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1. Introduction

Time-delay dynamic systems are an interesting field of research in dynamic systems and
functional differential equations because of intrinsic theoretical interest because the formal-
ism lies in that of functional differential equations, then infinite dimensional, and because
of the wide range of applicability in modelling of physical systems, like transportation
systems, queuing systems, teleoperated systems, war/peace models, biological systems,
finite impulse response filtering, and so forth [1-4]. Important particular interest has been
devoted to stability, stabilization, and model-matching of control systems where the object
to be controlled possess delayed dynamics and the controller is synthesized incorporating
delayed dynamics or its structure may be delay-free (see, e.g., [1, 4-14]). The properties
are formulated as either being independent of or dependent on the sizes of the delays.
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An intrinsic problem which increases the analysis complexity is the presence of infinitely
many characteristic zeros because of the functional nature of the dynamics. This fact
generates difficulties in the closed-loop pole—placement problem compared to the delay-
free case [14], as well as in the stabilization problem [2, 4-6, 8-11, 13, 15-20], including
the case of singular time-delay systems where the solution is sometimes nonunique, and
impulsive, because of the dynamics associated to a nilpotent matrix, [15]. The properties
of the associated evolution operators have been investigated in [2, 6, 11]. Interesting recent
results on infinite dimensional Banach spaces are given in [21-24]. In particular, the existence
of periodic solutions of semilinear evolution equations with time lags is investigated in [21].
In [22], a class of linear impulsive periodic systems with time-varying generating operators
on a Banach space is considered. The set of impulsive periodic motion controllers that are
robust to parameter drift are synthesized for a given periodic motion. The research in [23]
is devoted to investigate the existence and the global asymptotic stability of a periodic PC-
mild solution for the T-periodic logistic system with time-varying generating operators and
T-0-periodic impulsive perturbations on Banach spaces. In [24], a close problem is solved
based on a generalized Gronwall’s lemma. In [25], the robust stability of a variational control
problem is solved by providing the stability radius. Also, the approximation properties of
the homogeneous system associated with a class of linear elliptic differential equations with
periodic coefficients is investigated in [26].

This paper is devoted to obtain results relying on a comparison and an asymptotic
comparison of the eigensolutions between a nominal (unperturbed) functional differential
equation involving wide classes of delays and a perturbed version (describing the current
dynamics) with some appropriate assumptions smallness in the limit on the perturbed
functional differential equation. The nominal equation is defined as the limiting equation
of the perturbed one since the parameters of the last one converge asymptotically to those
of its limiting counterpart. The problem is of interest in practice since the perturbations
related to a nominal model in dynamic systems very often occur during the transients while
they are asymptotically vanishing in the steady-state or, in the most general worst case,
they grow at a smaller rate than the solution of the nominal differential equation. In this
context, the nominal differential equation may be viewed as the limiting equation of the
perturbed one. The comparison between the solutions of the limiting differential equation
and those of the perturbed one based on Perron-type results have been studied classically for
ordinary differential equations and, more recently, for the case of functional equations [27-
29]. Particular functional equations of interest in real-life problems are those involving both
point and distributed delays, the last ones potentially include Volterra-type terms, [2, 5-7, 30].

Notation

The following sets are used through the manuscript:

Ro; := R, U {0}, R,:={z€eR:z>0}, Ro- :=R_U {0}, R :={zeR:z<0},
Cor :={z€C:Rez >0}, Co-:={zeC:Rez <0}, C_:={zeC:Rez<0},

Zy, =7Z,U{0}, Z.:={ze€Z:z>0},
(1.1)

where R, C, and Z are the sets of real, complex and integer numbers, respectively, The
complex imaginary unity isi = v-1.
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A finite subset of j consecutive positive integers starting with 1 is denoted by j :=
{1,2,...,j}. The set R_; := [-h,0) U R, will be used to define the solution of functional
differential equations on Ry, including its initial condition in [-A, 0].

COD (R4, RY) is the set of m-vector real functions of class C”) and definition domain
Ry, and PC® (Ros+, Rf}) is the set of m-vector real functions in C("‘l)(ROMREﬁ) whose ith
derivative is piecewise continuous. Similar sets of functions are defined when the ranges
are complex as C @ (Ro,, Cpt) and pCc® (Ros, C})-

For the delayed system, T : [0,00) — L(X) is the inverse Laplace transform of
the resolvent mapping T(s), which is holomorphic where it exists, with X being the real
Banach space of n-vector real functions endowed with the supremum norm on their definition
domain defined for any such a complex or real vector function ¢ of definition domain D by
19|, = sup,.p(I¢(7)ll«) - |l - |, denoting any vector or induced matrix norm, that is, a = 1
for the ¢;-norm, a = oo for the ¢,-norm, and so forth. Similar notations are used for the
corresponding matrix-induced norms. In particular, « = 2 stands for &, (or spectral) vector
and corresponding induced matrix norms, which coincides with the Euclidean norm for
vectors. The Euclidean (or Froebenius) norm is denoted by the unsubscripted symbol || - ||
so that || - || = || - ||, for vectors but not for matrices. In the case of vectors, the Euclidean norm
coincides with its £;-norm.

The unsubscripted symbol | - | is used for absolute values of real, complex, and integer
numbers, as usual. It is said that the delays associated with Volterra-type dynamics are
infinitely distributed because the contribution of the delayed dynamics is made under an
integral over [0,c0) ast — oo, thatis, x (t — 7 - h}) acts on the dynamics of x(t) from 7 = 0 to
T =t for finite f and as t — oo.

Dom(H) is the definition domain of the operator H and sp(A) is the spectrum (i.e.,
the set of distinct eigenvalues) of the square matrix A. The matrix measure of the norm-
dependent complex-valued matrix A is defined by x,(A) = limg_, o+ (||, + OA|la — 6)/6 >
Re A;(A), foralld; € sp(A).

Also, =, V, A are logic symbols for negation, disjunction, and conjuction of logic
propositions.

2. Problem Statement and Basic First Results

Consider the following linear nominal functional differential systems with point and, in
general, both Volterra-type and finite distributed delays:

m m At m'+m"  at
X (t) =Lxy =D, Ax(t—hi) + D) fodai(T)Aaix(t —T-H)+ > . da;(t - T) Ay x(T),
i=0 i=0 i=m'+1 7 t-h;
(2.1)
x (t) = Lx; +f(t,xt)
m m At
=> Ax(t-h)+>, f dai(T)Agx(t — T - h})
i=0 i=0 7 0 (2.2)

+ min ft dai(t — 7) Agx(T) + f(t,x1),

i=m'+1 7 t-h;
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f(t,xt) = i Ai(t)x(t - ) + i J‘tdzx,-(T)Aai(t)x(t -7 —h))
i=0 i=0 7 0
2.3)

m'+m"

+ > f da(t — 7) Ag, (T)x(T) + fo(t, xt).
t-h;

i=m'+1

Equation (2.1) is the limiting equation of the perturbed equation (2.2), subject to (2.3), for
f(t,xy) — 0ast — oo under the following technical hypothesis.

H.1: The initial conditions of both differential equations (2.1) and (2.2) are real n-vector
functions ¢ € C.(~h) where C.(=h) := {¢p = ¢1 + ¢2 : ¢1 € C(=h), ¢2 € B°(=h)}, $(0) = xo,
with C(=h) := {C°([-h,0], X)}; that is, the set of continuous mappings from [, 0] into the
Banach space X with norm aa = |¢l, = Sup{ll¢p®)ll, : —h <t < 0}; ||- || denoting the Euclidean
norm of vectors in C" and matrices in C”", and B’(~h) := {¢ : [-h,0] — X} is the set of real-
bounded vector functions on X endowed with the supremum norm having support of zero
measure. Roughly speaking, ¢ € B’(-h) if and only if it is almost everywhere zero except at
isolated discontinuity points within [-h, 0] where it is bounded. Thus, ¢ € C.(-h) if and only
if it is almost everywhere continuous in [-h, 0] except possibly on a set of zero measure of
bounded discontinuities. C.(—h) is also endowed with the supremum norm since ¢ = ¢1 +¢»,
some ¢; € C(~h), ¢, € B’(~h) for each ¢ € C.(~h). In the following, the supremum norms
on L(X) are also denoted with | - |.

Close spaces of functions are C(R_;) := C([-h,00),C") which is the Banach
space of continuous functions from [-h,o0) into C" endowed with the norm [¢|, =
sup_,..... (1¢(7)la); for all ¢ € C.(~h) := C([~h,0),C") being an initial condition, for some
given vector norm | - ||,. Note that for t € Ry,, the solution which satisfies (2.2), subject to
(2.3),is in C.(Ro+) := C(Rog+, C"), the Banach space of continuous functions from Ry, into C"
which satisfies (2.2)-(2.3), V¢ € C.(~h), endowed with |§|, = sup,.,.. (1$(T)]la)-

Thus, L : C.(R_,) — C"is a bounded linear functional defined by the right-hand-side
of (2.1).

H.2: All the operators Ax (0 < k <m), Ay (0<k <m'+m") arein L(X) := L(X, X), the
set of linear operators on X, of dual X* and hy, and h% (k=1,2,...,m;¢£=0,1,...,m' + m")
are nonnegative constants with hy = hy = 0 and h := Max(Maxi<i<u (hi), Maxi<icm +me (h)).

H3: The linear operators A, € L(X), with abbreviated notation A,, = A, are
closed and densely defined linear operators with respective domain and range D(A,,) and
R(A,) € X (i = 0,1,...,m" + m"). The functions a; € C°([0,00),C) N BV1oc(Cy) (i =
0,1,...,m') and a; € C°([-h,0),C) (i = 0,1,...,m" + m") being everywhere differentiable
with possibly bounded discontinuities on subsets of zero measure of their definition domains
with fgoe”tldai(t)l < oo some nonnegative real constant v (i =0,1,...,m’). If a;(-) is a matrix
function a; : [0,00] x X* — L(X,X*) then it is in C°([0, ), C™™) N BV ,(C™™") with
| 8° e”|da;(t)| < oo and its entries being everywhere time-differentiable with possibly bounded
discontinuities on a subset of zero measure of their definition domains.

H.4: It is assumed that fo : Ro, x C(R_;) — C"and hg = hjy =0,

(2.4)

C(R.y) . {x : [—h, T) — X, 7<t,
t C

0, T >t
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satisfying x(t) = ¢(t), for all t € [-h, 0], is a string of the solution of (2.2)-(2.3). Other strings
of the solution trajectory of interest in this manuscript are xtC(R‘”) which point-wise defined by
x(t) within the interval [0, t] and zero, otherwise, and subject to the constraint x; = ¢; within
[max(-h, t—h),t], Vt € Ry, and being zero outside this interval. Finally, x; denotes the solution
string within [t — h, t] point-wise defined by the solution x(t) to (2.2)-(2.3) for each t € R,
being zero outside [t — h, ] and subject to the constraint x; = ¢; within [max(-h,t - h), t] for
any real t < h and being zero outside this interval.

A; and A, and A,- : [0,00) — C™" and A,- :[0,00) - C"" (k =0,1,...,m; k =
0,1,...,m + m") belong to the spaces of constant real matrices and real matrix functions,
respectively. The last ones are also unbounded operators on a Banach space of n-vector
real functions x € X endowed with the supremum norm where the vectors of point
and distributed constant delays are: h = (0,h1, hy,..., hy) and W= (fl'lT : fl'zT )T =
(O,K,H,,..., K, h’m,+1,h’m,+2,...,h’m,m,,)T, respectively, with h; > 0 and h > 0 (k =
1,2,...,m' +m") and being, respectively, point and distributed delays, with hy = h’k =0, Ay =
A, Ax and ag(-) = a(-). The first m' distributed delays are associated with Volterra-type
dynamics. In other words, the infinitely distributed delays give contributions fgdai (7) A x(t—
T — h!) with finite real constants h} with (i = 1,2,...,m’) to x (t) which are point delays under
the integral symbol. The functions a; : [0,00) — Cand ax : |0,h;| — C are continuously
differentiable real functions within their definition domains except possibly on sets of zero
measure where the time-derivatives have bounded discontinuities. All or some of the a;(-)
may be alternatively matrix functions «; : [0,t] — C™"({i = 0,1,...,m’) for t € R, and
ai : [O,h] — CP"(i =m+1,m +2...,m +m") with a;(0) = 0;i = 0,1,...,m" + m".
On the other hand, the perturbation vector function f (¢, x;) in (2.2), defined in (2.3), with
respect to the limiting (2.1), is defined by the function f : Ro. x C(R_;) — C™" which
describes a perturbed dynamics associated with the delays plus a perturbation function
fo : Ros x C(R_) — C™" which is not included in the remaining terms of the function f
in (2.3). Note that both the delayed differential systems (2.2)-(2.3) and its limiting version
(2.1) are very general since it includes point-delayed dynamics, like, for instance, in typical
war/peace models or the so-called Minorski’s problem appearing when controlling the
lateral dynamics of a ship [2]. It also includes real constants h; (i = 0,1,...,m'), with
hy = 0, associated with infinitely distributed delayed contributions to the dynamics. Such
delays are relevant, for instance, in viscoelastic fluids, electrodynamics, and population
growth [1, 5, 8]. In particular, an integro-differential Volterra-type term is also included
through hj = 0. Apart from those delays, the action of finite-distributed delays characterized
by real constants h; (i = 0,1,...,m' + m") is also included in the limiting equation (2.1)
and in (2.3). That kind of delays is well known, for instance, in econometric models
related to production rate [8]. The integrability of the a;(-)-functions (or matrix functions)
on [t - h,t] follows since their definition domain is bounded. The technical hypothesis
H1-H4 guarantee the existence and uniqueness of the solution in C(Rg:+) = C(Ro., C")
of the functional differential systems (2.1) and (2.2)-(2.3) for each given initial condition
¢ € C.(=h).

Take Laplace transforms in (2.1) by using the convolution theorem and the relations
da(t) =a (T)dr. It follows that da;(s) = sa;(s) — a;(0), where f(s) := Lapf(t) denotes the
Laplace transform of f(t). Thus, the unique solutions of both the limiting (2.1) and that of
(2.2)-(2.3) in C(Ry4), subject to (2.3); for all t € Ry, for the same given initial conditions
¢ € C.(—h) are, respectively, defined by
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0
y(t) = T(t,0)x(0") +I T(t,7)p(T)U(T)dT, (2.5)
~h

0 ¢
x(t) =T(t,0)x(0%) + th(t,T)¢(T)U(T)dT + IOT(t, 7) f (1, %, )dT, (2.6)

where U (t) is the unit step (Heaviside) function and T'(t, T) is the evolution operator, [2, 6, 31],
of the linear (2.1) whose Laplace transform, everywhere it exists, is given by the resolvent:

T(s) :=LapT'(t,0) = [s (In - Z&i(s)Aaie_h;'S - Z a;(s)Ag (1 - e‘h25)>
i=0

i=m'+1
m m ) m'+m" ) -1
=D Aie" +a(0)Ag+ D ai(0)Age™ D ai(0)Aq (1 - )] :
i=0 i=0 i=m'+1

2.7)

As usual, it is said though the manuscript that (2.1) is the limiting equation of (2.2)-(2.3)
irrespective of the fact that f(¢,x;) converges or not to zero as t — oo. The evolution
operator is a convolution operator so that T'(t,7) = T(t — 7,0) = T(t — 7) if the Volterra-type
dynamics is zero or if the associate differentials in the Riemann-Stieltjes integrals da; (t) = y;dt
with x; being real constants. In this case, the limiting linear functional differential equation
is, furthermore, time-invariant. Note that the limiting (2.1) is guaranteed to be globally
exponentially uniformly stable if and only if T(s) exists within some region including
properly the right-complex plane. In other words, if it is compact for Res > —ay, for some
r constant ap € R located to the right of all the real parts of all the zeros of det T-(s) (also
often called the characteristic zeros of the limiting (2.2) or, simply, its eigenvalues), since then
all the entries of its Laplace transform T'(t) decay with exponential rate on Ry, for ¢ € C,.(-h)
and then |x(t)| decays with exponential rate on R,. The main result addressed in [2, 7-10]
relies on the investigation of the global uniform exponential stability of (1). The stability
of the limiting system (2.1) is investigated in [5, 6], provided that any auxiliary system
formed with any of the additive parts of the dynamics of (2.1), has such a property and
provided that an impulsive-solution-dependent input exists. The compactness of the relevant
input-output and input-state operators under forcing external inputs and impulsive forcing
terms is also investigated in [6]. The basic mathematical tool used in those papers is that the
unique solution of the homogeneous (2.1) for each function of initial conditions ¢ € C,(-h)
may be equivalently written in infinitely many cases by first rewriting (2.1) by considering
different “auxiliary” reference homogeneous systems plus additional terms considered as
forcing actions. The objective of this paper is to compare the solutions (2.1), (2.2), subject to
(2.3), of the limiting and current functional differential equations (2.1) and (2.2) by using a
Perron-type result using a similar technique as that used in [28]. The subsequent theorem
is a generalization of a classical Perron-type theorem for ordinary differential equations to
(2.2), subject to (2.3) compared to (2.1) (see [1, Chapter IV, Theorem 5] and [28, Theorem 1.1]
for functional differential equations which include several kinds of delays such as point and
distributed delays and Volterra-type dynamics with infinite delays. The result extends the
perturbation term to include constant upper-bounding terms in the perturbation functional
(2.3) and characteristic zeros of the limiting (2.2) (i.e., zeros det T-(s)) of multiplicity greater
than unity (being degenerated or non-degenerated) in the limiting dynamics defined by (2.1).
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Theorem 2.1. Let x be a solution of (2.2), subject to (2.3), on Ry, subject to initial conditions ¢ €
C.(=h) such that

|f(t/ xf) |a S Yu(t)lela + KOu/ t € R0+ (28)

for some norm-dependent Ko, € Ros where y, € C ©) (Ros, Ry )is also norm-dependent and satisfies

:H((t‘sk‘l)/(19k!))eﬂ“k‘yu(s)ds — 0ast — oo, where B = 0 if there is no Volterra term in (2.1)

and B = 1, otherwise, and oy are the real parts of the zeros of det T-1(s) of the limiting (2.2) with
respective multiplicities 8. Then, the following properties hold:
(i)

Xs

. <‘f(s,xs>

lim 2a(5)
t— o0 t

- K0a>ds =0, (2.9)
where g, € PCO (Ro,, Ro.) is an indicator function defined by

0 lf YOa(t) =

1 otherwise.

- KOD( S 0/

' f(txt)
Xt a (2.10)

Sa ) =

(ii) The real numbers py = pr(x) = lim;_, o (log |x¢]) / tk exist and are norm-independent and
finite, for all k > ky and some integer k1 > 1 with p, = 0,Vk > k; or lim;_, ce?x(t) =0, b € R.
If ux, > 0 or if (2.8) holds with Ko, = 0, then either py, it is the real part of a zero of det T~ (s), for
which the resolvent T(s) trivially exists and it is bounded, or lim;_, ,e%x(t) = 0, for all b € R.

(iii) Assume that all the zeros of detT~'(s) have real negative parts and (2.8) holds only for
some constants KoR,. Then, either the limits pi = pi(x) = lim;_, o (log lx¢|) /t% = 0 exist, Vk > ki,
some integer ki > 1, and furthermore, y; is not trivially the real part of a characteristic zero of (2.2),
or lim; _, % x(t) =0, Vb € R.

Proof. (i) From (2.8), ya() > max(0, [f(t, x;)/xt|, — Koa) = ga(t)(0, |f (t, x:)/xt|, — Koa) > 0 s0
that

t+1 t+1 f(S xs)
0= tlim Ya(s)ds > lim sup|  ga(s) <‘x,—
— 00 t s

t t— oo

- Koa )ds >0
» <'M ’ 0> (2.11)
Xs

= Etllim 3a(5)

- Koa>d5 = O,

and property (i) has been proved.
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(ii) From (2.8), | £ (t, Xt)|a = Yu(£)|xtla + Koa — wa(t), t € Ro., some w, € PCY(Ry., Roy).
Then, one gets from (2.6)-(2.7),

ett(1

v-1 _ ,uh
IOl < 50 5 @) o[22 G,

i e t 212)
+ fmax (1,ef”)osupt(|xt|a) <ZL Ya(s)ds + ‘ya(s)ds>:|
<7< 1=0 Jt

from the limiting hypothesis on the integral of the function y,, for any arbitrary small real
norm-dependent constant €, € R,, there exists a finite fy € Z,. ( only for a simple constructive
proof easily extendable to ty € R, ), dependent on €, and the given a-norm, such that one gets
from (2.12) by taking initial conditions at ¢y:

ON p(t=to) (1 — eih
|lx(®) || < Kl(a)% ) 1) + oM (1 — k)

(|¢|a + KO“)
(2.13)
+ Pea(l, e’”)t sup t<|xt|“)

—to<T<

with p being the real part of a characteristic zero of T~ (s) of multiplicity v and j; = max(z €
Zy, : t > j;) is dependent on t. Note that, if the solution x(¢) is unbounded for the given
initial conditions, then there exist, by construction, a finite and ¢y € Z, and a subsequence
x(tx) valued at the real increasing sequence {tx}5° (then tx — oo as k — oo) such that
llx(t)lle = sup; s <<, (1%z]4) so that from (2.13) and for some bounded vector function g, €

PCO (R, Ry, ),

@)l = sup (Jxil,)

k—to<t<ti

v-1
< (1 peakita)” (Kot B

e(t—to) (1 _ eﬂh)

<[ eteon) + |

(41, + Kor)| )

(2.14)

provided that ¢, is sufficiently small to guarantee 1 > £,K;i(a) in the case that f = 1
and independently of ¢, if f = 0. Furthermore, if p#0 then p > 0 if the solution is
unbounded since, otherwise, sup; ; ., (|x¢],) is bounded from (2.8) which contradicts the
made assumption that it is unbounded. The equivalent contrapositive proposition to the
last above one is that if sup, , .., (|xt|,) is uniformly bounded then y < 0. Equivalently,
if furthermore p = 0, then v = 1 (i.e., p is the real part of a simple real characteristic zero of
T~!(s) associate with the limiting equation (2.2) or there are two simple complex conjugate
ones with real part y). Otherwise, some unbounded lower-bound may be obtained similarly
to (2.13) with the replacement of one of the plus signs in the right-hand-side terms with a
minus sign affecting some unbounded term caused by (¢ —to)” ™ /v! — o ast — oo if v#£1.
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This implies that the solution is unbounded which contradicts the fact that it is bounded.
Note from (2.13) that if 4 > 0 then real increasing sequence {t}; of (2.13):

te— o) ot (1
sup (J ) = K B a0 |

ti—to<<tk

— ehh
=2 |(191, + Kor)

efes sup (xu])]| - galto, 1)

b—to<T<ty

v—1
<(1- ,BgaKl(a))_l <K1(“)%

et (tk=to) (1 _ e#h)

<[t e o+ |

(191, + Ko)|

— & (tO/ tk)>
(2.15)

which takes the form sup, _, .., (x:l,) = ((t = to)”™'/v! et M — g, (ko, ti), where M €
Ry, depends on t (finite), Kia, Koa, B, €a, |Pa| , and the a-norm, for some bounded vector
function g, € PC ©)(Ros, Ros) which depends on ty, the initial conditions,  and &,, provided
that , is sufficiently small to guarantee 1 > £,K; (a), in the case that § = 1, and independently
of &, if p = 0. Assume that the solution X(t) is not a trivial solution what is guaranteed if
lim; _, % x(t) #0, for all b € R. Then, it follows from (2.15) that lim suptk_togtstk(ln x|, /87) =
u > 0 for sufficiently large ty € Zy,, irrespective, of the a-norm, since lim;_, ., (In gx(to, t)/t”) =
0 for any a-norm. By taking Zy. 3 ty — oo, it follows that lim;_, o (In|x¢|, /t") = u > 0. The
result may be also extended to the case u = 0, since then, the solution is either unbounded
(for some initial conditions and multiplicity v > 1of the characteristic zero of T~!(s) whose
real part is u), or it is bounded (in particular, always if v = 1 for p = 0). As a result, if y > 0
and there is no b € R such that e x(t) converges to zero as t — oo, then

t+1 tﬂk_l
3T ey, (s)ds — 0 as t — oo
!

(2.16)

In |x In |x,
ﬁ: i | tl”‘:y; VZGZ+sinceI

lim

t— oo tv ’

t>oo  fV+e ¢

for all the characteristic zeros of the limiting equation (2.2) . If (2.8) holds, in particular, with
Ko, = 0, then the above result is also valid from (2.15) for a negative value of . Property (ii)
has been proved.

(iii) If (2.8) does not hold for Ko, = 0 and all the characteristic zeros of the limiting
equation (2.2) have negative real parts then it follows by using a close reasoning to that used
in (ii) that the solution cannot converge asymptotically to zero but it is uniformly bounded
from (2.15) since ﬁ”tﬂk‘l /B! POy, (s)ds — 0ast — oo and such an integral is bounded,
for all t € R.. Thus, px =0, for all k > k; and py, is not the real part of a characteristic zero of
the limiting equation (2.2) since it is not a negative real number. O

The real limit pg, of Theorem 2.1(ii)-(ii), provided that it exists, is called the
strict Lyapunov exponent of the solution of (2.2)-(2.3) with the perturbation function
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f(t, xt), subject to the hypotheses of Theorem 2.1, which is the real part of an eigenvalue
(or characteristic zero) of the limiting equation (2.1) if either it is positive or if it takes any
arbitrary value in the case that (2.8) holds for Ko, = 0 (Theorem 2.1(ii)). If all the characteristic
zeros of (2.1) have negative real parts but (2.8) is not fulfilled with Ko, = 0 then the strict
Lyapunov exponent, if it exists, is zero so that it is not the real part of a characteristic zero of
the limiting equation (2.1) (Theorem 2.1(iii)). The main extension of Theorem 2.1 for the very
general functional differential equation (2.2)-(2.3) with respect to parallel previous results
(see [27, Chapter IV, Theorem 5 for ordinary differential equations]; [28, Theorem 1.1, for
functional differential equations] and [29]) is that the perturbation function in (2.8) is not
vanishing for bounded solutions or slightly growing solutions since any bounded functions
are primarily admitted as perturbations in (2.2). The extension concerning the result in [27]
is restricted to the form of (2.1) which involves a wide type of delayed dynamics involving,
in general, any finite numbers of point delays, finite-distributed, delays and delays generated
by Volterra-type dynamics.

A notation for the subsequent lemma and theorem is the following (see [3, Chapter 7]).
If A is a finite set of eigenvalues of (2.1), then Py and Qx denote the generalized eigenspace
associated with A and the corresponding complementary subspace of C(Ry.), respectively.
The phase space C(Ry.) is decomposed by A into the direct sum C(Ryo.) = Pa(Ro+) @ Qa (Ros).
The projections of the solution x € C(Ry,) of (2.2), subject to (2.3), for any initial condition
¢ € C.(=h), onto the above subspaces are denoted by x"®) and xQs(®Re)  respectively,
Vt € Ro.. Note that, although the initial conditions of (2.2)-(2.3) are in general in C.(-h),
the corresponding unique solution of (2.2), subject to (2.3), for t € Rg, are in C(Ro,). The
whole solutions in R_j, which includes any given initial condition ¢ € C.(~h) then satisfying
x(t) = ¢(t), Vt € [-h,0], and the differential equation (2.2), subject to (2.3), for t € Ry, are in
C.(R-p) = PA(R_p) ® Qpae(Rop) where Qp.(R-p) is the complementary subspace of Pa(R-p)
in C.(R_p,). The projections of the solution onto those subspaces are x"®-1) and xQreR-x),
respectively, Vt € R_j,. The following technical result follows.

Lemma 2.2. Assume that the initial condition of (2.2)-(2.3) is x(t) = ¢(t), Vt € [-h,0] for any
given ¢ € C.(—h). The unique solution of (2.2), subject to (2.3) on Ry, and identified with ¢(t) Vt €
[-h, 0], satisfies with unique decompositions:

xt+h — xPA(RO+) + xQA(R0+); vt c R0+/

t+h t+h
X = xf’A(th) + xtQAe(R—h),. Vt € Ry, (2.17)
X0 = (I;A(th) - (i)é’A(Rm) — ¢é’A(Ro+) — ng(R—h) 4 onAc(R—h) — (i)é’A(th) 4 ¢§AE(R41).

Proof. The first relation follows from C(Ro:+) = Pa(Ro+) @ Qa(Ro4), and the superposition
principle for linear systems building the solution for ¢(> h) € Ry, by projecting the function of
initial conditions into the complementary subspaces Px(Ro.) and Qa(Ro.) in C(Ro.) subject
to the constraint x(t) = ¢(t), for all t € [-h,0]. The second relation follows from C.(R-;,) =
Pr(R-p) ® Qae(R-p) again from the superposition principle with x(t) = ¢(t), for all t € [-h,0].
The third relation follows from xy = x(0) = ¢(0) and the superposition principle applied to
the solution at t = 0.

The intuitive meaning of Lemma 2.2 is that for t > 0, x(t) is decomposed uniquely
as a sum of a function in P5(Ro,) and another one in its complementary in C(Ro.), even
for initial conditions in C.(=h), rather than in the more restrictive set C(—h). However, the
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complementary set Qa.(R-;) of Po(R_y) in C(R-p) replaces Qa(Ros) t < 0, since x¢ = ¢ for
any given ¢ € C.(~h). Note that x®+) = Pr®n gyt e Ry, is untrue except for
¢ € C(-h). O

Theorem 2.3. Let x be a solution of (2.2)-(2.3) satisfying the hypotheses of Theorem 2.1 with a finite
strict Lyapunov exponent pu(x) = px, = p. Consider generalized eigenspaces Py(Ro.) = Pa,(Ros),
Py (Ro+) = Pa,(Ros) and Q(Ro.) = Qa(Roy) for t € Ry, and, also, generalized eigenspaces Po(R_p) =
Pp,(R-p), Pr(Rop) = Pa,(Rop) and Q. (R-p,) = Qa, (R_y) for t € R_p,, where the spectral sets Ay, Aq
and A each generating the two corresponding eigenspaces, are defined by,

Ao =Ag(p) = {L:detT (1) =0, Red = p}, (2.18)
Ar=Ai(p) = {L:detT (1) =0, Red > p}, (2.19)
A=AgUA; = A(p) = [A:detT (1) =0, Re A > p}. (2.20)

Then, the following properties hold,
@)
(11) AN +9, A#(D lf/,t € Ry,
(1.2) Ao #@ if p € Rand, furthermore, (2.8) holds with Ko, =0,

(i.3) A = Ao = Ay = @ if all the eigenvalues of (2.1) have negative real parts and, furthermore,
(2.8) does not hold with Ko, =0,

(i.4) Ay = @ if any of the following conditions hold:
(1) No eigenvalue of (2.1) is in Ry,
(2) No eigenvalue of (2.1) is in Ry and, furthermore, (2.8) does not hold with Ko, = 0,
(3) (2.8) holds with Koy, = 0.

(ii) The solution of (2.2) under arbitrary initial conditions ¢ € C.(=h), subject to a
perturbation function (2.3), satisfies,

Po(Ro+)
t+h

P (R0+)

QRos),
bk + x5 Yt e Ry,

+Xx t+h

Xtth = X
X = xtl’o(R-h) i xtpl(R—h) n xth(R—h),. Vt € Ry,

xp = GREA = Ple) _ gREo) _ (RRa) (PR | OuR) _ gB(R) (PR, g0,
(2.21)

(iii) The solution of (2.2) under arbitrary initial condition ¢ € C.(=h), subject to a
perturbation function (2.3), satisfies,

Pi(Roy) _ o[ o Po(Ros)
o= O(|xtfh ’

xf1 Ren) _ O(|xf0(R—h)|), xth(R—h) _ O(lxtpo(R—h)

) xQ(R0+) — O(leO(RO+)

Qa B )’ Xeop = O(|xP0(Ro+)

t+h

),‘ Vt € Ry,
2.22
_ Po(Rp) 1y . ( )

), x=0(|x, |);  VteRe.
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Furthermore, if (2.8) holds with Koy = 0 then, ast — oo:

2}([R0+) (| ﬁ)}(lRm) ), xgr(hRo") = O(IXﬁf;ﬁRm) ), Xtyh = O(Ixﬁff(tRm) ); Vi€ RO+ (2.23)
xfl(R*h) _ O(IxfO(R’h) )’ xtQE(R,h) _ O(leo(R,h) ), X = O(leO(R n) ), Vt € RO+ .

(iv) The solution of the limiting equation (2.1) satisfies (2.23) ast — oo.
(v) The solution of (2.2), under arbitrary initial conditions ¢ € C,(—h) and subject to a
perturbation function (2.3), satisfies:

Xiph = x h + xHh + xlgh; Vt € Ry, (224)
xr=x," + xt + xth, Vt € Ry,
which is identical to
X = xP“ + xt + x?, Vte Ry, (2.25)
under the restriction ¢ € C(=h) for the initial conditions with x(t) = ¢(t). Also,
=0(|x1]), x2=0(x")), =0(|x]); Vt€ R, Yp € Co(~h). (2.26)
If (2.8) holds with Ko, = 0 then, as t — oo:
t+h = o(|x D, xgrh = o(|xt1jfh|), Xt = O<|xt+h|)? Vt € Ry, (2.27)
which leads to
M=o(|x]), xP=o(|x]), xi=o(|x]|); VteRg (2.28)

under the restriction ¢ € C(—h) for the initial conditions with x(t) = ¢(t).The solution of the limiting
equation (2.1) satisfies (2.27)-(2.28) ast — oo.

Proof. Properties (i) are direct consequences of Theorem 2.1 [(ii)-(iii)] as follows. property
(i.1) follows by noting that det T-1(\) = 0 for some A € C implies that \ is a characteristic zero
of (2.1) of nonnegative real part from (2.7). Assume that y € Rpx ANy =0 & 1= max(Re(A) :
A€ CZ)#pu > 0 where CZ C C is the set of characteristic zeros of the limiting equation
(2.1). Thus, if 1 #p = 0, then the current equation (2.2)-(2.3) is bounded while the limiting
one (2.1) is either globally asymptotically stable or unstable so that they cannot converge
asymptotically to each other which is a contradiction so that A D A¢ # @. If 1# u > 0 then the
current equation is unstable which implies that the limiting one should satisfy 0 < u#1 > 0
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to be also unstable but the asymptotic convergence of their respective solutions to each
other is only possible if 1 = yu > 0. Thus, again A > Ag#@ and property (i.1) has been
proven. On the other hand, Ko, = 0 = 1= U = No#@ and property (i.2) is proven. Also,
A=A =AM =0=1< u. Since, in addition, (2.2)-(2.3) is the limiting equation of (2.1) then
X < p <0and Ko, > 0. Therefore, Ko, = 0 and property (i.3) have been proven. Property (i.4)
follows from:

AM=0=1<pu<0V(A<pu=0AKop=0)V(0<l<pu>0AKpy=0) (2.29)

in order to the solutions of (2.2)-(2.3) and (2.1) to asymptotically to converge to each other.
Property (i) has been fully proven.

Property (ii) is a direct consequence of Lemma 2.2 since Ay and A; are disjoint sets
which implies that

C(Ro+) = Po(Roy) ® Pr(Ro:) ® Qa(Roy),
Ce(Rp) = Py(Rp) ® Pr(R-3) ® Qpe(Rop).

(2.30)

Property (iii) is directly proven as follows. Equations (2.22) are a direct consequence of
property (ii). On the other hand, (2.23) are a direct consequence of (2.22) if (2.8) holds for
Ko« = 0 so that property (iii) follows.

Property (iv) follows from property (iii) as particular case for f(t,x;) = 0; Vt € R,
in (2.3).

Property (v) is a direct consequence of Properties (i)—(iv) In particular, the relative
growing properties of “O”-type of the various parts of the solution of (2.2)-(2.3) are
embedded from property (iii) into similar properties for the solution strings of length h. The
part of property (v) concerning the relative growing properties of “0”-type of the various
parts of the solution of (2.2)-(2.3) and that concerning the limiting equation follows directly
under a close reasoning.

Note that in Theorem 2.3, the various results obtained for “Landau small-o” notation,
referred to limits as t — oo imply, as usual, that parallel results for “Landau big-O” notation
stand for all t € Ro, but the converse is not true. The results concerning “Landau big-
O” notation in Theorem 2.3(iii) for the perturbed functional equation (2.2)-(2.3) are new
for the studied class of functional equations, related to the background literature, since the
perturbation function is allowed to take bounded nonzero values even if the limiting equation
is globally asymptotically stable and it is not requested to grow asymptotically at most
linearly with x;. The results concerning “Landau big-O” notation imply that the solution
of the perturbed functional equation is uniformly bounded for any bounded function of
initial conditions of the given class for all time so that the functional differential equation
is globally uniformly Lyapunov stable provided that the perturbation (2.3) satisfies the given
hypotheses. A technical result concerning the boundedness of the evolution operator, which
will be then useful to derive further results, and stability properties of the differential systems
(2.1) and (2.2)-(2.3) follows. O
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Theorem 2.4. The following properties hold:
(i) The evolution operator of the limiting functional differential equation (2.1) satisfies the
subsequent relations.

t‘U—l
(Tt 0|, < Ki(a)]|I|, max (1, 7@”); Vi € Ry, (2.31)

v-1 v=2
IT(t,0)|, < Ki(a)|| L], max <1, %e"f max <1,Zt1-”+ihv-1-fe#h>> . VEERO+  (2.32)
: i=0

|7, 0) ,K2(a) sup |TE(R°*) o VtERq: (2.33)
0<7<t
IT(t,0)l, < Ka(@sup|Tr ™|, (2.34)
0<r<t
tv—l v=2 . .
< Ky (a) Ky () |1 | max <1, " e max <I,Zt1_”+’h”_1_le"h>>; Vt € Ro,.
: i=0
(2.35)

Proof. (i) The evolution operator satisfies the limiting functional differential equation (2.1):

m m at m'+m" A0
T (t,0) = D AT(t-h, 0)+Zf da;(1) A T(t—H, ) + . hdlx,-(T)A,xiT(t,T) (2.36)
i=0 i=0” 0 i=m+l”

for t € Ry, subject to initial conditions T(0,0) = I, (i.e., the nth identity matrix) and
T(t,0) =0, t € [-h,0). Thus, it satisfies also the unforced (2.2) (i.e., for y, = |¢|, = Kox = 0).
This leads directly to (2.31). However, (2.32) follows by using the Newton binomial to
expand ((t + h)"' /v!)ett+h) and the fact that the maximum of the real exponential function
within the real interval [0,t] is reached at the boundary. Equation (2.33) follows by the
inspection of (2.36) for some norm-dependent K,(a) € R, which depends on the various
matrices of parameters of the limiting functional differential equation (2.1). Equation (2.34)
follows from (2.33) and (2.36). Finally, (2.35) follows from (2.34) and (2.32). Property (i) has
been proved.

(ii) For sufficiently small constant (f¢,), the evolution operator as a function of time is
of exponential order whose norm time-function satisfies:

IT# 0l = sup (|x,)

Erto<t<ty

-1 (tk B to)ﬂ (t—to) 237
< (1-peaKi(@) ™ Ki(a)———[e"""[L].] ),
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which converges exponentially to zero as t — oo if the strict Lyapunov exponent yu is

negative. In this case, the limiting differential functional equation is globally uniformly
exponentially Lyapunov stable whose solution satisfies asymptotically:

x|, = sup (|xil)
t—to<t<ty

< (1-peuKs (@)’ (2.38)

_ v-1 (tcto) (1 — pHh
% (Kl(a)ﬂ[emtk-to)”x(ta)”u+ e#”(—leﬂ) (|¢|a)]>,

v! U
so that it converges exponentially to zero as f — oo for any admissible function of initial
conditions. The differential equation (2.2), subject to (2.3) is globally uniformly Lyapunov
stable if y < 0 and its solution satisfies:

lx@ll, = sup (x,)

k—to<t<ti

< (1-peKi(@)™!
v-1
O FE T

eh(t—to) (1 — e#h)

U

(Il + K0a>]>,

(2.39)

for large t and converges exponentially to zero (i.e., it is globally uniformly exponentially
Lyapunov stable) if 4 < 0 and the perturbation function has an upper-bounding function
with Ko, = 0.

(ii) It follows directly from (2.12). O

The evolution operator T : Rg, x C* — C”" explicits the solutions of the limiting
equation (2.5) and the perturbed one (2.6) for each function of initial conditions. Then, let
(Ts(t))er,, be the solution semigroup of the linear autonomous equation (2.1), which is
unique for t € Ry, for each ¢ € C.(-h) and whose infinitesimal generator is A satisfying
¥= Ap, Yo € Dom(A) := {p € Co(Ry,) : 3 9 C(Ry:), ¥t € Ros A ¢ (0) = Lyp(0)}. Thus,
the string x¢(¢) = (Ts¢) (¢) of the solution of the limiting functional differential equation (2.1)
within [t — h, t] is defined from (2.5) as follows:

x(P) = (Tsp)(t) :=T(t-6,0)x(0") + IOhT(t -0,7)¢(r)U(T)dr, V6 € [0, min(t, h)],

xi($) = (To) () =0, VO €]0,min(t, h)[:= [0, min(t, )] NRos, V€ Ry.;
(2.40)
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and the corresponding solution string of the perturbed functional differential equation (2.2)-
(2.3) is then defined follows:

x (@) = (Ts¢)(®)
=T(t-6,0)x(07) + IO T(t-06,7)p(t)U(T)dT
-h

; (2.41)
o [Tu-emsrxar, veeomingml,
0
x(¢) = (Tsp)(t) =0, VO € [0,min(t, h)] NR; Vt € Ros.
The transposed equation associated with (2.1) is
¥y =Ly
m m at m'+m" at (242)
= Zy(t - hi) A} + ZI y(t-7- h;)A;idal‘f(T) + Z y(T)A, dai(T),
i=0 i=07 0 i=m'+17 t=h;

where the superscript * denotes the adjoint operators of the corresponding un-superscripted
ones. In particular, for matrices, it denotes the conjugate transposes of the corresponding un-
superscripted ones. Thus, y(t) is a n-dimensional complex row vector. The phase space for
(2.42) on Ry, is C'(Ry.) := C(Ro4, C™). Corresponding spaces of functions taking into account
the more general spaces for initial conditions are C'(h) := C([0, k], C""), C,(h) := C([0, h],C™")
and C'(R_;) := C(R_,,C"™). Let A be a finite set of eigenvalues of (2.1) and let @, be a basis
for the generalized eigenspace Py, [27, 28]. Then, there exists a square n-matrix By, with
sp(Ba) = sp(A), such that the subsequent relations hold:

AD) = D)\By, D (T) = DA (0)ePr™ (VT € [-h,0]), T(t,0)D) = DpePrt.  (2.43)

The relations (2.43) yield via direct computation property (i) of the subsequent result since
Ba commutes with ePf. Property (ii) is a direct consequence of (2.36) subject to T(0,0) = I,
and T(t,0) =0 fort < 0.

Proposition 2.5. The two following properties hold.

(i) The following relations hold, for all t € Ro.:

T(t,0)®pBa = DpePM By = DpABpePr = ADpeBr = AT(1,0)D,,
T (t,0)®7Bp = DpBie® = AD\BpePr = A2DpeM = ADpePM By 2.44)
= ®\BrePMBy = T(t,0)DpB% = T(t,0)AD,Bp = AT (t,0)Dp '

= AT(t,0)®\Ba = AT(t,0) AD,.
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(ii) The evolution operator of the solution of (2.1) is uniquely given by

T(t,0) = e? <1 + Ut e"A"T<iAiT(t—hi,T)
0

i=1

+ ide“i(G)AaiT(T C) (2.45)
=07 0
m+m f da;(0)AyT(T, 9)>dT]>
i=m'+1

forallt € Ry, with T(0,0) = I,, and T(t,0) =0 for t € [-h,0].

Equations (2.43)—(2.45) are useful for the asymptotic analysis of comparison of the
solutions of (2.2)-(2.3) with that of its limiting equation obtained from (2.1) which follows.
The solutions of Py can be extended to V¥t € R by T(t,0)@pa = ®jePra, where a is
of dimension compatible with the order of ®,. Let Qx be the complementary eigenspace
to Po. Now, use appropriate notations for the corresponding subspaces on Ry, and their
extensions to R_j, to consider more general initial conditions (on C.(-h)) for (2.1) and (2.2)-
(2.3) than bounded continuous functions in a Banach space leading to the uniquely defined
decompositions C.(R-p,) = PA(R-) @ Qar(R_y) and C(Ro:) = Pa(Ro+) ® Qa(Ros ). Then, given
a function of initial conditions ¢ € C.(~h) the decomposition ¢g = ¢;|,_o = (I;A(R’h) + (j)OQAe(R"‘)
is unique. Also, the unique solution of (2.1) and that of (2.2), subject to (2.3), are uniquely
decomposable in Ry, as

Pr(Ro+)

prRe) g O Ro), (2.46)

Xt+h = X t+h

x50 = O (Wh, xin) € PA(Re), X = xpy — 255 € Qa(Ro)  VEE R,
(2.47)

via the direct sum of subspaces C(Ro:) = Pa(Ros+) @ Qa(Ros). The solution iincluding initial
conditions defined by x(t) = ¢(t) for t € [-h, 0] is uniquely decomposable in R_j as

xi =% ARy x?"E(R’”) (2.48)
x(M = Dy (Wa, x) € Pa(Rp), ) = x '€ Qne(Ry) VEER,
(2.49)

via the direct sum of subspaces C.(R-p) = PA(R-p) ® Qac(R-p).
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3. Asymptotic Behavior and Asymptotic Comparison

The string solution (2.6) of (2.2)-(2.3) for 6 € [t — h,t], point-wise defined by x(t) = ¢(t),
t € [-h,0], any given ¢ € C.(-h), and

+0
x(t+6) =T(t+6,0)x(0") + J‘(th(t +6,7)p(r)U(T)dT + f; T(t+6,7)f(,x;)dT, 1)

VO € [-h,0], t>h,

may be expressed equivalently via the solution semigroup of the limiting equation (2.1) as

t+6

x1(¢,0) = x;(¢,0) + f d[K(t+6,7)]f(T,x:)

0

t
= (T.(t,0)$)(6) + f A[K(+0,7)]f(r,x) (3.2)

0 +60
=T(t+6,0)p(0") + f_hT(t +0,7)p(T)U(T)dT + f; T(t+06,7)f(r,x;)dT,

where x7, : [t —h,t] x C" x [-h,0] — C", defined by

©)

x;(¢,0) = (Ts(t,0)9)(0)
= T(t +0)$(0")

0 (3.3)
+f T(t+6,7)¢p(r)U(t)dr, VO €[-h0], t>h,
~h

(Ts(0,0)9)(0) = x0(¢,0) = $(6), VO € [-h,0],

with x(0) = ¢(0) is the unique solution of the limiting equation (2.1), and the kernel K(t,-) :
[0,t] — C" of T4(t,0), Vt € Ry, is defined by

K(t,s)(6) = IZX(t +0-1)dr, VO €[-h,0], V€ Ry, (3.4)

where X is the fundamental matrix of (2.1) with initial values Xy(0) = I, and X,(6) = 0,
VO € [-h,0]. The following technical result holds.
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Lemma 3.1. The following relations hold:

xi=x(P,0) =x +x2, R, 3t>h, (3.5)

t
X = (1.6,09") @) + | (T f (7x0) ™) @)dr

t
= (Ts(t,0)9™)(0) + JO(Ts(t,T)XgA) ©0)f (1, x;)dt

(3.6)
0
=T(t+06,0)9" (0%) + f T(t+0, 7)™ (1)U (T)dT
~h
t
+ f T(t+ Q,T)XgAf(T, x)dr,
0
X = (Ty(1,0)$2) (0) + f | (To(t, ) f (1, %)) (0)dT, R, >t>h
Ot 3.7)
= (To(t,0) %) (6) + fo(d[K(t,T)]QA)(G)f(T,xT), R,>t>h,
t
x; = (Ts(t,0) (¢™ + $2)) () + JO(Ts(t,T)XgA + (d[K (7)) (O) f (1, %, )dr, -
R,>t>h,
where
Xt = DAWA0),  K(t,T)% = K(t,T) - DA (¥, K(L,7)). (3.9)

Also, the following relations hold for ¢ € C.(-h), for all € € R,, being sufficiently
small:

|T(t,0)9™| < Mye® | gPs|, |T(t,0)X | < Mie® 2", VteR,., (3.10a)

|T(t,0)¢QAe < Mle(#—s)tld)QAe

, VteRy,, (3.10b)

for some M; = Mj(¢) € R, irrespective of the multiplicity of the eigenvalue of the limiting
equation (2.1) whose real part is p.
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Proof. Equations (3.5)—(3.7) hold for any Ro, 3 t > h from Theorem 2.3, the definition of the
set A in Theorem 2.1, (2.20), Lemma 2.2, and (2.46)—(2.49). To obtain (3.5)—(3.7), the following
identities are used:

t+6 t
Jo (To(t, ) f (7, %) ™) (0)dT = fo (Ts(t, T) X)) f (T, %7 )dT

t
_ f T(t+6,7)XP f (1, x,)dr,
0

0 (3.11)

f (To(t,7) f (1, %) ™) (O)dr = | (To(t, ) f (7, %)) (B)dr
0 0

_ f (Ta(t, 7) XY (0) f (7, x7)dr,
0

since f(7,x;) = 0fort < 0and T(t,7) = 0 for 7 > t and O € [-h,0]. Equation (3.8) follows
directly by substitution of (3.6), and (3.7) into (3.5). The norm relations (3.9) hold directly
from (3.5)—(3.7) through (3.8). O

It turns out that for any ¢ € C.(-h), the above relations hold also for any t € R_ by
replacing Qa — Qa. in (3.5)—(3.7). Equation (3.9) also holds for t € R_;, since ¢ € C,(-h)
is bounded. The second relation in (3.5) may be rewritten as |T(t,0)¢?| < Mje#=9* for any
Ry 3t > h and extended to any t € Ry, if ¢ is continuous on its definition domain [-A, 0].
A direct consequence of Lemma 3.1, (3.8) and Proposition 2.5 is that if xf * = dpu(t), for all
t € Ry, then u is a solution of the ordinary differential equation u () = Bau(t) + ¥4 (0) f (¢, x¢),
[28], which is given explicitly by:

u(t) = eBrt (u(O) + Jt e B, (0)f (7, xT)dT>
0

t
= eBrt(0) + f eBrEW, (0) f (7, x, ) dT
0

: (3.12)
= @' T(t,0)DAu(0) + J‘ DT (t, T)DA\YA0) f (7, X, )dT
0
= ! <T(t, 0)Dpu(0) + f:r(t, T)DAPA(0) f (7, xT)dT)
0
for u(0) = f?heBA(t‘T)gb(T)dT so that
xf“ = Du(t)
=T(t,0)®Au(0) + ItT(t, T)DAYA(0) f (7, x7)dT,
0
(3.13)

it (£) = BADT (¢, 0)®pu(0) + f BAD T (t, T)DAWA(0) f (T, x7)dT + WA (0) f (£, x;)
0

t
= (I);\l< T (t,0)®5u(0) + IO T (t, T) @ ¥A(0) f (7, xT)dT> +WA0)f(t xt).
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It is now proved that the asymptotic difference function between some eigensolution of (2.1),
that is, a finite sum of solutions of (2.1) corresponding to the set Ag(y) of the form p(t)et,
where p is a C"-valued polynomial and A € Ag(¢), and some corresponding solution of (2.2)-
(2.3) grows non faster than linearly with the norm of the solution of the limiting equation
(2.1), [32]. If y(t) converges to zero exponentially then the asymptotic difference function
between both solutions has strict Lyapunov exponent smaller than that of the corresponding
limiting eigensolution. As a result, a solution of (2.2)-(2.3) is of the same exponential order as
that of its limiting equation for sufficiently large time. Define the set of distinct eigenvalues
of the limiting equation (2.1) as

CE = {)Lil‘-i eC: Re./\]'#i = Ui, det(T‘l ()‘[41)) =0; V] € Incgi C Z,, Vi e Incgr C Z+} (314)

It is obvious that the cardinal of CE may be infinity (since (2.1) is a functional differential
equation), but always numerable. The also denumerable subsets Incg; and Incgr of the
set of positive integers are indicator sets for all distinct members of CE with real part
ui and for all the distinct real parts of the members of CE, respectively. It follows that

Card(CE) = X Card Incgi < xo. The total number of eigenvalues taking account for
their multiplicities v;;; Vj € Incg;, Vi € Incgg, is
= Z Z v;jCard Incg; > Card(CE) = Z Card Incg;. (3.15)
i€lncgr jGInCEi i€lncer

In particular, Card(CE) = yo (yo standing for infinity denumerable cardinal as opposite to
a non-numerable infinity cardinal typically denoted by o) or Card(CE) is finite. The above
definition relies on the fact distinct (non real) eigenvalues \;,, of (2.1), ¥j € Incg; can have
identical real part. Similar sets of eigenvalues of (2.1) as those in (2.18)—(2.20) may be defined
being associated to each member of CE as follows:

Ao(pi) = {L € CE:Rel) = p;};
A1 (i) = {L € CE: Red > p;};

Api) = Aopi) U A (i)
={1e€CE:Rel>pu;}.

(3.16)

The following result holds concerning an asymptotic comparison of eigensolutions of (2.1)
with the corresponding associated solution of (2.2) and (2.3) under a special form of the
perturbation function.

Theorem 3.2. Suppose that at least one A, € CE has real part p being identical strict Lyapunov
exponent of some solution of (2.2) under (2.3). Suppose also that f(t,x;) satisfies the hypotheses
of Theorem 2.1. Then, a solution of (2.2)-(2.3) satisfies x(t) = y(t) + O(e), Vt € Ro, and any
R 3 ¢ > p. Also, x(t) = y(t) + O(t*Let) for any f(t,x;) satisfying the hypotheses of Theorem 2.1
with v being the largest multiplicity among those of all distinct A, € CE.

Assume, in addition, that Ko, = 0 for any norm a and y : Ropr — Ry, satisfies y(t) =
o(e™) ast — oo for some a € R, (i.e., y(f) — 0ast — oo exponentially). Then, 3¢ € R,
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and a nontrivial eigensolution of (2.1) corresponding to the set Ag(y) such that x(t) = y(t) +
o(e® ) ast — oo.

Proof. Note that for any norm a, x; = O(|xf°(R”‘) la); V& € Rgs [Theorem 2.3(ii)] with

Ce(Rop) = Pa(Rop) © Qae(Rop), PA(Rop) = Pa,(Rop) @ Pp, (R_y) with Pp (R_j,) being the
eigenspace associated with Ag(p) for t € R_. For t > h, the related direct sum decomposition
C(Ro+) = Pa(Ros) © Qa(Ros), Pa(Ros) = Pa,(Ros) @ Pp, (Ros) since may be used for the
eigensolutions of (2.1) since the solution is time-differentiable for ¢ € R,. Thus, x(t) = O(e)
and y(t) = O(e®) so that x() — y(f) = O(e®) for any given perturbation function f (¢, x;)
satisfying the constraints of Theorem 2.1 and allR 3 ¢ > p = Re )L#, )L,, e CE.

If all A, € CE are simple then x(t) — y(t) = O(e®), R 3 ¢ > u = Rel, for any given
perturbation function f (¢, x;) satisfying the constraints of Theorem 2.1.

Otherwise (i.e., at least one A, € CE is not simple), x(t) — y(t) = O(py, (t)e*") = O(e®)

for some R_ 3 ¢ > p with py, : [0,t] — C" being a polynomial of degree v equating
the largest multiplicity among those of all distinct A, € CE.

The first part of the result has been fully proved. Now, note that (3.8) in Lemma 3.1
can be equivalently rewritten as

Xi— Y = ft (Ts(t, T) X" + (A[K (7)) (0) f (T, x:)dT, R, >t>h. (3.17)
0

Also, if y(t) = o(e™) as t — oo and since |x;| = o(e®*') as t — oo, irrespective of the
multiplicity of A, from the definition of the strict Lyapunov exponent, one gets by using
Y(7)|x:| < MyMye=7 from (2.8) with Ko, = 0 (since y(t) = o(e™) — Oast — oo) and
(3.10Db):

fo (d[K(t,T)]2)(0) f (1, x,)dT

<M, (a)e(”‘f)tjwe(zg_u)T dr
. . (3.18)
M
i, e,

”t Ty(t, 1) X, (0) f (T, % )dT
0

< M3(a)e(”‘£)t’[ et g7
a 0 (3.19)

. Mz_(tl)e(#—g)t = o(e¥ "), VteRg,
a—2¢

since ||Xé’A O)|lx = [|PAFA(O)]la = |DA(0)¥A(0)e?Br9|, < o0, VO € [~h,0] provided that 0 <
g <a/2.Then, x; — y; = 0(e% ") ast — oo, Ve € R, satisfying 0 < e < a/2. O

Remark 3.3. An important observation follows. Note that the error between any eigenso-
lutions of the limiting equation (2.1) and the associated solution of (2.2)-(2.3) satisfying
xi =y = o(e" M) ast — ooif y(t) = o(e™™) ast — oo and Ky, = 0 for sufficiently small
¢ € R, (proven in Theorem 3.2) does not imply that x; = o(e®* "), y; = o(e* ) ast — oo if
y(t) = o(e™) ast — oo for sufficiently small € € R,.

The asymptotic behaviors if y(t) = o(e™") and Ko, =0 ast — oo are as follows:

yi=o(e"), xi=yi+0(e% ) =o(eM) +o(e¥ ) =o(eM), ast — oo, (3.20)
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for sufficiently small ¢ € R, if A, € CE is real simple or there are two \,,, € CE simple
complex conjugate ones. In the above, equations, y; = o(e*), x; = o(e#) hold even if Ko, #0
provided that 1, fulfils some of the above constraints. Furthermore,

yi=o(e"), x=yi+0(e% ) =0(e) +0(e? ) =0(e?), ast— oo, (3.21)

for sufficiently small ¢ € R, and all real ¢ > u = Rel, if A, € CE is multiple (i.e., of
multiplicity greater then unity). Also, x; —y; = O(e”) = x; = O(e”) Ay = O(e), t € Ryy,
¢ > p = Rel, irrespective of the multiplicity of A, for any generic perturbation function
f(t, x;) satistying the hypothesis of Theorem 2.1. However, the above implication is true for
any arbitrary such a function and ¢ = y, only if 1, is an eigenvalue of multiplicity unity of the
limiting equation (2.1).

Theorem 3.2 leads directly to the subsequent stability result by taking also into account
Remark 3.3.

Corollary 3.4. Suppose that there exists a (nonnecessarily unique) A, € CE with y < 0 being the
strict Lyapunov exponent of some solution of (2.2) under (2.3) and that No(p) = A(u); that is,
A1 (p) = @. Suppose also that f(t, x;) satisfies the hypotheses of Theorem 2.1 and, furthermore, Koy =
0 (for any a-norm) and y(t) = o(e™™) ast — oo for some a € R,. Then, 3¢ € R, such that any
solutions of (2.1) and (2.2)-(2.3) satisfy:

x(t) = y(t) + 0<€_(W|+£)t> —y(t) — O<fv_1€_“‘|t> — O<e_w> — 0 exponentially as t —s oo,
(322)

for some R_ 3 ¢ > p with v being equal to the largest multiplicity of among those of all distinct
Ay € CE. The above relations hold with ¢ = p if and only if all the eigenvalues of (2.1) satisfying the
given assumptions are simple. As a result, both functional equations (2.2)-(2.3) and its limiting one
are globally asymptotically Lyapunov stable with exponential stability.

Proof. Theorem 3.2 applies for ¢ > u with |A,| being the spectral radius and p < 0 the spectral
(or stability) abscissa, that is, there is no member of CE with real part to the right of pu <
0 since Ai(u) = @. If all such A, € CE are simple then the result applies also for ¢ > p
(see Remark 3.3). Define the bounded real nonnegative function V : [tp,00) x C* — Ry, as
V(t, x(t)) = ||x(t)||§ for any finite ty € Ry.. Note that V(¢,0) = 0 and V(t,x(t)) are strictly
monotonically increasing with ||x(#)||. It follows from (2.2)-(2.3) that 3 Ve PCW([ty, o0) x
C",R), point-wise defined by V (t, x(t)) := 2x" (t)x(t), and

t
0<V(tx(t)) = V(t, x(t)) + LO V (7, x(7))dr (3.23)

< Ke™2Flt=h) — 0 exponentially as t — oo

Then, 3lim; oo}, V (7, (7)) dT = 21imy oo [; X" (7)x(7)dT = =V (fo, x(t)) < O which is
finite since t is finite and the solution to (2.2)-(2.3) is everywhere continuous on its definition
domain. By assuming =3t € Ry, such that V (t,x(t)) < 0, t € [ty,o0) then —Ellimtéooﬁo \%
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(T, x(7))dT = =V (tg,x(tp)) < 0 which is a contradiction to the already proven existence of
such a limit. As a result, 3ty (being sufficiently large but finite) € Ry, such that V (t,x(t) <0,
Vt € [ty,0) and V (t,x(t)) < 0 on some (non-necessarily connected) subinterval of infinite
measure of [y, 0) with V (t,x(t)) — 0ast — oo then necessarily there is a connected
terminal subinterval [£{, o) C [to, o) of infinite measure where V (t,x(t)) < 0. Thus, V(t, x(t))
is nonnegative and converges exponentially to zero with nonpositive time-derivative which
also converges to zero within some interval of infinite measure. As a result, V (¢, x(t)) is a
Lyapunov function with negative time-derivative within a connected real interval of infinite
measure which has zero limit. O

Note that the limiting differential functional equation is, furthermore, globally
uniformly asymptotically Lyapunov stable under the asymptotic stability conditions of
Corollary 3.4. Note that Ko, > 0 (for any a-norm) in (2.3) implies that Ko, > 0 for any
other norm a' and conversely. Also, Koz = 0 & Ky = 0. The above result is concerned with
global asymptotic stability with exponential decay rate. Global uniform Lyapunov stability
(i.e. boundedness of solutions with a common upper-bound for all time for any bounded
function of initial conditions) holds under weaker conditions; that is, Ko, > 0 and p = 0 if
A, € CE associated with the strict Lyapunov exponent have unity multiplicities or if they
have any multiplicities but Ko, = 0. The precise related stability result follows which proofs
follows directly from Corollary 3.4 and Theorem 3.2.

Corollary 3.5. Suppose that there exists at least one A, € CE with pu < 0 being the strict Lyapunov
exponent of some solution of (2.2) under (2.3) and that Ao(p) = A(n); that is, A1(u) = @. Suppose
also that f(t,x;) satisfies the hypotheses of Theorem 2.1 with Ko, > 0 (for any a-norm) and y(t) =
o(e™) ast — oo for some a € R,. Then, 3¢ € R, such that any solutions of (2.1) and (2.2)-(2.3)

satisfy

x(t) = y(t) + O(e M) — y(t) — O(e™¥), Vit e Ry,. (3.24)

As a result, the limiting equation (2.1) as well as (2.2)-(2.3) are both globally uniformly Lyapunov
stable ifall A, € CE have any multiplicities and p < 0 or if they have all unity multiplicities and p = 0.
Equations (2.1) and (2.2)-(2.3) are both globally Lyapunov asymptotically stable with exponential
decay rate if y < 0 and Ko, = 0, satisfying:

) = y(0) + o) — y(O) — o) —ole ) =0
exponentially as t — oo, .

for some R_ 3 ¢ > p with py, : [0,t] — C" being a polynomial of degree equal to the largest
multiplicity of all such distinct A, € CE. The above relations hold with ¢ = p if and only if all the
eigenvalues of (2.1) satisfying the given assumptions are simple, [32].

A parallel result to Theorem 3.2 obtained under weaker conditions on the perturbation
function (2.3) follows.

Theorem 3.6. Suppose that at least one A, € CE has real part p being identical strict Lyapunov
exponent of some solution of (2.2) under (2.3). Suppose also that f(t,x;) satisfies the hypotheses of
Theorem 2.1. Suppose, in addition, that Ko, = 0 for any norm a, and y : Ro, — Ry, satisfies either
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[S Py (t)dt < o or y(t) < o(t'™) as t — oo, with the inequality being strict if v = 1, where v is the
largest multiplicity among those of all distinct A, € CE. Then, 3¢ € R, and a nontrivial eigensolution
of (2.1) corresponding to the set Ao(p) such that x(t) = y(t) + o(e*) as t — co.

Furthermore, x(t) = o(t"tet) and y(t) = o(t" 'et).
Proof. One gets for sufficiently small ¢ € R, from jgt”‘ly(t)dt < oo and Theorem 3.2, (3.18)-
(3.19) and Ky, = 0:

e HT p(e=W)T p(erp)T
T(-1)/2

| (T VA e v-1.2 v
< My(a)et jo < s )dT f "y (T)dT
0

© 62(25—;4)7' 172
< Ms(a)et J. < >dT , VteRg,,
0

U; (d[K(t,7)] QA) 0)f (1, x;)dT (z D2y (1)) dr

< M4(a)e”tj 0
p 0

-1

(3.26)

where M5(a) > My(a)Sup,,.. (y(t)) which is a finite real constant since y(t) is continuous
on Ry, and has zero limit as t — oo so that it is uniformly bounded. Now, if p € R, for
R,5e€(0,u/2),R.3d>b:=(2e-pu)v € R_and Ry, >t >ty := @)/~

®© 2(2e-p)T ®© 1
f (e -l )dT < j el dr < il = (U —2¢e)v < o,
=

t o t 0

J—fo <62(2s—y)r )d
T< M6 < o0

0 -1

(3.27)

since ty is finite. Now from (3.27) into (3.26):

'f;(d [K(t,7)]9)(6) f (7, %7) 7

< M5(a)<\/M6 +4/(p - 25)v>e’” =o(eM) ast— oo

(3.28)

if u € Ry If p € Rp- then (3.10a) and (3.10b) of Lemma 3.1 may be replaced for y € Ry- by
taking £ = 0 with

|T(t,0)p™ | < Myt*Te | ¢™r|,  |T(t0)X)"| < Myt e ™, VteRy, (3.29)
|T(t,0)¢QAe < Mltv—le—lmthbQAe ;

Vt € Ro,. (3.30)
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By using (3.30), (3.26) may be replaced p € Ry- with

fo(d [K(t,7)]2)(0)f (z, x;)dT

<M, (zx)J‘t e HED (271 (1)) dr
. 0

< M4(a)j 7y (T)dT < My(a) < o0, Vt € Ryy.
0
(3.31)

On the other hand, [ 'y(7)dT < w0 = y(f) = o(1/t"") ast — oo so that one gets for
u € Ry_ from Theorem 3.2, (3.18), since the integrals in (3.27) are bounded:

Jo (d[K(t, T)] QA) O)f (1, x;)dr

a

¢
< M4(a)e"tf T17ef 2T g
0

2t 1-v 3.32
< 2M4(a)e”tf (g) e Hdr (3:32)
0

0 1-v
§2M4(a)e”tf (g) efTDdr

0

< Mg(a)e! = o(e M) as t —s oo, irrespective of the norm a.

As a final result, Ug(d[K(t,T)]QA)(Q)f(T, X.)dr|ly = o(eM) ast — oo, Yy € R, and,
furthermore, Ug(d[K(t,T)]QA)(G)f(T, x7)dr|, = O(et), Vu € Ry_, Vt € Ry, irrespective of the
norm a. Similar properties follow under close proofs for |J'6Ts(t, T)X(I; *0)f (1, x7)dT|s. Thus,
x¢t — yr = o(et) ast — oo by using the above results in (3.26) and x; — y; = O(e*), Vt € Ros.
The properties x(t) = o(#"tet') and y(t) = o(t*Let) of the solutions of (2.1) and (2.2)-(2.3)

under the given hypotheses follow directly by using the appropriate reasoning quoted from
Remark 3.3. O

Lyapunov stability properties in terms of boundedness of the solutions and their
asymptotic or exponential convergence to the equilibrium obtained from Theorem 3.6 are
immediate as given in the following direct result.

Corollary 3.7. Corollaries 3.4-3.5 also apply “mutatis-mutandis” under the assumptions of
Theorem 3.6.

4. Some Direct Consequences and Applications

Some particular cases of the functional differential equations (2.1) and (2.2)-(2.3) are of
interest concerning stability issues as follows.
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4.1. Functional Differential Equations with Point Delays

The functional differential equation (2.2) can be equivalently described in the absence of finite
distributed delays and Volterra-type dynamics by the n-the order system of n functional first-
order differential equations:

()= S Ax(t—h) + f(bx), (4.1)
0

where hy = 0. Its limiting differential system is defined in the same way from (4.1) for
a perturbation function f(t,x;) = 0. The generic form of such a function is given in (2.2)
and can include nonzero dynamics of finite-distributed delays and Volterra-type dynamics.
Thus, T(s) = (sl - ZﬁoAie‘hfs)_l everywhere the inverse exists. Remember for later use
that a matrix-valued function G : Cp, — C™ is in the Hardy space H,, if it is analytic
in C,, limy_,0-G(0 + iw) = G(iw) for almost all w € Rp, and ||G||,, := supseCmE(G(s)) =
sup,,.g0(G(iw)) < oo with 6(G) denoting the largest singular value of G. Also, RH, is
a the subset of H,, of real-rational matrix valued functions then being proper and stable
(i.e., they have no more zeros than poles and all the poles are in C_), [33]. Note that the
used norm notation ||G||,, for G € H,, is similar to the notation for ¢,-matrix/vector
norms but no confusion is expected from the different context of use. If G(s) = G*(s*) then
Gl = sup,,eg,,0(G(iw)).
The following result holds.

Theorem 4.1. The following properties hold.

(i) The limiting differential system associated with (4.1) is globally asymptotically stable
independent of the delays (i.e., h; € Ro. (Vi € m) if Ag is a stability matrix and there exists
Bi € R, (Vi € m) such that 31,7 = 1, and

<1, we€Ry,, (4.2)
2

-1
<iwIn - ZZOAl) (B AL ..., B A

or

I8 A, B, Aw] ||, < —#2(Ao). (4.3)

This implies as a result that x2(Ao) < 0 and that any matrix (Ao + 3,c;, Ai) is a stability matrix,
Y]k C m, where Jz = Uges_Jk is the union of all the sz denumerable sets obtained by combining
members of m (i.e., [ is the set of parts of m).

(ii) If property (i) holds, then Ag = Ao + pl,, is a stability matrix for all Ry, 3 p € [0, po) with
po = 1/]| Ay |, The differential system (4.1) is globally asymptotically stable independent of the size
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of the delays with stability (or spectral) abscissa of at least —pg := —min(po1, po2) < 0, with

1
pPo1 = (4.4)
145

1
[CaON R
-1

= sup5< <sIn - iA,») > (4.5)
s€Cos i=0

-1

= supo| |{ iwl, - ZAi ,
wEeR, i=0

P02 ==

provided that:

(a) Ay is a stability matrix,

(b) Equation (4.2) holds for some p; € Ry (Vi € m) such that 31", ﬁlz =1
or if p € [0,x2(Ag)) and, furthermore,

B AL ..., B Al ||, < —x2(Ao) +p <0 (4.6)

so that the limiting differential system (4.1) is globally asymptotically stable independent of the delays
with stability abscissa of at least —1c(Ap) < 0.

Proof. (i) Property (i) follows from the results in [4, Proposition 4.8] with (4.2). Note that
h; = 0, Vi € m, the (delay-free) system (4.1) is globally asymptotically stable so that ||(sI, —
S A) e < o0 s0 that ||(sI, — X7, Aie %) !l < co. Then, the limiting differential system
associated with (4.1) is globally asymptotically stable independent of the delays if Equation
(4.2) holds which is obtained by guaranteeing the inverse below on Cy, under a necessary
and sufficiency-type text on the complex imaginary axis:

m -1 m -1 m -1
<sIn - ZAigh,.s> = <ZA,~(1 - ehi5)> <51n - ZA,> : (4.7)
i=0 i=0 i=0

(ii) Since property (i) holds, then (4.2) holds so that there exist ; € R, (Vi € m) (which
are in general distinct from those in property (i) but we keep the same notation) such that
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> pB? =1, and for any Ry, 3 p € [0, pp2), Yew € Ry

1

m m -1\ -
<SIn - ZA1> <In _P<SIn _ZAi> > [ﬁ;lAl,...,ﬂ;lAm]
i=0 i=0

<

[e'e]

m m -1\ !
<iw1,, - ZA,-) (In - p<iwIn - ZAi> > [B71 A1, ..., B Al
i=0 i=0

m -1
<iwIn - ZA,-> (B AL, ..., Bt A !
i=0

1] on-z)

2

<1

(4.8)

and the above H,,-norm exists if ||(sI,, — 3" A;) "|le < o0 from Banach Perturbation Lemma,
[34]. On the other hand, if Ay is stability matrix then Ag + pI,, is still a stability matrix if (4.4)
holds by applying the min max computation approach for the eigenvalues of Ag + pI,, which
are larger than those of Ay since the identity matrix is positive definite. As a result, if global
asymptotic stability independent of delays holds then it also holds with stability abscissa
—po < 0. The first part of property (ii) has been proven. The second part follows by replacing
(4.3) with

1B AL ., B Al ||, < —K2 (Ao + pLy) < ~k2(Ag) +p < 0. (4.9)
O

Through the use of the properties of the matrix measure [4, 34]. Theorem 4.1 can be
directly combined with Corollaries 3.4-3.5 as follows.

Corollary 4.2. Assume that the functional limiting differential system (4.1) satisfies Theorem 4.1.
Thus, both the perturbed and the nominal functional differential systems have a negative strict
Lyapunov exponent which satisfies p < —min(po1, poz, k2(Ao)) < 0. The solution of (4.1), subject to
(2.3) with the hypotheses in Theorem 2.1, and that of its limiting differential system are both globally
asymptotically stable independent of the delays.

If, furthermore, y : Ro. — Ro. satisfies one of the subsequent conditions:

(@) y(t) =o(e™)ast — oo,
(b) jgot”’ly(t)dt <oast — oo,
(©) y(t) < o(t') ast — o,
then any solution of the perturbed functional differential system (4.1) fulfils either Corollaries 3.4-3.5

to Theorem 3.2 (under the condition (a)) or Corollary 3.7 to Theorem 3.6 (under the condition (b) or
the condition (c)).

A parallel result to Theorem 4.1(i) relies on the subsequent remark.
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Remark 4.3. Note that (4.2) holds if

< [B1 A1, ..., Bt A

(4.10)
<1, VseCCy,

[oe]

provided that ((iwl, — A¢) (In — (iwl, — Ao)fl(zlfﬁoAi)))f1 exists, w € Ry,. That inverse exists
provided that A is a stability matrix, as it has been assumed, since then it has no imaginary
eigenvalues or real ones at the origin and, furthermore,

<ap<l,

[ee]

<pag<by <1,

o]

p <p

o]

(sI, — Ag)~" <iAi>
<sIn - Zm:Ai>1 (sL, — Ag) ™" (i&)
” <(iw1n - A) (In ~ (iwl, - Ag) ™" <§;Ai> >> (B AL, ..., B A

<1, VYweRy
2

(4.11)

provided that ((iwl, — Ao) (I, — (iwl, — AO)_l(ZﬁoAi)))_1 exists, Vw € Ry,. Such an inverse
exists provided that Ay is a stability matrix, as it has been assumed, since then it has no
imaginary eigenvalues or real ones at the origin and, furthermore, ||(sI, — Ag) " (I, A;) I, <
ap < 1. Then, the system (4.1) is globally asymptotically stable independent of the delays
if ||(s, —AO)’l(ZﬁlAi)H00 < ap < 1 (what implies that A is a stability matrix) and
I[B;" A1, ..., B Amlll, < ap'. The most general constraint (4.8) is guaranteed with any
Ros 3 p < ay' if |[B" A1, B Awlll, < (1 = pag)/ap which guarantees global asymptotic
stability independent of the delays of the limiting differential system of (4.1) and Ay is a
stability matrix of spectral abscissa of at least —p < 0.

4.2. Functional Differential Equations with Mixed Finite Point and
Time-Varying Distributed Delays

Assume that (2.2)-(2.3) consist of a single finite constant point delay h; > 0 and a single
distributed time-varying one h : [-1,0] — Ry, leading to the functional differential system:

x (t) = zllAix(t -hi) + J‘O da(t)x(t = h(T)) + f(t,x¢) (4.12)
i=0 -1
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with hy = 0. The perturbation function is defined by (2.3) and satisfies the hypothesis of

Theorem 2.1. The limiting equation is defined for identically zero perturbation function.
Equation (4.12) is equivalent to:

x (t) = (Ag+ A1 + a(0) — a(=1))x(t) + A1 (x(t — hy) — x(t))

0 (4.13)
+ j da(t)(x(t — h(T)) — x(t)) + f(t, x¢),
-1
so that the characteristic equation of the limiting equation is:
0
det <sIn - Ag— Ajes - f A(T)da(7)> (4.14)
-1
0
= det(sIn - (Ag +a(0) — a(-1)) — Aje™™s - f )L(T)dd(T)) (4.15)
-1

= det(sln - (Ao + A1 +a(0) —a(-1)) - Ay (e—hls -1) - IO .)L(T)d[X(T)) =0, (4.16)
-1

for any continuous function A(t) mapping [-1,0] on the unit circle centred at the origin of the
complex plane provided that a is non-atomic at zero. The following result is concerned with
the global asymptotic stability of the differential system (4.12).

Theorem 4.4. The following properties hold.

(i) Assume that Ay is a stability matrices, so that 3p; € Ri: k2(Ag) < —p1 < 0. Thus, if

1
Al + |2, M) da(D) ],

(s = Ao = piL) |, < 1, (4.17)

then the limiting equation associated with (4.12) is globally asymptotically stable
independent of the delays.

(ii) Assume that Ay and (Ao + a(0) — a(=1)) are both stability matrices, so that 3p, € Ry:
K2 (Ao + a(0) —a(-1)) < —pp < 0. Thus, if

1
Al + l (O], + [l ]

| (L = Ao — a(0) + a(-1) = paL,) ||, < 1, (4.18)

then the limiting equation associated with (4.12) is globally asymptotically stable
independent of the delays.
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(iii) Assume that Ao + A1 + a(0) — a(-1) is stability matrix so that Ip3 € Ry: ka(Ag + Ag +
a(0) —a(-1)) < —p3 < 0. Thus, if

1
2[[ Al + @], + [l

Il (sIn — Ao — A1 - a(0) +a(=1) - paL) ||, <1,
(4.19)

then the limiting equation associated with (4.12) is globally asymptotically stable
independent of the delays.

Proof. Property (i) is direct by using a similar reasoning to that in Theorem 4.1 by extending a
result in [4, Section 4.4.5] for a single distributed delayed dynamics, the limiting differential
system associated with (4.12) is globally asymptotically stable if and only if for any
noncharacteristic zero of the limiting equation, det(sI, — Ay — Aje™ - f?l)u(‘r)da(r)) #0,
Vs € Cy,, or equivalently, if the inverse below exists for Vs € Cp, by using the rearrangement
(4.14),

<sIn —Ag—-Aehs - foli(f)da(7)>_l
= ((SIn - Ao —p1ln) (In — (s, — Ao - ,011,,)_1 (Ale‘hs + J‘:/\(T)da(T)>)1>.

(4.20)

Such an inverse exists within Cy, under the conditions in property (i) so that the evolution
operator exists T(t,0) since its associate resolvent exists and it is compact in Cy,. Properties
(ii)-(iii) are direct alternative sufficient conditions to those involved in property (i) by using
similar rearrangements for an inverse matrix as (4.20) by using (4.15) and (4.16), respectively,
instead of (4.14). O

A parallel result to Corollary 4.2 now follows from Theorem 4.4.

Corollary 4.5. Assume that the functional limiting differential system of (4.12) satisfies any of the
Properties of Theorem 4.4. Thus, both the limiting and the perturbed functional differential equation
have a negative strict Lyapunov exponent satisfying u < —p < 0 with p equalizing the corresponding
pi (i =1,2,3). Corollary 4.2 holds “mutatis-mutandis.”

The extension of Theorem 4.4 and Corollary 4.5 to the case of multiple point and
distributed delays is direct and then omitted.

5. Example
Consider the second-order linear functional equation with point time-delay h:

X(t) = —a(t) x (t) - p(t) x (t - h) —y(t)x(t) - w(t)x(t - h)

. . (5.1)
=—ag x (£) — o x (t = h) —yox(t) —wox(t — h) + f (£, x¢)
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subject to arbitrary bounded initial conditions within the proposed class, where the
disturbance is

flt,xe) = (ag—a(t)) x (t) + (fo—P()) x (t—h) + (yo — y(t))x(t) + (wo — w(t))x(t - h),
(5.2)

and the limiting equation is
g =~a Y (1) = Po ¥ (¢~ h) +yoy () — woy(t — h), (5.3)

provided that a(t) — ag, f(t) — Po, y(t) — yo, and w(t) — wp ast — oo. Note that the
perturbation term (5.2) satisfies (2.8) of Theorem 2.1. The differential equation and limiting
differential equation may be rewritten equivalently as the following second-order dynamic
systems of respective state vectors z,(t) = (x1 (1), x2(#))T and zy(t) = (yl(t),yz(t))T,

Zy(t) = Aogyzx(t) + Aryzx(t — h) + 25 (t, zxt)
= Ao(t)zx(t) + A1 (t)zx(t — h), (5.4)
2,(t) = Agyzy (t) + Aryzy (- h),

where

A = 1 1 A = 1 11 ; B 0
0y = Yo —ap 7 ly = —wp _,80 ’ Zf(/zxt)— f(t,Xt) ’

(5.5)
A(t)=[1 1]' A(t)=[1 1]
v —a| TN T ety —pw)|

The eigenvalues of Ay, are ai» = (—ag F /(x% —4yp)/2 so that Ag, is a stability matrix if @y > 0
and yp > 0. The limiting equation (5.3) is globally stable independent of the delay size if
KZ(T’lAOyT) < ||T’1A1yT||2 for at least one second-order nonsingular state transformation
matrix T, where x,(-) and || - ||, are the 2-matrix measure with respect to the ¢,-norm, [4],
and &>-norm of the matrix (), respectively. The use of a similarity transformation is usually
necessary by the fact that the matrix measure is norm-dependent and it can be positive
even for stability matrices for some norms and the stability property is independent of any
performed similarity transformation on the state variables in the linear time- invariant case,
[4, 5, 11]. Now, choose as state transformation matrix the nonsingular Vandermonde matrix
T = [mll ! ] which defines the diagonal stability matrix Ag,g = T‘lAOyT, being similar to Aoy,

az
which possesses a negative 2-matrix measure x2(Agyq) = —ag < 0. In this case,

(5.6)

1 wo + poa1 wp + pox
AlydzT_lAlyT= [ 0 ﬁO 1 0 pO 2]’

ay — a1 |wo + ﬂotxl wo + ﬂ0a2
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and the limiting equation is globally asymptotically Lyapunov stable independent of the
delay size h if

%2 (Aoya) | = a0 > || Aryall,

=\ Amax (AfydAlyd)

_ @2+ Po(a2 - ) |wo + foai |

ary — A1
Bo (ao +1/aj - 4}/0)

2

(5.7)

wo —

4

2
()
< +\/cx§—4}fo

where Amax(+) denotes the maximum eigenvalue of the (-)-positive semidefinite matrix. From
(5.7), the limiting equation (5.3) is globally asymptotically stable independent of the delay
size if ap > 4y, Yo > 0, and either

wy > %max (ao <ﬂ0 + \/aé - 4}/0), Po <a0 + \/aé - 4}/0)) (5.8)

or

(5.9)

AR CRED BN

2

the second one provided that foag + (o — Po) 4 /cx(z) —4yy > 0. Consider the following two cases.
(1) Assume a(t) = ag; Vt € Ry,. For some chosen finite Ty € Ry,, define:

p(To) :=max|p(t)];  F(To) =max|[j(1)];  @(To) = max|@(t)],
= =0 =l (5.10)

Bty : =Pt -Po;  TO =yl -y @) = w(t) - wp.

The three above functions converge asymptotically to zero as time tends to infinity. Then, the
solution of the differential equation (5.1), subject to (5.2), converges asymptotically to that of
its limiting equation (5.3) if a3 > yo + y¥(To) and (5.8) is replaced with

wy > w(Ty) + %max (cxo (ﬁo +B(To) + \/065 —4(y0 - ?(TO))>1

(Bo + B(T0)) (0 +\/a0 ~ 4(0 - F(T0)) ) )-

(5.11)
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Another convergence condition of the solution of (5.2)-(5.3) to the limiting solution can
be directly obtained from (5.9). The limiting differential equation (5.3) has a dominant
eigenvalue A of real part:

0>Redl=pu> w2(Aoa) — || Avall, - max”Aod(f)”2 - max”ﬁld(t) Il (5.12)
t>Ty t>Ty

with Koy > 0 related to the perturbation (5.3), so that A# @ according to (2.20) and
Theorem 2.3(i2), and the strict Lyapunov exponent y defined in Theorem 2.3 satisfying the
above lower-bound, and

AOd(t):T‘l[P O]T, Ald(t)zT-l[ 0 NO ]T; Vt € Ry, (5.13)
-y() 0 —w(t) —p(t)

(2) Now, assume f(t) = po, y(t) = yo, w(t) = wo; Vt € Ry, and a(Tp) := maxer, |a(t) —
aol; Vt € Ro.. Then, the solution of the differential equation (5.1), subject to (5.2), converges
asymptotically to that of its limiting equation (5.3) independent of the delay size if aj >
Yo +Y(To) and (5.8) is replaced with

v > 5 max (a0 +7(T0)) (o + V0 +7(10))7 ~ 1),
po(a0+ 1/ (a0 +a(To))” ~ 4 )-

(5.14)

In this case, 0 > Re\ = u > x2(Aoa) — llA1allz — a(To). Another convergence condition
independent of the delay size can easily be got from (5.9). Conditions for asymptotic
convergence of the solution to that of its limiting differential equation for the case of complex
eigenvalues can be obtained straightforwardly.
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