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Abstract: We consider the problem of stabilizing a control system using a coarse state quantizer
in the presence of time delays. We assume the quantizer has an adjustable “center” and “zoom”
parameters, and employ an alternating “zoom out” /“zoom in” mechanism in order to achieve a
large region of attraction while having the system converge to a small region around the origin.
This mechanism is adopted from our previous work where delays were not considered. Here we
show that the control system, using the same mechanism and without making any changes in
order to accommodate delays explicitly, remains stable under small delays. The main tool we
use to prove the result is the nonlinear small-gain theorem.
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1. INTRODUCTION

Networked control systems are characterized by simul-
taneous presence of several communication constraints,
such as quantization, time scheduling, time delays, packet
dropouts, interference, and so on. While early work focused
on studying just one of these aspects, more recently results
able to handle two or more are beginning to emerge (see,
e.g., Heemels et al. (2009) and the references therein). In
this paper we address two of the phenomena mentioned
above, namely, state quantization and time delays.

The approach described here has its roots in two related
lines of recent work. The first relevant contribution is the
method for stabilizing nonlinear systems with quantization
and delays presented in Liberzon (2006). The analysis
in Liberzon (2006) centers around the concept of input-to-
state stability (ISS) and an associated small-gain theorem,
and is based on the approach of Teel (1998). An important
drawback of the result given in Liberzon (2006), however,
is that it does not attempt to minimize the data rate and
so the bound on the number of quantization regions that
it requires is very conservative. On the other hand, there
have been many results on quantized stabilization with
minimal data rate. In the context of nonlinear systems,
an ISS control framework was developed in Liberzon and
Hespanha (2005) and subsequently refined in Sharon and
Liberzon (2010) to obtain ISS with respect to external
disturbances. However, these results do not allow the
presence of time delays.

Thus, the contribution of the present work is essentially
to extend the method of Sharon and Liberzon (2010) to
the case where (possibly time-varying) delays are present
in addition to state quantization. Although we assume
there are no external disturbances in this paper, we do
rely on the ISS property which we established in Sharon
and Liberzon (2010) after we show that error signals
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which arise due to delays can be regarded as external
disturbances. The ISS small-gain analysis employed in this
paper is similar in spirit to that used in Liberzon (2006),
but it becomes more challenging due to the dynamics
of the quantizer which are necessary to achieve minimal
data rate (in Liberzon (2006) only a static quantizer was
considered). We believe that, by virtue of being able to
handle both quantization and delays while enforcing a
minimal data rate, our result will be of greater use for
analysis and design of networked control systems. In this
paper we consider linear plant dynamics, but our method
is nonlinear in nature and we expect it to naturally extend
to suitable nonlinear systems along the lines of (Sharon
and Liberzon, 2010, Section VI).

Among other noteworthy references dealing with quanti-
zation and delays, using approaches different from ours,
we mention Fridman and Dambrine (2009), De Persis and
Mazenc (2009), and Sailer and Wirth (2009). The first two
of these papers employ Lyapunov-Krasovskii functionals
for linear and nonlinear systems, respectively, while the
last one handles nonlinear systems by sending time infor-
mation along with the encoded state.

The outline of this paper is as follows: In §2 we define the
quantized and delayed control system which we address in
this paper; in §3 we recall the controller we developed in
Sharon and Liberzon (2010); in §4 we present the main
result of this paper; §5 is dedicated to proving the main
result; concluding remarks are in §6.

2. PROBLEM FORMULATION

The system we consider consists of three components: the
plant, the quantizer, and the controller. The continuous-
time plant we are to stabilize is as follows (t € Rx):

& (t) = Az (t) + Bu (t) (1)
where € R" is the state and w € R™ is the control input.



The quantizer samples the state of the plant every T
seconds and generates the information for the controller,
z:{kTs |k € Z>o} — R":

Z(kTs) = Q(Q} (kTs) ;c(kTs) vu(kTs))a (2)
where ¢: {kT |k € Z>o} = R" and p: {kTs |k € Z>o } —
R+ are quantization parameters and (@ is the quantization
function. For convenience we will use the notation z, =
z (kTs), and similarly for other variables.

We will present our results using the following (square)
quantizer. We assume N is an odd number, N > 3,
which counts the number of quantization regions per state
dimension. The quantizer is denoted by (Q1,..., Qn)T =
Q (z;c, ) where each scalar component is defined as
follows:
Qi (x;e,p) =ci +2p (3)
(-N+1)/2 i —c; < (=N +2)p
x{(Nl)/Q (N=-2p<zi—q¢
[(x; — (c;i + )/ (2u)] otherwise.
We will refer to ¢ as the center of the quantizer, and to
1 as the zoom factor. Note that what will actually be
transferred from the quantizer to the controller will be an
index to one of the quantization regions. The controller,
which either generates the values ¢ and p and shares them
with the quantizer or knows the rule by which they are
generated, will use this information to convert the received
index to the value of @ as given in (3). This setup is the
same as in Sharon and Liberzon (2010).

Due to delays, for every k € Z>o the controller receives
the information z; = =z (kTs) only at time kT, + dj
where 0, € [0,7T%) is the delay. The delay is unknown to
the controller and it does not need to be fixed. We set

6max = SUPkZQ 5k-

In this paper we will use the oo-norm unless other-
wise specified. For vectors, |x| = |r|w = max;|z;|. For
continuous-time signals, [[wl|y, ;) = maxieft, 1,) [w(t)],
[wll = [lwllg ) For discrete-time signals, ||z[|y, 4, =
MaXpe (ky...ks )} |zk| oo, 2] = Hz”{O...oo}' For matrices we
use the induced norm corresponding to the specified
norm (oo-norm if none specified). For piecewise contin-
uous signals we will use the superscripts + and — to
denote the right and left continuous limits, respectively:
z) =zt (kT,) = limpox (KTs +t), z;, =z~ (kT,) =
limy o @ (KTs +t).

3. CONTROLLER DESIGN

We implement the same controller as in Sharon and
Liberzon (2010). One of the tasks of the controller is
to generate the state estimate, & (t), for which we will
use the notation &y = & (kT + Jx). The controller keeps
and updates a discrete time step variable, k € N, whose
value will correspond to the current sampling time of the
continuous system. When a new measurement is produced
at times kT, it may be used to update the state estimate
;. where k is the discrete time step. At each discrete
time step, the controller will operate in one of three
modes: capture, measurement update or escape detection.
The current mode will be stored in the variable mode(k) €
{capture, update, detect}. The controller will also use
pr € Z and saturated(k) € {true,false} as auxiliary

variables. The variable p counts the number of sampling
times at which the controller was in the measurement
update mode since the last sampling time at which it was
either in the capture mode or the escape detection mode.
We note that the difference between the measurement
update mode and the escape detection mode is that in
the former we set the quantizer so as to minimize the
estimation error, but this comes at the expense of not
being able to detect saturation.

We assume the control system is activated at &k = 0
(t = 0). We initialize &(0) = 0, mode(0) = capture,
po = 0, and pg = s, where s is a positive constant

which will be regarded as a design parameter. We also
use the following design parameters: a € Rsg, Qout € R
such that Qo > HeTSA |7 and P € Z such that P > 1.
We refer the reader to (Sharon and Liberzon, 2007, §V)
for a detailed qualitative discussion on how each design
parameter affects the system performance. The last design
parameter is the static feedback control law, K, which
should be chosen such that A + BK is Hurwitz.

On the time interval between the arrivals of new mea-
surements, ¢ € [kTs + 0k, (k + 1) Ts + 0x+1], the controller
continuously updates the state estimate and the control
input based on the nominal system dynamics:

z(t) = Az(t)+ Bu(t) w({t)=Kz(t). (4)
Whenever a new measurement is received from the quan-

tizer at time kT + Jx, the controller executes sequentially
Algorithm 1-Algorithm 5:

Algorithm 1 Preliminaries

if 3i such that (zx), = (ex); £ (N — 1) then
set saturated(k) = true

se
set saturated(k) = false

end if
mode(k + 1) = mode(k)

Algorithm 2 capture mode

if mode(k) = capture then
set pr =0
if not saturated(k) then
update the state estimate: & (kTs + dx) = 2
set mode(k + 1) = update
end if
end if

Algorithm 3 measurement update mode

if mode(k) = update then
set pp = pr—1+1
update the state estimate: & (kTs + i) = zk
if pp = P —1 then
set mode(k + 1) = detect

end if
end if

4. MAIN RESULT

Let puy =1, pg = (HeTSAH,u;Cil +a) /N, k=1,...,P—1,
wp = (||e™|| wp_y + @) /(N —2). If pf» < 1 then we
say that the design parameter « satisfies the convergence
property. In (Sharon and Liberzon, 2010, Lemma 1) we



Algorithm 4 escape detection mode
if mode(k) = detect then

if not saturated(k) then
update the state estimate: & (kTs + 0) = 2k

set pp =0
set mode(k + 1) = update
end if
else

set pr =0 and pux = s
switch to capture mode: set mode(k + 1) = capture
end if

Algorithm 5 preparing for next sampling

if mode(k + 1) = capture then
set prp+1 = Qout ik
else if mode(k + 1) = update then
set uxs1 = (| Aall i + ke I} (V)
else if mode(k) = detect then

set p1 = ([ Aall px + allpn—p[]) (N = 2)

end if
set cpy1 = exp (Ts (A+ BK)) & (kT + o)

proved that a necessary and sufficient condition for the
existence of such an «a is |le™4|| /N < 1.

Theorem 1. Given an implementation of the controller
above with any valid choice for the design parameters
such that « satisfies the convergence property, the closed
loop system will have the following semiglobal stability
property: For every zma.x > 0, there exists a sufficiently
small but strictly positive dpax such that if dpax < Omax
then the following bound, V¢ > 0:

[z ()] < B (|2 (0)],) + 7 (Omax) ()
holds whenever |z (0)| < Zmax, where the function £ is of
class KL (8 € KL) and 7 is of class K (y € K).

Remark: Known results on delays, Liberzon (2006) for
example, provide what can be interpreted as a more
general result than (5), in which the time 0 is replaced
with £y and the bound holds for arbitrary ty. In fact, an
intermediate step in proving Theorem 1 (see (31) below)
does provide a similar result which holds for arbitrary tg.
However, results for systems with delays which hold for
arbitrary ty require to know a history of the state over
some nonzero time interval. By constraining ourselves to
to = 0 we are able to get a bound which only depends on
the state at this time instance.

5. PROOF

We start with a brief overview of the proof. In addition to
the state signal, x (t), we define a state estimation error
signal, & (t) = & (t)—x (¢t — ¢) (the explicit dependence of §
on t will be provided in the proof itself). We also define two
additional signals, 0, (t) = & (t — ) — = (¢t) and 0. (t) =
Z(t—9) — & (t). We use a small-gain argument between
x and 0, in Lemma 3 to show that for a sufficiently
small delay, there exists an ISS relation between the

L A function « : [0,00) — [0,00) is said to be of class K if it is
continuous, strictly increasing, and a(0) = 0. A function « : [0, 00) —
[0, 00) is said to be of class Ko if it is of class K and also unbounded.
A function S : [0,00) X [0,00) — [0,00) is said to be of class KL if
B(-,t) is of class K for each fixed ¢t > 0 and 3(s,t) decreases to 0 as
t — oo for each fixed s > 0.

state estimation error signal (as the only input) and
the state signal. We establish that the two signals 6, (¢)
and 6. (t) enter the system as external disturbances,
and recall in Corollary 4 our previous result that the
state estimation error signal posses the ISS property with
respect to external disturbances. We then use a small-gain
argument between  and 6. in Lemma 8 to show that for
a sufficiently small delay, there exists a local ISS relation
between the state signal (as the only input) and the state
estimation error signal. Finally, in the proof of Theorem
1 we use another small-gain argument between these two
established ISS relations to derive the desired result.

We define two additional classes of functions. We say that
a function S8 (v, t; ) if of class KL when as a function of
its first two arguments with the third argument fixed, it
is of class KL, and it is a continuous function of its third
argument when the first two arguments are fixed. We say
that a function v (v; p) if of class Ko when as a function
of its first argument with the second argument fixed, it is
of class K, and it is a continuous function of its second
argument when the first argument is fixed. We adopt the
following notation from Teel (1998): @4 (t) = [[@[[;_a 4
and @4 (t) = [|@[|;;_A , Where

A : QTS Jr (Smax-

We start with a technical lemma.:

Lemma 2. Let a system with state x satisfy the following
relation, Vit > tg > A:

@ (&) < Be (12 (to)] £ = to)+7a( a1 ) + 1010 )

(6)
where 8, € KL, and 7,, Y € Koo- If 7z (r) < Ar for some
A < 1 then for every function v € K, such that

A A
) (s (1))
(7)

there exists a function 8 € KL such that Vt > tg > A:

[@a (O] < B (1@a(to)] ¢~ to) +7 (Iwly ) - (8)

y(v) = <1+

Proof. First we have Vt >t > A:
2 ()] < Ba(|za (to)] ¢ — to) +7a (1], )

where 84 (v,t) = Licav + 1t2Ae*1/€(t’A) with arbitrary
€ > 0 (1z<a is the characteristic function whose value is
1if t < A and 0 otherwise) and v4(v) = v. Note that
Ba € KL and 74 € K. Defining y () = v (|zq ()]) we
can have Vt > tg > A:

ly (O < By Iy (to)] ¢~ t0) + 3y (Il 1 )

where 8, (v,t) = 7o (Ba (131 () 1)) € KL and 5, (v) =
Yo (V) € Koo

Invoking the Small-Gain Theorem (Jiang et al., 1994,
Theorem 2.1), with By (v,t) = B (v,t), ¥ (v) = v,
1MW) = v W), B2(it) = Ba(v,t), '73 (V) = 7 (v),
7% (1) =0, and p; = ps = 1/v/X — 1, we can get functions
B, 8" € KL such that Vt > tg > A:



1< (|, sty |+ 10) =7 ()

<B" (|@a (to)] ¢ = to) +7 (w0l q )

for every v € Ko which satisfies (7). Because it must hold
that 8" (v,0) > v we can arrive at (8) with 8 (v,¢) =
8" (v,max {0,t — A}). O

Define k (t) = max {k € Z>¢ |kT,s + 05 < t}, the index of
the last sampling which arrived at the controller before
time t. With this definition we can write:

& (t) = Az (t) + BK (z (t — 0r)) + (1))
= (A+ BEK)z(t) + BK (0. ()+fi()) (9)
where 0, (t) = @ (t — dr)) — @ () and & () = & (1) —

xr (t — 6k(t))

Lemma 3. There exists a sufficiently small, but strictly
positive, dmax, such that if . < dpax then the following
ISS relation, Vt > tg > A:

24 (8)] < Ba (la ()|t = t0) + 7 (Il ) (10)
holds where 3, € KL and 7, € K is a linear function.

Proof. A standard result on ISS for linear systems is that
the system defined by (9) follows

|w (t)| < Be (|1’ (t0)| it — tO) +'~Yw(||ex||[t0,t]) +'~7w(||53||[t0,t])

(11)
where Bm € KL and 7, € K is a linear function. For ex-
ample one can take 3, (v, ) = ce~"'v and 7, (v) = EEL,
where ¢ > 0 and ¢ > 0 are such that |’e(A+BK)tH < ce ot
vt > 0.

We also have from the first line in (9), Vt > A:

10 ()] =

¢
—/ Az (1) + BKx (1 — 0y(r)) + BK& (1) dr
t 5;9(1)

Smas (4] + | BK])) || +
(1Al + IBK])) | II[t Src 3, nm)t]
Smaz | BEIZ] 1, s, , 4
<Omaz ([|A]| + | BK]|) [za (t)| +
Omaa [|BK || [&a (t)] . (12)

For the last inequality we used the fact that A > 2,.x.
Substituting this into (11), we get (6) with

Yo () = Yo Omaz (|4l + [|BK])) v)

Yo (V) = Yo (Omaz | BK|| V) +a (v)
(we used the fact that 4, is a linear function). Choosing
dmax such that 7, (dmax (|| Al + [|BK|))v) < v Vv, (10)
follows by Lemma 2. o

Define k (t) =
follows, Vt > dg:
& (t) = Ax(t) + Bu(t) = Ax(t) + BKZ(t)

= Ax(t) + BK (& (t+6y)) + 2 (0) — & (t+0) )
= Ax(t) + Bu(t + b5 ) + BE(0:(t + 05 ) + 6. (1))
(13)

where 0. (t) = & (t —0y)) — & (t). For t > T, + 0y,
t # kTs + 0y, Vk, the state estimate evolves according to
(4) and thus the estimation error, &, evolves according to

|t/Ts]. Another way to expand (9) is as

& (t) = (t) — & (t — Op(r))

=AZ (t) — BK (0. (t) + 0, (t — 0ppy)) - (14)
Denoting
w (t) =— BK (0. (t) + 0, (t — 0kr))) 5
(k+1)Ts+55,
wi i/ eARFTDTA0 =ty (1) dt,
kTs+0p
we have that Vk > 1:
chit — @ = e(k+ ) T) —2 (k+1)T)
A% (KT, 4 01) + wi = T A%, +wd  (15)

where c is the quantization parameter defining the center
of the quantizer. In (Sharon and Liberzon, 2010, Propo-
sition 2) we proved that if the system satisfies (15), then
the following holds:

Corollary 4. There exist functions B.q € KL and Ye,d €
Koo such that Vk > ko > 1:

|Zk| <Be,a (T, k — kos tiry) + Ve,a (||wd||{k0’k,1} ;uk0>

e < (18 vy 400

The function % (-, -) as a function of its first argument when
its second argument is fixed, is continuous, non-decreasing
and non-negative. As a function of its second argument
when its first argument is fixed, it is continuous.

(16)

Lemma 5. The delayed estimation error, &4, satisfies the
following relation, Vt > tg > A:

(@4 ()] <Be (1@a (to)] 1t = to; tia(zy)) +
Ve (5max Zdll 1,4 ;Mk(to)) +
Yoo (O @l 1000y ) - (A7)
where . € KL and e, 7o € Koo

Proof. We can bound w¢, Vk > 1, as
R (k4 1)Ts 465
i <™ K] [ o o) are
o+

™A BK|| T, 10|l 1, (k17 -

We can also bound the estimation error between updates,
Vk > 1 and Vt € [kTq + 5k, (k + 1) Ts + 5k+1]3

t
|{t (t)| Se(T‘s"F&max)HAH |§:k| + e(TS+6maX)HA” / "UJ (’7—)| dr
kTs+0y,
<eTatmad |4l |3, | 4 oTeHome) 14Nl | BK|| x

t
(/ 8, (7)] dr + (T + dnss) 16 ||th)
kTs+0k

Combining these two bounds with (16) and the first
inequality in (12), we can arrive at, V¢ > A:

()] <Bee (|Trito)| - K () Ts = K (to) Ts: pineo)) +

m1n{(k+1)T +Omax,t}
0. dr, +
kelk(te) k(t)] KT +61 19 (D17 tato)

(6max 1@ 1), 315000 ) +

Ye,x ( max HwH [k(t0) Ts —28max,t] ;Mk(t())) :
where . . € ICL and Ye,05 Ve, s Ve,e € Koo

(18)



From the definition of 0., V¢ > min {24y, Ts + 61 }:

Oe(t):—/t Pydr— Y (@0 -& (1) (19)

Ok 7€ (t—81(e),t]Nx

where x = {t > 0|3k € N such that 7 = kT, + 0 }. Each
t € x affects 6, through the second term in (19)
only in a time interval of length at most dnax. The
set (/cTS + 0k — Op(kT,+oy), (B + 1) Ty + max {Jg, 6;“1}} Nx
contains at most two element Vk > 1. Using also (14),
we can finally arrive at the bound: Vk > 2 and Vt €
[kTs 4 0, max {(k + 1) Ts + g, (k+ 1) Ts + Op+11}):

t
/ 0. (7)] d7 < 40max || er, 4 +
kTs+0y

Omax (Ts + Omax) (4 = BK| + [|BKI) |/l o, 5, _, . +

5max (Ts + 5max) 2 ”BKH ”:BH[kTS—(Sk,l—6(lcTs—6k,1),t—6k] :
(20)

Using (20) in (18) and the same argument we used at the
end of the proof of Lemma 2 to move from a bound on
|z ()] to a bound on |z4 (t)|, we can arrive at the result
stated in the lemma. a

A corollary of (Sharon and Liberzon, 2010, Theorem 4)
gives us the following:

Corollary 6. Assume that (17) holds, and that there exist
r1 > 19 > 0, and A < 1 such that Vr € [ro,r1]:

Ve (5maxr;ﬂk(A)) < Ar (21)
and
1[5
1 (56 (1Za (A)],0; pra)) +
:Yw (5max de”[A,oo] ;Mk(A)) <7ri. (22)

Then ||:id||[A,OO] <7rp.

A corollary of the Small-Gain Theorem (Jiang et al., 1994,
Theorem 2.1) gives us the following local result:

Corollary 7. Let a1, x2, w be three signals satisfying
Vi >ty >0

@1 ()] <B (j@1 (to) | ¢ — to) + e (@2l ) +
N ([0l 00) +
[ (O <81 (12 ()|t — to) + 2.0 (Il ) +

2 (0l ) + s

where $1,82 € KL, V1,2, Y1,w> V2,2, V2,0 € K and dy > 0,
ds > 0. Assume that for some r; > ry > 0 the small-gain
condition

e (V20 (1) <7, V7€ [ro, 7]
holds and it can be guaranteed that
len[o,oo] <71, Hw2||[0,oo} < '717,91; (r1).
Then we can get that Vi > tg > 0:

2 O] <o (|20 o)+ (Rl 0)) +

) (t) o (to)

v (72,w (||U’H[t0,t])) +d

where 8 € KL and v € K. Furthermore, in the limit as
di —0,dy — 0,79 — 0, we get d =0.

With these two corollaries we derive the following lemma:

Lemma 8. For any d' > 0, )., Tmax and fimax there

exists a sufficiently small, but strictly positive, dmax, such

that if dpax < Omax then the following ISS relation,
Vit >ty > A:

|Zq ()] <Be (|Za (to)],t —to) + Ve <5max ||$d|\[t07t]> +d
(23)
where . € KL and 7. € K holds for all V|Z4 (A)] <

max’

v ||wd||[A,oo] < Zmax, and Vg(ay < fimax. Furthermore, for

Vimax < Omax, We can write

[&all{a no) < 1 (Bmax) + Ve (Fmax; Omax) — (24)
where
lim ’71 (6max) = sup Be ("I";na)u 0; ,U/)
5max\,10 He[07ﬂmax]
S e (Tt ) =0 (25)

Proof. We first note that for any 27, > 0, Zmax > 0,

Pmax > 0, 71 > Max, (o, pma] Be (Tmax, 05 4), and 1o €
(0,71), one can find dmax > 0 and A < 1 for which the
assumptions in Corollary 6 are satisfied V |Zq (A)| < /.,
v||a3d||[A7oQ] S jmaxv and V/ufk(A) S Hmax if 5max S 5max~
We remark that because 7. (r, 1), for any fixed p, grows
faster than any linear function of r both at » = 0 and
r = 00, one cannot choose rg = 0 or r;y = oo and still
satisfy the assumptions in the Corollary.

Once the assumptions of Corollary 6 are satisfied, we can

replace fig(t,) in (17) with i = max,cjo ..., % (71; ) and
write Vi 2 t() Z A:

[@a ()] <BL (24 (to)] = to) + 7. (G |Zall ) +

Vo <5max de”[to,t]) )

1l p 00) <71 (26)

V|id (A)| < x;na)m v”wd”[Apo] < Zmax, V,uk(A) < Mmax

and Vémax < Omax where 3. € KL and 7.,7,, € K. Taking
Odmax to be smaller if necessary, we can also have

A (bmaxr) < T Vr € [ro,71] -
We can now use the local version of the Small-Gain

Theorem (Corollary 7), similarly to how we used the
Small-Gain Theorem in Lemma 2, and arrive at (23).

Note that when applying Corollary 7 to (26), we will have
dy = 0 and dy = 0. Thus we get that lim,,_,od = 0. And
since we can choose rg to be arbitrarily small by reducing
Omax, We can in turn make d’ arbitrarily small. Assume
now that (21) holds for some dpax = Omax. Then we can
replace the constant A in (21) with a function A (dmax)
such that (21) still holds for every dmax < Omax, and
furthermore, lims,, ~\ 0 A (6max) = 0. Looking at (22), it
is easy to see that we can upper bound [|&4||(s «; With

71 (Omax) + Ve (Zmax; Omax) Where

1
T N~ e~ max
1-A (5max) HE[O, thmax]

and the remaining element on the left-hand side of (22) is
represented by 7.. Thus (24) and the second limit result
n (25) follows. Because lims,, \ 0 A (0max) = 0, the first
limit result in (25) also follows. O

ﬁ/l (6max) = Be (:I:;naxv 07 :u) )



Another corollary of (Sharon and Liberzon, 2010, Theorem
4) is as follows:

Corollary 9. Assume that (10) and (24) holds V |Z4 (A)] <
xi‘[]ax) v de”[A,oo] < Tmax; v,ulc(A) < Hmax, \V/(Smax < 5max
for some /.., Tmax; Mmax aNd Omax. Set 7 = Tmax-
Assume also that for some ) > 0, & > 0 and A < 1,
Vr € [rf,ri]:

Ve ((1 + Ol) Ve (7"; 6max)) < /\T7 (27)
and
e (e (8)],0) +
ﬁ’ym <1 + ;) '71 (6max>) < r/17 (28)
1 i )\'71 (5max) +
e (14 2) (e 2 Q)]0 s ) < 55 1.
(29)

Then [|Zalljp o) < 71 a0d [Zallja o) < 72" (1)-

We remark that having (29) imply [|Zal(a ) < vl (r))
given (27) relies on the linearity of -, which was estab-
lished in Lemma 3.

We are now ready to prove Theorem 1

Proof. Assume ] .., limax are given. Choose | such that

sup
S [07Nmax]

Tll > 61 (xinaxvo) +’7€I/’ ( Be (x:na)wo;:u’)) . (30)
We can now find 6. > 0 for which (23) holds with
Zmax = 1 and 1, J. (due to (30) and (25)) such that

BI (x;naxv O) + Vo (’71) <T,1
Yo (1 + Ve (Be (x;na,)u 0) ; dmax)) <7‘i'
Taking a smaller Omax if necessary, we can now also satisfy
the assumptions of Corollary 9. This establishes that if
Ty (A) < Thger Ta(D) < Thnaes Hr(a) < fimax, and
Smax < Omax then Vt > to > A both (10) and (23) holds,
as well as [[@q|(5 o) <71, and [[Zalln o) < ot (r)).

Taking an even smaller 0.y if necessary, we can make the
small-gain condition between (10) and (23),

YV (76 (5maxT)) <r Vr e [7’6, Tll] R
hold Y8y < Omax, S0 that we can apply the local Small-

Gain Theorem (Corollary 7) one more time and arrive at
Yt > tg > A

(ze) <o (|(2efeh)

where 8’ € KL. The last term above, d, is nonzero due to
d" >0 and 7, > 0 when dn.x > 0. However, we can make
both d’ and r{, arbitrarily small, and therefore also d, by
taking a sufficiently small d,, > 0. Thus we can replace
d with 7y (dmax) € K.

,t—to) +d (31)

We now bound the evolvement of  and & from t = 0
to t = A. Initially & = 0 and at the first sampling by
our quantizer [& (do)| < 2| (0)], leading to ||Z([; 7. 5, <

e(TsHoma) [A+BKI2 2 (0)| = py | (0)]. Thus

el < o450 o 0] +
(Ts + Omax) elTetoma) Al |BK|| p1 |z (0)] = p2 |z (0)].
Then ’:i_ (Ts + 61)’ < (p1+ p2) |z (0)]. Our quantizer
has the property that |& (T +61)| < |& (T + 61)|, so
that |&(Ts +61)] < (p1+2p2) |z (0)]. Repeating these
arguments, we can derive the bound |z (A)] < plx (0)]
and |24 (A)| < p|x (0)] for some p > 0.

Noting that k (A) = 2, we can also bound py(a) < sQ2,,.

To complete the proof, find 6., such that (31) holds for

A — <02
Tmax = PTmax and Hmax = SQOut7 and set

B (v;t) = B (pr,max {0,t — A}). =]
6. CONCLUSION

In this paper we showed that the “zoom out”/“zoom in”
mechanism that we developed in Sharon and Liberzon
(2010) maintains its stability property for sufficiently small
delays. While we proved the existence of a non-trivial delay
for which the system is still stable, we are yet to provide
a constructive method to verify whether the system is
stable for a given delay. We also plan to extend these
results to non-linear systems, along the lines of (Sharon
and Liberzon, 2010, Section VI), and to show that the
stability to external delays we proved in our earlier work
still holds in the presence of delays.
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