condition by a slight modification
of Assumptions 1 and 2 accordingly. The ideas remain almost the same as those for the global Lipschitz
condition in this paper (see, for instance, Ref. [15]).

3 Proof of Theorem 1

Given a quantization rate R satisfying (7), the corresponding quantizer and feedback scheme based on the
ideas of [24] are present in Appendix. We will verify Theorem 1 by employing this feedback controller.
We first prove some technique lemmas. The physical meanings of those parameters designed for the
quantizer can be found in [24] and Appendix A.

Lemma 1 claims that capture = “no” can be triggered only a finite number of times and the state z
and the zoom variable y are bounded at the end of capture = “no” interval. Moreover, Lemma 1 shows
that the state ||z|| cannot exceed My after the value of capture is switched to “yes”.

Lemma 1. There exist a time ¢; > 0 and a continuous function p : Ry¢ — Rx such that

max { [[zjo,,), 1(t1) } < p(llzoll + [ DIl o,+00))- (11)

Moreover, for all ¢ > t1, capture = “yes” and ||z(t)|| < Mpu(t) .

Proof. The process starts at capture = “no”. Thus, the continuous dynamic is given by z(t) = f(z(t))+
Dd(t). Consequently

z(t) = /0 f(z(s)) + Dd(s)ds + xo.

Under the assumption that f(z) is a Lipschitz function with the constant L defined in (2), it is easy to
show that

1
Je(ol < (Jlaoll + Z 1Dl ) (12
During this initial time interval, the zoom variable u is updated every T,y units of time, i.e.,

Wk Tou) = Q¥ po, k=0,1,2,....
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By choosing Tout < logQout/L, the inequality (12) implies that p(kTous) grows faster than ||z|| due to
(12) and boundedness of d(t). Hence, there exists a t; at which the value of capture is switched to “yes”.

Moreover, since we use the same algorithm of updating u as [24] for linear systems, the rest of the
proof is nearly verbatim to that in [24], and will not be repeated. We conclude that ||z(¢)| < Mu(t) for
allt >ty

Now, we define

Ri(u(t)) := {z: 2%x < (M — 2A)%u(t)?}.

Lemma 2 shows that R;(u(t)) is an invariant region for the dynamic system when pu(t) satisfies (13).
As a result, a zoom-out cannot occur. Moreover, Lemma 2 claims that a zoom-in will be triggered with
certainty unless p is already small enough relative to the disturbance.

Lemma 2. Suppose that u(t) satisfies

2| BK]|| 2HDII
N

(M - 28)u(t) >

For some ¢ > ¢ such that x(t) € R1(u(t)), the next event can only be a zoom-in. Furthermore, if 1(t)
satisfies

Ap(t) + =71l +00)- (13)

2| BK]|
N

(Uin — A)pu(t) > Ap(t) + ——— 2HD” 1l £,4-00) (14)

the zoom-in will happen in finite time.

Proof. For t > t1, we have capture = “yes” and ||z(t)|| < Mu(t) by Lemma 1. Hence, the feedback
control law (A5) leads to the closed-loop system

&= f(z) + BKq,(z) + Dd. (15)
The measurement error e := ¢,(z) — z, Eq. (15) can be rewritten as
&= f(x) + BKx + BKe + Dd.
Consequently, taking into account Assumption 1 and (A1), we obtain

d (1 ;
dt(m)

" (f(x) + BKz) + 2" BKe + 27 Dd

< —Nljz|* + |z l[[|BK]|le] + [|=][||Dll|d|
< =Nljz|* + |2 /[[|BK|| Ap + 21Dl
N 2HBKH 2| D]l
< —lal? Vlal > =F—Ap+ =l (16)

Set

Ro(u(t)) = o+ a7 < (6~ APu(0)),
B((0) = {o ol < D55 aute) + 22 jan}.

If (13) holds, we have B(u(t)) € Ry(p(t)). Therefore, Ri(u(t)) is an invariant region for the dynamic
system as long as p(t) remains constant by using (16). Moreover, Ry (u(t)) = {x : ||z]] < (bous — A)p(t)}.
This, combined with (A1), implies that a zoom-out cannot be triggered.

Next, it is easy to see that B(u(t)) C Ra(u(t)) C Ry(p(t)) if (14) holds. In view of (16), there exists a
time ¢ > ¢ when z(t') € Ry(u(t)), unless a zoom-in occurs earlier. Meanwhile, Ra(y(t)) is also invariant
and Ro(u(t)) C {z : ||z|| < (lin — A)u(t)}. Together with (Al) and the algorithm of updating p, this
implies that a zoom-in must occur prior to time t + Tin.

We now prove Theorem 1.

Proof of Theorem 1. The proof is similar to the case of linear systems in [24]. However, due to non-
linearity and modified assumptions, the upper bound on p(t) is different, thank to Assumption 1. For
completeness, we briefly state the proof as follows.
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First, by defining

2|| D]

we obtain p(t) < Qout max{f, u(t1)} for all ¢ > ¢;. This implies that
Ja(E)]| < MShouy masc{ i pu(t1)}, ¥t > 1 (17)

by Lemma 1. In view of (11) and (17), the first ISS estimate (3) holds with some continous functions 7,
and vs.
Next, for any € > 0, there exists a time ¢. > t; such that ||d(¢)| < limy— oo sup||d(t)|| + € for all t > t..
Define
~ 2||D|| :
= I aw)l +e).
N(tm — A) — 2[BK|A (Jim sup (e} + <

Recall the fact that zoom-in will be trigged in finite time by Lemma 2, we claim that there exists a time
t. > t. such that w(t) < Qougpe for all t > t.. This implies that

lz@®)| < MQouwfi, YV t=1t.

by Lemma 1. Hence, the second ISS estimate (4) is valid with a constant gain function

o (r) = 2M Qous || D]l .
ST N6 — A) = 2| BK| A

(18)

This completes the ISS of the system (1). Furthermore, by Lemma 5 in Appendix, the relationship
between the quantization rate R and M/A is given by

M VR
A T y/n

Combining (A4) and (19), we arrive at (7), which completes the proof.

(19)

4 Proof of Theorem 2

We now design an appropriate quantizer and a corresponding linear feedback control law for the nonlinear
system (1). Let lout > lin > 0, Qout > 1 > Qi > 0 be some positive constants that will be determined
later. We define the following control law and the scheme of updating pu :

0 Q= Dot
up = ) k out (20)
qua Qk = Qin-

Qou 1 ) Oy = Qou ;
HEk+1 = { sk 1) ; ' (21)

Qinﬂlﬁ Qk - Qin-

Here, the parameter €, is a switching variable in (20) and (21) and takes two possible values Qoy¢ and
Qin, with the initial value Q_1 = Qout- Ok is updated by

Qout; |q1c| > eoutﬂlw
Q= ¢ Qun, lgr| < linpe,
Q—1, gkl € [linpirs Lout k],

with g == prq($-).

Mk
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Denote by ks;+17 the time instant at which the plant switches from the zoom-out stage to the zoom-in
stage, and kg; T the time instant at which the plant switches from the zoom-in stage to the zoom-out
stage, respectively. It is obvious that

Qk = Qout if ke [in; k2i+1 - 1]7
Q. =Q, if ke [k?gzqu, k2i+2 — 1],
fori=0,1,2,..., P, with either finite P € N or P = +c0.
In the sequel, we will discuss conditions in the zoom-out and zoom-in stages individually.

Zoom-out stage. During the zoom-out stage, the feedback control (20) is zero. Since f(z) is locally
Lipschitz, the upper bound of the state x is given by the following inequalities.

Proposition 1. For all k € [ky;, k2; 11 — 1] we have
|zra ]l < T laell + e lldy| (22)

and

l€kv1ll <

IIdeI
M

where ¢; := e*TT||D| and &, := xy/ux. Here L is the Lipschitz constant of the nonlinear term f(z).

Zoom-in stage. During the zoom-in stage, the feedback control (20) is K ¢g;. Bounds on the state x
can be derived, as stated in the following lemma:

Lemma 3. For all k € [kg;1, koiro — 1] we have
zkt1ll < c2llzill + csllerll + calldl]

and
[€k+1]l < kallJr || kIH IICkH
lIl

T t
Cy = H/ A" Ddr / A" Ddr
0 0

with

+ (L + ||A|)Te!” max e I
t€[0,T]
€k = 4k — Tk,

vk = q(&k) — &k
Cr := d/ o,

and ¢, c3 are given by (8) and (10), respectively.

Denote V[g 4 o0) = SUDPje[0, 400 V1] ad o, +00) = SUD e[, 100) 1G]l For c2 < Qin, we claim that
6kl < e ¥ llo]l + a1vj0 00) + Q2o 00y, V=0

with )\1 = — 10g(02/Qin), o] = Cg/(Qin — CQ)7 Qg = C4/(Qin — 02).
Now, we can design the parameters of the quantizer. In our design, we require M and A to satisfy

M > (34 o)A, (23)
Let Qout, Qin be positive numbers satisfying the inequalities
T < Qout, 2<Qin<1,
along with parameters ¢;, and £,y given by
bin := App — A, Lloug := M — A,

where Ajys will be determined by the following trivial proposition.
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Proposition 2. For ¢y < Qiy,, let M and A satisfy M > (3 + a;)A. Then, there exist two constants
Apnr, Ag € (0,400), with Ay — A > 0, such that whenever 10l < Ay Vo, 4+00) < A, and (o 400y < Ag,
we have ||¢(&)]| < M — A and ||| < M for all k >

Furthermore, by the design procedure for the quantizer in the previous section, the ISS of the system
(1) is determined by the following two facts:

1. The zoom-out can be trigged only for finitely many time steps;

2. Both the state  and the zoom variable i are bounded during the whole process.

In fact, by the following Lemma, we show that the number of the zoom-out steps is finite. Moreover,
the state x is bounded during the zoom-out interval.
Lemma 4. There exist p1, p2, 1, p2 € Koo such that for any ¢ € N, zy,, € R™, ug,, > 0, and d € R® we
have

k2i+1 — ko <1+ (pl(kam H) + 902(d[k2i7k2i+171]) (24)

and

)+ 02(dky; koir—11)s Yk € [K2i, k2iga]. (25)

Proof. By Proposition 1, it is easy to show that
1. If k2i+1 — kgi = ]., we have

lzxll < pr(llzss,

okl < " llwry, || + cilldig, |l » ¥k € [kai, kaiga]. (26)

2. If k/’2i+1 — ko; > 1, we have

| why, || + calldi,,
. < : < e p, || + 1 lld.. 27
l|€kas 1 Dot (i + 1) l|Zkas 1| s (27)
and oLT
k
l€et1]l < ||§k|| +c H H, V k€ [k + 1, ki1 — 1].

Hence, for any k € [ko; + 1, k2i+1], it holds

eLT k—ko;—1 k—1 eLT k—j—1 ||d||
o< (f)  Menlia X (5—) 12l
out

ikt 1 out Hj

Combining this inequality with zz; > Y775 Q5 we obtain

ldsll o Ndill
'uj Z] e Q(S)ut

By choosing el < Qqu, we conclude that ||&x|| < fin and kojy1 — ko; — 1 are bounded, by (27) and the
fact that lim; .o ||d;||/p; = 0. Hence, one can find a continuous, nondecreasing and bounded function @
such that

k2i+1 — ko —1< (Z(gkw-l-l? d[k2i+1gk52i+171]) < @(Hwka’d[kzi,kzwrl*l])'

Since ¢(0,0) = 0, one can find 1, @2, (24) holds. Moreover, since

k—1
x| < eLT(kfkmfl)”mkarlH +e Z eLT(kflfj)deH
j=k2i+1
LT(k2i+1fk2i72) _ 1
Y S (§]
< eLT(k21+1 ko; 1)||$k2i+1” + % Cld[kziJrLszl,l],

for all k € [ko; + 1, kojy1], there exist p1, p1 such that

||xk’2i+1 ”

x| < (eLT)tpl(HIkm-H ID+02(dirg; +1,k0; 11 —11)
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Figure 1 (Color online) Simulation results for Example 1.  Figure 2 (Color online) Simulation results for Example 2.

(eLT)‘Pl(”kaiJrl”)+<P2(d[k2i+1,k2i+171])72 _1
+ LT _ 1 Cld[k271+11k271+1_1]

< ﬁl(llmkw-i'l”) +ﬁl(d[k2i+17k2i+171])' (28)

Finally, by combining (26) and (28) we arrive at (25).

Now, it is ready to prove Theorem 2.
Proof of Theorem 2. By Lemma 4, we only need to verify that: 1) x is bounded during the zoom-in
intervals; 2) p is bounded during the zoom-out interval and the zoom-in interval . The first fact is a direct
consequence of Lemmas 7 and 8 in Appendix, while the second fact follows from Lemmas 6 and 9. With
these two facts, the rest of the proof is almost identical to that of Theorem 2 in [24]. Finally, according
to the relationship between R and M/A in (19), Eq. (9) follows immediately due to (23).

5 Examples

In this section, two examples are provided to illustrate our main results for the continuous-time and
sampled-data feedback control, respectively.
Example 1: Consider the system

{a’cl = —221 + o, (29)

T9 = 2x1 sinxy + 222 + u + 100d,

where u € R is the input and d € R is the bounded disturbance whose bound is unknown. It is easy to
compute that the Lipschitz constant L = 4. We select the feedback matrix K = (—1, —4). Hence, N = 1.

In order to illustrate Theorem 1, we simulated the above control system (29) with the algorithm
parameters M = 3, A = 0.2, Ti, = Tout = 0.2, T, = 0.01, i, = 0.85, Qout = 3, o = 10. The behavior (on
a log scale) of the state z(t) and the quantizer’s range M u(t) under the initial condition z¢ = (0, 10000)*
and d(t) randomly distributed on the interval [0,0.01] is shown in Figure 1. As expected, after an initial
overshoot, the state settles below a bound.

Example 2: Consider the system

1
T, =sinz + gxl sin g + uq (t) + 103d(t),

1
To = To + Exg sinxy + ua(t) + 104d(t),

(30)

where (u1,u2)T € R? is the input and d € R is the completely unknown bounded disturbance. Obviously
L = /2. Select parameters T = 0.2, A = I, K = —5I. In order to illustrate Theorem 2, we simulate
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the control system (30) with the quantizer parameters M = 50, A = 0.2, Qi, = 0.8, Qout = 3, o = 10.
Figure 2 shows the behavior (on a log scale) of the state z(t) for the initial condition zq = (600, 0)T and
ld(t)] < 0.3.

6 Conclusion

In a networked control system, quantization complexity is of essential importance in resource manage-
ment. It has been recognized that there is certain fundamental limit on quantization rate below which
stabilization of an unstable system by quantized feedback cannot be achieved. In this paper, a lower
bound on quantization rate R has been derived to ensure the input-to-state stabilizability for a class of
nonlinear systems under external disturbances whose bounds are unknown. Constructive design proce-
dures for both the quantizer and feedback controller are developed for continuous-time and sampled-data
feedback systems. Theoretical extension of the methodology of this paper to broader classes of nonlinear
systems and practical implementation to networked control systems are worth further attention.
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Appendix A Quantizer for Theorem 1

In general, we need three parameters M, A and Ao for the quantizer: M is the quantization range, A the quantization
error, and Ag the minimal quantization resolution. More precisely, we choose M > A > 0 and Ag > 0 such that

ol < M = flq(2) — =]l < A, (A1)
l=ll > M = llg()]| > M - A, (A2)
2]l < A0 = q(z) = 0, (A3)
M > sa4 ABEl L (A4)

The first condition (A1) ensures that the quantization error is bounded by A when the quantizer is not saturated. Saturation
of the quantizer is indicated by (A2). (A3) defines the minimum resolution of the quantizer so that the measurement is
zero when the signal magnitude is below this resolution.

Let Tin, Tc, Tout, Qin, Qout be some positive numbers satisfying Tin < Tout, Te < %Tout, Qin < 1 with

2|BK
Qin(M — 2A) — 3A > %A.

Moreover, Tout < log Qout/L with

Qout > ———.
out M —2A

Note that Ti, is the unit of time after the last zoom-in or zoom-out before executing another zoom-in, Toyut is the unit
of time after a zoom-out before executing another zoom-out, €, is the zoom-in factor and Qout is the zoom-out factor,
respectively.

Define

gin = Qin(M - 2A) - 2Aa£0ut =M — A.

In the control strategy to be developed below, all system variables will be continuous from the right by construction.
Variables which are not mentioned remain constants in the following algorithm.

We use the one-parameter family of quantizers

qu(x) == pg (%) ; w>0.

Here p, called “zoom” variable, is an adjustable scaling parameter with initial value pg. It is known to both the sender and
receiver and updated at discrete instants of time by Algorithm Al.

Algorithm A1l Updating p

1: if capture™ = “no” then

2 if 7, = Tout then

3 H= Qoutpt™;

4. Tout < 0;

5: end if

6: if [lg,- (@)l < Loutp™ and 75y € [T, Tour — Te] then
7
8
9

u

<= Qoutph™;
capture <= “yes”;
: end if
10: else
11: if [lg,- (2)]| > Loutp™ then
12: <= Qoutp™;
13: Tout <= 0;
14: end if
15: if [lg,- (@)|| < binp™ and min{r, 75} > Tin then
16: 4= Qi
17: Tin < 0;
18: end if
19: end if

Based on the quantized signal, the feedback control law is given by

0 t - 3 99
u(t) = { , capture no”, (A5)

Kqu(z), capture= “yes”.
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Remark 6. The parameter “capture” is an auxiliary logical variable which is used to distinguish the open-loop stage and

9 9

”o« and “ry,” are

the control stage. It takes values in the set {“yes”, “no”} and is initialized at “no”. The parameters “Tout’
functions of the continuous time ¢, called “auxiliary reset clock variables”. The clock variables are initialized at 0 and take
values in the intervals [0, Tout] and [0, Tiy], respectively. Moreover, they satisfy

. 1, 7out < Tout,
Tout =
0, 7out = Tout,

and

. 17 Tin < ,Tiny
Tin =

0, Tin = Tin-

Appendix B  Some lemmas and technical proofs

Lemma 5. Assume that the number ¥R is an odd integer (see [15]). Then the quantization rate R, i.e., the number of

the elements in Q, satisfies
M n
R>|— .
(3v7)

Proof. Firstly, we divide the the minimum circumscribed hypercube of the ball {z : ||z]| < M} into R equal hypercubic
boxes, numbered from 1 to R in some specific way. Secondly, for each hypbercubic box, there is an unique ball in R"
which is minimally circumscribed to the small box. Let g(z) be the center of this ball that contains z. In case z lies on the
boundary of several balls, the value of ¢(z) can be chosen arbitrarily among the candidates. Then we obtain

vnM
la(z) — 2ll < Y8,
Rn
which implies that
\/_wa <A.
Rn

This completes the proof of Lemma 5.

Proof of Lemma 3. We consider the following linear system

{y(t) = Ay+ Bu, + Dd, tely,

Yk = Tk-

It is straightforward that

t—kT t
y(t) = 2K g +/ A" Bdruy, + A7) Dd(r)dr
0 kT

for ¢ € Ij. This implies that

T (k+1)T
lyes1ll < eATJ:k +/ eATBdrK(J:k +ep)| + H/ eA((k+1)T_r)Dd(7’)d7"
0 kT
T T T
<flerr+ [ et marc ||m||+H / eArBdrK\ ||ek||+H [ et ar .
0 0 0

Next, we consider the following nonlinear system

{sb(t) =flo+y) —Ay, tel,
v =0.

It is easy to prove that
t
(el < [ 170(s) + u(s)) — Ay(s) ds
kT
t
< / Llle()ll + (L + [1ADNly(s)lIds
kT

t
<ML Al [ )l T as

L(IcT—s)dS

t s—kT s
< eL(t—kT)(L+ ||A||) X/ eA(s—kT)xk +/ eATBdTUk 4 eA(s—?")Dd(r)dT e
kT 0

kT
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for all t € I. This implies that

lpnall < eET(L+ IIAII

Als=kT) g0 4 / A" BArK (zy, + e1)

+ / eAls— T)Dd(r)dr

(k+ )T
<ML + ||A||

e
betikr=na,
{

(eA(s=FT) +/ A" BdrK)zy,

—+ H/ eATBdrKek + H/ A=) Dd(r)dr
0 kT
(k+1)T s—kT
eLT(L+||A||)/ { (eA(S_kT)—i—/ e BdrK)
kT 0

s—kT s—kT
—+ H/ A" BKdr|||lek || + H/ eA" Ddr
0 0

It is obvious that ||zk41|| < ||yg+1ll + ll¢k+1]| and we complete the proof of Lemma 3.
The following Lemma 6 indicates that the zoom variable p is bounded at the end of each zoom-out interval.

}eL(kas)ds

[l

||dk||}eL(’“T’S)ds.

Lemma 6. There exists a continuous bounded function p¢"* such that for any pu > 0 we have p"®(u,0,0) > 0 and the
following is true for all i € {0,1,..., P} and all pg,, > 0,2k,, € R",d € R®:

out
Hhegs iy S PR (ukw ||zk2i||7d[k2i,k2i+1—1]) :

Proof. The proof is identical to Lemma IV.6 in [24].
The following Lemma 7 establishes an appropriate bound on the state z during the zoom-in intervals.

Lemma 7. There exist A,y € (0,400) such that
lewll < e ER2ie0) (lags 1 || + prig, ) + Vdihg,yy k=1 Pk € [k2ip1, kaita).
Proof. During the zoom in intervals we have by construction

lzkll < Mg,
() -
g(ZE) = 2
i I

lzk+1ll < e2llzill + csllexll + calldll

< A

Meanwhile, the xz-subsystem satisfies

and the p-subsystem evolves according to
Brt1 = Qinpi

for all k € [k2i+1, k2i+2 — 1]. This is a cascade of an ISS system and a GAS system, hence the conclusion holds.

The following Lemma 8 establishes a different bound on the state « during the zoom-in intervals.
Lemma 8. There exists a continuous function pi? : Rsg X R>¢ X Rsg — Rxq, with pi?(u, 0,0) = 0 for all u > 0, and such
that for any s > 0, pi?(-, -, s) is nondecreasing in its first two arguments and for any ¢ € {0, 1, ..., P} the following holds for
all “k2i+17$k2i+17d: )

lzkll < pa (Bhoipy s 1Zkospr I Albgs g kniya—11)s VK € [k2ig1, k2iqa].

Proof. The proof is almost the same as that of Lemma IV.8 in [24] with the difference that H := c2 + ¢3 + c3Lq in our
case.

The following Lemma 9 indicates that if the zoom-in interval is bounded then the state  and the zoom variable p are
bounded by the function of the disturbance d at the end of the zoom-in interval.
Lemma 9. Consider an arbitrary ¢ € {0,1,..., P}. If kg;4+2 < 0o, then ¢ < P — 1 and there exists a 5 € (0, 4+00) such
that

max{||Tey, 4ol Hhg; o} <V kg1 ks yn—1]-

Proof. See Lemma IV.9 in [24].
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