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Abstract

We consider networked control systems in which sensors, actuators, and controller transmit through asynchronous communica-
tion links, each introducing independent and identically distributed intervals between transmissions. We model these scenarios
through impulsive systems with several reset maps triggered by independent renewal processes, i.e., the intervals between
jumps associated with a given reset map are identically distributed and independent of the other jump intervals. For linear
dynamic and reset maps, we establish that mean exponential stability is equivalent to the spectral radius of an integral opera-
tor being less than one. We also prove that the origin of a non-linear impulsive system is (locally) stable with probability one
if its local linearization about the zero equilibrium is mean exponentially stable, which justifies the importance of studying
the linear case. The applicability of the results is illustrated through an example using a linearized model of a batch-reactor.
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1 Introduction

Consider a networked control system in which a remote
controller communicates with a plant through two inde-
pendent communication links; e.g., the actuation data
is sent from the controller to the plant through a shared
wired network and the sensor data is sent from the plant
to the controller through a shared wireless network. A
reasonable assumption in control over networks utiliz-
ing CSMA-type protocols, such as the Ethernet or the
Wireless 802.11, is to take the lengths of times needed
to gain access to the shared network and to transmit
data to be independent and identically distributed

* This paper was not presented at any IFAC
meeting. Corresponding author D. Antunes, dan-
tunes@isr.ist.utl.pt,Instituto Superior Técnico, ISR, 1046-
001 Lisboa, Portugal. This work was supported in part by
the Fundacao para a Ciéncia e a Tecnologia (Institute for
Systems and Robotics/Instituto Superior Técnico pluri-
anual funding) through the PIDDAC Program funds, by
Project PTDC/MAR/64546/2006 OBSERVFLY and by
the NSF grant # CNS-0720842. The work of A. Antunes
was supported by the Ph.D. Grant SFRH/BD/24632/2005
from Fundagéo para a Ciéncia e a Tecnologia

Email addresses: dantunes@isr.ist.utl.pt (Duarte
Antunes), hespanha@ece.ucsb.edu (Jodo Hespanha),
cjs@isr.ist.utl.pt (Carlos Silvestre).

Preprint submitted to Automatica

(see, e.g. [5], [20], [18]). In the present paper, we show
that this networked control system, and, more gener-
ally, networked control systems where several sensors,
actuators, and controller, are linked through networks
operating asynchronously, can be modeled by impulsive
systems of the following form

i(t) = a(z(t), t>0, t#t, 2(0) =, O
w(ty) = je(x(t7)), k>1, £ L:={1,...,n},
where the duration of the intervals {hi = ti b1 tf;, k>
0} between jumps times ¢; associated with a given reset
map jg, are independent and identically distributed and
also independent of the jump intervals {h],j # ¢, j €
L}. In (1), the notation x(t,~) indicates the limit from
the left of x at the point ti.

We provide stability results for (1), from which one can
directly infer stability properties for the networked con-
trol systems just described. Our main result establishes
that when the dynamic map a and the reset maps jy
are linear, mean exponential stability is equivalent to
the spectral radius of an integral operator being less
than one, which can be efficiently tested numerically.
To prove this result, we first derive conditions for mean
exponential stability for (1) with general non-linear dy-
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namic and reset maps. When specialized to linear dy-
namic and reset maps, these stability conditions can be
expressed in terms of the existence of a solution to an
integro-differential equation, which, in turn, is related
to the spectral radius of an integral operator. For the
general nonlinear case, we show that the origin of (1) is
(locally) stable with probability one if the linearization
of (1) about zero equilibrium is mean exponentially sta-
ble, which justifies the importance of studying the linear
case.

To illustrate the applicability of our results, we consider
the linearized model of a batch-reactor that appeared
in [2], where we assumed that the sensors transmit in a
round-robin fashion through a single shared link. We can
now test mean exponential stability in the case where the
sensors transmit through two asynchronous links both
introducing independent and identically distributed in-
tervals between transmissions.

Several references to related work on networked con-
trol systems can be found in [12], including sys-
tems with asynchronous data transmissions, e.g., [22],
and systems with independent and identically dis-
tributed intervals between transmission, e.g, [18]. See
also [13], [20], [5], [11]. However, the networked control
problem we consider here, and the associated class of
impulsive systems, seem to have not been studied in
the literature. Stability results for deterministic impul-
sive systems can be found in [1], [17]. The proof of our
results builds upon results for piecewise deterministic
systems [10] and the stochastic Lyapunov approach [16].

The remainder of the paper is organized as follows. The
connection between (1) and networked control systems
is given in Section 2. In Section 3 we state and discuss
our main results. Our main result concerning stability of
linear impulsive systems, is proved in Section 4; the re-
sults concerning mean exponential stability and stability
with probability one of (1), are proved in the Appendix.
An example is given in Section 5. Final conclusions are
given in Section 6. A subset of the results in this paper
was presented in the conference paper [3].

Notation: For vectors a;, (a1, . . ., a,)denotes the column
vector [a] ...aT]T. The notation 1, indicates a vector
of n ones.

2 Modeling Networked Control Systems with
Impulsive Systems

Consider a continuous-time plant and a controller de-
scribed by

Plant: ip = fp(xp,i), y=g(zp) (2)
Controller: #¢=fe(ze,§), u=h(zec,9). (3)

The controller is assumed to yield the closed-loop stable
when the plant and the controller are directly connected,
ie., a(t) = u(t), g(t) = y(t). However, sensors, actu-
ators, and controller may be spatially distributed and
linked via communication networks, in which case this
ideal assumption is not valid. Suppose that there are i,
sensors, among which, n, are linked to the controller via
n, communication networks, i.e., each sensor transmits
through a different network. Then we can partition y as

y = (yp,yp) := (gp(zp),9p(zp)) = g(xp) where

Yyp = (Y1,---,YUn,),
comprises the measurement signals y; € R*,1 < ¢ < n,
of the n, sensors linked to the controller via a network,
and yp comprises the measurement signals of the sensors
whose connection to the controller is ideal. Therefore,
partitioning g as g = (91,...,%n,,Jp), ¥i € R%, we have
yp(t) = 9§p(t). Likewise, assuming that there are 7,
actuators, among which, n, communicate to the plant
via a communication network, we can partition u as u =
(up,up) = (hp(zc),hp(xze)) = h(xze), where

up = (U1, ..., Un, ),
comprises the actuation signals u; € R"7,1 < j < n,, of
the n,, actuators linked to the controller via a network,
and u 5 comprises the actuation signals of the actuators
whose connection to the controller is ideal. Also here,
partitioning @ as 4 = (U1,..., U, ,0p), 4; € R, we
have up(t) = @p(t). Let ng := ny + ny, and for a given
e {l,...,ny,}, let {t{, k > 0} denote the transmission
times of the sensor y, and for a given £ € {n,+1,...,n,},
let {t£, k > 0} denote the transmission times of the actu-
ator ug_y, - Between transmission times we assume that
9; and @; remain constant

ﬂg(t) = gé(ti)v te [ti,ti+1), 1<e< Ny, (4)
and

ﬁ’f—ny (t) = ﬂe_ny (tﬁ)a te [tiaté—kl)a 1<0— Ny < Ny,

()
while at transmission times we have the following update
equations

Geti) = we(ty7), 1< L <y, (6)

and
Ue—n, () = Ut—n, (ti_)7 1<l—ny<nyg. (7)
We assume that in each of the n, networks that con-
nect sensors and actuators to the controller, the intervals

between transmissions are independent and identically
distributed, i.e., {hf := tﬁﬂ — t£} are independent and



identically distributed random variables, and also inde-
pendent of the transmission intervals in the remaining
networks. Defining,

e:= (ey,ey) := (Up — yp,Up — up), (8)

and using the fact that we can write § = (ey +
gp(zp),95(zp)), we can model the networked con-
trol system (2)-(8) as an impulsive system taking the
form (1), where z = (zp, z¢, €) is the state;

fP(mPa (eu+hD(xCa:’;)v hD(.’EC,Z})))

ale) = fe(ze, (ey+9gp(xp).gp(zp)) )

9)

models the plant, controller, and error dynamics; and

 ge(en,)), (10)

models the transmissions at which the error associated
with the transmitting sensor/actuator is reset to zero,

ie., Je(e;) =0,if i = £, and Jo(e;) = e, if i # L.

Jz(x) = (1‘p,$c755(61), ...

3 Main results

We start by providing in Subsection 3.1 a stability re-
sult for (1) with general non-linear dynamic and reset
maps. Building upon this result, we are able to establish
our main result, presented in Subsection 3.2, which pro-
vides necessary and sufficient stability conditions when
the dynamic and reset maps in (1) are linear. In Subsec-
tion 3.3 we relate the stability of the non-linear impul-
sive system with that of its linearization.

3.1 Non-linear dynamic and reset maps

The maps a and j;, ¢ € L are assumed to be differentiable
and globally Lipschitz and the origin is an equilibrium
point, i.e., a(0) = 0 and j,(0) = 0, V¢ .. We denote by n
the dimension of the state x € R™. We assume that the
intervals between jump times {h§ = tf;—&-l —t,l e [,},
are described by a probability density function f,(t) >

with finite support in the interval [0,7], 7¢ > 0. We
assume that the fy(t) are dlfferentlable on (0,7,) and
we denote the survivor function by

Ye
7¢(s) := Prob[h§ > s] = fe(r)dr,k > 1,5 € [0,7],

and the hazard rates by

~—

fe(e

T‘g(Tz)

! We assume differentiability on most functions of interest
in the paper to avoid complicating the proofs of our main
results.

)\@(T@) = , Te € By. (11)

The system (1) is started at ¢ = 0, where it is subsumed
that a time 7, := —t§ has elapsed since the last jump
associated with map ¢. In other words, we consider that
for each reset map ¢ € L, the first jump times ¢{, satisfy

T'[(Tg —+ S)

Prob([t > s]) = e

€ [Oa Yo — TA? (12)

which is the probability that the next jump after t = 0
occurs after time s, given that at ¢ = 0 a time 7, has
elapsed since the map j was triggered.

We need to define the following auxiliary process
tkg’ (O) =T,

v(t) = (v1(t)y ..., on, (1)), ve(t) :=¢—
(13)

where k; := max{k > 0 : t{ < ¢}. The process v(t) keeps
track of the time elapsed since the last jump associated
with each of the reset maps, and therefore at time ¢t = 0,
v(0) =7 = (11,...,7n,) = —(t},...,13"). Note that
v(t) € B, where

B:=DB; x -+ X By,. (14)
and By :=[0,7¢], ¢ € L. We also define

x(t) = (z(t),v(t)), x(0):=x=(xg,7), (15)

which, as we shall see, is a Markov process, although,
in general, x(t) is not. In fact, (15) can be constructed
as a piecewise deterministic process (cf. Theorem 14 in
the Appendix), which allows to establish the following
key result in what follows. The proof is given in the
Appendix.

Theorem 1 IfV is a differentiable function, such that

E[) V(x(

t[_gn

V()] <00, Ynen  (16)

where £ € L, then

E[V (x(£))] =V (x)+E / AV (x(s))ds, Viso,  (17)
where
AV (x) := ;_V( )+

)+ Y M)V (o), 70(7))) = V(x)],
(=1

(18)
forx = (z,7) € R" x B, and X,V (x):=) . 1% (x).
a



We consider the following definition of stability for (1).

Definition 2 We say that (1) is mean exponentially
stable (MES) if there exists constants ¢ > 0, > 0 such
that for any initial condition xq, the following holds

Elz(t)(t)] < ce”*a]z0, Yizo0. (19)
O

The following result establishes general conditions
for (1) to be MES, providing a stochastic analog of
a well known result for deterministic non-linear sys-
tems (cf. [14, Th.4.10]). The proof can be found in the
Appendix.

Theorem 3 The system (1) is MES if and only if there
exists a differentiable positive function V (x) which equals
zero at zero, and positive constants c1, ca, T such that for

everyx = (x,7) € R" x B,
allz)? < V(x) < coll2| (20)
AV (x) < —rlz? (21)

3.2 Linear dynamic and reset maps

In this subsection, we consider the following linear ver-
sion of (1)

#(t) = Ax(t), t>0, t#t;, (0) = o,

) (22
a(ty) = Jx(ty), k>1, £€L,

where {hf, = t}_,
for (1).

— tf;, k > 1} and té are as described

Define a variable 7 = (71,...,7,,) € B where 7; € B;.
Furthermore, let Ej = DBy x...Bj_1 X Bjiq x - X
B,,, and define the two following maps: m, that removes
the component ¢ from the vector 7, i.e., mp : B — Eg,
mo(T) = (T1, -+, To—1, To41s - - -y Tnyp ); and 71'? that sets the
component ¢ of the vector 7 to zero, i.e.,

70 B B,wd(1) = (14,...,70-1,0, Teq1, - - - 7Tn£()23)

Let P, be the Cartesian product space of n, real
symmetric matrix functions, each defined in ég, ie.,
it P = (Pi(71),...,Pn,(Tn,)) € Pa, then Pp(7)T =
Py(7), V7 € By. Sum and multiplication by scalar in P,
are defined in a natural way and we consider the usual
inner product (@, R) = Y*, fég Qo(7)TRy(7¢)d7, for
Q,R € P. Then we define the space P C P, as the
space of elements P C P, such that (P, P) < oo, which

can be shown to be a Hilbert space. Let £ : P — P be
the following integral operator

(Q1,...,Qn,) = L(Py1,..., By,) (24)

where Qu(m¢(7)) := R(w((7)),

( )=

/ (Jee™*)T Pe(me(7) +51n, 1) Jee asTe(T,8) fe(Te + 5)
=t

Fe(T)  re(Te) @,
(25)

Fo(T,8) 1= H?il,jyéérj(Tj +5), (1) = H?il,j;éérj(Tj)7
7 := min{y,—7¢,¢ € L} and 1,,,_1 is a vector with ny—1
components set to one.

For example for n, = 1, (24), (25) take the form

Y1
Q1 = / (JheA)TPLL e fi(s)ds,  (26)

0

where P, and ()1 are symmetric matrices, and in this
special case P is a finite dimensional space since its ele-
ments are matrices and not matrix-valued functions. For
ny = 2, we have

r2(T2 + 8)
T'Q(Tg)
fo(m2 + 5)
7‘2(7’2)

T2 € [0, ’Yg},

ri(m1 + s)
e f2(s)ds
fi(mi+s)
7‘1(7’1)
1€ [Oa 'YlL
(27)
where 7, = min(vy;,v2 — 72), and F, = min(y; — 71, y2).

Qi(m2) = /071(J1€A5)TP1(7_2 + 5)J1e fi(s)ds

1
+/ (JgeAS)TPQ(s)JQeASn(s) ds,
0

Qa(m1) = /072(J26A3)TP2(7'1 + s)JzeAs

Y2
+/ (J1e*)TPy(s)J1e o (s) ds.
0

Since £ operates in a real space P, to define its spectral
radius we consider the complexification of P (cf. [15,
p. 77]), i.e., the space P := {Q = P+ iR : P,R € P}.
For Q = P+iR € P, one defines £(Q) := £(P)+iL(R).
The spectral radius is defined as follows:

a(9)}, (28)

where o(£) := {\ : £—\l is not invertible in P} denotes
the spectrum and | the identity. Note that, defining P as
a real space, and defining the spectral radius of £ acting
on P as in (28) is generally different from considering P
to be a complex space, where the matrix components Py
of P=(Py,...,P,,) € P are self-adjoint matrices, and
defining the spectral radius of £ as usual. We shall use

7o (L) == max{|A| : A €



the first construction since this will allow us to readily
use the results for positive operators given in [15] to
prove our results in Section 4.

The following is the main result of the paper.

Theorem 4 The system (22) is MES if and only if
re(£) < 1.

O

The theorem is proved in Section 4. We discuss next
how one can numerical compute r,(£), and some special
cases of the impulsive system, for which one can provide
alternative stability conditions to Theorem (4).

Computation of the spectral radius of £

One can show that £ is a compact operator (using,
e.g., [8, p. 165, Th. 4.1]) and therefore its spectrum con-
sists either of a finite set of eigenvalues A : £P = AP
for some P € P or a countable set of eigenvalues with
no accumulation point other than zero (cf., e.g., [8, p.
117, Th. 2.34]). For simplicity, consider first the case
ng = 2, where £ is described by (27). A numerical
method to compute r,(£) is the following. Take a grid
of points in the interval 71; € [0,711], 1 < j < ng1, and
To; € [0,72), 1 < j < nge and consider the map ob-
tained by replacing P(y), P(72) in (27) by interpolating
piecewise polynomials at the points {P;(Tax), P2(T1k)},
and evaluating the integrals (27) at the grid points to
obtain {Q1 (7o), Q2(T1x)}. This yields a finite rank op-
erator, from the chosen space of piecewise polynomials
in P, to itself, and assuming ng, = ng, = ng, its ma-
trix representation has dimension 2n2n(n + 1)/2, since
P;,Q;,i € {2} are symmetric. Denote by L,,,, the finite
rank operator obtained. The method just described is
known as the collocation method, a special case of the
projection method (cf. [8, p. 177]), and one can con-
clude from the results in [8] that r,(L,,) — r,(£) as
ng — 00, for typical piecewise polynomial approxima-
tions, such as the trapezoidal approximation. > For gen-
eral ny, this method involves computing the spectral ra-
dius of a nj‘ngn(n + 1)/2 matrix, which means that
computing 7, (£) may require significant computational
effort when the number of reset maps is large.

Special cases

A first special case is when there is only one reset map,
i.e.,, ny = 1. In this case P is simply the finite dimen-
sional space of symmetric matrices and L is the linear

2 1In fact, from the spectral characterization of compact op-
erators described above, one can conclude from [8, p.232,
Th. 5.5 and p.250, Example 5.14]), that the eigenvalues of
the compact operators L., converge to the eigenvalues of
the compact operator £ which allows us to conclude that
To(Lng) = ro(L).

map P; — @1 between two finite dimensional space de-
fined in (26). In this case r,(£) < 1 reduces to testing
if the spectral radius of a matrix is less than one. This
condition can be shown to be equivalent to the stability
condition given in [5], where the case ny = 1 is analyzed
using a different approach, based on Volterra equations,
which does not appear to generalize to the problem con-
sidered in this paper.

A second special case is when the maps A, J, commute,
ie., AJy = J¢A, and J;J, = J.Jp, Vi rec. In this case,
the following result, proved in the Appendix, provides
alternative stability conditions to Theorem 4.

Theorem 5 When the maps A and Jy, £ € L commute,
the system (22) is MES if

ne

2N+ >y <0, (29)
(=1

where \ is the maximum real part of the eigenvalues of
A and the oy are given by

—o0,if re(Jf @ J]) =0

— ve
“Naer :/ e fu(s)ds
0

otherwise

(30)

1
T (TN

|
It is important to emphasize, that even for the commut-
ing case , the condition (29) is sufficient but not neces-

sary, as shown in the following example.

Example 6 Suppose that A = [0]axa, ng = 1, J1 =

ai 0 00
,and Jy = , where a; > 1,as > 1. Then,
00 0 as

A =0 and, from (30), we can conclude that oy > 0 and
ag > 0. Thus (29) does not hold. However, since the
state remains constant between jump times t£7 te{1,2},
and component i is reset to zero when the reset map i
is triggered, i € {1,2}, we conclude that E[z(t)Tz(t)] =
0, ¢t > max(v1,7v2) and therefore (22) is MES.

|
A third special case is when the probability densities
fe correspond to exponential distributions, i.e., r¢(y) =

e~P¢¥ . Since the support of the probability density func-
tions is not bounded we assume the following

2\ < Zﬁb (31)
=1

where X is the maximum real part of the eigenvalues
of A. This assumption can be shown to assure that the



expected value of a quadratic function of the state of
the system does not go unbounded between jump times.
This assertion can be obtained using a similar reasoning
to [5, Th. 3]. The next theorem states that, in this case,
we can provide stability conditions in the form of LMIs.
The result is proved in the appendix.

Theorem 7 Suppose that 7¢(y) = e P and that (31)
holds. Then the system (22) is MES if and only if

ne
Ipso i ATP+ PA+Y B(JJPJ,—P) <0 (32)
=1

O
3.8 Stability with probability one

The following definition is adapted from [16].

Definition 8 We say that the origin of the system (1) is
(locally) stable with probability one if for every p > 0 and
€ > 0 there is a 6(p,€) > 0 such that, if ||zo] < d(p,¢)
then

Prob{ sup [lz(t)] > e} < p. (33)

co>t>0

The following result shows that one can assert stability
with probability one of the origin of (1), by establishing
mean exponential stability for its linearization, which
can be tested by Theorem 4. The proof is provided in
the Appendix.

Theorem 9 If (22) is MES with A = %a(m)
Jo = %jg(l’)“:w ¢ € L where a and j; are the non-
linear maps in (1), then the origin of (1) is stable with
probability one.

leco and

O

This theorem allow us to conclude a property analogous
to the one proved in [17] stating that a standard peri-
odic sampled-data connection of a non-linear plant and
a non-linear controller is locally stable if the sampled-
data connection of the linearization of the plant and
of the linearization of the controller is stable. In fact,
from Theorem 9, we can conclude that in the setup of
Section 2, the non-linear networked control system de-
scribed by (9), (10) is stable with probability one, if the
networked control system obtained by replacing fp, g,
fc, and h, by their local linearizations about the zero
equilibrium is mean exponentially stable, which can be
tested by Theorem 4.

4 Proof of the Theorem 4

We prove the Theorem 4 through three steps: (i) we show
that specializing the stability conditions of Theorem 3 to

the system (22), yields mean square stability conditions
for (22) in terms of the existence of a solution to an
integro-differential equation; (ii) we establish that these
conditions are equivalent to the existence of a solution to
a Fredholm equation; (iii) we prove that (ii) is equivalent
to the spectral radius of the integral operator of the
Fredholm equation being less than one.

(i) MES for Linear impulsive systems

The Theorem 3 can be specialized to (22) as follows.

Theorem 10 The system (22) is MES if and only if for
every differentiable functions Y (1) and Z(7) such that
ar ]l < Y(T) < asl, VTEB and b1 < Z(T) < bol, VrEB
there exists a differentiable function X (1), such that
il < X(1) < col, Vrep, and for every T € B,

Z aTg
ZAM)[JJ X X(r)+ Z(n]+Y(r) =0,
= (34)

where 9 is defined by (23), and a;, b;, c;,i € {1,2} are
positive constants.

)+ ATX(7) + X(1)A+

(e (7)) Je —

]

Proof To prove sufficiency we use Theorem 3 and con-
sider the function V(x(t)) = zT(¢)X (v(t))z(t) where
x = (x(t),v(t)) and X (7),7 € B satisfies (34) and the
remaining conditions of the theorem. Then from (18) we
have that

A2TX (v Z
+ Z Ae(ve)[J] X
=1
Using (34) we obtain
:7CET Z)\g ”Uz

and since c;1 < X(v) < col, we have that ¢;]|z]|? <
V(x) < collz||?. Using Theorem 3, applied to (22), we
conclude that (22) is MES.

)+ ATX () + X (v) A+

(77 (v))Je = X (v)]]

AT X (v Y (v)]z <—ax 2]

Necessity follows by using the same arguments as in the
proof of Theorem 3 and noticing that the function (69)
takes the form V(x) = z]X(7)zo, for x = (x9,7) €
R™ x B,

X(r) = Xu(7) + Xa(7), (36)



where

o0
X1(T):/O E-[®(1)TY (v(t))®(t)]dt, (37)
Xo(r)= Y E[®()TZ(0(ty)2(t})),

k>0,06L

®(t) is the transition matrix of the system (22), i.e.,

I ¢ ¢
P(t) = eAlt=tr )J@Ml ...ngeAhll JeOeAhOO, (38)

where {¢; € L£,j > 0} is the triggered sequence of reset
maps, r = max{k : t; < t} and E, emphasizes that
expectation subsumes that the process ®(t) depends on
the initial conditions 7 of the process v(t). Since from
Theorem 3, c1||lzo||* < V(x) < callxol? it follows that
a1l < X(1) < eal. From [10, p.92, Th.(32.2)]) it follows
that
W(zf X1 (1)zo) = —2fY (T)20

and from [10, p.90,91] we have that

Efzf Xa(7)xo] = E[/Ooo Ar(v(t)z(8)TZ(v(t))x(t)],

where
Ar(r) =Y A1), (39)
J=1

from which one can conclude again from [10, p.92,
Th. (32.2)] that

A(z§ Xo2(T)70) = —Ar(T)2§ Z(T)70.
Thus, for every (xq, ), we have
W(zf X (T)x0) = —al(Y(7) + A\r(7)Z(7))xo  (40)
Computing (27X (v)z) from (18) we obtain (35) which

must be equal to (40) when x = (g, 7) is replaced by
x = (z,v), from which we conclude (34).

(i) Fredholm equation (4)

Let U be the space of elements (U1(71),...,Un,(T0,)) €
P for which Uy(7¢) > 0,Y¢ece,Vz,en,- The space V C U is
defined similarly but requiring Uy(7¢) > 0,Vice, V2,eB,-

Theorem 11 The system (1) is MES if and only if for
every differentiable functions Y (1) and Z(1) such that
a l < Y(T) < aol, VTEB and b1 < Z(T) < bol, VreB;
there exists a solution P € V to the Fredholm equation

P=g(P)+T, (41)

where U= (Uy,...,U,,),

Up(mo(7)):=W (m (7)), (42)

and
_7W ZATS g eAst(TaS)fE(TZ+S) s
W(T)._Z:O Z(1 + sly,) ) el ds+

re(Te+ 9)

ds
r¢(Te)

2l
/ eATSY(T + slne)eAsHZil
0

O

Proof Suppose that (1) is MES and therefore there ex-
ists a solution X to (34) given by (36). Let

P(my(r)) = X () (1)), me(7) € Bp.  (43)

We prove next that X (7) satisfies

X(r)=W(r)+
e e 5
AT X (20 (7 s, eASTZ(TaS)fZ(TZ"‘S)
;O(Jﬁ ) (g (T+ 5))‘]5 () re(7e)
(44)
Then sufficiency follows by directly using (44) in (43),
and noticing that the fact that X (7), given by (36), sat-
isfies X(7) > ¢11, V,¢p, implies that P € V.

ds.

To this effect, we start by conditioning the integrand
in (37) on the time of the first jump ¢; := min{t{,¢ € £},

E-[@(6)TY (v(t))®()] = E[(2(£)TY (v(2))P(£)) 11t 4]

ne

+ Z ]ET[(CI)(t)TY(’U(t))q)(t))lce(t)}

=1
(45)
where Cp(t) = [min{t],j € L} = t{ =t; <t A[t] >
t1, j # £], is the event that jump £ is the first to trigger,
given that a trigger has occurred at time ¢. Using (12)
the first term on the right hand side of (45) is given by
eATY (1411, ) e relmett) Note that for a function

€=1 ri(7e)
G(t1)7

t
B _ ¢ Jlme+s)
B (G0 Lero] = [BIOW Ly g = 1157

:/tG(s)MT’ I felre +9)

Fg(T) Tg(Tg)

and that ®(t) = ®y(t — t1)(Jee ) when the transition

( € L is first triggered, where ®y(t — t1) is the transition
matrix from #; to ¢ starting the process at 70 (7 + s1,,)



where 7} is defined by (23). Thus

B [(1)TY (0(6) B (1) 10, = / (Jeet)T ..

(O(t—35)TY (v(t — )P (t—s)]Jpe tup(7, 5)ds,
(46)
. By construction of the

E‘IT?(TJrSl"Z

Po(7,8) fe(Tets)
7o(T)  Te(Te)

where ay(T, s) 1=
process

E‘n’?(T-i—slnE) [((i)g(t—S)TY(U(t - S)>(i)e(t_8)] =
Bt [B(—8)TY (0(t — 5))B(t—5)].
(47)
Replacing (47) in (46) and (46) and (45) we obtain

nge

¥ Tg(’l'g + t)
Xl (T):ZXf(T)+A eATtY(T‘i’tlne)eAtH?il Wdt
(=1

(48)
where
Xi(r) =/070Eﬂg<7+slw>[(JwAs)T@(t_s)TY(v(t —5))...
O(t—s)(Jee*) (T, s)]dsdt

Changing the order of integration in this last expression
we have that (48) can be written as

7‘4(7‘[ + t)
Tg(Tg)

Ny 5 ~
3 /0 ()X, (1 (7-+ 51 Jpe D) ST 5)
=T

~
Xi(r) = / ATY (7 4 51, )M dt+
0

7”@(7’[) 7’4(7’5)

With similar computations one can conclude that

B [y WATS As ’f‘e(’]’, S) fl(TZ + 5)

o~ (7 Aent Ol eAsfz(TvS)fe(THS)
D[t sta ) et LR O

ds

Since X (1) = X1(7) + X2(7) adding X;(7) and X (7)
we obtain (44).

Conversely, suppose that there exists a solution P € V
to (41). Then one can verify that

X(r)=W(r)+
7 At (- asTe(T,8) fo(Te +5)
; O(Jge VTP (7re(T)+81p,—1 Woe () el ds

(49)
satisfies all the assumptions of the function X (7) of The-
orem 10, and therefore (1) is MES. In fact, if there exists

a solution P € V to (41) one can obtain an explicit ex-
pression for the solution to (41) (cf. Theorem 12), which
is given by

P-Y Siw) (50)
=0

where £¢ denotes the composite operator obtained by
applying i times £, e.g., £2(P) = £(£(P)) and £°(P) :=
P. From (50) we can conclude that P is bounded and
differentiable with respect to 7, since we assume that
the fo are differentiable. Then, it is clear that X () is
bounded, X (7) > W(r) > ¢11,V,¢p, for some ¢; > 0
and (34) can be obtained by direct computation.

(iii) Positive solution of the Fredholm equation

As a prelude to the next result, we note that U is a
cone in the Hilbert space (and hence Banach space, with
the usual norm inherit by the inner product) P, in the
sense of [15] since (i) it is closed; (ii) if U, W € U then
U + aaW € U for a; > 0 and ay > 0; and (iii) the
set? —U :={—P: P €U} intersects U only at the zero
vector. Moreover, this cone is reproducing in P, i.e., if
Z € P, then there exists U, W € U such that Z = U -W
(take for example, U;(7) = Z;(7) + el and W;(1) = €l
for sufficiently large ¢ > 0 such that P;(7) + el > 0 for
alli € {1,...,ns},7 € B). The operator £ is a positive
operator with respect to U, i.e., L(U) e U if U € U.

Theorem 12 The equation (41) has a solution P € V
if and only if r, (L) < 1.

O

Note that the main result, Theorem 4, can be concluded
from Theorems 11, 12.

Proof Sufficiency follows from the fact that if 7, (£) < 1
then P = Y77, £4(U) exists which is the solution to
P = £(P)+4U. Since £ is a positive operator with respect
to U, P is a summation of U € V plus elements in U.
Thus, taking into account the definitions of i/ and V, we
conclude that P belongs to V.

To prove necessity, we start by noticing that it is possi-
ble to prove that the dual cone (cf. [7, Sec. 2.6]*) of U
can be identified with itself, i.e., using the nomenclature
of [7, Sec. 2.6], U is self-dual. The proof follows similar
arguments used to prove that the cone of positive semi-
definite matrices is self-dual (cf. [7, p.52]), and is there-
fore omitted. From [15, p.22, Th. 2.5], we conclude that

3 Recall that addition and multiplications by scalar are de-
fined in a natural way in P, e.g. if P = (Py,...,Py,) € P
then —P := (=P1,...,—Py,)}

* The nomenclature used in [15, Ch. 2] is adjoint cone in-
stead of dual cone



the adjoint operator £* is also a positive operator with
respect to U, and using [15, Th. 9.2] which states that
a completely continuous positive operator with respect
to a reproducing cone has an eigenvalue that equals the
spectral radius and an eigenvector that belongs to the
solid cone, we conclude that there exists W € U (other
than the zero element) such that

(W) = ro(£)W. (51)

In fact, £* is a compact operator, since £ is a compact
operator (cf. [9, p.178]), which can be concluded from [8,
p. 165, Th. 4.1], and a compact operator in a Banach
space is completely continuous (cf. [9, p.177]). Suppose
that r,(£) > 1 and (41) has a solution P € V. Then
75 (£%) = r;(£) > 1. Taking the inner product on both
sides of (41) with W € U, such that (51) holds, yields

(W, P) = (W,£(P)) + (W,U) <
(W, P) = (£"(W), P) + (W, U) <
(W, P) (1 —ry(£7)) = (W, U) (52)

Now (W, P) > 0, since W, P € U. Moreover, one can
conclude that (W,U) > 0, since W is different from the
zero element in U and one can conclude from (42) that
U € V. Thus, from (52) we conclude that r,(£*) =
r5(£) > 1 leads to a contradiction.

5 Batch Reactor

This example considers the control of a linearized model
of an open loop unstable two-input two-output batch
reactor, controlled by a PI controller. It is a widely
used example in networked control (see,e.g., [21], [13]).
The plant and controller take the form (2), and (3),
with fp(xp,’&) = Apxp + Bpi, g(:Ep) = Cpxp , and
fe(ze,§) = Aczc+ By, Mz, §) = Corc+Dcy. The
expressions for (Ap, Bp,Cp) and (A¢, Be, Ce, Do) can
be found in [2]. The actuator is directly connect (t) =
u(t). However, the sensors are linked to the plant through
communications networks.

In [2], it is assumed that the outputs are sent in a round-
robin fashion through a single shared communication
network. When the distribution of the intervals between
consecutive transmissions is assumed to be, e.g., uniform
with a support «, we can use the results in [2] to study
the stability of this system.

Suppose now that, instead of transmitting the two mea-
surements in a round robin fashion through the same
communication network, the two sensors transmit data
through two independent communication links. We as-
sume that both links are shared with other users and
that the intervals between consecutive transmissions can

0-MES ~Not MES
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Fig. 1. MES for various values of the support of a uniform
distributions of the transmission intervals of two independent
links.

be modeled by independent processes with support in
the interval [0, 7,] for the link associated with the output
ye, I € {1,2}. We can cast this system in the framework
os Section 2, and use the techniques developed here to
study the stability in this latter case.

When two links are used to transmit the measurements
of the two sensors, we can use Theorem 4 to investigate
the stability of the system as a function of the distribu-
tions for the intersampling times on each network. The
results obtained are summarized in Figure 1 for the case
of uniform distributions with different supports.

For the case of two independent links we take a grid of
values of 7; and s, i.e., the support of the distributions
between transmissions, and test mean exponential sta-
bility of the closed-loop using the numerical method de-
scribed in Section 3 to compute the spectral radius of the
operator defined in the Theorem 4. The results obtained
are summarized in the Figure 1. If the distributions of
the two links have the same support then stability is pre-
served for every v1,7v2 € [0,7], with ¥ = 0.18. Tt is in-
teresting to compare this with the case of a round-robin
single-link protocol where it was shown in [2] that the
maximum support of a uniform distribution for which
stability could be guaranteed was v = 0.11. With a
round-robin protocol, this would lead to a distribution
between consecutive samples for the same sensor that is
triangular with support 0.22. However, note that in this
case the duration of the intervals between transmissions
of the two outputs are not independent, and a different
approach must be used to assert stability (see [2]). If
the two links have different supports one can conclude
from the Figure 1 that the mean exponential stability of
the closed-loop is lost for a lower value of the support of
the distributions associated with the output ys than the
value of the support associated with the output y;.

6 Conclusions

We provided several stability results to impulsive sys-
tems with several reset maps triggered at independent
and identically distributed spaced times, motivated by
their applications to networked control. The main result



establishes that in the case of linear dynamic and re-
set maps, stability is equivalent to the spectral radius of
an integral operator being less than one. A topic for fu-
ture work is to consider possible atom points and infinite
support for the distributions for the intervals between
resets.

7 Appendix
Proof of Theorems 1) and 8

We start by describing a construction for the process
x, described by (15), which mimics the construction of
a piecewise deterministic process, as described in [10
p. 59]. Let Q := {uj,u?,k > 0} where {u}} and {u?}
are mutually independent and identically distributed
random variables uniformly distributed in the interval
[0,1]. Let also ¢ (s, z(tx)), du(s,v(tr)) be the flows at
time s of the systems described by &(t) = a(z(t)) and
0(t) = 1 with initial condition z(¢;) and v(t), respec-
tively. Note that ¢, (s, v(tx)) = v(tg) + sln,. Set k =0
and tg = 0, x(t9) = (x0,7), and consider the process
x(t) = (z(t),v(t)) obtained by iteratively repeating:

(I) Obtain hy, from

hk = mf{t : 6_ fo/ AT (o (s,0(t)))ds S u,lc}

where Ar is described by (39). Set 541 = tx + hy, and
for t € [tg,tg+1) make

x(t) = (¢u(t — tr, x(tr)), Po(t

(IT) Make x(tg+1)

(53)

— tg,v(t1)))
= ¢(Uk, (tk+1))7 where

(j@(z)v w0

(54)

w(wv (IvT) ):

)

j=1 >\T(7’)

X; (1)
Z_] 1>\T(T)
(55)
and x,ca denotes the characteristic function, i.e.,

XweA = {

Remark 13 Note that (53) simply states that

lifwe A
0, ifwg A’ (56)

O

Problhy, > s|x(ty)] = 1172 7 (s + v (tk)), Vio

and (55) simply states that

Problx(tx) = (je(x(t;,)), 7 (v(t;)))x(t;)] =

We choose to use the description (I) and (II) to mimic
the piecewise deterministic process construction in [10,
p. 59], which allows us to use the results from [10].
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The next Theorem establishes the connection be-
tween (1), (13), and piecewise deterministic processes.

Theorem 14 The stochastic process (x(t),v(t)), de-
scribed by (1) and (13), can be realized in the probability
space ) and constructed as the piecewise deterministic
process defined by the steps (I) and (II).

O

Proof For the process (x(t), v(t)), described by (1), (13),
define {tk > 0} with ¢ < tr41, Ve>0 as a set containing
the union of all the jump times in (1), i.e., {tx > 0} =
U;il{tw,re > 0}, let {hk =11 —tr, k> 0}, h_1:=0,
and consider the following discrete-time process

2k o= (hi—1, 2(tk), v(tr)). (57)

There exist a one to one relation between z;, and x(t),
described by (1), and (13). In fact, given a sample path
((t),v(t)) one can identify the jump times t; by the
times at which vg(tx) = 0 for some ¢, and from these
construct hj, and hence z;. Conversely, from z; we can
obtain hj and hence tj, and construct (z(t),7(t)) from

(@ (tr), (v(te)) as

(@(t),v(t)) = (¢t — tr, 2(tk)), Po(t — tr, v(tk))),
iy <t <tpgr.
(58)
Moreover, zj is a discrete-time Markov process. To see

this, it suffices to prove that

Prob(zx+1 € Dy, 0 < r < k) =Prob(zi4+1 € D|z1), V>0,

(59)
where D is a measurable set. Since at tx, a time 7y (tx)
has elapsed since the last jump associated with the reset

map ¢ € L, the time t; 41 equals t41 =t + hy, where

{wi},

hp := min
@E{l ,’n[}

and w}, are random variables such that Prob(w}, > s) =

re(ve(ty)+s)
7’;/(’21]("%)) Thus,

re(ve(ty) + )

Te(ve(ty))
(60)
Let &x41 denote which reset map triggers at t;41, i.e.,

Prob(hk+1 > S|Zr70 <r< k) = H?il

. 0
Skt1 = argmmee{1,...,m}{wk}~



Then,

Prob[€gy1 = lhi € [s,s+€) N2, 0 <r < k] =
Problhy, € [s,s +€) A ky1 = £|2,,0 < 7 < K]

> 5sy Problhy, € [s,5 + €) Aépr1 = jlzr, 0 <7 < K]
(61)
Now,

Problhy € [s,8+ €) A &1 = {2, 0 <1 < kK
= Prob[wﬁ €[s,s+¢) /\wi > wivvj;édzrvo <r <k

— /s+€ e Tiite) + @) fe(ve(ts) +q)
TP (i) re(ve(t)

(62)

Replacing (62) in (61), taking the limit as ¢ — 0, and
dividing the numerator and denominator of the right
hand side of (61) by IT7%,7;(v;(t + s)), we obtain

Prob[¢r11 = lhr = s A 2,0 <1 < k]

_ Me(we(tr) ) Ae(ueltya))
Ar(u(ty) +sln,)  Ar(u(ti,y))

where Ap(v(t,, 1)) == >y, Ae(ve(ty 1)) Thus, we con-
clude that
Prob[(x(tr)v(tk)= (Je(x(t), ),
_ Ae(we(ty))
Ar(v(ty))

From (63), and (60), we conclude that

T (ty ) |he Az, 0<r<k]

(63)

Problhy €le, d], 2(tg1+1) € Bx, v(tkt1) € Bylzr, 0<r < k|

ne d
= Z[/ Xje(da(5,%(tk))) EEx Ao (5,%(tk))EEy + - -
¢=1"¢

i (vi(te) +8) fe(ve(ty) +5)

Wit oy ) ) relwn(in))

J=1,5#L

Jds,

(64)
where x(...) denotes the characteristic function (56).
Note that (64) depends only on 2z, = (hg—1, z(tg), v(tx))
and thus the Markov property (59) holds.

Consider now the piecewise deterministic process de-
fined by steps (I) and (II) and let

Yk = (hg—1,2(tr), v(tr))

where h_y = 0, and hg_1, tk, z(tx), v(tg) are now the
variables defined in steps (I) and (II). Then, by construc-
tion of the process and Remark 13, we immediately ob-
tain that (60), and (63), also hold for this process, and
this implies that (64) also holds for this process. Thus y
is a Markov process with the same transition probability
function, i.e., an alternative realization to zj. Since there
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is a one-to-one relation between z; and the process de-
fined by (1), (13), and there is a one-to-one relation be-
tween y;, and the process defined by the piecewise deter-
ministic process construction described by steps (I) and
(IT), and both processes are completed in the same way
between jump times (see (54), (58)), we conclude that
the process (1), (13) can be constructed as the piecewise
deterministic process specified by steps (I) and (II).

Proof (of Theorem 1) Theorem 14 allows us to ap-
ply the results available in [10]. In particular, Theo-
rem 1 follows directly from [10, p.33, (14.17)], [10, p.66,
Th. (26.14)] and [10, p. 70, Rem. (26.16)]), provided that
we can prove that the assumption in [10, p.60, (24.4)]
that the expected value of the number of jumps up to a
given time t is bounded, which when specialized to the
stochastic process (z(t), v(t)), described by (1), is equiv-
alent to saying that E[}_,*, Ny(t)] < oo, where

Ne(t) := max{k € N : t; <t}. (65)

This is in fact true, since each Ny(t) is a renewal pro-
cess [19] with intervals between renewal times following
a probability density function f, with no atom points,
and therefore E[Ny(t)] < oo (cf. [19, p. 186]).

Proof (of Theorem 3) To prove sufficiency, we use The-
orem 1 applied to the function

W(x(t),t) = eV (x)

where V' (x) satisfies (20) and (21), r; is a positive con-
stant such that ry > -, and it is implicit that the pro-
cess (x(t),t) is a piecewise deterministic process if x(t)
is a piecewise deterministic process (cf. [10, p.84]). We
need to show that W satisfies (16). Since we assume
that a and j, are globally Lipschitz, we have |la(x)| <
Ly||z||, Voern and for every ¢ € L, we have ||j.(z)]] <
Lo||z||, Vaern- Thus, between jump times,

e
l2()* < e |l ()7, ¢ € [t tpr),

(cf. [14, p.107, Exercise 3.17]) and at jump times,
2 (t0)I1? < (L2)?||x(t; )| Thus,
Ef|x(t)[|?] < E[e* 152, (Lo)* MO |lao|* (66)

where N (t) is the number of jumps associated with the
reset map £ up to the time ¢, described by (65). We also



have

E[Y (W (x(th)) = W(x(t;))]]

tign

<E[Y | coe™"||a(ty)]|’]
tf<n
neg 00
< e laoll* YD ealle) By <ol

=1 k=0

(67)

where we used (20), and (66), and x(...) denotes the
characteristic function (56). Note that E[Xtﬁ <nl =

Prob[Ny(n) > k]. The fact that the right-hand side
of (67) is bounded is a direct application of [19, p.186,
Th. 3.3.1], and therefore W satisfies (16).

From Theorem 1
¢
E(W(x(t),t)) = W(x,0) + E[/ AW (x(s), s)ds]
0
for an initial condition x = (xg, 7). From [10, p. 84], we
can conclude that
AW (x(s),s) = riW(x(s), s) + e™*AV (x(s))
and using (21) we obtain
E(W(x(t),t)) < W(x,0)+

IE[/O riW(x(s), s) — re™?||z(s)||ds]

Using (20) and interchanging expectation with integral
operations, we obtain

E(W (x(t), 1)) < W(x,0)+(rl—é) /O E[W (x(s), )]ds.

which implies, from the integral form of the Gronwall’s
inequality [6, Lemma 1], that

E[V(x(t))e™"] = E[W (x(t), t)]
<E[W(x,0))e @) = V(x)el" =) (68)

Note that we can apply the Gronwall’s inequality since
r — é > 0, and this is the reason to work with W,

instead of directly using V. From (68), we conclude that
B[V (x(t)] < V(x)e 5"

and using (20), we conclude that:

ElJo(t)|P] < ~EV(x(0)] < V(e "

< 2|zo|f2e 0
c1
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Necessity is obtained by proving that
V(x) := Vi (x) + Va(x)

satisfies (20) and (21) where

+o0
Vi() = / Eufie(s)TY (u(s))x(s)]ds
Vax)i= 3 ST Eufe ()T Z(o(tl )t )ds,

=1 k>0

E, emphasizes that expectation subsumes that the pro-
cess starts at an initial condition x = (x,7), and a1 <
Y(7) < agl,V7 € B, and b1 < Z(7) < bal, V7 € B,
are differentiable functions.

To see that V(x) > c1]|xol|? denote by ¢; the time of
the first jump, which can be from any of the n, reset
maps, and note that V(x) > ay fotl Ex[z(s)Tz(s)]ds +
b1Ex[x(t7)Tz(t])] for any t1 > 0. Let Ly be a Lipchitz
constant for a, ||a(x)|] < Li||z||, which exists since we
assume a is differentiable. Then we have x(t)Tz(t) >
wizoe 21t Vs (cf. [14, p.107, Exercise 3.17]). Thus
V(x) > cizfzo where ¢; = ay fotl e 2Lt 4 bre 201t >
0, V¢, >0

To see that V(x) < caf|zo?, note that since (1) is
MES, we have that E.[z(t)Tz(t)] < agce”*alzg for
some constant ¢ > 0. Thus Vi(x) < agfxlzg, and
Va(x) < koxlzg where ko := > 00 >07, ]E[bgce_atﬁ].
Note that E[e=2%] = non*~1, where etag = E[e~*"],
n= E[e_ahil] < 1, for some 1 < k; < k, and therefore
ks < 0o. Thus, V(x) < ea|xo||? where ¢ = azs + ka.
It follows from [10, p. 92, Cor. (32.6)]) that V;(x) is dif-
ferentiable since, as required in [10, p. 92, Cor. (32.6)])
Ar(7), is continuous. From [10, p.92, Th. (32.2)]

AV1 (x) = —alY (7)o

and from [10, p.90,91] we have that

E[Va(x)] = Ex[/ooo Ar(v(t)z(8)TZ(v(t))x(t)dt],

from which one can conclude again from [10, p.92,
Th. (32.2)] that

Q[VQ (X) = —)\T(T)QJSZ(T)xo.
and that V3 (x) is differentiable (again by [10, Cor.(32.6)]).

Thus V(x) is differentiable and AV (x) < —ralzg for
r=az.



Proof of Theorems 5) and 7

Proof (of the Theorem 5) From the explicit solution
0 (22), described by (38), and the commuting property,
we obtain that

Elz(t)Tz(t)] = afet ATy Bl(J]) N0 7N O )a,
(70)
where Ny(t) is described by (65). From [5, Th. 4], we

can conclude for some symmetric matrix C' and for ay

described by (30), we have that E[(J])™Ne t)JNZ(t)] <
Ce®t ifro(JJ@J]) # 0. IfrJ(JT(XJJT) = 0, the state is
reset to zero after a finite number of jumps, from which
the result follows.

Proof (of the Theorem 7) Due to the memoryless prop-
erty of the exponential distribution it is ready to estab-
lish that in this special case, the stochastic process de-
fined by (22) can be constructed as a stochastic hybrid
system with renewal transitions in the sense of [4] with
one discrete mode and n, reset maps characterized by
matrices Jp and probability density functions f,. In [4]
we provided necessary and sufficient stability conditions
for the stability of stochastic hybrid systems with re-
newal transitions. Although we restricted ourselves to
the case where the transition probability density func-
tions have bounded support, the results provided in [4]
can be generalized to the case of unbounded support
using the same arguments provided in [4] for the spe-
cial case where the stochastic hybrid system has only
one discrete mode and only one reset map. Then, under
the assumption (31), mean exponential stability can be
shown to be equivalent to (special case of [4, Th.9.D])

ne
Vrs03p>0: Y Qu(P)—P=—R

{=1

(71)

where the solution P > 0 is unique,
Qi(P) := / (JJeA*)TPJ] e e™PT Byds,
0

and Br = Z;Lil B;. Note that Q(P) is guaranteed to
converge due to (31). It suffices then to prove that (32)

is equivalent to (71). To this effect, we start by noticing
that

(AT 1y1Qu(Py+QuPYA-TT 1) = 3,0 Py (72)
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from which we conclude

(A- 71 ZQZ )+ (D Qu(P)(A - [iTI)
{=1
— S BT P
- (73)

Due to (31), A — %I has all its eigenvalues in the left-

half plane from which we conclude that for every N > 0
there exists a unique M > 0 such that
(A - %I)TM+M(A— %

I)=—N. (74)

To prove that (71) implies (32), choose R = M in (71),
where M satisfies (74), and replace Y, Q¢(P) = P —
M in (73). This yields

ne
ATP+ PA+Y  Bo(JIPJr -
(=1

P)=-N

which implies (32).

To prove that (32) implies (71), note that (32) can be
written as

Zﬂu PJ,—

(75)
for some matrix H > 0. Substracting (75) and (73) one
obtains

3P>0 N (AT77)P+P(A77

(AT——I )(P — ZQE

AT

—;Qg(P) (A= 1)=-H.

From (74) with N replaced by H, we obtain that P —
>ort, Qe(P) =M > 0 from which we conclude (71).

Proof of Theorem 9

Proof (of the Theorem 9) We rewrite the dynamic and
reset maps in (1) as

a(w) = Az + fe(l')v Jl(m) = Jfl' + gef(m)a (76)
where fe(x) := a(x) — Az, and ges(x) := je(z) — Jox are
differentiable functions such that

”fﬁa(:ﬁ)” 0, and ||9T|e()| —0,as ||lz|| =0 (77)



(cf. [14, p.138]). Let V(x(t)) = z(t)TX (v(¢))x(¢), where
x(t) is described by (15) and X (7), 7 € B satisfies (34)
and c1] < X (1) < ¢coI, V7 € B. Then, there exists v > 0
such that

AV (x) = —r(x) < —di|#]]?, YVasay<e  (78)
for some d; > 0, where 2V (x) is given by (18). This ex-
pression (78) can be obtained by directly replacing (76)

in (18), and using (77) in a similar fashion to the proof of

an analogous result for deterministic non-linear systems
(cf. [14, p.139, Th. 4.7]).

Using similar arguments to [16, Th. 1,Ch. 2], we consider
the stopped process xg(t) := x(t A7), where t A7y, 1=
min(t, 7, ); T = inf{t : x(¢) ¢ B,,} is the first exit time
from the set B, := {x: V(x) < m};and m < Z—f is such
that B,, C {(z,7) : ||| < v}] and thus, from (78). It
is easy to see that x(t A 7,,,) is a piecewise deterministic
process and from (18) and (78),

—r(x)ifx € By,

0 otherwise. (79)

AV (x(t A 1)) = {

Considering (17) for the process xg and using (79), we
obtain that Ex[V (x(t A 7,))] < V(x), i.e., V(X(t A Tim))
is a super-martingale. From this latter fact, and using
the fact that lim,_,o Ex[V(x(t))] = V(x), (cf. [10, p.77,
Th. (27.6)]), we can apply the super-martingale theo-
rem [16, p.26, Eq. 7.4], and conclude that

V(x)

Proby[ sup V(x(t A7) >m] <
co>t>0

(80)

where Prob, denotes probability with respect to the
Markov process x started at initial condition x = (xq, 7).

. 2
Given ¢, p, choose m = %, and § = /2%, Then,
for any ||zo] <,

Proby[ sup [x(t A7) > <

co>t>0
2
Prob,[ sup V(x(t A7) > m]< V(¥ < c2llzoll* <
c0>t>0 m m
(81)

i.e., the origin of (1) is stable with probability one.
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