Chapter 9
Discrete-Time Networked Control Under
Scheduling Protocols

Kun Liu, Emilia Fridman and Karl Henrik Johansson

Abstract This chapter analyzes the exponential stability of discrete-time networked
control systems viadelay-dependent Lyapunov-Krasovskii methods. The time-delay
approach has been developed recently for the stabilization of continuous-time net-
worked control systems under a Round-Robin protocol and a weighted Try-Once-
Discard protocol, respectively. In the present chapter, the time-delay approach is
extended to the stability analysis of discrete-time networked control systems under
both these scheduling protocols. First, the closed-loop system is modeled as a
discrete-time switched system with multiple and ordered time-varying delays under
the Round-Robin protocol. Then, a discrete-time hybrid system model for the closed-
loop system is presented under these protocols. It contains time-varying delays in
the continuous dynamics and in the reset conditions. The communication delays are
allowed to be larger than the sampling intervals. Polytopic uncertainties in the sys-
tem model can be easily included in our analysis. The efficiency of the time-delay
approach is illustrated in an example of a cart-pendulum system.

9.1 Introduction

Network control systems (NCSs) are spatially distributed systems in which the
communication between sensors, actuators, and controllers occurs through a com-
munication network [1, 22]. In many such systems, only one node is allowed to use
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the communication channel at each time instant. In the present chapter, we focus
on the stability analysis of discrete-time NCSs with communication constraints. The
scheduling of sensor information towards the controller is defined by a Round-Robin
(RR) protocol or by a weighted Try-Once-Discard (TOD) protocol. A linear system
with distributed sensors is considered. Three recent approaches for NCSs are based
on discrete-time systems [2, 3, 7], impulsive/hybrid systems [10, 18, 19] and time-
delay systems [4, 6, 8, 12, 21].

The time-delay approach was developed for the stabilization of continuous-time
NCSs under a RR protocol in [15] and under a weighted TOD protocol in [16]. The
closed-loop system was modeled as a switched system with multiple and ordered
time-varying delays under RR protocol or as a hybrid system with time-varying
delays in the dynamics and in the reset equations under TOD protocol. Differently
from the existing hybrid and discrete-time approaches on the stabilization of NCS
with scheduling protocols, the time-delay approach allows treating the case of large
communication delays.

In the present chapter, the time-delay approach is extended to the stability analysis
of discrete-time NCSs under RR and weighted TOD scheduling protocols. First, the
closed-loop system is modeled as a discrete-time switched system with multiple
and ordered time-varying delays under RR protocol. Then, a discrete-time hybrid
system model for the closed-loop system is presented that contains time-varying
delays in the continuous dynamics and in the reset conditions under TOD and RR
protocols. Differently from [14], the same conditions are derived for the exponential
stability of the resulting hybrid system model under both these scheduling protocols.
The communication delays are allowed to be larger than the sampling intervals.
The conditions are given in terms of Linear Matrix Inequalities (LMIs). Polytopic
uncertainties in the system model can be easily included in the analysis. The efficiency
of the presented approach is illustrated by a cart-pendulum system.

Notation: Throughout the chapter, the superscript ‘7’ stands for matrix transpo-
sition, R" denotes the n dimensional Euclidean space with vector norm | - |, R"*"
is the set of all n x m real matrices, and the notation P >0, for P € R"*" means
that P is symmetric and positive definite. The symmetric elements of a symmetric
matrix will be denoted by *. Z*, N and R* denote the set of non-negative integers,
positive integers integers and non-negative real numbers, respectively.

9.2 Discrete-Time Networked Control Systems Under
Round-Robin Scheduling: A Switched System Model

9.2.1 Problem Formulation

Consider the system architecture in Fig.9.1 with plant

x(t+1)=Ax(®)+ Bu@), teZ", 9.1)
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where x (t) € R" is the state vector, u(z) € R" isthe controlinput, A and B are system

matrices with appropriate dimensions. The initial condition is given by x(0) = xg.
The NCS has several nodes connected via networks. For the sake of simplicity, we

consider two sensor nodes y; (¢) = C;x(t),i = 1,2 and we denote C = [CIT C2T ]T,

y() =[x @) y; @) ]T e R™, t € Z*. Welet s, denote the unbounded and monoto-
nously increasing sequence of sampling instants, i.e.,

O=sp<s| <- <8 <--, klim Sp = 00, Spp1 — sk < MATI, k € ZT,
—

” 9.2)
where {so, 51, 52, ...} is a subsequence of {0, 1, 2, ...} and MATI denotes the Maxi-
mum Allowable Transmission Interval. At each sampling instant sz, one of the outputs
yi(t) € R"(ny 4+ ny = ny) is sampled and transmitted via the network. First, we con-
sider the RR scheduling protocol for the choice of the active output node: the outputs
are transmitted one after another, i.e., y;(t) = Cix(t),t € Z% is transmitted only at
the sampling instant 1 = 52,41, p € Z*, i = 1,2. After each transmission and
reception, the values in y;(¢) are updated with the newly received values, while the
values of y;(t) for j # i remain the same, as no additional information is received.
This leads to the constrained data exchange expressed as

yilse) = Cix(se), k=2p+i—1,

+
Vi k#2pti-1, PET

Vi =
It is assumed that no packet dropouts and no packet disorders will happen during
the data transmission over the network. The transmission of the information over the
network is subject to a variable delay n; € Z*, which is allowed to be larger than
the sampling intervals. Then #;, = s; + 1 is the updating time instant of the ZOH
device.
Assume that the network-induced delay 7, and the time span between the updating
and the current sampling instants are bounded:

tis1 — 1=t +me <ty 0 < < < nu, k €ZY, (9.3)
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where Ty, 17, and 1y, are known non-negative integers. Then

(i1 — 1) — sk = se1 — Sk + k1 — 1 S MATL+ny — 1 = 7,
(g1 — 1) — 851 = Skq1 — Skt + M1 — 1 S 2MATT+ny — 1
A
=2ty —nu +1=1y,
el — e STy — N + 1

(9.4)

Note that the first updating time 7y corresponds to the first data received by the
actuator, which means that u(z) = 0, ¢ € [0, o — 1]. Then for ¢t € [0, to — 1], (9.1)
is given by

xt+1D)=Ax@), t=0,1,...,60—1, t €Z". 9.5)

In [15], a time-delay approach was developed for the stability and L,-gain analy-
sis of continuous-time NCSs with RR scheduling. In this section, we consider the
stability analysis of discrete-time NCSs under RR scheduling protocol.

It is assumed that the controller and the actuator are event-driven. Suppose
that there exists a matrix K = [K1 K> ] Ky € Z"*™ K, € ™" such that
A + BKC is Schur. Consider the static output feedback of the form:

u(t) =Ky, + Koyp, t € [t tig1 — 1], t €N, ke N,

Following [15], the closed-loop system with RR scheduling is modeled as a
switched system:

x(t+ 1) =Ax(@) + Arx(te—1 — me—1) + Aox (@ — i), € [&, i1 — 1],
x(t+1) = Ax(@) + Arx (1 — M) + Aox (e — ), t € [trq1, tepa — 11,
(9.6)
where k =2p — 1, pe N, A; = BK;C;, i =1,2. Fort € [t, ty+1 — 1], we can
represent
h—m=t—1(t), i1 —Mm—1 =1 — T2(1),

where
@)=t —tf+nm <) =1t— 1+ M1,

T € [ Tty T2(0) € s Tarl, 1 € [t tian — 11, ©.7)

Therefore, (9.6) for ¢ € [#, tx+1 — 1] can be considered as a system with two
time-varying interval delays, where 7, (¢) < to(¢). Similarly, for ¢ € [ty11, tre2 — 11,
(9.6) is a system with two time-varying delays, one of which is less than another.

For t € [y, t; — 1], the closed-loop system is reduced to the following form

x(t+1)=Ax(@)+ Ax(ty — no), t € [to, 11 — 1].
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9.2.2 Stability Analysis of the Switched System Model

Applying the following discrete-time Lyapunov-Krasovskii functional (LKF) to
system (9.6) with time-varying delay from the maximum delay interval [7,,, Tas] [5]:

t—1

Ver() = xT(t)Px(1) + Z A7 T (5)Sox (5)

—1 t—ls_t " t—nm—1
i D 2L KT R + D AT (9)S1x(s)
J==Mm s=t+] s=t—1Ty
—m—1 =1
FE =) D DL N () RinGs),

J==tu s=t+]
n)=x@t+1)—x@), P>0,85>0, R >0,i=0,1,0<A<1,1r>0,

where following [13], we define (for simplicity) x(z) = xo, t < 0.

Similar to [15], by taking advantage of the ordered delays and using convex
analysis of [20], we arrive to the following sufficient conditions for the stability of
the switched system:

Theorem 1 Given scalars 0 < A < 1, positive integers 0 < n,, < ny < Ty, and
K;, Kg, le( there exist scalars n x n matrices P > 0, Sy >0, Ry >0 (9 =0,1),
G, G5, G5 (i = 1,2) such that the following matrix inequalities are feasible:

Ri G| G,
Q=] % R Gy |=>0, (9.8)
¥ x Ry

(FOTPF, + X + (F)THF}, — A" FLRyF1, —A™FTQ,F <0, 9.9)

where )
Fé = [A 0 Al‘ A3,[ 0],
Fyy=[A—10A4A; A3_;0],i=1,2,
F,=[1 —1000],

07I-10 0
F=]1001 -1 0 |,
000 I -1

¥ =diag{Sy — AP, —A" (Sp — S1),0,0, =A™ S},
H =1, Ro+ (T — na)*R1.

Then, the closed-loop system (9.6) is exponentially stable with the decay rate A.

Proof Consider t € [#, trs1 — 1] and define £(t) = col{x(t), x(t — ), x(tr_1 —
Nk—1)s X (& — i), x(t — Tyr)}. Along (9.6), we have
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Vrr(t + 1) — AVrr(t) < ETOIFY) PFy+ X + (F))" HF16(1)

t—1

A" D 0" () Ron(s)

S=t—Nm
t—nm—1
A @y =) D 0" (O)Rin(s).
S=t—Ty

By Jensen’s inequality [9], we have

t—1 t—1 t—1

M D N SR = D "Ry D n(s)

S=1—=1p S=L—1pn S=1—1pn

= T (1) FLRoF12&(2).

Taking into account that #,_; — ;1 < ty — ni (i.e. that the delays satisfy the
relation (9.7)) and applying further Jensen’s inequality, we obtain

l_nm_l
—(Eu —nm) D, 1 ()Rin(s)
S=t—Ty
t—1m—1 fr—m—1
=G -] D " ©ORmG+ D 0 @R
S=l—Nk S=lk—1—Mk—1

te—1—nk—1—1

+ > @R

S=t—Ty

IA

1 1 1
—— i) — — @) — — f3(),
aq [0%) a3
where

P — N — b+ M B — Mk — te—1 + My Ty — 1+ o1 — M1
=, 0 = - , 03 = = s
™ — Nm T ™ — Nm ™ — Nm
S1(@®) =[x — 1) — x@& — 0] Rilx (@ — 1) — x (G — ni)],
@) =[xt — ) — x (et — M) Rilx (e — ) — x (et — me—1)]1,

F@) = [x(timr — m—1) — x(t — T Rilx by — mi—1) — x(t — Tw)]-

o

Denote

g12(t) = [x(t — 1) — x(t — n)1 Gllx(t — ) — x ey — m—1)],
g13(1) = [x(t — 1) — x(tx — n)) Galx(tet — M=) — x(t — Tap)],
223() = [x(tx — ) — x ey — m—D1T Gx oy — mi—1) — x(t — Ta)].
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Note that (9.8) with i = 1 guarantees [R‘ i%] >0(j =1,2,3), and, thus,

*

fi(®) i) . o
[gl-,jm £ ] 20, i#)i=12j=23

Then, we arrive to

el 1 1 1
(T — M) Z " (ORin(s) < —— filt) — — (1) — — f5(1)
o1 (6%) o3

S=t—Ty

<—fit) = f() — f5(t) —2812(t) — 2815(t) — 2g23(t) = —E" () F' 2, FE(1),

where £2; is given by (9.8) with i = 1. The latter inequality holds if (9.8) is feasible
[20]. Hence, (9.9) with i = 1 guarantees that Vgg(t + 1) — AVgg(t) <0 for t €
[k, k1 — 11

Similarly, for ¢ € [tx+1, tr+2 — 1], (9.8) and (9.9) with i = 2 guarantee Vg (f +
1) — AVgr(t) < 0. Thus, (9.6) is exponentially stable with the decay rate A.

9.3 Discrete-Time Networked Systems Under the
Try-Once-Discard and Round-Robin Scheduling:
A Hybrid Time-Delay Model

9.3.1 Problem Formulation

In [16], a weighted TOD protocol was analyzed for the stabilization of continuous-
time NCSs. In this section, we consider discrete-time NCSs under TOD and RR
scheduling via a hybrid delayed model.

Consider (9.1) with two sensor nodes y; () = C;x(t),i = 1,2 and a sequence
of sampling instants (9.2). At each sampling instant s;, one of the outputs y;(¢) €
R"(ny + np = ny) is sampled and transmitted via the network. Denote by y(s) =

[ 51 ) $5 (s0) ]T € R™ the output information submitted to the scheduling pro-
tocol. At each sampling instant sy, one of ¥;(s;) values is updated with the recent
output y; (sx).

It is assumed that no packet dropouts and no packet disorders will happen during
the data transmission over the network. The transmission of the information over
the network is subject to a variable delay n;. Then #, = s + 1 is the updating time
instant. As in the previous section, we allow the delays to be large provided that the
old sample cannot get to the destination (to the controller or to the actuator) after the
current one. Assume that the network-induced delay n; and the time span between
the updating and the current sampling instants satisfy (9.3).
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Following [16], consider the error between the system output y(s;) and the last
available information y(s;_1):

e(t) = col{e| (1), e2(1)} = F(sx—1) — y(s0), t € [te, tkr1 — 11,
teZt keZ, $(s_1) 20, e(t) € R".

The control signal to be applied to the system (9.1) is given by
ut) = Kizyir (e — m) + Ki9i (-1 — me—Dyiigs € [, trr1 — 11,

where K = [K K>], K; € R™*™ | K> € R™*" guch that A + BK C is Schur. The
closed-loop system can be presented as

x(t+1) = Ax(t) + Arx(tx — n) + Biei(D)izir

et + 1) = e(t), 1 € [, tiss — 21, 1 € 2, ©-10)

with the delayed reset system for t = #;] — 1

X(tey1) = Ax (e — 1) + Arx (e — i) + Biei (8) i
ei(tir1) = Cilx (e — i) — X (ter — M), @ =i, (9.11)
ei(txr1) = ei(tx) + Cilx (tx — i) — x (g1 — M1, § F 0
where A; = BKC, B, = BK;, K = [K; K;], i =1, 2. The initial condition for
(9.10), (9.11) has the form of e(ty) = —Cx(ty — n9) = —Cxo and (9.5). We will

consider stability analysis of the discrete-time hybrid system (9.10), (9.11) under
TOD and RR protocols described next.

9.3.2 Scheduling Protocols

9.3.2.1 TOD Protocol
Let O, > 0, Q> > 0 be some weighting matrices. At the sampling instant sy, the

weighted TOD protocol is a protocol for which the active output node is defined as
any index i; that satisfies

IV Qe O = 1V Qe t € [t i), ke Z¥, i=1,2. 9.12)

A possible choice of i} is given by

if = minfarg max [/Q; (3i(se-1) = yi(s0) I)-
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9.3.2.2 RR Protocol
The active output node is chosen periodically:

iy =if, forallk € Z7*, if #if. ©.13)

9.3.3 Stability Analysis of Discrete-Time Hybrid Delayed
System Under TOD and RR Protocols
Consider the LKF of the form:

Vo) = V() + — LT () Qe ()
™M — Nm + 1 ! k

where
V() = V) + Vo),

t—1
Vo) = (tu —nw) D AT ()02 (s),

S=I—Nk

t—1 t—=nm—1
Vi) =x"0Px@)+ D AT @Sx() + D AT (9)81x(s)
S=t—1Ny S=t—Ty
—1 t—1
D D AT ()Rt (s)
J=—Nm s=t+]

—Nm—1 =1

=) D DN @RIE),

J=—ty s=t+]
and

¢+ =x@¢+1)—-x@), P>0,S5>0 R >0, 0>0, Q; >0,
O0<i<1,i=0,1, j=1,2, tety,tix1 — 1], t €ZT, k e ZT,

where we define x(¢) = xo, ¢t < 0. Our objective is to guarantee that
Vot +1) = AV, (1) <0, t € [tg, tre1 — 11, t € ZT (9.14)
holds along (9.10), (9.11). The inequality (9.14) implies the following bound

V() < Ve(t) <A 7Vo(t), t = 1, t € Z7,
Velto) = V(to) + minf| 0iei (1)}, (9.15)
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for the solution of (9.10), (9.11) with the initial condition (9.5) and e(#y) € R™ . Here
we took into account that for the case of two sensor nodes

IV Qiei ()} = min{lv/Qiei (10) ).

From (9.15), it follows that the system (9.10), (9.11) is exponentially stable with
respect to x. The novel term Vj (¢) of the LKF is inserted to cope with the delays in

the reset conditions

Vo(tie1) — AVo(try1 — 1)

fky1—1 Iey1—2
=@ —m)l D, M) 00— D AT () Qe (9)]
B ‘Y=;:+_1T‘nk+171
< (o = ¢ (1 = DQL s — D=2 D" T (5)Q¢(5)]
S=Il—Mk

<(tm = 1) (trrr = DOL (g — D= 2™/ Qlx (11 — mirn) — x (6 — m)11,
1, —1
where we applied Jensen’s inequality (see e.g., [9]). The term L_Hef (to)
™ — Nm
Q;e; (1) is inspired by the similar construction of the LKF for the sampled-data
systems [4]. We have

Vetrs1) — AVe(tigr — 1)

~ ~ Tean — Ty
= V(tp1) = AV (e — 1) + 22T

™ — N + lei
eir(tk)Qiei(tk)li;éi,f + (= 1) (tp1 — DOL (g — 1)

(tk+1) Qi€ (Tt 1) ii,,

oy — Nm + 1
— A/ Ox (g1 — mes1) — x(t — o)1l

Note that under TOD protocol for iy | = i
el () Qe Diigiz,, < € (tesn) Qi ez (tx11), (9.16)

whereas for i}, | # i; the latter relation holds with equality. Under RR protocol we
have i;,; # i;. Hence

Tev2 — it
———————e¢] () Qiei (i) jiziz,, < ei];:(tk+l)Qiei[(tk+l)
™ — NMm +1

= |/ Qi Ciz [x (tis1 — 1) —x (1 — M1

Assume that
AMQ > Clo,Ci,i=1,2. 9.17)
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Then for t = ;41 — 1, we obtain

Vot + 1) = AV (1) <Vt + 1) —AV() + (tn — 1) T (D) Q2 (1)

S ! () Qiei (1)
- €; i€i iit -
=t e

Furthermore, due to

A 1 11— 1
<

- =— + < - +1—A,
Ty — N + 1 Ty —Nm+1 T —1n+1 ™ — N +1

fort = t,4; — 1, we arrive at

Vot +1) = AVo(t) < V(e + 1) = AV() + (ty — 1) (1) Q2 (1)

! A (9.18)
[ = (1 = W)]e] ) Qiei (W)yiziy = ¥ (1),
L =1~ 4 =Pl Qe iz =0
For t € [, tx+1 — 2], we have
Vot +1) = AV, (1) < V(t 4+ 1) — AV () + (tnr — na)C T () QL (1)
1 —1—1 frp1 — f .
- i (L) Qe (tr)jiix-
7:M_nm‘i‘l TM_nm‘i‘liIez(k)Qe(k)l#k
Since
11 —t—1 t —t ¢ —;
- S =- byt
‘[M_nm+1 TM_rlm+1 ‘[A%—r/mq_l TM_nm+l
<——————+ 14,

T — N +1

we conclude that (9.18) is valid also for z € [#, ty41 — 2]. Therefore, (9.14) holds if
v() <0, telt, iy —11 (9.19)

Note that i # i for i = 1,2 is the same as i = 3 — i;’. By using the standard
arguments for the delay-dependent analysis [20], we derive the following conditions
for (9.19) (and, thus for (9.15)):

Theorem 2 Given scalar 0 < A < 1, positive integers 0 < n,, < ny < Ty, and
K1, K>, if there exist n x n matrices P >0, 0 >0, §; >0, R; >0 (j =0,1),
Si2, n; X n; matrices Q; > 0 (i = 1, 2) such that (9.17) and

| Ry Si2
Q_|:>i< R1:|ZO’

FIPFy+ X 4+ FLWFy — A" FL R F1, =A™ FTQF <0,
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are feasible, where

ﬁo =[A0A 0B ],

Foy=[A—10A,0B;_],

01 -1 00

[00 I —1I o]

> = ag{SO—AP —ATm(So — S1), 0, =A™ Sy, @},
= [——(l—k)]QH,

2TM_nm+1 2
W=n,Ro+ (tyy — ) " Ri + (tyy — 1) Q, i=1,2.

’Tp

Then the solutions of the hybrid system (9.10), (9.11) satisfy the bound (9.15),
implying exponential stability of (9.10), (9.11) with respect to x. Moreover, if the
aforementioned inequalities are feasible with A = 1, then the bound (9.15) holds
with A = 1 — g, where ¢ > 0 is small enough.

Remark 1 The inequality V, (1) < A" ™V,(ty), t > tp, t € Z* in (9.15) guarantees

that
Tky1 —

T_—m+1 i (tk) Qe (tk)|l¢l

is bounded, and it does not guarantee that e(#;) is bounded. That is why (9.15) implies
only partial stability with respect to x.

Remark 2 Note that for the stability analysis of discrete-time systems with time-
varying delay in the state, a switched system transformation approach can be used
in addition to a Lyapunov-Krasovskii method. See more details in [11].

Remark 3 Application of Schur complement leads the matrix inequalities of Theo-
rems 1 and 2 to LMIs that are affine in the system matrices. Therefore, for the case
of system matrices from the uncertain time-varying polytope

N
9= 500, 0<g;(n) <1,

the LMIs need to be solved simultaneously for all N vertices @j, using the same
decision matrices.

9.4 [Example: Discrete-Time Cart-Pendulum

Consider the following linearized model of the inverted pendulum on a cart [15]:
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() 01 0 0 ® 0
x(t —mg x(t a
x| 00 M 0 %(t) i
6@) | — |00 0 e [T 0 u(t), t € R*
6(1) (M +m)g 0(t) —a
00 Ml 0 Ml

with M = 3.9249kg,m = 0.2047kg,l = 0.2302m, g = 9.81 N/kg,a = 25.3N/V.
In the model, x and 6 represent cart position coordinate and pendulum angle from
vertical, respectively. Such a model discretized with a sampling time Ty = 0.001 s:

X+ 1) 10.001 0 0 x(1) 0
Axc+D | o 1 —00005 0 Ax(t) 0.0064 N
oc+1) [ = o o 100 0001 o) | T 0 u(®), t € 7.
20 + 1) 0 0 00448 1 A6(1) —0.0280

The pendulum can be stabilized by a state feedback u(t) = K [x Ax 6 A0 ]T
with the gain K = [K| K3]

Ky =[5.8255.883], K, =[24.9415.140],

which leads to the closed-loop system eigenvalues {0.8997, 0.9980 + 0.0020i,
0.9980 — 0.0020i, 0.9980}. Suppose the variables 6, A9 and x, Ax are not accessible
simultaneously. We consider measurements y; (1) = C;x(t), t € Z*, where

1000 0010
Cl_[0100]’C2_[0001]'

For the values of 17,,, givenin Table 9.1, we apply Theorem 2 with A = 1 and find the
maximum values of MATTI that preserve the stability of hybrid system (9.10), (9.11)
withrespect to x (see Table 9.1). From Table 9.1, itis observed that the presented TOD
protocol, which possesses less decision variables in the LMI conditions, stabilizes
the system for larger MATI than the RR protocol in Theorem 1. Moreover, when
Nm > MATI (5,, = 4), our method is still feasible (communication delays are larger
than the sampling intervals).

Table 9.1 Example: maximum values of MATI for different n,, = nuy

MATI\n, = nm| O 2 4 5 8 11 Decision

variables
Theorem 1 (RR) | 4 3 3 2 1 Infeasible | 146
Theorem 2 4 4 3 3 2 1 82
(TOD/RR)
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9.5 Conclusions

In this chapter, a time-delay approach has been developed for the stability analysis
of discrete-time NCSs under the RR or under a weighted TOD scheduling. Polytopic
uncertainties in the system model can be easily included in the analysis. A numerical
example illustrated the efficiency of our method. It was assumed that no packet
dropouts will happen during the data transmission over the network. Note that the
time-delay approach has been developed for NCSs under stochastic protocols in [17],
where the network-induced delays are allowed to be larger than the sampling intervals
in the presence of collisions. For application of the presented approach in this chapter
to discrete-time NCSs under scheduling protocols and actuator constraints, see [14].
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