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SAMPLED-DATA STABILIZATION OF NONLINEAR DELAY
SYSTEMS WITH A COMPACT ABSORBING SET*
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Abstract. We present a methodology for the global sampled-data stabilization of systems
with a compact absorbing set and input/measurement delays. The methodology is based on the
inter-sample-predictor, observer, predictor, delay-free controller (ISP-O-P-DFC) scheme, and the
stabilization is robust to perturbations of the sampling schedule. The obtained results are novel even
for the delay-free case.
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1. Introduction. Achieving stabilization by sampled-data output feedback and
ensuring robustness to perturbations in the sampling schedule are central challenges
in nonlinear control over networks, where the simultaneous presence of asynchrony
and (measurement or input) delays creates important problems (see [7, 8, 9, 25, 26,
32, 33, 34, 36]). Almost all available results rely on delay-dependent conditions for
the existence of stabilizing feedback and in most cases the stability domain depends
on the sampling interval/delay. Predictive feedback seems to be the only possible
choice for handling large delays (see [3, 4, 5, 11, 13, 14, 15, 16, 19, 20, 27, 31]).
Global stabilization of control systems with large delays by means of sampled-data
output feedback remains a challenging problem. There are few results on the global
stabilization of systems with input applied with zero-order-hold (ZOH) and sampled
measurements which do not coincide with the state vector (output measurement) even
in the delay-free case; see [13, 2, 31, 6, 21]. The existing results either exploit the
linear structure or a global Lipschitz property. In general, global results for sampled-
data output feedback control of delayed systems are limited; see also [23] for results
with sufficiently small delays.

The present work provides global stabilization results for a class of nonlinear sys-
tems: systems with a compact absorbing set. More specifically, we consider nonlinear
systems of the form

(1.1) z(t) = flz(t),u(t — 7)), z € R",u e U,

where U C R™ is a nonempty compact set with 0 € U, 7 > 0 is the input delay, and
f:R" xR™ — R" is a smooth vector field with f(0,0) = 0. The measurements are
sampled and the output is given by

(1.2) y(mi) = h(z(ri — 7)) +&(7),
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where h : R® — R¥ is a smooth mapping with h(0) = 0, 7;,i = 0,1,2,... are the
sampling times, & € R¥ is the measurement noise, and r > 0 is the measurement delay.
The class of nonlinear systems of the form (1.1), (1.2) with a compact absorbing set has
been studied in [1, 10, 14]. Here, we extend the ideas in [14] to the case where the input
is applied with ZOH and we use the inter-sample-predictor, observer, predictor, delay-
free controller (ISP-O-P-DFC) control scheme. The ISP-O-P-DFC control scheme
has long been in use for linear systems [22, 24, 35, 37]. The main idea of the control
scheme is the use of an intersample predictor of the (not available) continuous output
signal. The observer uses the approximation of the continuous output signal and
provides an estimate of the delayed state vector, which is subsequently fed to an
approximate predictor: the predictor provides an estimation of the future value of the
state vector. Finally, the estimation of the future value of the state is used by the
delay-free controller and the control action is applied with ZOH. A major difference
with [14] (except of the fact that [14] considered continuously applied input) is the
predictor: the approximate predictor used in the present work is the repeated explicit
Euler numerical scheme for the control system (1.1). The prediction scheme was used
in [15, 16] and can be easily implemented in computer software (since in the present
work the applied time step is constant).

Our main result (Theorem 2.2) provides explicit formulas for global stabilizers,
which are robust with respect to perturbations of the sampling schedule. More-
over, Theorem 2.2 can be also applied to the case where the sampling times do
not necessarily coincide with the times that the input changes. This feature is
important for network systems and is rare in the sampled-data control literature.
(Usually the sample-and-hold case is studied.) The state is driven to the equi-
librium at an exponential rate in the absence of measurement noise. The result
of Theorem 2.2 is novel even for the delay-free case r = 7 = 0. Corollary 2.3
presents a specialization of the result to the delay-free case. See also [18] for semi-
global results in the delay-free case based on sampled-data dynamic output feed-
back.

Therefore, the novelty of the present paper with respect to existing results for
systems with compact absorbing set is justified by the following:

1. The fact that the input is applied with ZOH and the sampling times do not
necessarily coincide with the times that the input changes,
2. The fact that the prediction scheme proposed in [15, 16] is being used with
a constant grid size. The implementation of the predictor is much easier
than the implementation of the predictor in [14], which is more demanding
because a large number of additional state variables must be introduced and
their evolution is described by delay differential equations. Furthermore, the
implementation of the predictor is much easier than the implementation of
the predictor in [15, 16], because a constant (and not state-dependent) grid
size is used.
3. The fact that the proposed control scheme gives a novel result even in the
delay-free case.
The structure of the present work is as follows: section 2 is devoted to the presentation
of the basic assumptions for nonlinear systems with a compact absorbing set and the
statement of the main results. The proof of the main result is provided in section 3,
where additional lemmas are stated and utilized. An illustrative example is shown
in section 4, where the proposed control scheme is applied. The concluding remarks
are provided in section 5. Finally, the appendix contains the proofs of all auxiliary
lemmas used in section 3.
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Notation. Throughout this paper, we adopt the following notation:

(i) R4 :=[0,400). A partition of Ry is an increasing sequence {7;}32, with
70 =0 and lim;_, 73 = +00.

(ii) Let I C R4 := [0,+00) be an interval. By B(I;U), we denote the space
of locally bounded functions u(-) defined on I and taking values in U C R™. By
L°(I;U), we denote the space of measurable and essentially bounded functions u( -)
defined on I and taking values in U C R™. Let A C R™ be an open set. By C°(4 ; Q),
we denote the class of continuous functions on A, which take values in 2 C R™. By
Ck(A ; Q), where k > 1 is an integer, we denote the class of functions on 4 C R”
with continuous derivatives of order k, which take values in 2 C R™. For a function
V = (V,...,Vi) € CYA ; R¥), the gradient of V at € A C R”, denoted by
VV(z), is a matrix with k rows; its ith row is the row vector [ 57+ () ... &= (2) ]| for
1=1,... k.

(ili) For a vector # € R™, we denote by z’ its transpose and by |z| its Euclidean
norm. A’ € R™™™ denotes the transpose of the matrix A € R™*™ and |A| denotes
the induced norm of the matrix A € R™*" i.e., |A| =sup{|Az| : x e R™, |z| =1}.
I € R™*"™ denotes the unit matrix.

(iv) A function V : R™ — R, is called positive definite if V(0) = 0 and V(x) > 0
for all x # 0. A function V : R® — R, is called radially unbounded if the sets
{z € R" : V() < M} are either empty or bounded for all M > 0.

(v) The class of functions K, is the class of strictly increasing, continuous
functions a : Ry — Ry with a(0) = 0 and lims 4o a(s) = +oo. For z € R, [z]
denotes the integer part of x € R.

(vi) For u: [a—rb) = U, where U CR™, b > a, and r > 0, uy : [-r,0] = U for
t € [a,b) denotes the r-“history” of u, i.e., the function defined by (u:)(6) = u(t + 9)
for € [-r,0] and 4, : [-7,0) = U for ¢ € [a,b] denotes the r-“open history” of u,
i.e., the function defined by (u:)(0) = u(t+60) for 8 € [—r,0). For a bounded function
w:[-r,0] = U (or u:[-r0) = U), |u|]| denotes the norm ||u|| = sup_,<g<o(|u(6)])
(or [Jul] = sup_,.<p<o(|u(d)]))-

2. Problem description and main result. Our first assumption for system
(1.1) guarantees that there exists a compact set which is robustly globally asymptoti-
cally stable. We call the compact set “absorbing” because the solution “is absorbed”
in the set after an initial transient period.

(H1) There exist a radially unbounded (but not necessarily positive definite) func-
tion V. € C*(R™;Ry.), a positive definite function W € C1(R™;R,), and a constant
R > 0 such that the following inequality holds for all (z,u) € R™ x U with V(z) > R

(2.1) VV(z)f(z,u) < —W(x).

Moreover, the set
(2.2) S;1={zeR": V(z) <R}

contains a neighborhood of 0 € R™.

Indeed, assumption (H1) guarantees that for every initial condition z(0) € R"
and for every measurable and essentially bounded input w : Ry — U the solution z(t)
of (1.1) enters the compact set S; = {x € R™ : V(z) < R} after a finite transient
period, i.e., there exists T € C°(R™;R;) such that x(t) € S1, for all t > T(z(0)).
Moreover, notice that the compact set S; = {x € R® : V(z) < R} is positively
invariant. This fact is guaranteed by the following lemma which is an extension of
[17, Theorem 5.1, p. 211]. The proof of the following lemma can be found in [10].
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LEMMA 2.1. Consider system (1.1) under assumption (H1). There exists T €
C°(R™;Ry) such that for every xo € R™ and for every measurable and essentially
bounded input u : [—T,4+00) — U the solution x(t) € R™ of (1.1) with initial con-
dition x(0) = xo and corresponding to input u : [—7,+00) = U satisfies V(z(t)) <
max(V (o), R) for allt >0 and V(x(t)) < R for all t > T'(zo).

Our second assumption guarantees that we are in a position to construct an
appropriate local exponential stabilizer for the delay-free version system (1.1), i.e.,
system (1.1) with 7 = 0.

(H2) There exist a positive definite function P € C*(R"; Ry ), constants p, K1 >0
with K1|z|* < P(x) for all x € Sy, and a locally Lipschitz mapping k : R™ — U with
k(0) = 0 such that the following inequality holds:

(2.3) VP(z)f(z, k(z)) < —2u|z|* for all z € Sy.

Our third assumption guarantees that we are in a position to construct an appro-
priate local exponential observer for the delay-free system (1.1), (1.2) with » =7 = 0.

(H3) There exist a symmetric and positive definite matriz QQ € R™ ™, constants
w>0,b> R, and a matriz L € R™** such that the following inequality holds:

(z = 2)'Q (f(z,u) + L(h(2) = h(x)) — f(w,u)) < ~wl|z — |

2.4
24) forallu € U, z,x € R" with V() <band V(z) <R

Assumption (H3) guarantees the existence of a regional Luenberger-type observer
with a constant gain matrix L € R"**. Inequality (2.4) guarantees that a quadratic
Lyapunov-like function for the observer error exists and that the observer error would
have exponential dynamics, provided that z(¢) € S; after an initial transient period
(this is guaranteed by Assumption (H1) and Lemma 2.1) and that the observer states
z(t) € R™ evolve in the set Sy := {x € R™ : V(x) < b} after an initial transient period.

Our final assumption is a technical assumption that enables us to construct a
dynamic feedback stabilizer for system (1.1), (1.2). Similar assumptions have been
used in [1, 10, 14].

(H4) There exist constants ¢ € (0,1), R < a < b such that the following inequality
holds:

YV (2)(f(zu) + L(h(z) - h(x)) < ~W(2)
2 =) Q(f(zu) + L(h(z) - h(x) - f(x,u))

@25 +(1- V()P

for all w € U, z,z € R" with a < V(2) <,
VV(2)Q(z —x) <0 and V(z) < R.

Assumption (H4) implies restrictions on the dynamics of the local observer, which
was introduced by assumption by (H3). Notice that the left-hand side of inequality
(2.5) is the time derivative of the function V' (z(¢)) along the trajectories of the local
observer 2 = f(z,u) 4+ L(h(z) — h(x)) with input € R"™. Therefore, assumption
(H4) imposes an upper bound on the time derivative of the function V(z(t)) along
the trajectories of the local observer z = f(z,u) + L(h(z) — h(z)) with input z € R"
for certain regions of the state space: the solution of the local observer is not allowed
to “grow too fast.”
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Assumption (H4) is needed for a specific reason. Lemma 2.1 implies that the
states of any successful observer for system (1.1), (1.2) with » = 7 = 0 must be driven
in a compact set after a transient period. Therefore, the design of an observer with
a compact absorbing set is desired. Assumption (H4) is a sufficient condition that
allows us to design a global observer with a compact absorbing set (expressed by the
sublevel sets of V') which coincides with the local observer 2 = f(z,u)+ L(h(z)—h(x))
on an appropriate neighborhood of the equilibrium. In order to achieve the design of
such an observer, we need to impose bounds on the “growth” of the trajectories of the
local observer 2 = f(z,u)+ L(h(z)— h(z)) with input « € R™ for certain regions of the
state space. However, it should be noticed that (2.5) does not exclude the possibility
of having a positive time derivative of the function V(z(t)) along the trajectories of
the local observer z = f(z,u) + L(h(z) — h(z)).

We are now in a position to state the main result of the present work.

THEOREM 2.2. Consider system (1.1), (1.2) under assumptions (H1)—(H4). De-
fine

k(z,y,u) == L(h(z) —y)

(2.6) for all (z,y,u) € R" x R¥ x U with V(z) < R,
ke, ) 2= B () —9) = T2 (T ()
(2.7) for all (z,y,u) € R" x RF x U with V(z) > R,

where ¢ : R™ x RF x R™ — R, is defined by
(2.8) w(z,y,u) :=max (0, VV(2)f(z,u) + W(z)+p(V(2)) VV(2)L(h(z) — y))

and p : Ry — [0,1] s an arbitrary locally Lipschitz function that satisfies p(s) =1 for
all s > b and p(s) =0 for all s < a. Let N >0 be an integer and define the mapping

(2.9) Oy :R" x L ([-r —7,0);U) = R",
which maps (xg,u) € R™ x L>®([—r — 7,0);U) to the vector ®n(xg,u) = zy € R",
where x; € R™ (i =1,...,N) are vectors given by the recursive formula:
(i+1)h
(2.10) Tit1 :xi—i—/ flzi,u(s —r—7))ds, fori =0,...,N — 1,
ih

where h := (1 +r)/N. Then for sufficiently small constants Ts > 0, Ty > 0 and for
sufficiently large integer N > 0 there exist a locally Lipschitz function C € Ky and
constants o,y > 0 such that for every partition {1;}32, of Ry with sup;~q(7it1 —7) <
Ts, z0 € R™, zg € C°([—r,0];R"), g € L=([-r — 7,0);U), £ € B(Ry;RF), the
solution of (1.1), (1.2) with

(2.11) 2(t) = flz(t),ult —r — 1)) + k(2(t), w(t), u(t —r — 7)) for t >0 a.e.,
w(t) = Vh(z(t)f(2(t), u(t —r —7))

(2.12) fort € [1i,7i41) a.e. and for all integers i > 0,
(2.13) w(r;) = y(m) for all integers i >0,
o11) u(t) = k(@ (2 Tn). iy, )

forallt € [jTu,(j +1)Tu) and for all integers j > 0,
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ingtial condition z(0) = zo, x(0) = x¢(0) for 0 € [—r,0], u(0) = uo(8) for € [-r—,0)
corresponding to input & € B(R;RF), exists and satisfies the following estimate for
allt > 0:

el + 12(6)] + [l

< exp(—o1)C (nxon T ol + ol + sup (¢ <s>|>) Ly sup ().
0<s<t 0<s<t

(2.15)

The result of Theorem 2.2 is novel even for the delay-free case r = 7 = 0. Indeed,
one can repeat the proof of Theorem 2.2 and obtain the following corollary. (Its proof
is omitted due to the similarity with the proof of Theorem 2.2.)

COROLLARY 2.3. Consider system (1.1), (1.2) under assumptions (H1)—(H4) with
r=7=0. Let o : R" x R¥ x R™ — R, be defined by (2.8) for an arbitrary locally
Lipschitz function p : Ry — [0, 1] that satisfies p(s) =1 for all s > b and p(s) =0 for
all s < a and let k(z,y,u) be defined for all (z,y,u) € R" x R¥ x U by (2.6), (2.7).
Then for sufficiently small constants Ty > 0, Ty > 0 there exist a locally Lipschitz
function C € Ko and constants o,y > 0 such that for every partition {1;}32, of Ry
with sup;~o(tit1 — 7)) < Ts, 20 € R", 29 € R", £ € B(Ry;R¥), the solution of (1.1),
(1.2) with

(2.16) (t) = f(z(t), u(t)) + k(=(t), w(t), u(t)) fort >0 a.c.,

(2.17) w(t) = Vh(z(t)) f(z(t),u(t)) fort € [1;,Tit1) a.e. and for all integers i > 0,
(2.18) w(r;) = y(7) for all integers i > 0,

(2.19)  w(t) =k (2(jTu)) for allt € [jTu,(j+ 1)Tw) and for all integers j > 0,

initial condition z(0) = 2z, x(0) = x¢ corresponding to input ¢ € B(Ry;R¥), exists
and satisfies the following estimate for all t > 0:

(2.20) |z(t)| + |2(t)| < exp(=at)C (Ixo|+|Zo|+ sup (|¢ (8)|)> + sup ([€(s)])-
0<s<t 0<s<t

Remark 2.4. (a) It should be emphasized that in the absence of measurement
noise, estimate (2.15) guarantees (i) local exponential stabilization (since C' € K, is
locally Lipschitz) and (ii) global asymptotic stabilization. Indeed, since C' € K is lo-
cally Lipschitz, there exist constants G, ¢ > 0 such that C(s) = C(s) —C(0) = |C(s) —
C(0)| < G s forall s € [0,0]. Consequently, estimate (2.15) in the absence of measure-
ment noise (i.e., & = 0) implies that ||z¢| + |2(¢)| + [|ie]| < exp(—a )G (||zo|| + |20] +
||tig]]) for all initial conditions with ||zq||4+|z0|+|%o|| < d: this is exactly local exponen-
tial stability. Furthermore, estimate (2.15) guarantees global exponential convergence
in the absence of measurement error: the quantity exp(ot)(||z¢] + |2(¢)| + ||@e]]) is
bounded for all initial conditions.

(b) The approximate predictor mapping given (2.9), (2.10) is the repeated explicit
Euler numerical scheme for the control system (1.1). It can be easily implemented
in computer software. The integer N > 0 is the grid size of the numerical scheme
and in contrast to the results in [15, 16] (where the grid size was state-dependent),
Theorem 2.2 guarantees that the grid size can be selected to be constant. This is
an important feature of Theorem 2.2, because the implementation of the prediction
scheme is simplified considerably.

(¢) The proof of Theorem 2.2 is constructive. Therefore, estimates of the size of
the constants Ts > 0, Ty > 0, N > 0, and ¢ > 0 are provided. However, the estimates
are conservative.
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(d) The construction of the controller (2.11), (2.12), (2.13), (2.14) (or (2.16),
(2.17), (2.18), (2.19)) is based on the local controller provided by assumption (H2)
and the regional observer provided by assumption (H3). However, the results of
Theorem 2.2 and Corollary 2.3 are global.

(e) The construction of the controller (2.11), (2.12), (2.13), (2.14) is based on
the ISP-O-P-DFC control scheme. Namely, (2.12), (2.13) is the intersample predictor
of the continuous output signal and is fed to the conventional observer (2.11). The
observer estimate z(t) is fed to the approximate predictor mapping given by (2.9),
(2.10), which provides the estimation ®n(2(jTH), U1, ) of the future value of the
state vector. Finally, the estimation ®n(2(jTH), 4T, ) of the future value of the
state is fed to the controller (2.14) and the control action is applied with ZOH.

(f) Tt is important to notice that if measurement delay is present (i.e., if > 0),
then the sampled-data observer (2.11), (2.12), (2.13) provides an estimate z(t) of the
delayed state vector x(t — r). Indeed, this is the reason that the delayed value of the
input u(t —r — 7) appears in the right-hand sides of (2.11), (2.12): the delayed state
vector x(t — r) satisfies the equation z(t —r) = f(x(t —r),u(t —r — 7)) for t > r. The
estimation of the future value x(jTy + 7) of the state vector is then performed for all
integers j = 0,1, ... by means of the approximate predictor @y (z(§Tw), U1y )-

(g) Estimate (2.15) guarantees robustness with respect to measurement noise.
Indeed, using estimate (2.15), we are in a position to prove an input-to-state sta-
bility (ISS) estimate with respect to the measurement noise ¢ € R¥; here we are
referring to a direct extension of the well-known ISS notions introduced by Sontag
for systems described by ODEs (see [28, 29, 30]). However, estimate (2.15) shows an
additional property: the fact that for every initial condition and for every bounded
input ¢ € B(Ry;RF) the corresponding solution of the closed-loop system (1.1), (1.2)
with (2.11), (2.12), (2.13), (2.14) satisfies the estimate

limsup ([|lze]| + |2(£)] + [[del] ) < v sup (|€(s)]) -
t—+o0 0<s

The above inequality shows that the asymptotic gain property holds for the closed-loop
system (1.1), (1.2) with (2.11), (2.12), (2.13), (2.14) with linear gain. The asymptotic
gain property was first introduced in [29] for systems described by ODEs, where it
was shown that a system is ISS if and only if it is GAS for the input-free system and
satisfies the asymptotic gain property (see also [30]).

3. Proof of main result. Define the set:
(3.1) Sy :={zx e R": V(z) <b}.

Notice that since V € C?(R™;R,) is radially unbounded, it follows that the sets
defined in (2.2) and (3.1) are compact sets.

The proof of the main result requires a number of technical lemmas. The first
technical lemma provides an estimate for the observation error.

LEMMA 3.1. Let 0 > 0, Ts > 0 be sufficiently small constants. Then there exist
constants My,y1 > 0 such that for every partition {7;}2, of Ry with sup;q(Tiy1 —
7;) < Ty, every solution of (1.1), (1.2), (2.11), (2.12), (2.13), corresponding to (arbi-
trary) inputs u € L®([—r — 7,+00); U), ¢ € B(Ry;R¥) and satisfying x(t —r) € Sy,
2(t) € Sy for all t > 7, where Il > 0 is an integer with 7, > r, also satisfies the
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following inequality for all t > 1;:
sup (exp (0s) |z(s) —x(s —7)])
T1<s<t

< Mifz(n) = a(n —r)lexp(on) + exp(ot) sup ([(s)D)-

(3.2)

The second technical lemma provides an estimate for the state.

LEMMA 3.2. Let o > 0, Ty > 0 be sufficiently small constants. Then there exist
constants Mo, M3 > 0 such that every solution of (1.1) corresponding to (arbitrary)
input u € L™ ([—7,4+00);U) and satisfying x(t) € Sy for allt > 7+ jTy, where j >0
is an integer, also satisfies the following inequality for all t > jTx:

sup (|z(s+ 7)| exp(as))

JTr<s<t
(3.3) < Msexp (0jTw) |x(§TH + 7)|
+ M3  sup < u(s) — k (a: (7’ + {i] TH)> exp(as)) .
Tu<s<t Ty

The third technical lemma provides an estimate for the prediction error.

LEMMA 3.3. There exists an integer N* > 0 and a constant My > 0 such that for
every N > N* for every xg € Sy and for every measurable and essentially bounded
input u € L>®([—r—7,0);U) the following estimates hold for the solution z(t) of (1.1)
with initial condition x(—r) = xg, corresponding to (arbitrary) input v € L*°([—r —
7,0);U):

My
(3.4) () — @ (o, )] < 2L (jao] + [
(3.5) z; € So for alli=0,1,..., N,
where |Jul| =sup_,_, o, o(|u(s)]) and z; € R" (i = 1,...,N) are vectors given by the

recursive formula (2.10).

The fourth technical lemma uses the three previous lemmas and provides an
estimate for the norm of the solution of the closed-loop system (1.1), (1.2), (2.11),
(2.12), (2.13), (2.14).

LEMMA 3.4. Let 0 > 0, Ts > 0, Ty > 0 be sufficiently small constants and let
N > 1 be a sufficiently large integer. Then there exist constants G,v2 > 0 such that
for every partition {1;}32, of Ry with sup;~o(7it1—7:) < Ts, for every & € B(R;;RF),
every solution of (1.1), (1.2), (2.11), (2.12), (2.13), (2.14) satisfying x(t—r—Tx) € S,
z(t) € So for allt > jTy, where j > 0 is an integer with jTy > Ty + 1, also satisfies

the following inequality for all t > 0:

(el + el + =) exp(ot)
<Gexp<ajTH>( sip (u)+ s (=)
—r—7<s<jTH 0<s<jTu+Ts

L s (|x<s>|>)

—r<s<jTu+Ts+T

+azexp(at) sup (|E(s)]).-
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We are now ready to provide the proof of Theorem 2.2.

Proof of Theorem 2.2. We first notice that the following inequality holds for all
(z,w,u) € R" x RF x U with V(z) > b:

(3.7) VV(2)(f(z,u) + k(z, w,u)) < —W(z).

Definition (2.7) implies VV (2)(f (2, u) + k(z, w,u)) = VV (2)(f(z,u) + L(h(z) —w)) —
o(z,w,u). By distinguishing the cases VV (z) f(z,u) + W (z)+VV(2)L(h(z) —w) <0
and VV (2) f(z,u)+W(z)+VV(2)L(h(z)—w) > 0, using definition (2.8), and noticing
that p(V(z)) = 1 we conclude that (3.7) holds.

Let ¢ > 0, Ty > 0, Ty > 0 be sufficiently small constants and let N > 1
be a sufficiently large integer so that Lemma 3.4 holds. Let {7;}32, be a partition
of Ry with sup;~(rit1 — ) < Ts and let 29 € CO([-r,0];R"), 20 € R", 4g €
L®([—r —7,0);U), £ € B(Ry;RF) be given. We will show first that the solution of
(1.1), (1.2), (2.11), (2.12), (2.13), (2.14) with initial condition z(0) = zg, z(0) = z(0)
for § € [—r,0], u(#) = 1o(0) for § € [-r — 7,0) corresponding to input & € B(R,;R¥)
exists for all ¢t > 0 and is unique.

We first make the following claim.

Claim 1. Suppose that z(t) is defined on [—r,7;41], u(t) is defined on [—r —
7,Ti+1) and that z(t) is defined on [0, 7;]. Then z(t) is defined on [0, 7;41].
Standard results in ODEs guarantee that the system
2(t) = fz(),ult —r — 7)) + k(z(t), w(t), u(t —r — 7)),
w(t) = Vh(z() f(z(t), u(t —r — 7))

has a local solution defined on [r;,%) for some ¢ € (7;,Ti11]. By virtue of (3.7) and
Lemma 2.1, it follows that the solution of (3.8) satisfies the following estimate:

(3.8)

(3.9) V(2(t)) < max(V(z0),b)
for all ¢ > 0 for which the solution of (3.8) exists. Define the nondecreasing function

Q(s) := max {|Vh(z2)f(z,u)|: (z,u) e R" x U, V(2) < s}
(3.10) for all s > min (V(z) : z € R"),

which is well-defined by virtue of the facts that U C R™ is compact and V €
C?(R™;R;) is a radially unbounded function. It follows from definition (3.10) and in-
equality (3.9) that the solution of (3.8) satisfies the following estimate for all t € [r;,?):

(3.11) lw(t)] < Jw(7:)] + T (max (V(20), b)) -
A standard contradiction argument shows that z(¢) is defined on [0, 7;41].

The second claim guarantees existence/uniqueness of solutions for all ¢ > 0. It is
an application of the method of steps.

Claim 2. i, 24, z(t) are uniquely determined for all ¢ € [0, jTx], where j € Z.
The claim is proved by induction. First we notice that the claim holds for j = 0.

Next, we show that if the claim holds for some j € Z then the claim holds for j + 1.
Indeed, (2.14) guarantees that i is uniquely determined for all ¢t € (jTy, (5 + 1)Tw].
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It follows from Lemma 2.1 that x; is uniquely determined for all ¢ € (7w, (j + 1)TH].
Since the set (jT, (7 4+ 1)TH] ({7:}52, is either empty or finite, Claim 1 implies that
we are in a position to determine uniquely z(¢) for all t € (T, (j + 1)TH]. Thus i,
xt, 2(t) are uniquely determined for all ¢ € [0, (j + 1)Ty], where j € Z4.

Lemma 2.1 in conjunction with (2.1) and (3.7) implies there exists T' € C°(R"; R..)
such that the inequalities V (z(t)) < max(V(z(0)), R) and (3.9) hold for all ¢ > 0
and

(3.12) V(z(t)) < Rforallt > T (29(0)) and V(2(¢)) < b for all t > T (20).

Indeed, the above conclusions for V' (z(t)) are direct consequences of Lemma 2.1. The
above conclusions for V(z(t)) are consequences of Lemma 2.1 applied to system (2.11)
with (w,u) as inputs. Inequalities (3.12) and definitions (2.2), (3.1) show that

(3.13) x(t) € S1,z(t) € So for all t > max (T (x0(0)),T (20)) -

Let j > 0 be the smallest integer so that jTy > r+ Ty +max(T (20(0)), T(20)). Then
(3.13) in conjunction with Lemma 3.4 implies the existence of constants G,v2 > 0
such that (3.6) holds.

Since f : R®" x R™ — R" k: R® — U, h : R* = RF Vh : R® — R¥*" are
locally Lipschitz mappings with f(0,0) = 0, £(0) = 0, h(0) = 0 and since U C R™ is
compact, there exists a continuous, nondecreasing function L : Ry — [1,+00) such
that

[f (@, u)| + [Vh(x) f (2, u)] < L(|2]) (Jx] + |ul),
(3.14) [h(@)] + |k(z)] < L(|]) x|
forall z e R",u e U.
Moreover, taking into account definitions (2.6), (2.7), (2.8) and inequalities (3.14), we

are in a position to conclude that there exists a continuous, nondecreasing function
L:R; — [1,400) such that

(3.15)  |f(z,u) + k(z,w,u)| < L(|2]) (|2] + |u| + |w]|) for all z € R*, w € R, u e U.

Furthermore, using induction, (3.14), definitions (2.9), (2.10), and the fact that U C
R™ is compact, we are in a position to guarantee that there exists a continuous,
nondecreasing function L : Ry — [1,4+00) such that

(3.16)  [®n(z,u)| < L(|z|) (Ja| + [Ju]]) for all (z,u) € R™ x L= ([-r — 7,0);U).
Using inequalities (3.14), (3.15), (3.16), we show that the following claim holds.

Claim 3. There exists a sequence of nondecreasing functions I'; : Ry — R4 with
Ti(s) < Tiyi(s) for all s > 0 and for all integers ¢ > 0 such that the following
inequality holds for every integer ¢ > 0:

(3.17)
sup (el + [z + [=(0)])
0<t<iTs
<(||ao||+||xo||+|zo|+ sup <|s<t>|>) r, (||xo||+|zo| sup <|5<t>|>).
0<t<iTs 0<t<iTs

We construct the sequence inductively. Inequality (3.17) holds for ¢ = 0 with the
function T'g(s) = 1. In order to show the claim, we assume that there exists an
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integer ¢ > 0 and a nondecreasing function T'; : Ry — Ry such that (3.17) holds.
We next show that there exists a nondecreasing function I';1; : Ry — Ry with
I'i(s) < Tiy1(s) for all s > 0 such that (3.17) holds with ¢ > 0 replaced by 4 + 1.

Using (2.14), (3.16), and (3.17), we get for ¢t € [Ty, (i + 1)TH)
lu(t)] < | (2(iTh), tirg )| < L(\2(iTw)|) (2(Ta)| + |ty ||)
< L((oll + R) Ty (R)) T (R) (|liio]| + R)

where R := [|zo|| + |20] + supp<; <7y, (I€(t)]). Using (3.17), the above inequality, and
the fact that U C R™ is compact, we obtain the existence of a nondecreasing function
Z; Ry — Ry such that

sup  ([[de]])
0<t<(i+1)TH
< | ||@o|| + ||xo|| + |z0| + sup E(t
(3.18) <| oll + lzoll + =l ogtW)T},('()'))

0<t<(i+1)Ty

Z; <||550||+|Zo|+ sup (|§(t)|)>'

Next, define the following family of sets for all p > O:
(3.19) Sp)={reR":V(z)<b+max{V(€):£€R", [¢|<p}}.

Notice that by virtue of assumption (H1) the above sets are compact for each p > 0
and that S(p1) C S(p2) for every p1,p2 > 0 with p; < ps. Define the nondecreasing
function for all p > 0:
(3.20) ¢(p) == max (|z[).

z€S(p)
Applying the inequality |z(¢)| < |z(iTw)| + fer |f(z(s),u(s — 7))|ds for the solution
x(t) of (1.1) with ¢ € [iTw, (i + 1)Ty] and using (3.14), (3.19), (3.20) in conjunction
with Lemma 2.1 and the Gronwall-Bellman lemma, we obtain

|2(8)] < exp (L (|2(0)]))TH) (Iﬂr(iTH)l +  sup (Ilﬁsll)>

0<s<(i+1) T
for all t € [iTy, (i + 1)TH].
Using (3.17), (3.18), and the above inequality, we obtain the existence of a nonde-
creasing function Z; : Ry — R such that

sup — ([die]| + ||z ]])
0<t<(i+1)Ty

(3.21) S <|7i0|| + [lwoll + [20[ +  sup (|§(t)|)>

0<t<(i+1)TH

Z; <||330|| +lzol+  sup (|§(f)|)> -
0<t<(i+1)TH
Let t; € {7;}32, be the largest sampling time with ¢; < iTy. Using (2.12), (2.13),
(3.14), (3.9), and definitions (3.19), (3.20), we get for all ¢ € [t;, (i + 1)TH]

(3.22) lw(®)] <A+ L (200)])) [ |2(s)lds+ L ([z0)])) | lu(s)]ds,

ti ti
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where A := L(sup,
Using (2.11), (3.15),

<t §(i+1)TH(||33t||))SUPogt§(¢+1)TH(||$t||) + SUP0§t§(¢+1)TH(|§(t)|)-
(3.9), and definitions (3.19), (3.20), we get for all ¢ € [¢;, (i+1)TH]

t

|2(0)] < |2(t)] + L (¢ (|2(0)])) IZ( )| ds

/|u ) ds + L (¢ (]2(0) /|w )| ds

(3.23) <|z(t)| + L ) (t—t)A

t

+ L (e ([200)D) (1 + L (¢ ([2(0)]) ( — t:)) ; |2(s)| ds

+L (0 (12(0)]) A+ L (@ (|20)) (t = 1)) | [uls)|ds.

t;

Using the fact that ¢; € {Tj}(;io is the largest sampling time with ¢; < Ty, in
conjunction with supizo(nﬂ —1;) < Ts, we obtain that t; > iTy — Ts. Therefore, we
obtain from (3.23) for all ¢ € [t;, (i + 1)TH]

t

(3.24) 2] < B+¢([200)]) | |2(s)lds,

ti

where

3(s) =L (p(s) (1+ L (s) (Tu +Ts)),
(3.25) B:= |z(t:)| + L (¢ (|2(0)])) (Tr + T:) A

+ (Tu+TO)e(12(0)))  sup  ([Jal]])
0<s<(i+1)TH

Using the Gronwall-Bellman lemma in conjunction with (3.24) and the fact that
t; > iy — Ts, we get for all t € [ti, (Z + 1)TH]

(3.26) 2(t)] < exp (2 (|2(0)]) (T + T5)) B

Using A := L(Supogtg(i+1)TH(”xtn))Sup05t§(1+l)TH(”$t”) + SUP0§t§(¢+1)TH(|f(t)|)
and (3.17), (3.21), (3.25), (3.26), we are in a position to conclude that there ex-
ists a nondecreasing function I';1; : Ry — R4 such that (3.17) holds with ¢ > 0
replaced by ¢ + 1.

Since T' € C°(R";R,) is continuous, there exists a constant {2 and a function
K € Koo such that T'(z) < Q4 k(|z|) for all z € R™. Since j > 0 is the smallest integer
so that jTy > r+ Ty + max(T (z¢(0)), T(z0)), it follows that iTy > r+ jTy +7+Ts
for i = 1(||zo| + |z0|) = 3 + 220 2nllsolltl=0l] - Combining (3.6) with (3.17)
and using a standard causality argument, we obtain the following estimate for all
t>0:

el + [2(£)] + [l

(327) < exp(-t) (Il + Jl + ol + sup (o)) )

é@mwum+sw(wm0+wsw<wmx
0<s<t

0<s<t
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where C(s) = Gy (s)(s) exp(oTw1p(s)) for all s > 0. Since C:Ry - R, isa
nondecreasing function, there exists a C'' nondecreasing function C : R4+ — Ry such
that C(s) > C(s) for all s > 0. Inequality (2.15) is a direct consequence of (3.27) and
the definition C(s) := sC(s) for all s > 0. The proof is complete. O

4. Tllustrative example. Consider the following planar nonlinear system:

13
(4.1) &y =Cay — 1025 + 2o a':zz—zxg—l—u o x=(r1,20) €R*, ueR,

where ¢ > 0 is a constant that satisfies the inequality
(4.2) 25001 (% +2¢ <4
with output

(4.3) y=h(z) =x1.

We show next that system (4.1) satisfies assumptions (H1), (H2), (H3), and (H4) with
(4.4) U=[-50¢v2, 50@/5}.

Therefore, Theorem 2.2 can be applied to (4.1) and the system can be stabilized for
arbitrary input and measurement delays by bounded feedback applied with ZOH.
The reader (who is used in continuous feedback stabilization for delay-free nonlinear
systems) may be surprised by the existence of an upper bound for the constant ¢ > 0
(see (4.2)), i.e., the linear part of system (4.1) is only weakly destabilizing. Two things
must be noted at this point:

(a) The upper bound for ¢ > 0 in (4.2) is restrictive and can be improved con-
siderably. However, we have given this restrictive bound for simplicity (the algebraic
manipulations become easier).

(b) We intend to design a feedback law for system (4.1) that (i) is bounded, (ii) is
applied with ZOH (even though the system is not linear or globally Lipschitz), (iii) uses
sampled and delayed measurements with uncertain sampling schedule, (iv) guarantees
global stabilization in the presence of (arbitrary) input and measurement delays and
in absence of measurement noise, (v) guarantees local exponential stabilization and a
global exponential convergence rate in absence of measurement noise, (vi) guarantees
robustness with respect to measurement noise, and (vii) can handle sampling times
which do not necessarily coincide with the times that the input changes value (i.e.,
it is not necessarily a sample-and-hold feedback). However, the price to pay in order
to achieve all the above features is an upper bound for ¢ > 0. More specifically, the
requirement of the existence of a compact absorbing set (i.e., assumption (H1)) implies
that the input u of system (4.1) takes values in a compact set U. The simultaneous
requirement of having a local exponential stabilizer for (4.1) (i.e., assumption (H2))
leads to the fact that the size of U, the size of the set where the local exponential
stabilizer works, and the constant > 0 are related and an upper bound for ¢ > 0 is
needed.

Assumption (H1) holds with V(z) = (2% + 23)/2, R = 1 and W(z) = V(x)/4.
Indeed, we get

13
VV(z)f(x,u) = (a3 — 10z} + 2120 — zx% + zou.
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Using the inequalities z122 < (22 +23)/2, uze < (u? +23)/2 and (4.4), we obtain for
all (z,u) e R?x U

(4.5) VV(z)f(z,u) < —W(x)+ (c + g - 10:;;%) z? — gmg + 2500 ¢2.

If 102% > (+1, then (4.5) implies VV (z) f(z,u) < =W (z)— 2V (2)+2500 (%. By virtue
of (4.2), the previous inequality directly implies (2.1) for the case 1023 > ¢ + 1. If
1027 < ¢+1, then (4.5) implies VV (2) f(z,u) < =W (z)+15(¢+1)? =2V (2)+2500 ¢2.
By virtue of (4.2), the previous inequality directly implies (2.1) for the case 1027 <
¢ + 1. Therefore, we conclude that (2.1) holds in every case.

Assumption (H2) holds with

1 2
P(ﬁ) = ECC% + m (CC2 +2CCE1)2,
F(z) = —% (13 = 4¢) 1 + 20¢ 27,

k(x) = min (50{\/5, max (—50C\/§, k(z) ))
and appropriate constants p, K1 > 0. Notice that the fact that P(z) = %x% +
ﬁ(xz +2( x1)2 is a quadratic positive definite function implies the existence of
a constant K; > 0 with K|z|? < P(z) for all z € R%. Moreover, by virtue of (4.2),
we get for all x € R? with V(z) = (2% +23)/2< 1= R:

~ 3
(4.6) }k(x)‘ < ZC (13 — 4€) V2 + 40¢V2 < 50¢V/2.
Therefore, the equality k(z) = k(z) = —%(13 —4¢)x1 + 20¢ 23 holds for all z € R?
with V(z) = (22 +23)/2 < 1 = R. Notice that, by virtue of (4.2), the following

inequality holds for all # € R? with V(z) = (27 + 23)/2 <1 = R:

VP(x)f(x,k(x)) = VP(x)f (z, k(x))
. 13-8¢
L a(13—4¢)

(4.7)

= (22— 10z (22 4+ 2¢Cx1)* < —2¢ P(2).

Inequality (4.7) in conjunction with the fact that P(z) = 1z} + m(ﬂiz +2(¢x1)?

is a quadratic positive definite function implies the existence of a constant p > 0 such
that (2.3) holds.

Next we show that assumption (H3) holds with Q = I € R2%2, [ = —(2(, 1),
w = ¢ > 0 and arbitrary constant b > 1 = R. Indeed, we have by virtue of (4.2), for
all (z,2z,u) € RZ xR? x U,

(z = 2)'Q (f(2,u) + L(h(2) — h(z)) — f(x,u))
=—C (21 — x1)2 —10 (zf + 2121 + a:%) (21 — 331)2 - 113 (29 — 332)2
S _C |Z - $|2 ’

which holds because 27 + z1z1 + 22 > 0 for all (x1, 1) € R? and because ¢ < 13/4.
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Finally, we show that assumption (H4) holds. More specifically, we show that the
more demanding inequality

VV(2)(f(z,u) + L(h(z) = h(z)))

(4.8) = sz - 10ziL +(z1+u)za — (2C 21 + 22) (21 — 1) — Zzg

holds for all u € U, z,z € R? with a < V(z) and V(z) < 1 = R for sufficiently large
a > 1. Therefore, (2.5) holds with arbitrary constants ¢ € (0,1) and a < b. Inequality
(4.8) is equivalent to the inequality u 2o + 2¢ 2121 + @122 < (¢ + 1027 — 1)27 + 2223,
which, by virtue of (4.4) and the fact that V(z) < 1 = R, is directly implied by the
inequality

1 21
(4.9) 2500 ¢ + 20V/2 |21 | + |22 V2 < (c + 1027 — §> 22+ gzg.

Similarly using the inequalities |z2|v/2 < 1+ 22/2 and 2(v/2|z1| < 22 + 2¢2, we
conclude that (4.9) holds provided that the following inequality holds:

1
(4.10) 2502 (% < << + 1027 — g) 22+ gzg

If 1027 > 26/8, then (4.10) holds for 20016¢?/17 < 2% + 2z3. On the other hand, if
1027 < 26/8, then (4.10) is implied by the inequality 2502 (2 + LL27 < zf + 23, which

follows from the inequality 2502 (% + % < 27+ 23. We conclude that (4.10) holds for
:;12111)1 €U, z,x € R? provided that V(z) = 327+ 325 > a = max(1, 22%8¢? 1251 %+
m .

Let b > a be an arbitrary constant and let p : Ry — [0, 1] be an arbitrary locally

Lipschitz function that satisfies p(s) = 1 for all s > b and p(s) = 0 for all s < a.
Define

e == | 5 =)

(4.11) for all (z,y,u) € R* x R x U with 27 + 235 < 2,
7. L 2¢ (,O(Z,y,u) 21
k(z,y,u) == — [ 1 } (z1—y) — m 2
(4.12) for all (z,y,u) € R* x R x U with 27 + 25 > 2,

where ¢ : R? x R x R — R, is defined by

1
¢(2,y,u) == max (0, (c +2- 102%> 22 4 (21 +u)2o
25 , p <zf + 22

(4.13) . > (2¢ 21 + 22) (21 — y)) )

g 2

Let 7,7 > 0 be arbitrary constants. Theorem 2.2 guarantees that for sufficiently
small constants Ty > 0, Ty > 0 and for sufficiently large integer N > 0 there exist
a locally Lipschitz function C' € K, and constants o, > 0 such that for every



S-D STABILIZATION OF SYSTEMS WITH ABSORBING SET 805

partition {7;}7%, of Ry with sup;s¢(mi1 — ) < T, 20 € R?, x9 € CO([—r,0];R?),
g € L®([-r —7,0);U), € € B(R,;R), the solution of

13
(4.14) @1(t) = Cay(t) — 1023 (t) + xa(t) 5 da(t) = —ng(t) +u(t —7),

) Cz1(t) —1023(t) + 22(t) . s
(0= | Sl 20 ] ko, -r - )

(4.15) fort >0 a.e.

() = €21 (t) — 1053(8) + 22(0),
(4.16) for t € [1;,Ti+1) a.e. and for all integers ¢ > 0,
(4.17) w(r;) = z1(1; —r) + &(m;) for all integers 1>0

u(t) = min (504\/5 : Inax( 50(V2, — (13 40)q\V (jTw)

+20¢ (q§é>(jTH>)3 ).

(4.18) for all t € [jTy, (j + 1)Tx) and for all integers j > 0

( )( T
JTH) ~
= 2(jTH),
l a” (jTur)
1) 3 @) ;
l Q%+)1(]TH) (1+¢h) gt (JTH) — 10h (qz (JTH)) +hq;”(jTH)
2 .
451G TH) (1- T) +fzz+ M u(jTy + s —r —7)ds
(4.19) fori=0,...,N—1,

where h := (r 4+ 7)/N, initial condition z(0) = zg, z(0) = z¢(0) for § € [—r,0],
u(f) = uo(0) for 0 € [—r — 7,0), exists and satisfies estimate (2.15) for all ¢ > 0.

This example shows that even if the delay-free system can be globally stabilized
by a static output feedback, still an observer must be used when delays are present.
The reason that forces the use of the observer is the prediction: in order to make
an accurate prediction for the future value of the output, accurate estimates of the
state vector are needed. Indeed, system (4.1) can be globally stabilized by the static
output feedback k(z) = min(50¢v/2, max(—50¢v2, k(z))) with k(z) = —%(13 —
4¢)x1 + 20¢ 23. However, the dynamic feedback stabilizer given by (4.15), (4.16),
(4.17), (4.18), and (4.19) uses the hybrid sampled-data observer (4.15), (4.16), (4.17):
the observer state is used in the prediction scheme given by (4.19).

5. Concluding remarks. The present work provides a methodology for the
global sampled-data stabilization of systems with a compact absorbing set and in-
put/measurement delays. The methodology is based on the ISP-O-P-DFC scheme
and the stabilization is robust to perturbations of the sampling schedule. The ob-
tained results are novel even for the delay-free case.

More remains to be done. The results can be extended (under appropriate as-
sumptions) to the case where the absorbing set is not necessarily compact: the ab-
sorbing set can be a set where a Lipschitz inequality holds. Moreover, the robustness
issue with respect to perturbations of the delay needs to be studied using tools like
those used in [5, 12, 27]. Finally, the possible generalization of assumptions (H3)
and (H4) to include the case of regional observers with observer-state dependent gain
matrix L(z) (instead of a constant gain matrix L € R"**) can be studied. All these
will be the topics of future research.
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Appendix A.
Proof of Lemma 3.1. First we establish the following inequality:

" (2 = 2)'Q (f(z,u) + k(z, h(),u) — f(a,u))
< —awlz— a:|2 for all (z,z,u) € S; x Sy x U.

Notice that inequalities (2.1), (2.4) and definitions (2.6), (2.7), (2.8) imply that (A.1)
holds for the case V(z) < a. Therefore, we focus on the case a < V(z) < b. Definition
(2.7) gives

(2 = 2)'Q (f(2,u) + k(2 h(),u) - f(w,u))
(A2) < (2= ) Q(f(z.u) + L(h(z) — h(x)) — f(z.w)

_ ol @), 0 VV(2)Q(z — x).
V)P (2)Q(z — )

Inequalities (2.4), (A.2) and the fact that ¢(z, h(x),u) > 0 implies that (A.1) holds
if VV(2)Q(z — x) > 0. Moreover, inequalities (2.4), (A.2) show that (A.1) holds

if o(z,h(z),u) = 0. It remains to consider the case VV(2)Q (z —x) < 0 and
©(z, h(x),u) > 0. In this case, definition (2.8) implies ¢(z, h(x),u) = VV(2)f(z,u) +
W (z)+p(V(2))VV(2)L(h(z) — h(z)) > 0. Then, inequality (2.5) gives
(A.3)

o(2, h(z), u)

)
=VV(2)f(z,u) +p(V(2))VV(2)L(h(z) — h(z)) + W(z)
<+(1=p(V(2)VV(2)f(z,u) + (1 = p(V(2)))W(2)
(2 —2)'Q(f(z,u) + L(h(z) — h(z)) — f(z,u))

Using (A.3), (2.1), and the fact that 0 < p(V(2)) < 1, we obtain

(2, h(z), 1) VV (2)Q(z — )
YV (2)
—w z Z—X z Z, U z
VP VV(2)Q(z — z) (VV(2) f (2, u) + W(2))
— (1= 0)p(V(2)(z — ) Q (f(2,u) + L(h(2) — h(z)) — f(z,u))
—(1=¢) (2 — 2)Q (f(2,u) + L(h(2) — h(x)) — f(z,u)).

Combining (2.4), (A.2), and the above inequality, we conclude that (A.1) holds.

Consider a solution of (1.1), (1.2), (2.11), (2.12), (2.13), corresponding to (arbi-
trary) input u € L®([—r — 7,+00); U), £ € B(R4;RF) and satisfying x(t — r) € S,
z(t) € Sy for all t > 7, where [ > 0 is an integer with 7, > r. Next consider the
evolution of the mapping t — (z(t) — z(t — r)) Q(z(t) — z(t — r)). Inequality (A.1)
and (1.1), (2.11) imply that the following inequality holds for t > 7; a.e.:

% ((Z(t) —a(t—1)) Q(2(t) — a(t — T)))

2

(A4) < —2cw|z(t) — z(t — 7))

+2G2 Q| [2(t) — x(t — ) Jw(t) — h(x(t — 7)),
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where Gy = Sup{%ﬁw s y,w € RE, 2 € Sy,u € U,y # w}. By virtue
of definitions (2.6), (2.7), (2.8), it follows that the constant G2 is well-defined. Since
@ € R™ " ig a positive definite matrix there exists a constant 0 < Ky < |Q| with
Ks|z|? < 2'Qx for all z € R®. Completing the squares and integrating (A.4), we

obtain the following estimate for ¢ > 7;:

|2(t) — z(t — r)]
(A5) Sexp<—m —-7) ’/ |z ) —x(m — 1)
2|1Q| G2Q)

ZAC sy (e (~150t0=9)) lute) = hGats =)

Selecting o > 0 so that o < cw/(4|Q)|), we obtain from (A.5) for t > 7

sup_(exp(os)[z(s) — (s — 1))

(A6) B2 1 t0) — atto — )l explom)

2|1Q| G2 |Q|

_ exp(os)|w(s) — h(x(s —1))|).

r T s (exp(os) us) ~ hla(s ~ )
Finally, notice that since sup;>o(7i+1 — 7:) < T, it follows from (1.2), (2.12), (2.13)
that the following estimate holds for every t € [7;, T7;41) with ¢ > I:
(A7) lw(t) — h(z(t —r))| <TsG1 sup |z(s) —a(s —r)[+ sup [£(s)],

Ti<s<t Ti<s<t

where G := sup{ [Vh(z)f(@, ﬁ Zh(z)f(z Wl p e 8y, 2€SpuelUa# z}. Using the

inequality t < 7; + T and (A.7) we obtain for all t > 7
sup (exp(os)|w(s) — h(x(s —1))|)

71<s<t

(A.8) < T,Gyexp (oTs) Ts<usgt (exp (0 8)|2(s) —x(s —1)])

+exp(at) sup ([£(s)])-

71 <s<t

Combining (A.6) and (A.8) we get for all ¢t > 7

_sup_(exp(0s) |=(s) — (s = 7))

<4/ % exp (om) |z(m) — x(m — 7)]

2191 G21Q1 (1 (exp(os) |2(s) — a(s — r)])

Ky cw <<t

2|Q| G2 Q|

Ky cw n<s<t

(A.9)
+ TsG1 exp (0T)

+exp(ot)

P ([€(s)])-
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Selecting T > 0 so that TsG1 exp(cTs)y/ 291 GalQl 1, we conclude from (A.9) that

Ko cw
the following estimate holds for all ¢ > 7:

sup(exp (08) [2(s) — (s — 7))

< Cw |Q| €Xp (UTl) |Z(T[
(A.10) T eawVKy — TsG1G2 |Ql exp (0Ts) 1/2|Q]
G2 |Q| V 2|Q|6Xp(0't) sup (|§(5)|)
cwvV Ky — TsG1G2 |Q|exp (0Ts) /2 |Q| m<s<t
Inequality (3.2) is a direct consequence of (A.10). The proof is complete. d
Proof of Lemma 3.2. Define

) —a(n —r)]

(A11) Ly ;:sup{“("”"'g:fl(z’“)' :x,zeSg,a:;«éz,ueU},
(A.12) Ly ;:sup{“("”"@:f'(x’”)' :u,veU,u;év,xeSg},
(A.13) C = Sup{ 'Vf;('g”)' ze Sl\{O}},

Using (2.3) and definitions (2.2), (A.12), (A.13), (A.14), we obtain for all (z,zo, u) €
Sl X Sl x U

(A.15) VP(z)f(z,u) < —2u|z)* + |2| CLy |u — k(x0)| + |2| CLy K |z — o] .

Consider a solution of (1.1), (1.2), corresponding to input v € L*°([—7, +00); U) and
satisfying x(t) € Sy for all ¢ > 7 + jTy, where j > 0 is an integer. Using (1.1) and
definitions (2.2), (A.11), (A.12), (A.14), we obtain for all¢ > jand t € [iTy, (i+1)TH)
(A.16)

lx(t+7) — 2(iTy + 7)|

< / |F(a(s + 1), u(s))| ds

TH
t
< / |f(x(s+7),k(x(iTyg +7)))|ds+TuLy sup (Ju(s) — k(x(iTy +7))|)
iTH T <s<t
<Ty(Lx +LyK)|z(iTg +7)| + TuLx max_ (|le(s+7) —x(iTy + 7)|)

+Tuly sup ([u(s) — k(z(iTy +7))[).
Ty <s<t

Using (A.16), we obtain for all ¢ > j for sufficiently small T > 0 (so that Ty Lx < 1):
— 2 (2T
iTHSSIISl%'L.)j‘l)TH (le(s +7) — 2(iTy + 7)|)
< (LX + LUK) Ty
(A17) — 1— THLX
LyTy

T ToLe sup u(s) — k(x(iTu +71))]) -
1=TuLx iTHgsg(m)TH(' (8) = k(@i + 7))

lx(iTy + 7)|
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Using (A.17), the triangle inequality and a standard causality argument, we obtain for
alli > jand ¢ € [iTy, (i+1)Ty) for sufficiently small Ty > 0 (so that (L’fﬂiﬂ(m’ <

1) —THLX
lx(t +7) — x(iTy + 7)|
(Lx + LyK) Ty , (Lx + LuK) Ty
< _
(A.18) < [ Tylx lx(t +7) — x(iTy + 7)| + Tyl lx(t + 7)|
LyT, ,
+— sup (Ju(s) — k(z(iTu + 7)),

1 —THyLx iTy<s<t
which directly implies the following estimate for all o > 0:
|x(t+ 1) — x(iTy + 7)| exp(ot)

(LX + LUK) T GXp(Ut)
(A.19) - 1-Q2Lx+ LuK)Ty

LUTH exp(chH) )
o - T .
1-Q2Lx +LyK)Twy iTZléIs)St ([us) = k(@(iTh + 7))| exp(cs))

|zt +7)]

Next consider the evolution of the mapping ¢ — P(x(t + 7)). Inequalities (A.15),
(A.19), and (1.1) imply that the following differential inequality holds for all i > j
and t € [iTy, (i +1)Th) a.e.

iP(x(t + 7))

dt
CLyK (LX + LUK) Ty 2
A.20 < —(2u—
(A20) < (u S e ot + 1)

+ O |x(t 4+ 7)| exp(—oat) iTSng)q (|u(s) = k(z(iTg + 7))| exp(os)),

where © := CLU(% +1). Completing the squares in (A.20), we get for
t> T a.e.

(A.21)

d
EP(az(t—l—T))
< _ ( B CLyK (Lx + LyK)Tx

2
1— (2Lx + LuK) Ty ) (¢ + )]

u(s) — k <x <T n [%} m))

Since P € C%(R™; R ) and since S; C R" is compact, it follows that there exists P>0
such that P(x) < P|z|? for all x € S;. Selecting o > 0, Ty > 0 to be sufficiently

Cf_”géi’j_;i;’([;%g” + 4015) and integrating (A.21) we get for all

2

@2
+ — exp(—20t) sup
4p JTr<s<t

exp(2crs)> .

small (so that u >
t>jTy
(A.22)

P(z(t+ 7))

< exp(—4o(t — jTy)) Pla(jTy + 7))

wor-s(e(r+ ] )

2

@2
+ —exp(—20t) sup
Suo T <s<t

exp(2as)> .
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Using the fact that there exists a constant K; > 0 with K;|z|? < P(x) for all z € S;
in conjunction with (A.22), we obtain for all ¢t > jTy

|z(t +7)| exp (ot)

(A.23) < \/Kzlexp (0jTh) |2(jTa + 7)|

g (0 (o4 [77))

Inequality (3.3) is a direct consequence of estimate (A.23). The proof is complete. O

(o))

Proof of Lemma 3.3. Lemma 2.1 in conjunction with the fact that x(—r) =
xo € Sz and definition (3.1) implies that x(t) € Sy for all ¢t € [—r,7]. Applying the
inequality |z(t)] < |zo| + fir |f(z(s),u(s — 7))|ds for the solution z(¢) of (1.1) with
initial condition z(—r) = xo, corresponding to (arbitrary) input u € L*°([—r—,0);U)
and using (A.11), (A.12), and the Gronwall-Bellman lemma, we obtain

(A.24) |z(t)] < exp (Lt +7)) (|xo| + ||u]]) for all ¢ € [—r, 7],
where ||ul| = suprTSS<O(|u(s)|) and L := max(Lx, Ly). Next define
(A.25) a :=max {|f(z,u)| : (x,u) € Sy x U},

(A.26) Q:={¢ecR": [€—z|<a(r+7),V(z)<R}.

Notice that by virtue of assumption (H1) the set  is compact. We select A > 0 so
that

(A.27) R+ hamax {|[VV(z)| : 2 € Q} <b,

and we select P > 0 so that

(A.28) P>max{ |[V?V ()| : |¢— 2| <amin(r+7,h), z € S }.
We next make the following claim.

Claim 4. If R < V(x;) < b and h < min(r + 7, h, #min{W(x) R <V(x) <
b}), then
Proof of Claim 4. Define the function
for A € [0,1]. The following equalities hold for all A € [0, 1]
dg
d\
&g
d\?
Moreover, notice that by virtue of (3.1), (A.25), and (2.10), it holds that |x;11 —x;| <

ah. The previous inequality in conjunction with (A.28), (A.31), and the fact that
h < min(r 4 7, h) gives

(A) = VV (zi + Mzip1 — 2i)) (Tig1 — 74),
(A.31)

()\) = ($i+1 — a:i)’VQV (331 + /\(331'4_1 — 331)) ($i+1 — 331)

d?g

(A.32) o

(/\)' < a?Ph? for all A € [0,1].
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Furthermore, inequality (2.1) in conjunction with (2.10) and (A.31) gives
(i+1)h

d
(A.33) %(0) = VV (z;) / F(i,u(s))ds < —hW (z;).
ih

Combining (A.29), (A.31), and (A.32), we get
(A34) V($i+1) = g(l) < V(ﬂil) — hW(ZIJZ) + Zlthp/Z.
The fact that h < 25 min{W(z) : R < V(z) < b} and (A.34) implies inequality
(A.29). B 0

If h <min(r+7,h, =5 min{W(z) : R < V(x) <b}), then Claim 4 implies that

(3.5) holds. Indeed, if R < V(x;) <b for certain ¢ = 0,..., N — 1, then the fact that
Zit1 € Sa follows from Claim 4 and (3.1). If V(z;) < R for certaini =0,...,N — 1,
then

1
V(xiJrl) = V(CEl) +/0 VV(:Ei + )\(xiJrl - xi))($i+1 — CCi)d)\,

which combined with the fact that |z;.; — 2;| < ah, the fact that h < min(r + 7, h),
and (A.25) gives

|V(zi41)] < R+ ahmax {|VV(z)| : x € Q}.
The above inequality in conjunction with (A.27) and definition (3.1) implies that
ZTit1 € So.
We next make the following claim.
Claim 5. Define e; :== x; —x(ih —r), i € {0,..., N}, where z(t) is the solution of

(1.1) with initial condition x(—r) = xg corresponding to input u € L>([~r—7,0);U)
and suppose that h < min(r + 7,h, =25 min{W(z) : R < V(x) < b}). Then

b a2p
h? exp(ihLx) — 1
il < —LxL(1 L _— =
. el < S L L (1 exp (L +7) (ol + ) 2O

for alli e {1,...,N},
where Ly > 0 is the Lispchitz constant defined in (A.11).
Proof of Claim 5. Notice that, by virtue of (2.10), the following equation holds
forallie {0,...,N —1}:
(i+1)h

(A.36) €it1 =€ + / (f(zi,u(s —r—71)) — f(z(s —r),u(s —r —71))) ds.

ih
Notice that Lemma 2.1 in conjunction with the fact that zo € Sz implies that x(t) € Sa
for all ¢ € [—r,7]. Hence, definition (A.10) in conjunction with (3.5) implies the
following inequality for all ¢ € {0,...,N — 1} and s € [ih, (i + 1)h]:
(A.37) |[f(zi,u(s —r—71)) — f(z(s —r),u(s —r —7))| < Lx |z; — x(s —r)]|.
Using the definition e; := x; — x(ih — r), definitions (A.11), (A.12), and inequality
(A.24), in conjunction with z(t) € So for all ¢ € [—r, 7], we get for all ¢ € {0,..., N—1}
and s € [ih, (i + 1)h]:

|, —x(s — )| <lei| + |z(s — 1) — x(ih — )|

(A.38) <led + Lis i) _ max  (ja(s 7)) + Lls — ih) [

< leil + L(s = ih) (1 + exp (L(r + 7)) (|zo| + [Jull) ,
where L := max(Lx, Ly). Exploiting (A.36), (A.37), (A.38), we obtain for all ¢ €
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{0,...,N -1}

leiv1] < (1+hLx) |ei] + B Lx L (1 +exp (L(r + 7)) (|zo| + |Jul) <

A. 3
B3 exp(hlic) ei] + B L L (1 + exp (LG + 7)) (o] + ful).

Using the fact ¢y = 0 in conjunction with inequality (A.39), gives the desired inequal-

ity (A.35). 0
Definitions
r+T
My = 5 L1 +exp(L(r+7)))(exp((r+7)Lx)—1),
(A.40) et
N*=1 -
* min (r +7,h, =5 min {W(z) : R < V(x) < b})

in conjunction with estimate (A.35) with ¢ = N and the facts that h := (7 +r)/N,
exp(hLx) — 1 > hLx, imply the desired inequality (3.4).

Proof of Lemma 3.4. Let 0 > 0, Ts > 0, Ty > 0 be sufficiently small constants
so that Lemmas 3.1 and 3.2 hold. Let N > N* be an integer, where N* is the
integer constant in Lemma 3.3. Since z(t) € Sy for all ¢ > jTq, it follows from
Lemma 3.3 and (3.5) that ®n(2(q(s)), tig(s)) € Sz for all s > jTy and N > N*, where
q(8) :=[s/Tu)Tu. Using (A.14) and (2.14) we obtain for all t > jTx

S (lu(s) =k (z (7 + q(s)))| exp(os))

<K swp (|2 ((al5)) i) — 2 (7 + a(s))] exp(os))

(AA1)

Let ¢(zo,u) denote the solution of (1.1) at ¢ = 7 with initial condition z(—r) = z,
corresponding to (arbitrary) input u € L ([—r—7,0); U). It follows that z(7+¢(s)) =
(x(q(s) — 7),1qs)) for all s > jTy. Moreover, using (A.11), Gronwall’s lemma,
the fact that all solutions of (1.1) starting from S remain in Sy for all times (a
consequence of Lemma 2.1), and the fact that «(t —r —Ty) € Sy for all ¢ > jTxH, we
get

|6(2(a(5)), tig(s)) — S(@(a(s) — 1), itg(s))]
< exp (Lx(r+7))|2(a(s)) — z(g(s) — 7).

Furthermore, Lemma 3.3 implies that there exists My > 0 such that for N > N* and
s > jTg it holds that

(A43)  [(2(a(s))stig(s)) — P (2(a(s)), tig(s))| < Ma (J2(a(s)] + [[tig(s[]) /N
Combining (A.41), (A.42), (A.43) we obtain for all ¢ > jTx

(A.42)

(A.44)
o (ju(s) k@ (7 + a(s)) | expl(o)
<K (exp (Lx(r+7)) + %) o _ (12 (a(s)) = a(s) 1)l exp(o)

M, M o
+K—— sup (|z(q(s) —r)|exp(os)) + K== sup (|[tges)|| explos)) -
N jTu<s<t N jru<s<t

Moreover, using (A.14), the fact that k(0) = 0, the fact that 0 < s — ¢(s) < Ty, and
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the fact that x(t —r — Ty ) € Sy for all ¢t > jTy, we obtain for all s > jTy

lia) | exp(os)

=exp(os) sup  (Ju(q(s) +0)])
—r—7<6<0

<exp(o(s—q(s)+7+71)) sup
(A45) —r—7<6<0
(Julg(s) +0) — k (z(7 + q(q(s) +0)))| exp(a(q(s) + 0))

+ Kexp(o(s —q(q(s) —r—7)))  sup
—r—7<6<0

(|z(r +q(q(s) + 0)) exp(og(q(s) +0)) .

Using the fact that 0 < s — ¢(s) < Ty in conjunction with (A.44), (A.45), we get for
all ¢ Z ]TH

(A.46)
S (lu(s) =k (z (7 + q(s)))| exp(os))
<K (exp (Lx(r+71))+ %) exp (0Ty) sttip;Q (|z (s) =2 (s —r)|exp(os))

+ K% exp(o(Ty +7r+7)) sup (|o(7+q(s) —r—7)|exp(o(q(s) —r—7)))
7T <s<t

+ K% exp (c(2Ty +7+ 7)) sup (lu(s) =k (z (7 + q(s)))| exp(os))

N T —r—7<s<t
3 My
+K’—exp(c(2Tyg +r+7)) sup (|lx(m + s)| exp(cs)),
N (3—1)Tu—r—7<s<t
which directly implies for all ¢t > jTy
(A.47)
sup  (|u(s) — k (z (7 +q(s)))| exp(0s))
JTu <s<t
My
<K (exp (Lx(r+71))+ —) exp (6Ty) sup (|z(s)—z(s—r)|exp(os))
N T <s<t

FE S exp (0T +r+7)  swp_ (uls) k(7 +q(s))| exp(o9))
JTa—r—7<s<t

M
+K(1+K)=2exp(c(2Ty +7+71)) sup (lz(r + )| exp(os)) .
N (G—1)Ty—r—7<s<t

Selecting N > N* so that N > KMyexp (6(2Ty +r + 7)), we get from (A.47) for all
t>jTn
(A.48)

S (lu(s) =k (z (7 + q(s)))| exp(os))

K (Nexp(Lx(r+ 7))+ My)exp (20Tw)
< _ _
N —KMiexp (02T +7+71))  jrode (2 (s) =z (s = )l explos))
KMyexp(c(2Ty +7+ 1)) su
N — KMyexp (0Q2Tw +7 7)) jTu—r-r2s<iTu
(Ju(s) =k (z (1 + q(s)))| exp(s))
KA+ K)Myexp(oc(2Tg +r+1))
su x(T+ s)|e s)).
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Let [ > 0 is an integer with 7; > jTy. Notice that 77 < jTy + Ts. It follows from
Lemma 3.1 that there exist constants y; > 0, M; > 1 so that the following inequality
holds for all ¢t > jTy:

sup _ (exp (0s) [2(s) — x(s — 7))

7T <s<t
(A49) <M, s (exp(o8) |+(s) — als — )
JT<s<jTu+T;
+exp(at) sup  ([€(s)]).

JTH<s<t

Combining (A.48) and (A.49) we get for all ¢t > jTxy

(A.50)
s (lus) =k (a (r + g(s))) exp(o9))
K (Nexp (Lx(r+17)) + M) exp (20Ty)
= N — KJ\)/Z; exp (o(2Ty j— r+7)) —n (o t) jT;S;lg;gt (€D
. KMyexp(oc(2Ty +7r+ 1)) sp

N —KMyexp(0(2Tu + 7+ 7)) jTy—r—r<s<jTu
(Ju(s) =k (x (1 + q(s)))| exp(s))

KMyexp(oc(2Ty +7+71))
I1+K su (T + 8)| exp(os
N—KM46XP(0(2TH+T+T))( )(jfl)THf’rI‘)f‘rgsgtO ( ) exp(as))

K (Nexp(Lx(r+7))+ Ms)exp (20Tx) M sup
N — KMyexp (c(2Ty +r + 7)) ! T <s<jTwa+Ts

+

(I2(s) =z (s — )| exp(os)) -

By virtue of Lemma 3.2, there exist constants Ms, M3 > 0 such that (3.3) holds.
Combining (3.3) and (A.50) we get for all t > jTx
(A.51)

sup  (|z (7 + s)|exp(os))
JTr <s<t

< My |x(7 + jTh)|exp(cjTh)

K (Nexp(Lx(r+ 7))+ My)exp (20Tw) M, M sup
N — KMyexp (oc(2Tyg +r+ 7)) T <s<jTu+Ts

(|2 (s) —z (s —r)[exp(os))
K MsM,4exp (O'(QTH+’I“+T)) s
N — KM, exp (O’(ZTH +r+ 7')) jTHfrf'rI%sSjTH
(Ju(s) =k (z (1 +q(s)))| exp(as))
K1+ K)Myexp(o(2Tyg +r+ 1)) )
N — KMyexp (o(2Ty +1+ 7)) (j—l)THbl—l?—Tgsgt ({7 + s} exp(o3))

K (Nexp (Lx(r+7)) + M) exp (20T4)
N_KMyexp (02T +r+1) M3 exp(ot) S (IODE

+ M3

Selecting N > N* sufficiently large so that M; Kzsrljg%\fé;;?;gz(;zi:ig))) < 1, we

obtain from (A.51) the existence of a constant A; > 1 (independent of j) for which
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the following inequality holds for all ¢ > 0:

sup  (|z (7 + s)|exp(os))

<A s (J5(s) — (s — )| explos))
JTr <s<jTu+T.
(A.52)
+ Ay sup (lu(s) = k (z (7 + q(s)))| exp(os))

JTa —r—7<s<jTh

+A sup (|z(r +s)[exp(os)) + Arexp(at) sup ([€(s)])
—r—7<s<jTH JTa <s<t

The definition of the norms ||z;|| and ||| give for all ¢ > 0

(A.53) sup ([lzs[lexp(es)) <exp(o(r+7)) sup _(|z(7+s)|exp(os)),

—r—7<s<t

(A-54) " sup ([[isl|explos)) < explo(r+m))  sup (Ju(s)|exp(os)).

Inequality supg<,<, ([|us]| exp(cs)) < exp(o(r+7))sup_,_,<,< 7, (|u(s)| exp(os)) fol-
lows from (A.54) when ¢t < jTy. When t > jTy, we obtain from (A.50), (A.52),
(A.14), the fact that k(0) = 0, the fact that 0 < s — ¢(s) < Ty, and the fact that
2(t—r—Tg) € S; for all t > jTy the existence of a constant Ay > 1 (independent of
j) for which the following inequality holds for all ¢t > jTx

S (s exp(os)) < exp(o(r+7))  sup _ (Juls)|exp(cs))

Sexplolr 7)) swp (Juls)] exp(os)

+exp(o(r+7)) S (lu(s) =k (z (7 + q(s)))| exp(os))

+ Kexp(o(r+7+Th)) sup (Jz(7+s)|exp(os))
JTu <s<t

Sexplolr+7)__swp  (Juls)] exp(os)

+ Ay sup (|z (s) =2 (s —r)|exp(os))
JTH <s<jTu+Ts

+ Az sup (lu(s) =k (z (7 + q(s)))| exp(os))

JTa —r—7<s<jTh

+A2 sup  (J2(7 + 5)| exp(os))
—r—7<s<jTH

+ Agexp(at) sup ([€(s)])-

0<s<t

Combining the two cases (t < jTy and t > jTy) and using (A.52), (A.53), we obtain
the existence of a constant Az > 1 (independent of j) for which the following inequality
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holds for all £ > 0

sup ([[as[lexp(as)) + sup ([|zs]| exp(os))
0<s<t 0<s<t

<As  sup  (Ju(s)|exp(os))
—r—7<s<)T

(A.55) + A3 sup (lu(s) =k (x (T + q(s)))| exp(os))

JTa —r—7<s<jTh

+ Aj sup (|z(s) —x (s — )| exp(os))
JTa <s<jTu+T;s

+Azexp(ot) sup ([§(s)]) +As  sup  (Jz(7 + s)|exp(0s)).
0<s<t —r—7<s<jTH

When ¢ < jTy we have that supy,<,(|z(s)|exp(cs)) < supg<<;r, (|2(s) — (s —
)| exp(as)) + exp(a(r + 7)) sup_,_,<s<;r, (|2(7 + s)|exp(as)). When ¢t > jTy, we
obtain from (A.49)

sup (|z(s)| exp(os))
0<s<t

< sup  ([z(s) — (s — )| exp(os))
0<s<jTm

+explo(r+7)) _sup _(Ja(r +3) exp(o3)

+ sup (|z(s) — (s — )| exp(0s))
JTr <s<t

< (1+M) . (I2(s) — z(s — r)[ exp(s))

texplo(r+ ) sup  (ja(7+ s)|exp(os)

+1exp(at) sup ([£(s)])-
0<s<t

Combining the two cases (t < jTx and ¢t > jT) and using (A.52), (A.55), we obtain
the existence of a constant A4 > 1 (independent of j) for which the following inequality
holds for all ¢ > 0:
(A.56)
sup (il exp(os)) + sup (]l exp(s) + sup (|2(s)] exp(as))
0<s<t 0<s<t 0<s<t

<Ay sup (lu(s)|exp(os)) + Ay sup (|z (s) =2 (s —r)|exp(os))
—r—7<s<jTH 0<s<jTu+Ts

+ Ay sup (lu(s) =k (x (1 + q(s)))| exp(os))

JTa —r—7<s<jTh

+As sup  (|2(7 4 s)| exp(os)) + Asexp(ot) sup ([€(s)]).

—r—7<s<jTH 0<s<t

Moreover, using (A.14), the fact that k(0) = 0, the fact that 0 < s — ¢(s) < Ty,
and the fact that x(t —r — Ty) € Sy for all ¢ > jTxH, we obtain from (A.52) for all
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t>0
sup (lu(s) = k (z (7 + q(s)))| exp(os))
JTay—r—7<s<jTh
< sup (lu(s)| exp(s))
JTa—r—7<s<jTh
+ s (k@ (r+q(s)|explos))
JTH—r—7<s<jTh
< sw (us)exples) K s (o (7 +a(s))] exp(os))
—r—7<s<jTH JTu—r—7<s<jTh
< sup  (lu(s)exp(os)) + Kexp(oTu)  sup  (|lz (7 + s)[exp(os)).
—r—7<s<jTH —r—7<s<jTH
The above inequality in conjunction with (A.56) implies the desired inequality (3.6).
The proof is complete. O
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