Systems & Control Letters 94 (2016) 46-56

Contents lists available at ScienceDirect

Systems & Control Letters

journal homepage: www.elsevier.com/locate/sysconle

Observer-based feedback stabilization of linear systems with
event-triggered sampling and dynamic quantization”

@ CrossMark

Aneel Tanwani®*, Christophe Prieur”, Mirko Fiacchini®

2 LAAS (CNRS), 7 Avenue Colonel du Roche, 31400 Toulouse, France
b Gipsa-Lab (CNRS), 11 Rue des Mathématiques, BP 46, 38402 St. Martin d’Héres, France

ARTICLE INFO

Article history:

Received 4 November 2014
Received in revised form
16 March 2016

Accepted 20 May 2016

Keywords:

Event-triggered sampling
Dynamic output feedback
Quantized control

Limited information control
Linear deterministic systems

ABSTRACT

We consider the problem of output feedback stabilization in linear systems when the measured outputs
and control inputs are subject to event-triggered sampling and dynamic quantization. A new sampling
algorithm is proposed for outputs which does not lead to accumulation of sampling times and results in
asymptotic stabilization of the system. The approach for output sampling is based on defining an event
function that compares the difference between the current output and the most recently transmitted
output sample not only with the current value of the output, but also takes into account a certain number
of previously transmitted output samples. This allows us to reconstruct the state using an observer with
sample-and-hold measurements. The estimated states are used to generate a control input, which is
subjected to a different event-triggered sampling routine; hence the sampling times of inputs and outputs
are asynchronous. Using Lyapunov-based approach, we prove the asymptotic stabilization of the closed-
loop system and show that there exists a minimum inter-sampling time for control inputs and for outputs.
To show that these sampling routines are robust with respect to transmission errors, only the quantized
(in space) values of outputs and inputs are transmitted to the controller and the plant, respectively. A
dynamic quantizer is adopted for this purpose, and an algorithm is proposed to update the range and the

centre of the quantizer that results in an asymptotically stable closed-loop system.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

For sampled data control of continuous-time dynamical sys-
tems, event-triggered techniques have regained interest over the
past 5-6 years [1], where the measurements are not sent pe-
riodically to the controller, but instead the sampling times are
determined based on the current value of the state. A recent
article [2] provides a tutorial exposition into the subject, and sums
up most of the work done so far. A common framework for event-
triggered control involves a stabilizing feedback controller and a
triggering mechanism that determines when to send the updated
measurements to the controller. While the feedback control is usu-
ally available “off-the-shelf”, different strategies and variants are
adopted for triggering mechanism depending upon the particular
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problem setup. Initial approaches for event-triggering mechanism
involve keeping the difference between current value of the state
and the last updated measurement relatively small [3-5]. Another
technique is to monitor the derivative of the Lyapunov function
associated with the closed-loop system, and if it starts approach-
ing zero, then we update the measurement knowing that the new
measurement will make the derivative sufficiently negative [6-8].
The effect of disturbances in plant dynamics could also be taken
into account by such methods if the triggering mechanism is mod-
ified appropriately [9]. Moreover, event-triggered control has also
been used for stabilization of systems in the presence of networks
[10-13].

In the references cited above, the triggering mechanisms are
based on using the full-state measurements and when it comes
to using output (partial state) measurements for feedback, rather
than full-state feedback, then relatively little has been done. If
we directly generalize the techniques based on keeping the error
(between the last sampled output and the current value of the
output) small, then such methods lead to Zeno phenomenon,
where we need to send infinitely many samples in finite-time
and hence the technique is not feasible for implementation in
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Fig. 1. Feedback loop where the inputs and outputs are time-sampled and quantized.

practice. Some refinements have been proposed in [ 14-16], where
instead of asymptotic stabilization, the authors modify the event
function to achieve practical stabilization so that the trajectories
of the closed-loop system only converge to a ball defined as
a design parameter. Eventually, that parameter also determines
the minimum inter-sampling time as well. Asymptotic stability
with output-feedback and event-triggered sampling has also been
considered in more recent works where a certain dwell-time is
enforced between two consecutive sample updates to overcome
Zeno phenomenon. The so-called periodic event-triggered control
could be seen as an implementation of this idea [17,18] where it
is assumed that the continuous-time plant is already discretized
with some fixed sampling-time, or a certain sampling period is
precalculated to asymptotically stabilize the system. One then
focuses on adding another level of sampling strategy (which
is event-triggered) that would reduce the sampling rate for
measurements even further. The results appearing in [ 18] for linear
systems take disturbances into account, and derive minimum
inter-sampling time for full-state feedback case only. The idea of
forcing a certain dwell-time between two consecutive sample-
updates has also been adopted in nonlinear setting for output
feedback laws in [ 19]. Different from these techniques, the output
sampling strategy in [20] proposes the use of Luenberger observer
to estimate the state and use it in computation of sampling times.

In this paper, we propose a dynamic output feedback controller
for asymptotic stabilization using event-triggered sampling which
does not rely on precalculating some fixed sampling period
between output updates. Our framework involves computing
the sampling times for outputs and inputs separately. Just like
the approach adopted in the state-feedback case, our approach
is also based on keeping the error between the current value
of the output and the last sampled output small. The crux of
our approach is to compare this difference not only with the
norm of the current value of the output, but with the norm
of a vector that comprises some previously transmitted output
measurements. If we pick a sufficient number of past samples,
then these samples contain enough information about the norm
of the state (due to the observability assumption). The controller,
using these sampled outputs, is designed based on the principle
of certainty equivalence. An estimate of the current state is
first computed, which is in turn fed into the control law. The
control inputs transmitted to the plant are also time-sampled,
where the event-triggering rule depends upon the state of the
controller. To show that our sampling algorithms are feasible for
implementation, we derive an expression for minimum inter-
sampling time between the sampled measurements sent to the
controller and the plant. A property of the proposed sampling
routines is that the sampling times of the output and control input
are not necessarily synchronized.

As an added practical consideration and to show that our
strategy is robust with respect to transmission errors, we assume
that the sampled outputs and sampled inputs are subjected to

quantization as well, that is, the output and inputs are transmitted
to the controller and the plant, respectively using a string of
finite alphabets only. However, to preserve asymptotic stability,
the model of the quantizer is assumed to be dynamic as used
in [21,22], that is the parameter that determines the range and the
sensitivity of the quantizer can be scaled. Event-triggered sampling
with static quantization is also considered in the works of [23] with
full state feedback, and with output under a passivity assumption
on the plant dynamics in [24], but none of these works allow
the possibility of designing different sampling and quantization
algorithms for inputs and outputs. The novelty in handling the
quantization comes from the fact that we are working with an
observer-based controller where the outputs and control inputs
are both subject to quantization, and the sampling is event-based
and not periodic.

To summarize, this paper proposes algorithms for event-
triggered sampling and dynamic quantization of input and output
measurements of linear time-invariant systems, also see Fig. 1.
Such architectures could be useful when the control action is
computed on a server located far away from the plant and the
communication is carried over some communication channel
between the plant and the controller. The paper proposes
algorithm on how and when the information between the plant
and the controller must be transmitted, and the contribution could
be summed up through following observations:

o We can achieve asymptotic stabilization using dynamic output
feedback and event-triggered sampling of the output measure-
ments without imposing time-regularization or fixed periodic
sampling as done in the literature, provided we use the infor-
mation of previously sampled outputs, and not just the last sam-
pled measurement.

e The event-triggered sampling algorithms are robust with
respect to transmission errors, which in this paper manifest in
the form of quantization. If these errors vanish (which happens
due to dynamic quantization) then the state of the system also
converges to the origin asymptotically.

e A trade-off between how fast we sample compared to how
precisely we quantize the measurements also follows from our
results. It appears in the form of design parameters introduced
for sampling and quantization, respectively. In particular, when
the dynamic parameter for quantization is very large (so
that quantized measurements are very coarse), one has to
sample quite fast, whereas smaller values of the quantization
parameter (more exact measurements) possibly allow for larger
inter-sampling times.

2. Problem setup

We consider linear time-invariant systems described as:

». [*©)
T {y(r)

Ax(t) 4 Bu(t),
x(t) (1)
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where x(t) € R" is the state, y(t) € RP is the measured output,
and u(t) € R™ is the control input. We are interested in feedback
stabilization of the control system (1) by realizing the control
architecture proposed in Fig. 1, which includes in particular the
following design elements:

e Asynchronous event-triggered sampling: The sampling times
for outputs and inputs, denoted by ¢, and tj, j, k € N, respec-
tively, are determined based on certain event-triggering strate-
gies.

e Dynamic quantization: An update rule is specified for the de-
sign parameter (a discrete variable) of the quantizers.

2.1. Information processing in closed-loop

Before presenting the design of controller, and the algorithms
for sampling and quantization, let us briefly discuss how the
information is processed and transmitted in our proposed strategy.
Itis assumed that there is a processor and an encoder attached next
to the sensors measuring the output of the plant. The processor
first determines when to send the updated values of the output
using a sampling algorithm, and the encoder then determines
how to encode the sampled output with finitely many alphabets.
Thus, we assume that the exact values of the output are used to
determine sampling instants, and then the sampled values are
quantized and sent to the controller with time-stamp (because
the controller cannot recompute the sampling instants itself). This
(sampled and quantized) information is then passed to a controller,
where a decoder first determines the value of the output modulo
certain error due to sensitivity of the quantizer. This output is
then injected into a (continuous-time) dynamic controller which
basically computes the control input for stabilization of the plant.
When communicating the inputs to the plant, the same mechanism
is used as that on the output side, that is, a processor and an
encoder determine when and what to transmit, and the decoder
attached to the plant actuators then decodes the symbol to the
actual control value (while assuming that the sampling times
chosen by the controller are transmitted to the plant as well).

2.2. Controller structure

The proposed dynamic controller € has the following form:
2(t) = Az(t) + Bu(t) + Lgv (y(t) — Cz(t)), t € [te, teg1), (2a)

and the input u is the quantized value of the nominal control law
Unom = Kz sampled at 7j, that is,

u(t) = q.(Kz(z), t €1, 7it1). (2b)

Here y(t), and u(t)), k, j € N, denote the sampled values of output
and input, respectively. The output quantizer q, : R® — @,, and
input quantizer q, : R™ — @, for some finite sets @, and @,,
include the design parameters v [to,00) — Ry, and u

[0, 00) — R, respectively, which are piece-wise constant and are
only updated at t; and ; respectively. For notational convenience,
we will often denote v(t;) by v, and u(tj) by w;. In writing Eq.
(2), it must be noted that the discrete measurements received by
the controller have been passed through a sample-and-hold device,
and that the state z(-) evolves continuously. This approach is
essentially different from some of the existing techniques adopted
infor example, [25,22], where the state of the observer/controller is
updated in discrete manner whenever the new measurements are
available (periodically). To implement the controller (2), Eq. (2a) is
integrated over the interval [t, ty+1), kK € N. The expressions on
the right-hand side of (2a) need quantized values of the output y
and the state z at time t. Also, the input u needs measurements
of the state z updated at time instants 7;. Comparing with the

general control architecture proposed in Fig. 1, we have chosen
fqu (), Cz(t)) = Lg,(y(te) — Cz(t)), which would require
simulating the z-dynamics within the encoder block. One could
alternatively work with f (q, (y(tx)), Cz(tx)) = Lg, (y(tx)) —LCz(ty).
Conceptually, the developments in this paper would not change
but to keep the presentation simple we choose to work only with
the controller class (2).

It is well-known that if the pair (A, B) is stabilizable and (A, C)
is detectable, and the exact values of the output y(-) and input
u(-) are continuously available, then the controller (2) stabilizes
the system (1). In essence, we are using the “emulation approach”
where the controller first estimates the current value of the state
in the presence of limited information of the output, and the
feedback control law using these estimated states then stabilizes
the system despite the limitations imposed due to time-sampling
and space-quantization. In the sections to follow, we will specify
the algorithms for the sampling and quantization of outputs and
inputs that will result in asymptotic stabilization of the closed-loop
system (1)-(2). To derive results in that setup, the following basic
assumptions are essential:

(A1) The pair (A, B) is stabilizable, and hence for every symmetric
positive definite matrix Q; (denoted as Q. > 0) there exists a
matrix P, > 0 such that

(A+BK)TP. + P.(A+ BK) = —Q.. (3)

(A2) The pair (A, C) is observable, so that for every Q, > 0, there
exists a matrix P, > 0 such that

(A—LC) Py + Poy(A — LC) = —Q,. (4)

For the sake of simplicity, let us also introduce the following
assumption.’

(A3) All the eigenvalues of the matrix A, denoted 1;(A),1 <i <n,
are real.

3. Output processing unit

This section provides the algorithms for transmission of output
from the plant to the controller, which leads to our first result
stated as Theorem 1. In Section 3.1, we give an algorithm to
generate sampling times when the output must be sent to the
controller. In Section 3.2, we then provide an encoding scheme
for the sampled output measurements. It is then shown that the
proposed algorithms for sampling and quantization result in the
state estimation error dynamics being asymptotically stable and
that the proposed sampling strategy introduces a uniform lower
bound on inter-sampling times.

3.1. Event-triggered sampling of the output

Let X := x — z denote the state estimation error, then (1) and
(2) result in the following equations for error dynamics:

X(0) = AX(®) = Lgy, (76, € € [tk tirr), (5)
(O = CX(Q).

3.1.1. Construction of a dead-beat-like estimator

Our goal for this section is to find a relation between X(t)
and certain past-sampled output values of y measured over the
interval [to, t) using Eq. (5). Basically, in (5), q,, (J(tx)) acts as

1 The relaxation to consider systems with imaginary eigenvalues will be
addressed in Section 3.4.
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a known input, and using y as the output, it is possible under
the observability assumption to reconstruct x as a function of
(sufficiently many) sampled values of . Towards this end, let

s3
V(s1, $2, 53) i= Ce™ / e Lds, s1<s; <s3, (6)

S2
so that ¢ takes values in RP*P, Now, for t > t; > ty_1 > -+ >
tk—n—1 > to, define the lower-triangular matrix ¥ ,(t) as
lI/k,r) (t)

WY (ty, ty, t) 0 0---
Y (te—1, b, £) Y (1, b1, t) 0.
= Yz, b ) Y (G2, te—r, ) W (b2, T2, 1) - -

where n € N is some strictly positive integer, and to
keep the notation short, it is noted that ¥ ,(t) depends on

(t, tk, te—1, . . . , tk—p—1). Next, introduce the following notation:
Ce A= y(te)
CeAC=t-1) ~ Y(ti—1)
Nk,n(t) = . s Yin = . s
Ce—A(f—tk—n+1) ~(tk—r]+1) (7)
0 ()
~ qvk_l(y(tk—l))
qu,n(Yk,n) = :

CIuk_,,_H @(tkﬂﬂrl))
The following lemma is a straightforward consequence of the
variation of constants formula applied to system (5) and for
completeness, the proof is given in Appendix A.

Lemma 1. Forany t > ti > ty_q > - -+ > tg_41, it holds that

Ny (DX() = Yiey — Wiy (O, Vie)- (8)

We will use this important relation (8) to define the sampling
times for output measurements, but before proceeding to that, let
us recall a few well-known results. An important requirement in
our analysis of minimum inter-sampling time is the invertibility
of the matrix Ny ,(t), for each t > t, 4, and is achieved due to
following lemma:

Lemma 2 ([26, Chapter 6]). Under Assumption (A3), if we choose n
to be the observability index of the pair (A, C), then the matrix Ny , (t)
is left-invertible for each t > ti_,41.

Thus, 1 could be interpreted as the number of samples required
for observability of the discretized system (5). The above result in
general holds only under Assumption (A3), but we will address
the relaxation of this assumption in Section 3.4. Basically, what
changes is that, we have to increase the number of samples over
a compact interval to maintain the invertibility of Ny ,(t). Also, i
is no longer constant in that case, and depends on the size of the
time-interval over which the samples of y are considered.

3.1.2. Sampling algorithm

To define sampling times at which the output must be sent to
the controller, we first chose top < t; < --- < t,_ arbitrarily, and
let

f(t7 Yk,n) = Yk,n - lpk,n(t)qW(.n (Yk,n)a k = n— 1.

The output sampling time instants t;, 1 are defined as

L = inf{t : [N, (O] - [F(t) — §(te)]

> o |t Yl At >t} (9a)

teyy = inf{t : t —t > T} (9b)

ties1 == min{egy, thes ) (90)

where o = ¢, A;“ﬁ';,i%ﬁ), for some g, € (0,1) and T > 0 is some

prespecified constant, which can be arbitrarily large, but finite. The
sampling rule (9) guarantees that the output measurements are
transmitted persistently to the controller.

Remark 1 (Heuristics for Output Sampling). In comparison to
the existing literature on event triggered sampling strategies,
expression (9) is new and has not appeared elsewhere. One could
motivate this particular choice of sampling rule with following
arguments:

e It is noted that the proposed sampling rule (9a) guarantees
[5() = 7t < a - Ny (O Nk, (DX < alX(0)]. If we
ignore quantization for the time-being, and use V, = X'P,X
as the candidate Lyapunov function for the error dynamics
(5), it can then be shown that the resulting state estimation
error indeed converges to zero, see Eqs. (13) and (15) for
mathematical expressions.

o In the usual event driven schemes, for example the ones given
in [5], the statement (9b) automatically holds, but in our case,
due to quantization error in the output measurements, it may
be that the state estimation only converges to a certain ball
around origin. It may happen that the event condition described
in (9a) does not become true after that, and the convergence to
the origin may not be achieved. Precisely speaking, the usual
event-triggering condition using the full state information is not
true as long as:

[x(t) — x(t)| < &' [x(0)],

for some constant o’ > 0. Using the reverse triangle inequality
and the fact that x(-) is decreasing exponentially between two
updates, it follows that

()] < (1+ ) x(®)] < (1+a)ere 2P x(w)],

The expression on the right-hand side converges to zero, and
hence for each x(ty) # 0, the foregoing inequality is violated
after some finite time. This may not hold for event-triggering
condition of the form (9a). To avoid that, we make sure that an
updated output measurement is sent after some time to avoid
such situation.

t >ty

t > t.

3.2. Output quantization

We now define an encoding strategy that is used to transmit
y(t,) at each time instant t, using a string of finite length.
The quantization model we use is adopted from [21], which is
a dynamic one. For output measurement, we assume that the
quantizer has a scalable parameter v and has the form:

0.0) = (3) (10)
where ¢¥(-) denotes a finite-level quantizer with sensitivity
parameterized by A, and range R, that is, if |[y] < R, , then
|¢”(y) — y| < A,. This way, the range of the quantizer q, (-) is Ryv
and the sensitivity is A,v. Increasing v would mean that we are
increasing the range of the quantizer with large quantization errors
and decreasing v corresponds to finer quantization with smaller
range. It will be assumed that the quantizer is centred around the
origin, thatis, ¢ (y) = 0if |y| < A,.
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We remark that the stability of dynamical systems with
quantized measurements has been studied extensively over the
past decade, see the survey [27] and references therein. Stability
using quantized and periodically-sampled output measurements
(without asymptotic observer) was considered in [22], and using
asymptotic observers (without sampling) was considered in [21].
To the best of our knowledge, stability where both the inputs
and outputs are quantized and aperiodically sampled, has not
been treated. In doing so, we find that the quantization parameter
for control input depends upon the parameter chosen for output
quantization, in order to capture the growth of the estimated state,
and that there is a trade-off between how fast we sample and how
precisely we quantize due to the choice of respective parameters.

We will now specify an update rule for the parameter v, so
that the state estimation error X converges to zero. First, we pick
Vo, . .., Vp—1 to be arbitrary. It is assumed that v, is chosen such
that? X(t,) is contained in an ellipsoid:

)Lmin (PO)R; 2

Vo(X(ty)) < vy (11)
o icgz "
then [X(t,)| < “RTy” v and |Cx(t,;)| < Ryvo. Suppose that we have

chosen vy such that (11) holds for X(ty), for some k > N. We will
now specify v, 1 such that (11) holds for x(ty,1), for all t, k € N,
and at the same time limy_, o, vx = 0.

Since the controller receives the quantized measurements only,
the observer takes the following form over the interval t €
[ts tesr):

z(t) = Az(t) + Bu(t) + Lq,, (y(ty) — Cz(ty)). (12)

The dynamics of the state estimation error for the interval [, ti+1)
are:

X(t) = AX(t) — Lqy, (F(t)) (13a)
= AX(t) — Lj(t) — Lqu, G () + Ly (te) (13b)
= (A— LOX(t) + L) — §(t))

— ul (qy <M> Y (t")> . (13¢)
Vk Vi

Pick V,(x) = X'P,x as the Lyapunov function, and we see that
the measurement update rule (9) leads to the following bound for
t € [tk, tey1), k> 12
Vo(R()) < —Amin(Qo) IR(D)]* + 2[[PoL]| [F(1) — F(ti)] [%(0)]
+ 2v Ay [IPoL]| [X(t)] (14)
< —(1 = &) Amin(Q)IR(O)[* + 2vi Ay IPGL] [X(©)],  (15)
where we used the fact that our output sampling algorithm
gives |y(t) — y(t)| < «a|X(t)|. It then follows that, within two
measurement updates, the error converges to a ball parameterized

: (1—€0)Amin(Q)
by vg. In particular, for some 0 < &, < (P if we let

Yo = 2 ||PoL]|
° (1 - So)kmin(Qa) - Eo)‘-max(Po)
then |x(t)| > x,4, vy implies that

Vo(®(£)) < —£Vo(X(1)).

(16)

2 If X(to) is known to belong to a known bounded set, then v, satisfying (11) is
computed from calculating an upper bound on |X(t,))| using the differential equation
(5). One can also use the relation (8) to obtain an upper bound on x at certain time,
or use the strategy proposed in [21,28] to get a bound on state estimation error.
To keep the notation simple we have used the same index for sampling times and
quantization parameter.

Thus, it follows that, for t € [ty, tir1), k > n:
Vo(x(t)) < max{)\max(Po)onA;‘)/fa 97§O(t7tk)vo(&(tk))}-
For each k > 0, letting

_ _ }\min(Po)R
@k+] -— max i)\-maX(Po)XgA}Z/vl?7 e Eo(tkt1 fk)Wzyl)ﬁ B

it follows that V,(X(t,11)) < Okyq, for k > n. If we now pick viy 1,
k > n, as follows:

ICII | Ok

V41 i = —— — (17)
Ry }\min(Po)

then it is guaranteed that [X(ty41)| < %UIHJ and [CX(tyq1)| <

Ry Vi41-
3.3. Convergence of state estimation error

Based on the sampling strategy developed in Section 3.1, and
the quantization algorithm given in Section 3.2, we are now ready
to state our first main result which relates to the convergence of
the state estimation error to the origin.

Theorem 1. Assume that the information transmitted from the plant
& to the controller C, given by q,, (¥(t)), k > 1, is such that

e The sampling instants ty, k > n, are determined by the relation (9).

e For the dynamic quantizer (10), the parameter v, is chosen to
satisfy (11) and vy, k > n, is updated according to (17). Moreover,
the number of quantization levels determined by R, and A, is such
that

ﬂ _ )Lmin(Po) . ﬁ (18)
R, Amax(Po)  Xo IIC|

forsomep € (0, 1).

Then the following statements holds:

e There is a minimum dwell-time between two sampling times, that
is, there exists tp > O such that ty,1 — t; > tp, foreach k > n.
e The error dynamics (5) are asymptotically stable.

Remark 2 (Trade-off Between Sampling and Quantization). In order
to maximize the inter-sampling time, one may choose « in the
expression (9a) by selecting a large value of ¢,. However, the
value &, closer to 1 results in the larger value of x, introduced
in (16). From expression (18), it is seen that a large value of
Xo results in a large number of quantization levels to guarantee
asymptotic convergence. Hence, slower sampling requires greater
number of quantization levels and leads to faster convergence
of the parameter v, and vice versa. In order to minimize both
the sampling rate and the quantization levels, that is, increase o
without increasing x, one way is to maximize the ratio min(%) py

IPoL|
selecting L and Q, appropriately.

Proof of Theorem 1. Assuming that the first statement holds, let
us show that the second statement follows directly from the
construction given in Section 3.2.

Step 1-Asymptotic Stability: For k > n, using the definition
of v, and the condition (18), it follows that vy,1 = pvyg, where
o = max{p, e %/?} < 1, and we let t, denote the lower bound
on the inter-sampling time for the output,’ that is, ty.; — t; > tp.

3 we emphasize that we do not need to calculate tp for the design of quantizer.
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To show attractivity, we recall from the analysis of Section 3.2
that our choice of quantization parameter and sampling strategy
guarantees that V,(X(t)) < O, foreacht € [ty_1, 8], k > n.

. Rz)‘min P,
From (17), it follows that ®, = -~ ncuz( ) v,f and thus, ®, converges

to zero as k increases because v, decreases monotonically and
limy_, oo V¢ = 0. Consequently, lim,_, o, V,(X(t)) = 0.

To show stability in the sense of Lyapunov for error dynam-
ics (5), we first state the following lemma whose proof is given in
Appendix A.

Lemma 3. The following statement holds for the error dynamics (5):
for every € > 0, there exists §o(¢) > 0, and k(¢) € N, such that
VXx(ty) € R" with |X(to)| < 6o, the resulting trajectory satisfies
qu, Y(tx)) = 0 for k < k, and v, < € for k > k.

From Eq. (15), for every ¢ > 0, we can find an ¢ > 0 such
that if vy < &, then Vo(x(t)) < O for |x(t)| > e. Thus, if v <
¢ and |x(tp)| < &, then |x(t)| < &, Vt > t; because v is decreasing
monotonically. Let 8o(Z) and k(g) be as given in Lemma 3, and
choose |k(tp)] < &, where § = min{8, &/|le™T|}. Since q,,
(F(t)) = 0, k < k, the solution of (5) results in |X(t)| < ¢, t €
[to, t;], and hence the stability follows.

Step 2-Dwell-time bound for output updates: To derive the lower
bound on inter-sampling times for output measurements, we let

v() = [N, OIFE) — y(&) and w(t) = [f(t, Yey) =
Ni, (DX(t), € [t, ti+1), and we now compute the minimum time

it takes for % to go from O to «. To achieve that, we first derive

a bound on the derivative of % Towards that end, we first recall
that for any real-valued functions v and w

d v v’

e fw®] ol fwl w? w| T fw

Ll (19)

wlw |v D]
< )
[w| |w]

Using N,:n (t) to denote the left pseudo-inverse of Ny , (t) (also see
Appendix B), we now compute a bound on both terms appearing
on the right-hand side.

(0O _ [INky Ol 1N, O FE) = 5t | [Ny O 7O

lw®)] — [Nk, (D)X(E)] [Nk, (D)X(E)]
- lv(®)] ICA]| - 1x(t)]
N —— + [Nk Ol
<INk Ol (O] + Nk, (Ol Ny (OR()|
|G, ()|
N Cll|————
+ [Nk (O N ICLII Ny (DR
< [Ny (0] ol + N, O 1L INS, O I CA]
= k,n Iw(t)l N k,n
|G, ()

+ [Ny I ICLIING, )] (20)

|X(0)]
"’”’;éfffr”',we recall that q,, ¥(t)) = 0, if

[¥(t)| < vkd4y. Otherwise, if [y(ty)| > v Ay, we have

To find a bound on

9w G _ X o (12) — 22| 4 (e
xor - %]
< M
(D]
22 |~y(tk)|
|x(t)]
<2 |5}(t) _9Efk)| —+ |j}(t)|
- (D]

[v(®)]
2 cll). 21
=< <|w(t)| +1 II> (21)

Substituting this relation in (20), we get

o (0)]
W] = Ny O1ING, (01 (ICAIl + 2 [ICL] [IC])
- v (o)
+ (INey (O + 21ICLI NS, (1) el (22)

To find an upper bound for the second term on the right-hand side
of (19), we have

[W©] iy (OO + Ny (DX(0)]

lw(t)] [Nk, (D)X(D)]

_ Ny (DX(E) + Ny (DAR(E) + Ny ()Lq, F(8))|

|Nlc,n(t))2(t)|
<IN, O 1INy O+ NS O [N, (DA
t [v(t)]
+ 2[IN, , (O IIL] <7|w(t)| + [Nk, Ol ||C||> . (23)

Substituting (22) and (23) in (19), we can write
d |v(t)] [v(t)] lu(t)|?
at [wo)] §g1(f)+g2(f)|w(t)| +g3(t)|w(t)|2 (24)

where g1(£) == [[Niy (D] IIN,f,n(f)II(IICAII + 2(ICLIICND, 82(6) =
Nk (14 INS (O 112N CLI Nk (114 [N (DA] 42| Niy (0]

ILIICIl). and g5(t) = 2|}, (D) |IL|l. Using the fact (F1)-(F3)
listed in Appendix B, and letting ¢ := max{o; + o, 01 + 03}, we
can upper bound the right-hand side of (24) as follows:

d (o) [,(H)(w(mz (®)] )
o] = wor T o) T (2}

where a1 = cie® @&kt |L)l, @y = (1 + O)||C| + (¢ +
¢ + cllAID/IL and a3 = c|ICII(ICII + [IAI/ILI). To derive
an expression for minimum inter-sampling times, we state the
following lemma, the proof of which is given in Appendix A.

Lemma 4. For some positive scalars, a,, a;, as, o, if X : [tg, 00) —
R satisfies

dX _
e a1e” " (X? + aX + a3)
with initial condition X (t,) = 0, then there exists tp > 0 such that

ra = ~
X(t) < 72 tan(as(e® W — 1)), t—t < bp,

for some large enough positive integer r, and the positive scalar a4 :=
raxag
20

Applying Lemma 4 to (25), there exists fp > 0 such that

®| _ ray it .
< —tan(ag(e” % — 1)), t—t < bpy,

lw®] — 2 '

for some r large enough and a4 x := % Now, it is easily verified

that % > «a fort > ty, only if

1 1 2a
(t—ty) > —log|1+ —arctan{ — ) ). (26)
o Qg k ra,

The sampling strategy (9) guarantees that . ; — t, < T, for all
k > 1, so that the bound a4 ; < %}T‘u”eﬁ("‘m holds for all k > 7
and using this bound in (26) gives a uniform lower bound for inter-

sampling times. O
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Remark 3. Once we arrive at (26) towards the end of Theorem 1,
it can be shown that a sequence of numbers lower bounded by
the right-hand side of (26) does not converge (without using any
upper bound on t,.; — t;), and hence the corresponding series
diverges showing that there is no accumulation point for sampling
times. However, to derive an expression for uniform lower bound
on inter-sampling times, and guarantee persistent sampling, we do
assume that t 1 — t; <T.

3.4. Relaxing assumption (A3)

We now want to consider the case when the matrix A does not
necessarily have real eigenvalues. In that case, Lemma 1 does not
hold in general. In this section, we argue that the invertibility of the
matrix can still be guaranteed if we work with sufficiently large
number of samples over a fixed interval. We recall the following
result from [29]:

Lemma5. Let w .= maxlsi,jsn{[m()h,-(A) — )\.](A))} If

T.
n>2m—1)+ —w (27)
2

then the matrix col(Ce®1, Ce2, ..., Ce™n) is left-invertible for all
S1,82, ..., € [0, T5.

To use this lemma for our problem setup, we first fix some
integer n* > 2(n — 1). Having picked t, < t; < --- <
t,«—1 arbitrarily, we choose the next sampling time tiq =

min{tg}, £ } recursively, where

. |27
t,fi"]’p'e = 1nf{t St — te_yr41 > Min {a) (n*—2(n—1)), n*T}
ANt > tk}

and tg/9" is defined as

BT = Anf{e: [Ny O - 70 — (8] = o - [F(E, Vi)l At > )

where once again, we pick a = ¢, Azmlil‘;,f]%ﬁ), for some ¢, € (0, 1),

and T > 0 is some constant. In the case, when @ = 0, which is
the case if all eigenvalues of A are real, then £;77"° matches the
definition given in (9b). The stability analysis would not be affected
by this modified sampling strategy, and the existence of a lower

bound could be shown by modifying the proof given earlier.

4. Input processing unit
We can tailor the ideas introduced in the previous section to

derive a sampling algorithm and a quantization strategy for the
control input.

4.1. Sampling algorithms for inputs
Let 7o = t,,, and choose the control input u, so that u(t) = 0, for

t € [to, 7o), and u(ro) = Kz(7p) = Kz(t,), and the next update is
performed at 7;, which, for j > 0, is defined as follows:

78/ = inf {r Kz (t) — Ka(g)]| = (mz(m + ﬂoﬁwr))

Icl
At > rj} , (28a)
) =inf{t it — 7 > T}, (28Db)
Tj1 = min{g, ), (28¢)

where . = &, Amin(@) 3pq Bo = ,3/35||C|| for some ¢, € (0, 1),

3 2||PcB]
and 8 > 0.

Note that the term v(-) is only piecewise constant and does
not vary continuously with time. In case there is a time t; > 7
such that |[Kz(ty) — Kz(7j)| < Bclz(t)| + BoRyv(t,), and due
to sudden change in the value of v at time ty, it happens that
|Kz(te) — Kz(zj)| > Bclz(t)] + ﬂoRyv(t,:r), then in that case we
assume that 751 = t,, and hence the control input is updated
instantaneously without any delay.

4.2. Input quantization

In our setup, the control input cannot be transmitted to the
plant with exact precision and only P (Kz(t;)),j € Nistransmitted
to the plant. The quantization model used for control inputs is
similar to the one adopted for outputs, that is,

u
qu(u) = Mqu <*>
"w

where u denotes the scaling parameter, and g" is a finite-level
quantizer whose range is denoted by R, and the sensitivity by A,,.
We specify an update rule for the parameter u; associated with the
input quantizer such that the resulting closed-loop system is still
globally asymptotically stable. In order to do that, we choose z(7g)
such that
)Lmin (Pc)Rﬁ 2
e 2,

K11
With quantized inputs and outputs, the dynamical system (2) is
thus written as:

z(t) = (A+ BK)z(t) + B(u(t) — Kz(t))
+ L(qu, Y (t) — Cz(t)), ¢, tx € [T, Tj41)
= (A+ BK)z(t) + BK(z(7;) — z(t))

(o () = ) 1, 00 - o).

i i

Ve(z(0)) =

With V.(z) = z'P.z as the Lyapunov function, and the control
update rule (28), we observe that

Ve(@(t) < —(1 — &) Amin(Q)|2(D)[?
+ ()| (BecAmin(Q)Ryvir 1) + 2[|PBl| Aupty)
+212(O] I1PLI(F (e 0)) | + Vi 0y Ay) (29)
where
k*(t) .= max{k e N: t; <t}.

From our output quantization scheme, we have that |y(t;)| =
|CX(ti)| < Ryvy, forallk € N, and Vik(5j) = Vir(r), for t > ;. For a

fixed 0 < & < U=min@) \ye introduce the constants

Amax (Pc)
e = 2||PB|| (30)
. (1 = &) Amin(Qc) — EcAmax (Pe)
and
. BecAmin(Qc) + 2[|PcL]|
v (1 = &) Amin(Qc) — EcAmax (Pe) '
3 2P.L|
b=

(1 = &) Amin(Qc) — EcAmax (Pe) ’

It is noted that if |z(t)| > X; = xcAuj + (G1Ry + g“sz)vk*(,j),
then

Ve(z(0) < =& Ve(z(1)).



A. Tanwani et al. / Systems & Control Letters 94 (2016) 46-56 53

Assuming that z(;) is contained in an ellipsoid defined as:

}\min(Pc)Rﬁ 2
Ve(z(1) < —————uy,
e (])) = ||K||2 M

we let

O, | == max {Amax(Pc)ij, e by

) )\min(Pc)Ri 2}
J

R
Choose pj11 such that

2u
, K€

J+1
W2 = it (31)
g Rﬁ}\min(PC)

then it is guaranteed that |z(zj11)| < %Hﬁ»l- and [Kz(zj11)| <
Ruptjt1.

Remark 4. In order to implement the quantization algorithm for
the control inputs, it must be noted that the parameter y actually
depends on the parameter v used for the quantization of y. This
is done because the evolution of the controller state z actually
depends upon the quantized values of y, and to determine the
region that contains the state z at current time instant, we use the
knowledge of how large y is, which is indeed captured by the most
recent value of v.

4.3. Asymptotic stability of the plant

Based on the sampling routine and quantization algorithm
proposed for the control input, we now show that the resulting
plant dynamics are indeed asymptotically stable. More formally,
we have the following result:

Theorem 2. Suppose that the output sent to the controller satisfies
the design criteria of Theorem 1, and the control input u(t) =
9y (Kz(1), t € [1), Tj41) is such that

e The input sampling instants t;, j > 1 are determined by (28).

e The parameter p; for the dynamic quantization of the input is
updated according to (31), and the quantization levels of q“
determined by R, and A, satisfy the following relation:

ﬂ _ )\min(Pc) ﬁu (32)
Ry Amax(Pe) xc K|l

forsomep, € (0, 1).

Then, the following statements hold:

e Thereis a minimum dwell-time between two control input updates,
thatis, there exists Tp > Osuch that tj;1—1; > 1p, foreveryj > 0.
e The closed-loop system (1)—(2) is asymptotically stable.

Proof. We have already demonstrated that the error dynamics (5)
are asymptotically stable, and it would suffice to show that the
dynamics of (2) satisfy the same property.

Asymptotic stability of system (2): Assuming that the first
statement holds, that s, there is tp > 0such that 7,1 —7; > 1p, for
allj € N (the existence of which will be proved later in the proof),
then for p, := max{p,, e~5™/2} < 1, we have

Mjt1 = Pullj + PyVick(zy)s

— Ikl

where p, = 2max(Pe) (¢1Ry + £ 4,). Since k*(;) goes to infin-

Ry Amin (Pc)
ity as j goes to infinity, and vy is a decreasing sequence, it follows
that y; is uniformly bounded and eventually converges to 0.

Stability in the sense of Lyapunov follows the same argument
as used in the proof of Theorem 1 and Lemma 3. One can choose
|X(to)] and |z(to)| sufficiently small such that the quantized values
of u and y remain zero until the corresponding quantization pa-
rameters are small enough. After which the negative value of VC(-)
guarantees that z(-) remains inside the prescribed ball.

Dwell-time between two input updates: In the definition of sam-
pling times t; given in (28), it is noted that |x(t)] < %v(t),
for all t > ¢t,. Thus, a lower bound on 7j;; — 7; is the time it
takes for |Kz(t) — Kz(t;)| to go from 0 to S(|z(t)| + |X(t)]), where
B == max{B, B,}. We let v(t) denote K (z(t) — z(z;)) and let w(t)
denote |z(t)| + |x(t)| in (19), t € [T}, Tj+1), to observe that

[o(0)]

lw(t)]
_ IKAIz(O1 + IKBIl 19, (Kz(z;))] + IKL g, 3 (8|
B |z(0)] + 1X(D)] '

! 1qu; (Kz(5)))] . )
To find a bound on —or We use the same technique as in the

derivation of (21). Recall that Qy; (Kz(1))) = 0,if [Kz(7))| < pjAy;
otherwise, if |[Kz(7;)| > u;A,, we have

lz(O)] + 1X(0)]
- WA+ [K2(5)]

lz(0)] + 1X(©)]

2 |Kz(5)|
lz(®O] + @)
[Kz(t) — Kz(7j)| + |Kz(t)|

[z(O)] + 1%(D)]

v ()]
2 KIl). 34
< (Iw(t)l + 1 II) (34)

Similarly, in (21), if we use the fact that [y(t) — y(ty)| < a|x(t)]
because of the sampling rule (9a), we get

|G, §(6)

(33)

+ [Kz(7)|

0, (Ke(5)| - _ 1
2]+ X0 ~

—— < 2(a + [IC|D.
[X(0)]
Substituting these bounds in (33) results in
[o(0)] [v(®)]
= 2
lw(®)] lw(®)]

for some appropriately defined constants by, b, > 0. Using similar
logic, it holds that for some b3, by > 0

O] _ 120+ kKO| _ v(©)]

lw(@©)| |z + %) ~ [w(t)]

Thus, using the expression (19), we obtain
d |v(t 0 t
7nmn<b(wu|+%hmn+m>
| lw(®)]

dt [w(©) = \Jw©®P
Once again using Lemma 4 (see Remark 5 in Appendix A), we can
find a 7p > 0 such that

[v()| _ rbs

o] =5 tan(bg(t — 15)),

3 4

t—1 < 1p,
for some r large enough and bg := % Hence,

1 2B
Tit1 — T = Tp == garctan E .
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(a) The plot contains the continuous-time signal y
(continuous curve in blue) with its space-quantized and
time-sampled values transmitted to the controller (dots in
red colour). The quantization parameter v converges to
zero very quickly, and hence a very little difference is
observed between the quantized and real values.
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(b) Plot of the continuous-time control input with its
space-quantized and time-sampled values transmitted to the
plant. Initially, the value of the quantization parameter p is very
large since it waits for y to converge, and afterwards, with
smaller values of j, the states start converging to the origin.

Fig. 2. Input and output signals resulting from the design of a stabilizing controller with time-sampled and space-quantized measurements. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

It is seen that the term 7p is strictly positive and hence the mini-
mum time between two updates of the control values have a uni-
form lower bound. O

5. Illustrative example

Consider the system with following matrices:

A::|:(1) 0?5}; Bzzm; c:=[1 0].

Since the matrix A does not have any complex eigenvalues, it
suffices to take n = 2. For the state estimation part, we choose
the output injection gain L = [4 3]7, Q, = [0?5 ois]' and e, = 0.75
which results in P, := [_1f;:’7 _11;;7] and o = 0.09. For quantization
of the sampled output, we pick a quantizer ¢’ which rounds off
the real-valued output to the nearest integer, so that A, = 1. The

value of parameter &, = O.IW = 0.0038 results in

Xo = 37.54. Finally by selecting p = 0.975, it is seen that the
number of quantization levels required for convergence of state
estimation error are

R > 126.4,

y
that is, we need [log,(126.4)] = 7 bit quantizer for the output.
It must be recalled that no optimality criterion was placed in
obtaining the required number of bits for convergence and it could
be reduced for other choices of matrices L and Q,.

For the control input, the feedback gain matrix K = —[6 4.5] is
chosen with Q. = Q,,and &, = 0.85.This resultsin P, = [02"255 00"255],
and B, = 0.38. For the quantization, we again pick g" such that
its input is rounded of to the nearest integer, so that A, = 1.

— (A=ec)rmin(Qc) __ 5
The value of parameter & = 0.1 Py = 0.0048 results in

Xc = 9.94.Finally by selecting p, = 0.85, it is seen that the desired
value of R, = 318, so we need [log,(318)] = 9 bit quantizer for
the control input. The results of the simulation are given in Fig. 2.
As expected, the states of the system converge to zero under the
proposed algorithm, and the plots in Fig. 2(a), and (b) show the
sampled and real values of the output and input, respectively.

6. Conclusions

For the future work, certain issues could be investigated further.
The choice of parameters & and $ directly affect the inter-sampling
time observed in the simulations. So it is of interest to maximize
them by choosing appropriate feedback and injection gain matrices

while keeping the number of required quantization levels to a
minimum. Also, it is possible that the proposed methodology could
be extended to nonlinear systems. For that, some modifications
need to be introduced which do not require exact computation
of the discretized model of the plant (which is impossible to
compute in nonlinear systems). This will also alleviate the need of
computing exponentials of matrices in our algorithms.

Appendix A. Proofs of lemmas

Proof of Lemma 1. For t > t;, we have,
t
O = MW — [ I, () ds
tk

or equivalently,

t
e MW =) — [ AILdsa, (). (A1)

Using similar calculations, one can solve the system (5) over the
interval [t,_1, t] to obtain:

e*A(tk*tk—l))”é(tk)

t]
= X(ty_1) — k 1L ds g, F(te-1)). (A2)

k-1

Since the solution of (5) are absolutely continuous, one can
substitute the value of X(t;_1) from (A.2) in (A.1) to obtain

t
e M -VR(t) = X(te—1) — / =179 ds q,, ((t))

tk

t,
— [ 9 ldsqy  Gte-). (A3)
-1
Egs. (A.1)and (A.2) show that (8) holds for n = 2. For higher values
of n, one can continue in similar manner and solve (5) on precedent
intervals [ty_z, ti—1l, ..., [tk—p+1, tr—y+2] to arrive at the desired
expressionin (8). O
Proof of Lemma 3. From the update rule specified for the quanti-
zation parameter v, we have vy := pv, for k > n. Thus, there
exists k, such that vy < &, for k > k > n. It remains to show that
Gy, (¥(te)) = 0 for sufficiently small [X(to)|. Towards that end, let
ap = ||eATH-1710)| q, := ||e**VT||, and a := aga,, so that the
solution of X = AX satisfies

x| < alx(to)l, t € [to, ).
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Choose vy = vy = - - - = v, large enough, and [X(t,)| small enough

k
such that [X(to)| < p;"ﬁ'&ﬁy Vo =: 89, where pmin := min{p, e °7/2}.
This would imply that, for 0 < k < n — 1,t € [t, tys1)s

k
~ Prmin Ay
< min
|X(t)| = an”C“

and therefore q,, (¥(ty)) = 0. Since [X(t,)| < ﬁpgﬂnvn and

vo. In particular, for 0 < k < n, [y(tp)| < Ay,

vp > pr’_‘mnv,,, it follows that for n +1 < k < k, t € [ti_1, t),
k
|x(t)] < p“ﬁigfy v, < “A%Hvk. Consequently, q,, (¥(tx)) = 0, for each

n+1<k<k O

2
Proof of Lemma 4. For some positive integerr, letds := (r>+1) %2
be such that a; > as. By comparison lemma, X (t) < Z(t), for each
t > ty, where Z(-) satisfies the differential equation

dz - -
= a1e” (72 + 0,7 + G3)

with initial condition Z(t;) = 0, so that any upper bound on Z(-)
acts as a bound on X(+). It is noted that

z(t) dz t_
f - = a1/ e~ s
0 Z° + ayZ + as t

or equivalently,

(eE([_t") _ -l) .

Q2

/‘Z ® dz

2 - 2N
© @)+ (m-%)
Using the definition of as, and integrating both sides, we get

2 2 a, 2 1
— arctan | — <Z + —) — —arctan | —
ra; ra; 2 ra; r

= 2 (7w —1).

o
Letting a4 := 52, we get
ra - 1 a
Z(t) = 72 tan (a4(e”“”‘) — 1) 4 arctan <7>> — 52
"

a, [rtan(as(e” — 1)) +1 .

2 1 — m@n(E "% -1)
T

In the above expression, note that the term tan(a,(e” ‘=% — 1))
takes the value 0 at t = t; and is increasing monotonically with

. tan(ag(e” ) —1))
t. Thus, if —+———

(1 + é arctan r) =: tp, then for t — t;, < tp, we have

< 1, or equivalently, (t — t;) < %log

rtan(as (e~ — 1)) + 1

1_— tan(ag (e C) —1))
r

< rtan(as (e — 1)) + 1,

and it follows that
ra - ~
Z(t) < 72 tan(ag (e — 1)), t—t, < bp.

Noting that X(t) < Z(t), for all t >
follows. O

ty, the desired result

Remark 5. In the statement of Lemma 4, if & = 0, then we get
ra; ~
X(t) < o tan(as(t — &), t—tx <tp

where a; := "2 and fp := arctanr.
Appendix B. Basic facts

Facts. We list a series of facts that were used in the proof of
Theorem 1. These relate to bounding the norm of matrix Ny, (-), the
norm of its pseudo-inverse, and the norm of the matrix obtained by
differentiating Ny, (+).

(F1) There exist constants ¢c,o0 > 0, such that ||[Ni,(0)| =<
ce®t—n+1) forallt > t.

(F2) If N, (t) has rank n, then there exists a matrix N,:n(t) such
that N,In(t) - N, (t) = Inxn and for some positive constants
¢y, 01, we have

ING, O < ¢qe o)

and consequently, [Ny , (£)x| > 'X‘([)” ,Vx e R

Ny,
(F3) Let Nk,,,(t) denote the matrix obtained by taking the

derivative of each element of Ny ,(t) with respect to time,
then there exist c; > 0, 0, > 0 such that

[Nip ()] < cpe2ten+)

Remark 6. There are different ways in which we can compute the
constantc, ¢y, ¢; and o, o1, 0,. For example, a conservative way to
compute, ¢ and o is to observe that

Ny, (t) = block diag (C,C,...,()

% COl(e_A(t_tk), e—A(f—fk—l), e e_A([_fk—n+l))

where the notation col(A;, Ay) denotes [g; ] Hence, one can take
c = nn/nnp||C|| - ¢ and 0 = o, where ¢, o are such that

le= || < ce’t, forallt > 0.
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