ESAIM: COCV 23 (2017) 16671714 ESAIM: Control, Optimisation and Calculus of Variations
DOI: 10.1051/cocv/2016069 WWW.esallm-cocv.org

STABILITY OF INTEGRAL DELAY EQUATIONS AND STABILIZATION
OF AGE-STRUCTURED MODELS

1ASSON KARAFYLLIS! AND MIROSLAV KRSTIC?

Abstract. We present bounded dynamic (but observer-free) output feedback laws that achieve global
stabilization of equilibrium profiles of the partial differential equation (PDE) model of a simplified, age-
structured chemostat model. The chemostat PDE state is positive-valued, which means that our global
stabilization is established in the positive orthant of a particular function space—a rather non-standard
situation, for which we develop non-standard tools. Our feedback laws do not employ any of the (dis-
tributed) parametric knowledge of the model. Moreover, we provide a family of highly unconventional
Control Lyapunov Functionals (CLFs) for the age-structured chemostat PDE model. Two kinds of
feedback stabilizers are provided: stabilizers with continuously adjusted input and sampled-data sta-
bilizers. The results are based on the transformation of the first-order hyperbolic partial differential
equation to an ordinary differential equation (one-dimensional) and an integral delay equation (infinite-
dimensional). Novel stability results for integral delay equations are also provided; the results are of
independent interest and allow the explicit construction of the CLF for the age-structured chemostat
model.
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1. INTRODUCTION

Continuous-time age-structured models are described by the so-called McKendrick-von Foerster equation
(see [3-5,26] and the references therein), which is a first order hyperbolic Partial Differential Equation (PDE)
with a non-local boundary condition. Age-structured models are natural extensions of standard chemostat
models (see [27]). Optimal control problems for age-structured models have been studied (see [3,8,28] and the
references therein). The ergodic theorem (see [11,12,26] for similar results on asymptotic similarity) has been
proved an important tool for the study of the dynamics of continuous-time age structured models (see also [29]
for a study of the existence of limit cycles).

This work initiates the study of the global stabilization problem by means of feedback control for age-
structured models. More specifically, the design of explicit output feedback stabilizers is sought for the global
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stabilization of an equilibrium age profile for an age-structured chemostat model. Just as in other chemostat
feedback control problems described by Ordinary Differential Equations (ODEs; see [9,13-15,21,22]), the dilution
rate is selected to be the control input while the output is a weighted integral of the age distribution function. The
assumed output functional form is chosen because it is an appropriate form for the expression of the measurement
of the total concentration of the microorganism in the bioreactor or for the expression of any other measured
variable (e.g., light absorption) that depends on the amount (and its size distribution) of the microorganism in
the bioreactor. The main idea for the solution of the feedback control problem is the transformation of the first
order hyperbolic PDE to an Integral Delay Equation (IDE; see [16]) and the application of the strong ergodic
theorem. This feature differentiates the present work from recent works on feedback control problems for first
order hyperbolic PDEs (see [1,2,6,7,16,20]).

The present work studies the global stabilization problem of an equilibrium age profile for an age-structured
chemostat model by means of two kinds of feedback stabilizers: (i) a continuously applied feedback stabilizer,
and (ii) a sampled-data feedback stabilizer. The entire model is assumed to be unknown and two cases are
considered for the equilibrium value of the dilution rate: the case where the equilibrium value of the dilution
rate is unknown (i.e., absolutely nothing is known about the model), and the case where the equilibrium value
of the dilution rate is a priori known. In the first case, a family of observer-based (dynamic), output feedback
laws with continuously adjusted dilution rate is proposed: the equilibrium value of the dilution rate is estimated
by the observer. In the second case, a sampled-data output feedback law is proposed for arbitrarily sparse
sampling schedule. In all cases, the dilution rate (control input) takes values in a pre-specified bounded interval
and consequently input constraints are taken into account. The main idea for the solution of the feedback
control problem is the transformation of the PDE to an ODE and an IDE. Some preliminary results for the
sampled-data case, which are extended in the present work, were given in [17,18].

However, instead of simply designing dynamic, output feedback laws which guarantee global asymptotic
stability of an equilibrium age profile, the present work has an additional goal: the explicit construction of a
family of Control Lyapunov Functionals (CLFs) for the age-structured chemostat model. In order to achieve this
goal, the present work provides/uses novel stability results on linear IDEs, which are of independent interest.
The newly developed results, provide a Lyapunov-like proof of the scalar, strong ergodic theorem for special
cases of the integral kernel. Stability results for linear IDEs similar to those studied in this work have been also
studied in [23].

Since the state of the chemostat model is the population density of a particular age at a given time, the state
of the chemostat PDE is non-negative valued. Accordingly, the desired equilibrium profile (a function of the age
variable) is positive-valued. So the state space of this PDE system is the positive orthant in a particular function
space. We pursue global stabilization of the positive equilibrium profile in such a state space. This requires a
novel approach and even a novel formulation of stability estimates in which the norm of the state at the desired
equilibrium is zero but takes the infinite value not only when the population density (of some age) is infinite but
also when it is zero, i.e., we infinitely penalize the population death (the so-called “washout”), as we should.
Our main idea in this development is a particular logarithmic transformation of the state, which penalizes both
the overpopulated and underpopulated conditions, with an infinite penalty on the washout condition.

The structure of the paper is described next. In Section 2, we describe the chemostat stabilization problem
in a precise way and we provide the statements of the main results of the paper (Thms. 2.1 and 2.4). Section
3 provides useful existing results for the uncontrolled PDE, while Section 4 is devoted to the presentation
of stability results on IDEs, which allow us to construct CLFs for the chemostat problem. The proofs of the
main results are provided in Section 5. Section 6 presents a result, which is similar to Theorem 2.1, but uses
a reduced order observer instead of a full-order observer. Simulations, which illustrate the application of the
obtained results, are given in Section 7. The concluding remarks of the paper are given in Section 8. Finally,
the Appendix provides the proofs of certain auxiliary results.

Notation. Throughout this paper, we adopt the following notation.



STABILITY OF INTEGRAL DELAY EQUATIONS AND STABILIZATION OF AGE-STRUCTURED MODELS 1669

* For a real number z € R, [z] denotes the integer part of x € R. R4 denotes the interval [0, +00).

* Let U be an open subset of a metric space and 2 C R™ be a set. By C°(U ; £2), we denote the class of
continuous mappings on U, which take values in 2. When U C R", by C*(U ; £2), we denote the class of
continuously differentiable functions on U, which take values in 2. When U = [a,b) C R (or U = [a,b] C R)
with a < b, C%([a,b) ; £2) (or C°([a,b] ; £2)) denotes all functions f : [a,b) — 2 (or f : [a,b] — {2), which are
continuous on (a,b) and satisfy slir,?+ (f(s)) = f(a) (or Slirgr (f(s)) = f(a) and slirz?— (f(s)) = f(b)). When

U = [a,b) TR, C'([a,b) ; 2) denotes all functions f : [a,b) — {2 which are continuously differentiable on
(a,b) and satisfy lim (f(s)) = f(a) and lim h='(f(a+h) — f(a)) = lim f/(s).
s—at h—0t s—at
* K is the class of all strictly increasing, unbounded functions a € C°(R,; R ), with a(0) = 0 (see [19]).
* For any subset S C R and for any A > 0, PC* ([0, A]; S) denotes the class of all functions f € C°([0, A; S)
for which there exists a finite (or empty) set B C (0, A) such that: (i) the derivative f’(a) exists at every
a € (0, A)\B and is a continuous function on (0, A)\ B, (ii) all meaningful right and left limits of f’(a) when
a tends to a point in B(J{0, A} exist and are finite.
* Let a function f € C°(R; x [0, A]) be given, where A > 0 is a constant. We use the notation f[t] to denote
the profile at certain ¢ > 0, i.e., (f[t])(a) = f(t,a) for all a € [0, A].
Let a function z € C°([—A,+00);R) be given, where A > 0 is a constant. We use the notation z; €
C°([-A,0];R) to denote the “A—history” of x at certain t > 0, i.e., (2;) (—a) = z(t — a) for all a € [0, A].
Let 0 < Diin < Dmax be given constants. The saturation function sat(x) for the interval [Dpin, Dmax] iS
defined by sat(z) := min (Dmax, max (Dmin, z)), for all x € R.

2. PROBLEM DESCRIPTION AND MAIN RESULTS

2.1. The model

Consider the age-structured chemostat model:

g—{(t,a) + %(t,a) = —(u(a) + D(¥)) f(t,a), fort>0,a € (0,A) (2.1)

A
F£(t,0) = /O k(a)f(t a)da, for t >0 (2.2)

where D(t) € [Dmin, Dmax) is the dilution rate, Dyax > Dmin > 0 are constants, A > 0 is a constant and
po: [0,4 — Ry, ki [0,A] — R4 are continuous functions with fOA k(a)da > 0. System (2.1), (2.2) is a
continuous age-structured model of a microbial population in a chemostat. The function u(a) > 0 is called
the mortality function, the function f(¢,a) denotes the density of the population of age a € [0, A] at time
t > 0 and the function k(a) > 0 is the birth modulus of the population. The boundary condition (2.2) is
the renewal condition, which determines the number of newborn individuals f(¢,0). Finally, A > 0 is the
maximum reproductive age. Physically meaningful solutions of (2.1), (2.2) are only the non-negative solutions,
i.e., solutions satisfying f(t,a) > 0, for all (t,a) € R x [0, 4].

The chemostat model (2.1), (2.2) is derived by neglecting the dependence of the growth of the microorganism
on the concentration of a limiting substrate. A more accurate model would involve an enlarged system that has
one PDE for the age distribution, coupled with one ODE for the substrate (as proposed in [29], in the context of
studying limit cycles with constant dilution rates). However, the approach of neglecting the nutrient’s equation
in the chemostat is not new (see for example [25]).

We assume that there exists D* € (Din, Dmax) such that

- /OA k(a) exp (—D*a _ /0 u(s)ds) da (2.3)
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This assumption is necessary for the existence of an equilibrium point for the control system (2.1), (2.2), which
is different from the identically zero function. Any function of the form:

f*(a) = M exp (—D*a - /Oa u(s)ds) , for ael0,A] (2.4)

with M > 0 being an arbitrary constant, is an equilibrium point for the control system (2.1), (2.2) with
D(t) = D*. Notice that there is a continuum of equilibria.
The measured output of the control system (2.1), (2.2) is given by the equation:

A
y(t) = /0 p(a)f(t,a)da, for t >0 (2.5)

where p : [0, A] — R4 is a continuous function with fOA p(a)da > 0. Notice that the case p(a) = 1 corresponds
to the total concentration of the microorganism in the chemostat.

2.2. Feedback control with continuously adjusted input

Let y* > 0 be an arbitrary constant (the set point) and let f*(a) be the equilibrium age profile given by (2.4)
~1
with M = y* (fo a) exp ( D*a — foa ,u(s)ds) da) . Consider the dynamic feedback law given by

21(t) = z2(t) = D) — b (22(t) ~In (42))
2o(t) = —l (zl(t) In (%)) (2.6)
z(t) = (z1(t), 22(1))" € R?
and
D(t) = sat <zz(t) +71n <%)> (2.7)

where I1,12,7 > 0 are constants. Next consider solutions of the initial-value problem (2.1), (2.2), (2.5),—(2.7)
with initial condition (fo,z0) € X x R2, where X is the set

A
X = {f € PC'([0, A]; (0, +00)) : £(0) :/0 k;(a)f(a)da}. (2.8)

By a solution of the initial-value problem (2.1), (2.2), (2.5), (2.6), (2.7) with initial condition (fo, z0) € X x R2,
we mean a pair of mappings f € C°([0,7) x [0, 4]; (0, +0)), z € C! ([0,7’);3‘32), where 7 € (0, +o0], which
satisfies the following properties:

(i) f € CY(Dy;(0,4)), where Dy = {(t,a) € (0,7) x (0,A4) : (a—1t) ¢ BlJ{0,A}} and B C (0, A) is the
finite (possibly empty) set where the derivative of fo € X is not defined or is not continuous,

(ii) f[t] € X for all t € [0,7), where (f[t])(a) = f(t, a) for a € [0, A] (see Notation),

(iii) equations (2.5), (2. ) ( 7) hold for all ¢ € [0, 7),

(iv) equation %—{(t a) + 8a(t a) = — (pu(a) + D(t)) f(t,a) holds for all (¢,a) € Dy, and

( ) ( ) =2zp = (2’170, 2’270) f( ) fo(a) for all a € [0, A]

The mapping [0,7) 3 t — (f[t], 2(t)) € X x R? is called the solution of the closed-loop system (2.1), (2.2), (2.5)
with (2.6), (2.7) and initial condition (fy,29) € X x R2 defined for t € [0, 7).
Define the functional IT : C°([0, A]; ) — R by means of the equation

St 1@ (S k() exp ([ (w0) + D) dl) ds ) da

I(f) :=
o i ak(a) f*(a)da

(2.9)
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and assume that the following technical assumption holds for the non-negative function

k(a) := k(a)exp (—D*a - /Oa u(s)ds) , forae€l0,A4] (2.10)
that satisfies fOA k(a)da =1 (recall (2.3)):

(A) There exists a constant A > 0 such that fOA ‘I;;(a) —rA faA l%(s)ds‘ da < 1, where r := (fOA ak(a)da)~?.

We are now ready to state the first main result of the present work, which provides stabilizers with
continuously adjusted input.

Theorem 2.1 (Continuously adjusted input and unknown equilibrium value of the dilution rate)). Consider
the age-structured chemostat model (2.1), (2.2) with k € PC*([0, A]; R+) under assumption (A). Then for every
fo € X and zy € R? there exists a unique solution of the closed-loop (2.1), (2.2), (2.5) with (2.6), (2.7) and
initial condition (fo,z0) € X x R2. Furthermore, there exist a constant L > 0 and a function p € K such
that for every fo € X and 2z € R2 the unique solution of the closed-loop (2.1), (2.2), (2.5) with (2.6), (2.7) and
initial condition (fo,z20) € X x R2 is defined for all t > 0 and satisfies the following estimate:

s () -1 (1) o o ( 2))

Moreover, let p1,p2 > 0 be a pair of constants satisfying (2 + l1p1 — 212;02)2 < 8l1p1 — 4lap?, p? < 4py. Then the
continuous functional W : R2 x C°([0, A]; (0, +00)) — R defined by:

+ |22,0 — D*|> ;

Wz, f) = (In(I(f)))> + GV/Q(z f) + BQ(z, f) (2.12)

where >0 is an arbitrary constant,

Q2 f) = (21 = W (I(f)))* = p1 (21 = I (1I(f))) (22 = D*) + pa(z2 — D*)?

max (exp(—a a) ’ _f(“)*ﬁgﬁgf* (a)

% a€[0,A]
2 : 0 (L@
win (1700, i, (#55))

o > 0 s a sufficiently small constant and M, G > 0 are sufficiently large constants, is a Lyapunov functional for
the closed-loop system (2.1), (2.2), (2.5) with (2.6), (2.7), in the sense that every solution (f[t],z(t)) € X x R?
of the closed-loop system (2.1), (2.2), (2.5) with (2.6), (2.7) satisfies the inequality:

)

(2.13)

i -1 — z — or a .
h;?i%lip(h (W(z(t+h), flt +h]) = W(2(t), f[t]) < Lo W(z(t)’fm),f t>0 (2.14)

As remarked in the Introduction, Theorem 2.1 does not only provide formulas for dynamic output feedback
stabilizers that guarantee global asymptotic stability of the selected equilibrium age profile, but also provides
explicit formulas for a family of CLFs for system (2.1), (2.2). Indeed, the continuous functional W : R? x
C°([0, A; (0, +00)) — R, defined by (2.12), (2.13) is a CLF for system (2.1), (2.2).
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Remark 2.2.

(i) The family of feedback laws (2.6), (2.7) (parameterized by l1,ls,7 > 0) guarantees global asymptotic
stabilization of every selected equilibrium age profile. Moreover, the feedback law (2.6), (2.7) achieves
a global exponential convergence rate (see estimate (2.10)), in the sense that estimate (2.11) holds for
all physically meaningful initial conditions (fy € X ). As indicated in the Introduction, the logarithmic
penalty in (2.11) penalizes both the overpopulated and underpopulated conditions, with an infinite penalty
on zero density for some age. The state converges to the desired equilibrium profiles from all positive initial
conditions, but not from the zero-density initial condition, which itself is an equilibrium (population cannot
develop from a “dead” initial state).

(ii) The feedback law (2.6), (2.7) is a dynamic output feedback law. The subsystem (2.6) is an observer that
primarily estimates the equilibrium value of the dilution rate D*. The observer (2.6) is a highly reduced
order, since it estimates only two variables, the afore-mentioned constant D* and the scalar functional
of the infinite-dimensional state, II(f), introduced in (2.9). All the remaining infinitely many states are
not estimated. This is the key achievement of our paper—attaining stabilization without the estimation
of nearly the entire infinite-dimensional state and proving this result in an appropriately constructed
transformed representation of that unmeasured infinite-dimensional state.

(iii) The family of feedback laws (2.6), (2.7) does not require knowledge of the mortality function of the
population, the birth modulus of the population and the maximum reproductive age of the population.
Accordingly, it does not require the knowledge of the equilibrium value of the dilution rate D* either.
Instead, D* is estimated by the observer state za(t) (see estimate (2.10)).

(iv) The feedback law (2.6), (2.7) can work with arbitrary input constraints. The only condition that needs to
be satisfied is that the equilibrium value of the dilution rate D* must satisfy the input constraints, i.e.,
D* € (Dminy Dmax), which is a reasonable requirement (otherwise the selected equilibrium age profile is
not feasible).

(v) The parameters l1,l2,7 > 0 can be used by the control practitioner for tuning the controller (2.6), (2.7):
the selection of the values of these parameters affects the value of the constant L > 0 that determines the
exponential convergence rate. Since the proof of Theorem 2.1 is constructive, useful formulas showing the
dependence of the constant L > 0 on the parameters [y, 2, > 0 are established in the proof of Theorem 2.1.

(vi) Tt should be noted that for every pair of constants ly,lz > 0 it is possible to find constants pi,ps > 0

satisfying (2 + l3p1 — 2l2p2)2 < 8l1p1 — 4lap?, p? < 4ps. Indeed, for every I,ly > 0 the matrix [_l 1} is a

1
—1 0
—p1/2

/2 o ] so that the matrix

Hurwitz matrix. Consequently, there exists a positive definite matrix |

—ll —lz 1 —p1/2 n 1 —p1/2 —ll 1 B
10 -p1/2  p2 —-p1/2  p2 —l2 0
is negative definite. This implies the inequalities p? < 4ps and (2 + l1p; — 2l2p2)2 < 8l1p1 — 4lap3.

(vii) The main idea for the construction of the feedback law (2.6), (2.7) is the transformation of the PDE
problem (2.1), (2.2) into a system that consists of an ODE and an IDE along with the logarithmic output

=201 +lopr 1+ 1p1/2 — lapo
1+11p1/2 —lap2 —p1

transformation Y (¢) = In (%) . The transformations are presented in Figure 1 and are exploited rigorously

in the proof of Theorem 2.1. Figure 1 also shows that the full-order observer (2.6) is actually an observer
for the system 7n(t) = D*(t) — D(t), D*(t) = 0.

2.3. Checking assumption (A)

Theorem 2.1 assumes that the birth modulus of the population satisfies assumption (A). This is not an
assumption that is needed for the establishment of the exponential estimate (2.11). Estimate (2.11) could
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of of
—r @+ ——(ta)= ~(u(a)+D())f (t,a) ST |
4 S @I/
£(0) = [ k(@ (t.a)da —> [0 =n(n(/11D)
0 Y(t)= ln(y(.t) / y*]

¥ |
0= [ p@f(t.a)da
0

\J
T

7(t)= D" - D(1)

A
w0 = [F@w(t-ayda
0

faay=(+y@-a)f @espaen | 4 4
y(t)=y" exp(Y (1)) 0= _fw(t = a)_[ k (s)dsda
0

a

A
Y(1)=1n(r) + 1;{1 + J' e(ayw(t— a)daJ
0

FIGURE 1. The transformation of the PDE (2.1) with boundary condition given by (2.2) to an
IDE and an ODE and the inverse transformation.

have been established without assumption (A) by means of the strong ergodic theorem (see Sect. 3). The
role of assumption (A) is crucial for the establishment of the CLF, given by (2.12), (2.13). However, since
assumption (A) demands a specific property for the function k(a) := k(a) exp(—D*a — foa 1(s)ds) that involves
the (unknown) equilibrium value of the dilution rate D*, the verification of the validity of assumption (A)
becomes an issue. The following proposition provides useful sufficient conditions for assumption (A). Its proof
is provided in the Appendix.

Proposition 2.3 (Means of checking assumption (A)). Let k € C°([0, A];R) be a function that satisfies the
following assumption:

(B) The function k € C°([0, A;R) satisfies k(a) > 0 for all a € [0, A] and fOA k(a)da = 1. Moreover, there

exists a constant € > 0 such that the set S = {a € [0,T] : k(a) < e}, where T := sup{a € [0, 4] : k(a) > 0},

has Lebesgue measure |S.| < (2r)~t, where r := (fOA ak(a)da)~'.

Then for every X\ € [0,r~1¢] it holds that fOA k(a) — 7\ faA k(s)ds|da <1 — A1 —2r|S.]).

Proposition 2.3 shows that assumption (A) is valid for a function that satisfies assumption (B). On the other
hand, we know that assumption (B) holds for every function k& € C°([0, A]; R, ) satisfying fOA k(a)da = 1 and
having only a finite number of zeros in the interval [0, A]. Since k(a) := k(a)exp (=D*a — foa p(s)ds), we can
be sure that assumption (A) necessarily holds for all birth moduli k € C°([0, Al; R.) of the population with only
a finite number of zeros in the interval [0, A], no matter what the equilibrium value of the dilution rate D* is
and no matter what the mortality function p : [0, A] — R4 is.
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2.4. Sampled-data control

On the other hand, when the equilibrium value of the dilution rate D* is a priori known, then we are in a
position to achieve sampled-data stabilization. Let T" > 0 be the sampling period and consider the closed-loop
system (2.1), (2.2), (2.5) with the sample-and-hold feedback law

D(t) = sat (D* P (@

>> , forallt € [iT, (i +1)T) and for all integers i >0 (2.15)
By a solution of the initial-value problem (2.1), (2.2), (2.5), (2.15) with initial condition fo € X, where X is
defined in (2.8), we mean a mapping f € C° ([0,7) x [0, A; (0, +00)), where 7 € (0, +oc], which satisfies the
following properties:

(i) feCH(Dyg;(0,+00)), where

Dy ={(ta)€ (0.7) % (0.4) : (a—t) ¢ BJ{0, 4}, t 2T [17¢]) } (2.16)

and B C (0, A) is the finite (possibly empty) set where the derivative of fy € X is not defined or is not
continuous,

(i) f[t] € X for all t € [0,7),

(i) equations (2.5), (2.15) hold for all ¢ € [0, 7),

(iv) equation %(t,a) + %(t,a) = — (u(a) + D(t)) f(t,a) holds for all (¢,a) € Dy, and

(v) f(0,a) = fo(a) for all a € [0, A].

The mapping [0,7) >t — f[t] € X is called the solution of the closed-loop system (2.1), (2.2), (2.5) with (2.15)
and initial condition fy € X defined for t € [0, 7).
We are now ready to state the second main result of the present work.

Theorem 2.4 (Sampled-data feedback and known equilibrium value for the dilution rate). Consider the age-
structured chemostat model (2.1), (2.2) with k € PCY([0, Al; Ry). Then for every fo € X there exists a unique
solution of the closed-loop (2.1), (2.2), (2.5) with (2.15) and initial condition fo € X. Furthermore, there exist
a constant L > 0 and a function p € Ko such that for every fo € X the unique solution of the closed-
loop (2.1), (2.2), (2.5) with (2.15) and initial condition fo € X is defined for all t > 0 and satisfies the following

T () <oz o (s, (B (D)) soraze

The differences of Theorem 2.4 with Theorem 2.1 are:

(1) Theorem 2.4 applies the sampled-data feedback (2.15) while Theorem 2.1 applies a continuously adjusted
feedback,

(2) Theorem 2.4 assumes knowledge of the equilibrium value of the dilution rate D*,

(3) Theorem 2.4 does not assume property (A) but does not provide a CLF for the system. This was explained
above: assumption (A) is only needed for the explicit construction of a CLF.

Finally, the reader should notice that there is no constraint for the sampling period T' > 0: arbitrarily large
values for T' > 0 are allowed (arbitrarily sparse sampling). In the case where the output is given by
y(t) = f(t,0), fort>0 (2.18)

instead of (2.5), the proof of Theorem 2.4 works with only minor changes (the proof is omitted; this is the case
considered in [18]).
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2.5. Ideas behind the proofs of the main results

The basic tool for the proofs of the main results of the present work is the transformation shown in Figure 1.
The main idea comes from the recent work [16]: the transformation of a first-order hyperbolic PDE to an IDE.
However, if we applied the results of [16] in a straightforward way, then we would end up with the following IDE:

o(t) = /O ! k(a) exp (— /0 ' ,u(s)ds> exp (- t D(s)ds> u(t — a)da, (2.19)

t—a

where v(t) = f(¢,0) and f(t,a) = exp (— [, pu(s)ds) exp (— f;ﬁa D(s)ds) v(t — a). However, the IDE is input-
dependent. Instead, we would like to describe the effect of the control input in a more convenient way: this is
achieved by introducing one more state

n(t) = (I (f[t])), (2.20)
where IT is given by (2.9). The evolution of n(t) is described by the ODE 7(t) = D* — D(t). Then we are in a
position to obtain the transformation

f(t.a)
t—a)=—2"Y 1 forall (t,a) € Ry x [0, A 2.21
0t = 0) = s 1, for all (ta) € Ry x (0.4 (221)
which decomposes the dynamics of (2.19) to the input-independent dynamics of the IDE ¢ (t) = fOA E(a)p(t —

a)da evolving on the subspace described by the equation fOA P(t—a) faA k(s)dsda = 0 and the input-dependent
ODE 5(t) = D* — D( ) After achieving this objective, the next step is the stability analysis of the zero solution
of the IDE (t) fo ¥(t — a)da: this is exactly the point where the strong ergodic theorem or the results
on linear IDEs are used

3. THE UNCONTROLLED PDE

The present section aims to give to the reader the background mathematical knowledge which is used for
the study of age-structured PDEs. More specifically, we aim to make the reader familiar to the strong ergodic
theorem for age-structured PDEs and to show the relation of age-structured PDEs to linear IDEs.

Let A > 0 be a constant and let p : [0, A] — R4, k: [0, A] — R4+ be continuous functions with fOA k(a)da > 0.
Consider the initial value PDE problem:

g‘tz(t a) + %(t a) = —p(a)z(t,a), for t >0,a € (0, A) (3.1)
z(t,0) = /A k(a)z(t,a)da, fort>0 (3.2)
0

with initial condition z(0,a) = zo(a) for all a € [0, A]. The following existence and uniqueness result follows
directly from Proposition 2.4 in [11] and Theorems 1.3—1.4 on pages 102—104 in [24]:

Lemma 3.1 (Existence/uniqueness). For each absolutely continuous function zy € C° ([0, A];R) with z0(0) =
fOA k(a)zo(a)da, there exists a unique function z : [0, +00) x [0, A] — R with z(0,a) = zo(a) for all a € [0, A] that
satisfies: (a) For each t>0, the function z[t] defined by (z[t])(a) = z(t,a) for a € [0, A] is absolutely continuous
and satisfies (z fo (a)da for all t > 0, (b) the mapping R+ > t — z[t] € L' ([0, A|;R) is
continuously dzﬁerentzable and (c) equatzon (3.1) holds for almost all t > 0 and a € (0,A). Moreover, if
zo(a) >0 for all a € [0, A] then z(t,a) > 0, for all (t,a) € Ry x [0, A].

The function z : [0, +00) x [0, A] — R is called the solution of (3.1), (3.2). When additional regularity properties
hold then the solution of (3.1), (3.2) satisfies the properties shown by the following lemma.
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Lemma 3 2 (Regularity/relation to IDEs). If k € PC* ([0, A]; Ry), then for every zo € PC' ([0, A; R) satis-
fying zo(0 fo a)da the function z : [0,+00) x [0, A] — R from Lemma 3.1 is C* on

S:{(t,a) € (0,+00) x (0,A) : (a—1) ¢BU{0,A}}

where B is the finite (or empty) set where the derivative of zy is not defined or is not continuous, satisfies (3.1)
on S and equation (3.2) for all t > 0. Also,

z(t,a) = exp (—/ u(s)ds) v(t —a), for all (t,a) € Ny x [0, 4] (3.3)
0
where v € CO ([~ A, +00); R) N C* ((0, +00); R) is the unique solution of the Integral Delay Equation (IDE):
A a
u(t) = / k(a)exp (—/ u(s)ds) v(t —a)da, fort>0 (3.4)
0 0

with initial condition v(—a) = exp (fo s)ds) zo(a), for all a € (0, A].

Lemma 3.2 is obtained by integration on the characteristic lines of (3.1). The solution of the IDE (3.4) is
obtained as the solution of the delay differential equation

4
- _ dk
0(t) = k(0)v(t) — k(A)v(t — A) + a(a)v(t —a)da (3.5)
0
where k(a) = k(a)exp (— [ p(s)ds) for a € [0, A]. The differential equation (3.5) is obtained by formal

differentiation of the IDE (3.4) and its solution satisfies (3.4) (the verification requires integration by parts).
It is straightforward to show that the function

h(D) = /OA k(a)exp <—Da - /Oa u(s)ds) da (3.6)

is strictly decreasing with Dlim h(D) = 0 and Dlim h(D) = +oo. Therefore, there exists a unique D* € R
— 400 ——00

such that (2.3) holds. Equation (2.3) is the Lotka—Sharpe condition [4]. The following strong ergodicity result
follows from the results of Section 3 in [12] and Proposition 3.2 in [11]:

Theorem 3.3 (Scalar strong ergodic theorem). Let D* € R be the unique solution of (2.3). Then, there exist
constants e >0, K > 1 such that for every absolutely continuous function zo € C° ([0, A; R) with 20(0) =

fo a)da, the corresponding solution z : [0,4+00) x [0, A] — R of (3.1), (3.2) satisfies for all t > 0O:

/ " ( / ) ,u(s)ds>

z(t,a) — exp (D*(t —a)— /Oa ,u(s)ds> D(20)|da

A a
< Kexp((D* —e)t)/ exp (/ u(s)ds) z0(a) da (3.7)
0 0
where ® : L' ([0, A];R) — R is the linear continuous functional defined by:

B(z) == Jo' #0(a) [ k(s) exp ([ (u(1) + D*) dl) dsda
Jy! ak(@)exp (= [y (u(1) + D*)dl) da
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4. RESULTS ON LINEAR INTEGRAL DELAY EQUATIONS

Since the previous sections have demonstrated the relation of age-structured PDEs to linear IDEs, we next
focus on the study of linear IDEs. The present section provides stability results for the system described by the
following linear IDE:

A
z(t) = /0 p(a)z(t — a)da (4.1)

where x(t) € ®, A > 0 is a constant and ¢ € C°([0, A];R). The results of the present section allow the
construction of Lyapunov functionals for linear IDEs, which provide formulas for Lyapunov functionals of age-
structured PDEs (since the zero dynamics of the controlled age-structured model are described by linear IDEs).
All proofs of the results of the present section are provided in the Appendix.

4.1. The notion of the solution-existence/uniqueness

For every 9 € C%([—A,0;;R) with z0(0) = fOA p(a)xg(—a)da there exists a unique function x €
CY([~A, +0); R) that satisfies (4.1) for ¢ > 0 and z(—a) = z¢(—a) for all a € [0, A]. This function is called
the solution of (4.1) with initial condition zg € C°([—A,0];R). The solution is obtained as the solution of the
neutral delay equation & fo ola)z(t — a)da) =0 (Thm. 1.1 on p. 256 in [10] guaranteee the existence

of a unique function z € CO([ A, +00); )ﬂCl(( ,+00); R) that satisfies & (z fo x(t —a)da) = 0 for
t >0 and z(—a) = zo(—a) for all a € [0, A4]).
Therefore, the IDE (4.1) defines a dynamical system on

X = {x € C°'([-A,0;R) : z(0) = /OA gp(a)ac(—a)da} with state ©; € X (4.2)

where (x¢) (—a) = z(t — a) for all a € [0, A] (see Notation).

4.2. A Basic estimate and its consequences

The first result of this section provides useful bounds for the solution of (4.1) with non-negative kernel. Notice
that the following lemma allows discontinuous solutions for (4.1) as well as discontinuous initial conditions.

Lemma 4.1 (A basic estimate for the solution of linear IDEs). Consider the IDE (4.1), where ¢ €
CY ([0, A];Ry) is a given function with fOA p(a)da > 1. Let 6 > 0 be an arbitrary constant with f06 p(a)da < 1.
Then for every & € L ([—A,0);R) there emsts a unique function x € LS ([—A,+00);R) with z(a) = &(a)
for a € [—A,0) that satisfies (4.1) for t > 0 a.e.. Moreover, x € LS. ([—A,+00); R) satisfies for all t > 0 the
following inequality:

e\
min( inf (§(a)),<L ) inf (§(a))>< inf (z(t+a))

—A<a<0 —A<a<0 —A<a<0

< sup (z(t+a)) < max ((f - c)“hlf

—A<a<0

sup (§(a)) , sup (5(@))) (4.3)

—C —A<a<0 —A<a<0

where h := min(§, A — §) L—fO da>10—f0<p )da < 1.

A direct consequence of Lems 4.1 and 3.2 is that if k € PC ([0, A]; R), then for every z9 € PC* ([0, A]; R)
satisfying zo(0 fo a)da and zg(a) > 0 for all a € [0, A], the corresponding solution of (3.1), (3.2)
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satisfies z(t,a) > 0, for all (t,a) € R4 x [0, A]. To see this, notice that if fOA (a) exp ( foa ds) da > 1 then
we may apply Lemma 3.2 and Lemma 4.1 directly for the IDE (3 4). If fOA (a) exp ( fo ds) da < 1 then

we define x(t) = exp(pt) (t) for all t > — A, where p > 0. Then (¢ fo (a)exp (pa — [3 p(s)ds) z(t — a)da
for t > 0 and fo a)exp (pa — [ p(s)ds) da > 1 for p >0 sufﬁmently large.
Another consequence of Lemmas 4.1 and 3.2 is that if k € PC([0, A]; R4 ), then the quantity Wna(}[t]) -1

appearing in the right hand side of the transformation (2.21) is only a function of ¢t — a (and thus (2.19) is
a valid transformation). Indeed, it is straightforward to verify that for every plecewme contlnuous function
D : Ry — [Dmin, Dmax] and for every fo € PC([0, A; (0, +00)) with fo(0 fo a)da, the solution
of (2.1), (2.2) with f(O a) = fo(a) for a € [0, 4], corresponding to input D §R+ — [Dmm,Dmax] satisfies
ft,a) = z(t,a) exp(— fo s)ds) for all (t,a) € Ry x [0, A], where z : [0,4+00) x [0, A] — R is the solution
of (3.1), (3.2) w1th same 1n1t1a1 condltlon 2(0,a) = fo(a) for a € [0, A]. Using (2.4), (3.3) and equation f(t,a) =
2(t,a) exp(— fo , we get:

];(f(’;l)) =M texp (D*a - /t D(s)ds) v(t —a), forall (t,a) € Ry x [0, A] (4.4)
Using (2.4), (2.9), (3.3), equation f(t,a) = z(t,a) exp( fo ) and definition (2.10), we get:

M/ wh(w)dw T(f[t —exp( / D(s ds)/ o(t — a) exp (D*a) (/A z%(s)ds> da
— exp (D*t—/OtD(s)ds> /;A o(l) exp (— D) ( :lic(s)ds> dl

Since v(t) > 0 for all t > —A (a consequence of (3.3) and the conclusion of the previous paragraph), the above
equation implies that IT(f[t]) > 0 for all ¢ > 0. Combining the two above equations, we get:

f(t,a) _ v(t — a)exp (—D* (t—a) fOA wk(w)dw
FH@IUE) it o@yexp (—D0) (1 R(s)ds ) ai

where k(a) = k(a) exp (=D*a— [ pu(s)ds) for a € [0, A]. Notice that (3.4) implies that

, for all (t,a) € Ry x [0, A (4.5)

d [* .
T/ v(l) exp (—=D*1) (

for all t > 0. Indeed, we have for all ¢ > 0:

d t . A 5 B ) A B : i )
! - v(l) exp (—D*1) (/tl k(s)ds) dl = v(t) exp (—D*t) (/0 k(s)ds) — /th v(D)k(t — 1) exp (=D*1)dl

A A
=ov(t)exp (—D"t) (/0 E(s)ds) - /0 v(t — a)k(a) exp (=D*(t — a)) da

Using definition k(a) = k(a)exp (—D*a — [ u(s)ds) for a € [0,A] and the fact that fo ds =1 (a
consequence of (2.3)), we get for all £ > 0:

%/ttAv(Z)eXp (=D0) (/tAl %(s)d‘S) di = exp (—D") (”(t) - /OAv(t — a)k(a)exp (— /Oa u(s)ds> da>

A
lé(s)ds> dl =0

t—1
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which combined with (3.4) gives & ftt 4 u(l)exp ( (ft K (s ds) dl = 0 for all ¢ > 0. Therefore, using the
fact that v(—a) = exp ([ p(s)ds) 2(0,a) = exp (fo s)ds) fo(a), for all a € (0, A], we get for all ¢ > 0

l/tiAv(l)exp (=D*I) (/:l lé(s)ds> dl = /_OAv(l)exp (=D*I) (/j lé(s)ds) di
= /OA fo(w) exp <D*w + /Ow ,u(s)ds> (/wA l%(s)ds) dw

Consequently, the quantity a1 g a function only of t — a, since we have for all (t,a) € 1 x [0, A]:
Fr(a)II(f1t])

f(ta) fOA wk(w)dw
f*(a)II(f[t]) fOA fo(w)exp (D*w + [ pu(s)ds) (fufx INc(s)ds) dw

v(t —a)exp (=D*(t —a)).

4.3. The strong ergodic Theorem in terms of IDEs

Next, we state the strong ergodic theorem (Thm. 3.3) in terms of the IDE (4.1). To this goal, we define the
operator

G+ O (=4, 01 R) — C° ([0, AJ; ®)
for every v € C° ([—A,0]; R) by the relation (Gv)(a) = v(—a) for all a € [0, A].

If p € CO([0, Al; R, k € PC* ([0, A]; R,) satisfy (2.3) for certain D* € R, then it follows from Lemma 3.2
and Theorem 33 that there exist constants € > 0, K > 1 such that for every zo € PC! ([0, A];R)

satlefylng zo = fo a)da, the unique solution of the IDE (3.4) with initial condition v(—a) =
exp ([ 1 ) o(a) for all a e [0 A] satisfies for all ¢ > 0 the following estimate:
A A
/ l(t — @) — exp (D" (¢ — a)) B(z0)| da < K exp (D" — e)t)/ v(—a)| da (4.6)
0 0
The above property can be rephrased without any reference to the PDE: for every k& € PC* ([0, A]; R}) with
1= fo exp D*a) da there exist constants ¢ > 0, K > 1 such that for every vy € C’O ([ A 0] R) with
fo —a)da and (Guvg) € PC! ([0, A]; R), the unique solution of the IDE v(t fo v(t —a)da
w1th initial condltlon v(—a) = wvo(—a), for all a € [0,A] satisfies (4.6) for all ¢ 2 0, w1th zo( ) =
v(—a)exp (— [ p(s)ds) for a € [0, A.
Usmg the transformatlon w(t) = exp(—D* Yo(t), for all t > —A, we obtain a “one-to-one” mapping of
solutions of the IDE v(¢ fo v(t — a)da to the solutions of the IDE (4.1) with ¢(a) := k(a)exp(—D*a)

for all a € [0, A]. Moreover estlmate (4 6) implies the following estimate for all ¢ > 0:
A A
/ |z(t —a) — P(xo)|da < K exp (—et)exp (D*A) / |z(—a)| da
0 0
where the functional P : C° ([—A4,0];R) — R, is defined by means of the equation
A A
P(z) = 7"/ ac(—a)/ p(s)dsda (4.7)
0 a

-1
and 1 := (fOA a@(a)da) . The functional P : C° ([-A, 0]; R) — R is found by substituting zo(a) (for a € [0, A))
in the functional @ : L' ([0, A]; R) — R defined by (3.8).
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Therefore, we are in a position to conclude that the following property holds: for every ¢ € PC! ([0, A]; R4)
with 1 = fo a)da there exist constants K,e > 0 such that for every zo € C°([—A,0];R) with z0(0) =

fOA wla)zo(—a )da and (Gzo) € PC ([0, A];R), the unique solution of the IDE (4.1) with initial condition
z(—a) = xo(—a), for all a € [0, A] satisfies the following estimate for all t > 0

A B A
/ |z(t —a) — P(xo)|da < Kexp (—¢ t)/ |z(—a)| da (4.8)
0 0

Using this property, we obtain the following corollary, which is a restatement of the strong ergodlc theorem
(Thm. 3.3) in terms of IDEs and the L> norm. Recall that X = {z € C°([-A,0]; R fo o(a a)da}.

Corollary 4.2 (The strong ergodic theorem in terms of IDEs). Suppose that ¢ € PCt ([0, Al; Ry) with 1 =
fOA ¢(a)da. Then there exist constants M,o > 0 such that for every xo € X with (Gzg) € PC' ([0, Al; R), the
unique solution of the IDE (4.1) with initial condition x(—a) = xo(—a) for all a € [0, A] satisfies the following
estimate for all t > 0:

Cmax (a(t +6) — P(ao))) < Mexp(—t)_max (Jao(a) (4.9)

4.4. The construction of Lyapunov functionals

The problem with Corollary 4.2 is that it does not provide a Lyapunov-like functional which can allow the
derivation of the important property (4.9). Moreover, it does not provide information about the magnitude
of the constant ¢ > 0. In order to construct a Lyapunov-like functional and obtain information about the
magnitude of the constant o > 0, we need some technical results. The first result deals with the exponential
stability of the zero solution for (4.1). Notice that the proof of the exponential stability property is made by
means of a Lyapunov functional.

Lemma 4.3 (Lyapunov functional for the general case). Suppose that

A
/ lo(a)|da < 1 (4.10)
0
Then 0 € X is globally exponentially stable for (4.1). Moreover, the functional V. : X — R4 defined by
Viz) = m[(z)uil] (exp(—oa)|z(—a)|), where ¢ > 0 is a constant that satisfies fOA |o(a)|exp(oa)da < 1, satis-
ac|0,

fies the differential inequality:
limsup (b~ (V(ze4n) — V(ze))) < =0 V(zy), forall t>0 (4.11)
h—0*t

for every solution of (4.1).

Lemma 4.3 is useful because we next construct Lyapunov functionals of the form used in Lemma 4.3. How-
ever, we are mostly interested in kernels ¢ € C°([0, A]; R) with non-negative values that satisfy fOA p(a)da = 1.
We show next that even for this specific case, it is possible to construct a Lyapunov functional on an invariant
subspace of the state space X. We next introduce a technical assumption.

(H1) The function o € CO([0, A];R) satisfies p(a) > 0 for all a € [0, A] and fOA p(a)da = 1. Moreover, there
—1
exists X > 0 such that fOA ‘go(a) —rA faA go(s)ds’ da < 1, where r := (fOA ago(a)da)

The following result provides the construction of a Lyapunov functional for system (4.1) under assump-
tion (H1).
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Theorem 4.4 (Lyapunov functional for linear IDEs with special kernels). Consider system (4.1), where ¢ €
CO([0, A];R,.) satisfies assumption (H1). Let A > 0 be a real number for which fOA ’go(a) —7rA faA @(s)ds‘ da < 1,

where T = (fOA ap(a)da)~t. Define the functional V : X — Ry by means of the equation:

V() = max (exp(-0a)[r(-a) - P(z)]) (4.12)

where o > 0 is a real number for which fOA lp(a)—rA faA p(s)ds|exp(oa)da < 1 and P : X — R is the functional
defined by (4.7). Then the following relations hold

P(xy) = P(xo), forallt>0 (4.13)

limsup (b~ (V(z44n) — V(21))) < =0 V(xy), forallt>0 (4.14)
h—0%+

for every solution of (4.1).

Remark 4.5. Theorem 4.4 is a Lyapunov-like version of the scalar strong ergodic theorem (compare with
Corollary 4.2) for kernels that satisfy assumption (H1). Corollary 4.2 does not allow us to estimate the magnitude
of the constant o > 0 that determines the convergence rate. On the other hand, Theorem 4.4 allows us to
estimate o > 0: the Comparison Lemma on page 85 in [19] and differential inequality (4.14) guarantee that
V(ze) < exp(—ot)V(xo) for all ¢ > 0 and for every solution of (4.1). Using (4.13), definition (4.12) and the
previous estimate, we can guarantee that

max (j=(t —a) — Pa)]) = max (o(t — )~ Plzo))

< exp(—o (t — A)) m{g}i} (|lx(=a) — P(xo)]), for allt >0
acl0,

Therefore, bounds for o > 0 can be computed using the inequality fOA ‘(p(a) —7rA faA np(s)ds’ exp(ca)da < 1 (e.g.,
an allowable value for o > 0 is —A~! ln(fOA lo(a) —rA faA »(s)ds|da)). Moreover, Corollary 4.2 does not provide

a Lyapunov-like functional for equation (4.1). However, the cost of these features is the loss of generality: while

Corollary 4.2 holds for all kernels o € PC* ([0, A]; R ) that satisfy p(a) > 0 for all @ € [0, A] and fOA p(a)da =1,
Theorem 4.4 holds only for kernels that satisfy assumption (HI).

Theorem 4.4 can allow us to guarantee exponential stability for the zero solution of (4.1), when the state
evolves in certain invariant subsets of the state space. This is shown in the following result.

Corollary 4.6. Lyapunov functional for linear IDEs on invariant sets Consider system (4.1), where ¢ €
CO([0, A]; R,) satisfies assumption (H1). Let A > 0 be a real number for which fOA ’np(a) —TA faA @(s)ds‘ da < 1,
where r = (fOA ap(a)da)™t. Let P : X — R be the functional defined by (4.7). Define the functional
W : X — Ry by means of the equation:

W(z) := max (exp(—oa)|z(—a)|) (4.15)
a€0,A4]
where o > 0 is a real number for which fOA ‘go(a) —7A faA go(s)ds‘ exp(oa)da < 1. Let S C X be a positively

invariant set for system (4.1) and let C : S’ — [k, +00), where k > 0 is a constant and S" C C°([—A,0]; R) is
an open set with S C S’, be a continuous functional that satisfies

limsup (b~ (C(244n) — Clzy))) <0 (4.16)

h—0t
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for every t > 0 and for every solution x(t) € R of (4.1) with x; € S. Then for every xo € S with P(xy) =0 and
for every b € Ko N C([0, +00); Ry ), the following hold for the solution x(t) € R of (4.1) with initial condition
zo € S:

liillrri%lip (W (C(@e3n)b(W (z440)) — C(2)b(W (24)))) < —0 Cz)b (W (20))W (2¢), for all t >0 (4.17)

P(x) =0, forallt>0 (4.18)

Remark 4.7. The differential inequality (4.16) is equivalent to the assumption that the mapping ¢t — C(z;) is
non-increasing.

(b) Using assumption (H1) and Lemma 4.1, we can guarantee that the mapping ¢ — g1 () is non-decreasing
and that the mapping ¢ — g2(z¢) is non-increasing for every solution of (4.1), where g1, g2 : C°([—A,0]; R) — RN
are the continuous functionals g;(x) ;== min (z(—a)) and gs(x) := mgx] (z(—a)). Indeed, Lemma 4.1 implies

) )

that for every solution of (4.1) it holds that:

91(w0) < g1(we) < g2(wt) < g2(w0), for allt >0 (4.19)

Consequently, any set of the form S = {z € X : am&r}lq](x(—a)) >caf, S={re X : rrhziﬁ](x(—a)) < c2},

S={zeX: :a< a?ﬂéﬂ]@(_“)) < mai](x(—a)) < ¢}, where ¢1 < ¢g are constants, is a positively invariant
set for (4.1). Moreover, using the semigroup property for the solution of (4.1) and (4.19), we get

g1(2e,) < g1(zyy) < g2(at,) < ga(xe,), forallty >t2 >0 (4.20)

The above inequality shows that the mapping ¢t — ¢1(z;) is non-decreasing and that the mapping t — go(z¢) is
non-increasing for every solution of (4.1).

5. PROOFS OF MAIN RESULTS
We next turn our attention to the proof of Theorem 2.1. Throughout this section we use the notation:
q(z) :== min (Dyax — D™, max (—(D* — Din),z)), for all z € R (5.1)
Notice that g(z) is a non-decreasing function, which satisfies the equation:
q(z) =sat(D* +z) — D*, forallzeR (5.2)

Equation (5.2) and the fact D* € (Dpin, Dmax) imply the inequality

lg(z)| < max (Dpax — D*, D* — Din), for all z € R (5.3)
We also notice that the inequality

.T2

1+ ||
holds. Indeed, inequality (5.4) can be derived by using definition (5.1) and distinguishing three cases: (i) —(D* —
Dpin) < & < Dyax — D*, (ii) @ > Dyax — D*, and (iii) —(D* — Dpin) > x. For case (i) we get from (5.1)

min(1,Dmax—D*,D* —Dmin)
1+

get from (5.1) zq(x) = (Dmax — D*) |z| and since Dyax — D* > min (1, Dyax — D*, D* — Dyin), |2| >
we conclude that (5.4) holds in this case. The proof is similar for case (iii).

The proof of Theorem 2.1 is based on the transformation shown in Figure 1 and on the following lemmas.
Their proofs can be found in the Appendix.

xq(z) > min (1, Dypax — D", D* — Diyin) , forall x e R (5.4)

xq(r) = 22 and since 1 > , we conclude that (5.4) holds in this case. For case (ii) we
3:_2

T+



STABILITY OF INTEGRAL DELAY EQUATIONS AND STABILIZATION OF AGE-STRUCTURED MODELS 1683

Lemma 5.1. Consider the control system

A
i(t) = D" = D(t), ¢(t) = /O k(a)y(t —a)da, (n(t),¥(t)) € R? (5:5)

where A > 0 is a constant, D* € (Dmin, Dmax) 98 a constant, Dimax > Dmin > 0 are constants, ke CO([0, A; R4)
satisfies assumption (A) and fOA k(a)da = 1. The control system (5.5) is defined on the set R x S, where

A
S = S*ﬂ {veC'([-A4,0;;R) : P(y)=0} .S = {w € CY([-A,0];(—1,+00)) : ¥(0) = /0 l;(a)w(—a)da}
1

and P(1) is the linear functional P(¢) := rfOA P(—a) faA k(s)dsda with r = (fOA alZ;(a)da)i . The measured
output of system (5.5) is given by the equation

A
Y(t)=n(t)+1In (1 + /0 gla)y(t — a)da) (5.6)

where the function g € CO([0, A];R) satisfies g(a) > 0 for all a € [0, A] and fOAg(a)da = 1. Consider the
closed-loop system (5.5) with the dynamic feedback law given by

a(t) = 2t) = Dt) — i (21(t) =Y (1), 2(t) =-l(a) - Y1), 2()=(a),21) eR® (57

and
D(t) = sat (z2(t) + 7Y (t)) (5.8)

where l1,la,y > 0 are constants. Let p1,p2s > 0 be a pair of constants satisfying (2 + lip1 — 2l2p2)2 < 8lip1 —
Alap?, p? < 4pa. Then there exist sufficiently large constants M, G > 0 and sufficiently small constants L,o > 0
such that for every constant 3 > 0 and for every zo € R%, (no,%0) € R x S the solution (2(t),n(t),:) €
N2 x N x S of the closed-loop system (5.5), (5.6) with (5.7), (5.8) and initial condition (n(0),z(0)) = (1o, 20),
W(—a) =1o(—a) for all a € [0, A, is unique, exists for all t > 0 and satisfies the differential inequality

limsup (R~ (V(n(t + h), z(t + ), en) — V(n(t), 2(),¢r))) < —L V(n(), 2(t), ¢)

, forallt>0 (5.9)

h—0+ 1+ \% V(n(t)v Z(t)7 '(/)t)
where V : R x R2 x CO([—A,0]; (=1, +00)) — Ry is the continuous functional defined by:
V(n,z,9) == n* + G/ Q(2,1,9) + BQ(z,n,9) (5.10)

M| acloa (exp(—aa) [¢(—a)l)

Qz,m, ) := (21 —m)> = p1(z1 =) (22 — D*) + pa(z2 — D*)* + —
1+ min (O, min (1/1(—&)))

2
a€0,A]

(5.11)
Lemma 5.2. Suppose that there exists a constant L > 0 such that the continuous function ¢ : Ry — Ry
satisfies:

limsup (b~ (p(t + k) — ¢(t))) < —L ﬂ, forallt>0 (5.12)

h—0+ 14+ /()
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Then the following estimate holds:
L
©o(t) < p(0) exp (max (0, p(0) — 1)) exp <—5t> , forall t>0 (5.13)

We are now ready to provide the proof of Theorem 2.1.

Proof of Theorem 2.1. Define

—a) = 7}"0(@) — or all a
Po(—a) T 1, for all a € [0, Al (5.14)
no = In (I(fo)) (5.15)

It is straightforward to verify (using definitions (2.8), (5.14), (2.10) and equation (2.4)) that P(i¢) = 0, where
() = TfOA P(—a) faA k(s)dsda with r := (fOA ak(a)da)~'. Define

g(a) :==p(a)f*(a )/y* for all a €10, A] (5.16)
Notice that (2.4) and the fact that M = fo eXp( D*a — [ p(s)ds) da)~'imply that the function
g € C°([0, A]; R) satisfies g(a) > 0 for all a € [0 A] and fo a)da = 1.

Next consider the solution (z(t),n(t),v:) € ERQ x R x S of the closed-loop system (5.5) with (5.7), (5.8)
and initial condition (7(0),2(0)) = (1o, 20), Y(—a) = YPo(—a) for all a € [0, A]. Lemma 5.1 guarantees that
the solution (z(t),n(t),v:) € R? x §R X S of the closed-loop system (5.5) with (5.7), (5.8) exists for all ¢ > 0.
The solution of the IDE () fo Y(t — a)da is 01 on (0 +00) since it coincides with the solution of the

delay differential equation 1)(t) = (0)¢(t) —k(A)p(t— A) + fo k'(a)y(t — a)da with the same initial condition.
Therefore by virtue of (5.14), the function defined by:

f(ta) = (1+9(t —a)) f*(a)exp(n(t)), for (t,a) € Ry x [0, 4] (5.17)

is continuous and f € C' (Dy;(0,+00)), where Dy = {(t,a) € (0,400) x (0,A) : (a —t) ¢ BJ{0,A}} and
B C (0, A) is the finite (possibly empty) set where the derivative of fy € X is not defined or is not continuous.
Since 1 € S, it follows that f[t] € X for all t > 0, where (f[t])(a) = f(t,a) for a € [0, A]. Using (5.15), (5.17)
and (5.5) we conclude that

n(t) =In (II(f[t])), for allt>0 (5.18)

Moreover, using (5.5)—(5.8), (5.16)—(5.18), we conclude that equations (2.5)—(2.7) hold for all ¢ > 0 and
equation (2.1) holds for all (¢,a) € Dy. Finally, by virtue of (5.14), (5.15) and (5.17), it follows that z(0) = zo,
7(0,a) = fo(a) for all a € [0, A].

Using (2.12), (2.13), (5.17), (5.18) we conclude that V(n(t), z(t), ) = W(z(t), f[t]) for all £ > 0. Therefore,
the differential inequality (5.9) implies the differential inequality (2.14).

Lemma 5.2 in conjunction with inequality (5.9), implies that the following estimate holds:

Vi(n(t),z(t),¥t) < V(no, z0,%0) exp (max (0, V (1o, 20, %0) — 1)) exp <—§t> , forallt>0 (5.19)

Since p1,p2 > 0 is a pair of constants with p? < 4p,, it follows that the quadratic form Ale) = el pieies +p262
is posltlve definite. Therefore, there exist constants Ko > K > 0, such that K |e \ < A(e) = e?—prerea+pae3 <
Ko |e|?, for all e € R2. Using the previous inequality, (5.10), (5.11) and (5.19), we obtain the following estimates
for all t > 0:

112 (t) < V (1o, 20, %0) exp (max (0, V (110, 20, ¢0) — 1)) exp <—§t> (5.20)
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max (exp(—oa)|¢i(—a)l)
M acoAl ) < Vo, 20, %o) exp (max (0, V(10 20, %) — 1)) exp (—gt) (5.21)

2
Lt min (0. B
+mln< > Jin, (Vt(=a))

G

GV/Kimax (|z1(t) — n(t)], |z2(t) — D*|) < V (10, 20, t0) exp (max (0, V (1o, 20, ¥o) — 1)) exp <—§t> (5.22)

Estimates (5.20)—(5.22) and the fact that M,G > 0 are sufficiently large constants (with GvK; > 3 and
G,/ % > 3), imply the following estimate for all ¢ > 0:

nax (exp(—0a) [pu(=a)])

1min (0, min, ()

a€l0,A]

In(t)] +

+ [21(0)] + |22(t) — D7

< (V(Wo, 20, %0) + v/ V (10, Zoﬂ/’o)) exp (max (0, V' (no, 2z0,%0) — 1)) exp <—§t> (5.23)

Using (5.17) and the fact that |In(1 + z)| < H—#J(xo) for all x > —1, we get the estimate for all a € [0, A]:

exp(74) max. (exp(=o s) [vs(~s))

temin (0, min, (-5

s€[0,A]

[t = a)|
1+ min (0,9(t — a))

hu (2

L) < o +

< [n(t)] +

which implies the following estimate for all ¢ > 0:
A _ _
o exp(o4) . (exp(~o a) b (~a))
max In (@) <In()| + (5.24)
acloA] “ 1+ min (0, min (1/%(—(1)))
a€[0,A]

Combining (5.23) and (5.24), we obtain the following estimate for all ¢ > 0:

o (D)) + a0+ aat) - 7

<exp(cA) (V(Wo, 20,%0) + v/ V (10, Zoﬂ/’o)) exp (max (0, V'(no, 20, ¥o) — 1)) exp <—§t> (5.25)

max (
a€l0,A]

Taking into account (5.25), we conclude that the validity of (2.11) relies on showing that there exists a func-
tion b € K, that satisfies the following inequality for all fy € X and zg € R2? and for (n9,%0) € R x S

satisfying (5.14), (5.15):
Jfola) ) D >
In + 121,0] + |22,0 — D* 5.26
(So22)]) + 1onal +1 | (5.26)
In order to show (5.26), and taking into account definitions (5.10), (5.11), it suffices to show there exist func-
tions b1,by € Ko for which the following inequalities hold for all fy € X and for (n9,v0) € R x S satisfy-
ing (5.14), (5.15):

<b
o] < by (a?[é’ﬁ] (

V(no, z0,%0) < b ( max <

a€l0,A]

) max (exp(—0a) o(—a))
ln(fo( >)D) | H[in ] (Op — <w:<a>>) < by ( o (

a€[0,A]
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In what follows we are using repeatedly the notation v = maﬁ (‘ln (f O(ZD D and the fact that
a€l0

o = i, (7)< s () =0 o2

Inequality (5.28) follows from the definition v = mgui‘ (’m (f = )‘ and the following implications
a€|

b (#)
fola)
f*(a)
fola)
*(a)

<w, forall a €0, 4]

= —v<lIn

> <w, forall a €0, 4]

= exp(—v) < < exp(v), for all a €0, A]

~

Using (2.4) and (2.9) we get for all fo € X:

i () = 700 = s (755) 629

Inequalities (5.29) is derived by means of definition (2.9), which directly implies

S5 77 (@) ([ k() exp ([ (w(0) + D7) dl) ds ) da hola) ) fola)
= Ji" ak (@) (a)da s (F) = 700, (76)

foA F*(a) (faA k(s)exp (fsa (u(l) + D*) dl) ds) da ) fola) . ) fola)
Tifo) 2 fOA ak(a)f*(a)da ag[lérzl‘l] <f*(a)> =107 < )
Moreover, by virtue of (2.4) and (2.9), we have IT(f*) = 1, since

It (@) (7 ks exo ([ () + D) dl) ds) da
B J;¥ak(a)f*(a)da
M [} exp (~D*a — [ u(s)ds) (faA k(s)exp (f* (u(l) + D*) dl) ds) da
M [ ak(a)exp (—D*a — [ j(s)ds) da
B I (ff k(s)exp (—D*s — [o u(1)dl) ds) da
- foA ak(a)exp (—D*a — [} pu(s)ds) da

Notice that for the last equality above we have used integration by parts for the integral in the numerator.
Combining (5.28), (5.29) and using (5.15) we get:

Ino| <w (5.30)

Consequently, (5.30) shows that the first inequality (5.27) holds with b;(s) = s for all s > 0. On the other hand,
using (5.14), (5.15) we get for all fo € X and a € [0, A]:

fola) — exp(— — 1| an —a exp(— min fola) —
P 1|+ foxp(-m) 1] and vul-a) > exp(-m) in, (1) <1 s

[Yo(=a)| < exp(=p)
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Using (5.28) and (5.30), we obtain for all fo € X and a € [0, AJ:
[o(—a)| < exp(2v) — 1 and ¢Po(—a) > exp(—2v) — 1 (5.32)
The following inequality is a direct consequence of (5.32):

aren[(z)x,}i] (exp(—o a) |o(—a)l)

1+ min (0 min (%(—a)))

a€(0,A]

< exp(2v)(exp(2v) — 1) (5.33)

Consequently, (5.33) shows that the second inequality (5.27) holds with by(s) = exp(2s)(exp(2s) — 1) for all
s > 0. The proof is complete. O

The proof of Theorem 2.4 is based on the transformation shown in Figure 1 and on the following lemma. Its
proof can be found in the Appendix.

Lemma 5.3. Consider the control system (5.5) where A > 0 is a constant, D* € (Dpin, Dmax) s a constant,

Dmmax > Dumin > 0 are constants, k € C°([0, A]; Ry) satisfies fo a)da = 1. The control system (5.5) is defined
on the set ¥ x S, where

A
S=S8{¢eC'-A,0:R) : P()=0},5= {w € C([=A,0; (=1,400)) : (0) = /0 %<a)w<—a)da}

and P(y) = rfOA P(—a) faA k(s)dsda with r := (fOA ak(a)da)™t is a linear functional. The measured output
of system (5.5) is given by the equation (5.6), where the function g € C°([0, A];R) satisfies g(a) > 0 for all
a €10, A] and fOAg(a)da = 1. Consider the closed-loop system (5.5) with the dynamic feedback law given by

D(t) =sat (D* + T7'Y (iT)), for all t € [iT, (i + 1)T) and for all integers i > 0 (5.34)

where T > 0 is a constant. Let G : C°([—A,0;;R) — C° ([0, A];R) be the operator defined by the relation
(Gv)(a) = v(—a) for all a € [0, A] for everyv € CV ([=A,0]; R). Then there exist a constant L > 0 and a function
Kk € Koo such that for every (no,vo) € R x S with (Gabg) € PC* ([0, A]; R) the solution (n(t),1:) € R x S of the
closed-loop system (5.5), (5.6) with (5.34) and initial condition n(0) = no, Y(—a) = o(—a) for all a € [0, 4], is
unique, exists for all t > 0 and satisfies the following estimate for all t > 0

s, (Wt + ) _max ([¢o(s)])
()] + — <exp(=Li)k | |no| + 7 (5.35)
1+ min (0 , —frlngi?go ((t + 5))) 1 + min (O mln (1/10( )))

We are now ready to provide the proof of Theorem 2.4.

Proof of Theorem 2.4. Define (10, %0) € & x S by means of (5.14), (5.15). It is straightforward to verify (using
Defs. (2.8), (5.14), Eq. (2.4) and the fact that k(a) = k(a)exp (—D*a — foa )ds) for all a € [0, A]) that
P() = 0 and (Gabg) € PC* ([0, A]; R), where P(¢)) = rfOA f k(s)dsda Wlth e fOA ak(a)da)~! and
G : C°([-A,0];R) — C°(]0, A; R) is the operator defined by the relatlon (Gv)(a) = ’U(— ) for all a € [0, A]
for every v e CO(-A 0}8?) Define g by means of (5.16) and notice that (2.4) and the fact that M =

(fo a)exp(—D*a— [ p ds) da)~limply that the function g € C°([0, A]; R) satisfies g(a) > 0 for all
ae[OAandfO a)da = 1.
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Next consider the solution (n(t), 1) € R x S of the closed-loop system (5.5), (5.6) with (5.34) and initial condi-
tion n(0) = no, Y (—a) = o(—a) for all a € [0, A]. Lemma 5.3 guarantees that the solution (n(t), ¢) € Rx S of the
closed-loop system (5.5), (5.6) with (5.34) exists for all ¢ > 0. Moreover, there exist a constants L > 0 and a func-
tion k € Ko such that for every (no,10) € R x S with (Gig) € PC* ([0, A]; R) the solution (n(t), 1) € R x S of
the closed-loop system (5.5), (5.6) with (5.34) and initial condition 77(0) =19, ¥(—a) = o(—a) for all a € [0, A],
satisfies estimate (5.35). The solution of the IDE (t) fo P(t — a)da is C! on (0 +oo) since it coin-

cides with the solution of the delay differential equation t)(t) = ~(0)1/1( t) — k(A)(t — A) + fo K (a)y(t — a)da
with the same initial condition. Therefore by virtue of (5.14), the function defined by (5.17) is continuous
and f € C'(Dy;(0,+00)), where Dy = {(t,a) € (0,7) x (0,A) : (a—t) ¢ BU{0,A},t# T [T~'t] } and
B C (0,A) is the finite (possibly empty) set where the derivative of fy € X is not defined or is not con-
tinuous. Since 1, € S, it follows that f[t] € X for all t > 0, where (f[t])(a) = f(t,a) for a € [0, A]. Us-
ing (5.15), (5.17) and (5.5) we conclude that (5.18) holds. Moreover, using (5.5), (5.6), (5.34), (5.16)—(5.18),
we conclude that equations (2.5), (2.15) hold for all ¢ > 0 and equation (2.1) holds for all (¢,a) € Dy. Finally,
by virtue of (5.14), (5.15) and (5.17), it follows that f(0,a) = fo(a) for all a € [0, A].
Using (5.17) and the fact that |In(1 + )| < H_#J(%O) for all 2 > —1, we get the estimate for all ¢ > 0:

max (|1 (—a)])

t a

T p—

a€l0,4] a 1 4 min (O amln (e (— )))

Combining (5.35) and (5.36), we obtain the following estimate for all ¢ > 0:
Po(s)])
f(t.0) e,

1 < —Lt 5.37
aé‘%i’i](’“(f*(a) S o

1+min<0 min | (do(s )))

Estimate (2.17) for certain p € K is a direct consequence and inequalities (5.27) for certain by, by € K. The
proof is complete. a

6. USING A REDUCED ORDER OBSERVER

Instead of using the full-order observer (2.6) of the system 7(t) = D*(t) — D(t), D*(t) = 0, one can think of
the possibility of using a reduced order observer that estimates the equilibrium value of the dilution rate D*.
Such a dynamic, output feedback law will be given by the equations:

NN C O .
At) = —lly () + Bl (y) LD(t), z(t)eR (6.1)
and 0
= —1;1z 5 1n A .
D(t)—sat( Iy z(t) + (v +hily )1 (y >> (6.2)

where l1,l2,7 > 0 are constants. In such a case, a solution of the initial-value problem (2.1), (2.2), (2.5)
with (6.1), (6.2) with initial condition (fo, z0) € X x R, where X is defined in (2.8), means a pair of mappings
feC®([0,7) x [0, 4];(0,4+)), z € C* ([0, 7); R), where T > 0, which satisfies the following properties:

(i) f e C'(Dys;(0,+00)), where Dy = {(t,a) € (0,7) x (0,A) : (a—1t) ¢ BUU{0,A} } and B C (0, A) is the
finite (possibly empty) set where the derivative of fo € X is not defined or is not continuous,
(il) f[t] € X for allt € [0,7),
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&)
N

(iii) equations (2.5), (6. ) ( 2) hold for all ¢ € [0, 7)
(iv) equation Z%(t,a) —|— ( a) = — (pu(a) + D(t)) f(t,a) holds for all (¢,a) € Dy, and
(v) 2(0) = 20, f(0,a) = fo( ) for all a € [0, A].

The mapping [0,7) 3 t — (f[t], 2(t)) € X x R is called the solution of the closed-loop system (2.1), (2.2), (2.5)
with (6.1), (6.2) and initial condition (fo, 20) € X x R defined for t € [0, 7).

For the reduced-order observer case, we are in a position to prove, exactly in the same way of proving
Theorem 2.1, the following result. Since its proof is almost identical to the proof of Theorem 2.1, it is omitted.

Q)|

Theorem 6.1 (Stabilization with a reduced order observer). Consider the age-structured chemostat
model (2.1), (2.2) with k € PCY([0, Al; R,) under assumption (A). Then for every fo € X and zy € R there ex-
ists a unique solution of the closed-loop (2.1), (2.2), (2.5) with (6.1), (6.2) and initial condition (fo,z0) € X x R.
Furthermore, there exist a constant L > 0 and a function p € Ko such that for every fo € X and zy € R the
unique solution of the closed-loop (2.1), (2.2), (2.5) with (6.1), (6.2) and initial condition (fo,z) € X x R? is
defined for all t > 0 and satisfies the following estimate:

fta) * L fola) *
et (‘ln(f*w))‘)*'z“”w < e () o (e (‘ln(f*w))’)””w ) f‘”‘””(”;
6.3

Moreover, the continuous functional W : R x C°([0, A]; (0, +00)) — R defined by:

Wz, f) = (n(II(f)))* + G\V/Q(z f) + BQ(z, f) (6.4)

where 5 > 0 is an arbitrary constant,

‘f a)—TI(f) £ (a)
F(a)

max exp
Qz, f) = (z — L In (II(f)) + 12D*)* + M | aclo.4] (

2 : . f(a)
(o0 3, ()

I : C°([0, A]; R) — R is given by (2.9), o > 0 is a sufficiently small constant and M, G > 0 are sufficiently large
constants, is a Lyapunov functional for the closed-loop system (2.1), (2.2), (2.5) with (6.1), (6.2), in the sense
that every solution (f[t],z(t)) € X x R of the closed-loop system (2.1), (2.2), (2.5) with (6.1), (6.2) satisfies the
inequality:

)

(6.5)

limsup (=" (W (=(t + h), flt + ) = W(z(0), 1)) < —L — LGOI - po e > (6.6)

h—0+ L), )

The family of dynamic, bounded, output feedback laws (6.1), (6.2) presents the same features as the fam-
ily (2.6), (2.7). The only difference lies in the dimension of the observer.

7. SIMULATIONS

To demonstrate the sampled-data control design from Theorem 2.4, three simulations were carried out. In
each simulation we considered the case where

A=2,ua)=p=0.1,D"=1 (7.1)
and the birth modulus is given by

k(a) = ag,a €10,1] and k(a) = (2 — a)g,a € (1, 2], (7.2)
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where g > 0 is the constant for which the Lotka—Sharpe condition (2.3) holds. The model is dimensionless (a
dimensionless version of (2.1), (2.2) can be obtained by using appropriate scaling of all variables). After a simple
calculation it can be found that the constant g > 0 is given by:

D* 2
__WEDD)T o q1gmas (7.3)
(1 — e_(lH‘D*))

The output is given by the equation
2
y(t) = / f(t,a)da,t >0 (7.4)
0

In other words, the output is the total concentration of the microorganism in the chemostat. The chosen
equilibrium profile that has to be stabilized is the profile that is given by the equation:

f (a) =exp(—(D*+ p)a), foraec|0,2] (7.5)
The equilibrium value of the output is given by:

. 1—exp(=2(D*+p))
D*+pu

y = 0.808361 (7.6)

Two sampled-data feedback laws were tested: the state feedback law given by

D(t) = D; = sat (D* + T~ ' In (f(iT,0)/f*(0))), for all t € [iT, (i +1)T) and for all integers i >0 (7.7)

which is the sampled-data feedback law proposed in [18], and the output feedback law given by

D(t) = D; =sat (D* + T~ 'In (y(iT)/y*)) , for all t € [iT, (i + 1)T) and for all integers i >0 (7.8)
which is the sampled-data feedback law given by Theorem 2.4. For both feedback laws we chose:

T = 0.4, Dyin = 0.5, Dinaxe = 1.5 (7.9)

The following family of functions was used for initial conditions:

fola) = by —bra+ cexp(—0a), for a € |0,2] (7.10)
where bo,c 0 > 0 are free parameters and the constant b; € R is chosen so that the condition fy(0) =
fo a)da holds. After some simple calculations we find that

bi=g 'g—Dbo+c02(1—e ) —cg™? (7.11)

However, we notice that not all parameters by, c,0 > 0 can be used because the condition m[(l)n (fo(a)) >
ac

must hold as well.
The simulations were made with the generation of a uniform grid of function values:

fGih,jh), for j=0,1,...,50 and i >0 (7.12)

Where h = 0.04. For i« = 0 we had f(0, jh) fo(jh) for j = 0,1,...,50. The calculation of the integrals
fo f(ih,a)da and f(ih,0) = fo flih,a)da for every i > 0, was made numerically However,

since we wanted the numerical integrator to be able to evaluate exactly the integrals y(ih) fo flih,a)da
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and f(ih,0) fo f(ih,a)da for every i > 0 when f[ih] is an exponential function, i.e., when f(ih,a) =
Cexp(oa) for a €0, 2] and for certain constants C, o € R, we could not use a conventional numerical integration
scheme like the trapezmd s rule or Simpson’s rule. The reason for this demand to be able to evaluate exactly
the integrals y(ih) fo f(ih,a)da and f(ih,0) fo f(ih,a)da for every ¢ > 0 when f[ih] is an exponential
function is explalned by the fact that the equlhbrlum proﬁle (given by (7.5)) is an exponential function and we
would like to avoid a steady-state error due to the error induced by the numerical integration. To this end, we
used the following integration schemes:

SRR i f(ih (G + 1)h) = f(ih, jh) o Flih (4 o
(G+1)h
/  Jihayda 1G) = hf(ih ) for f(ih.(j+1)h) = Flih.ih) (7.13)

for j =2,3,...,49 and i > 0,
/Zh Fih,a)da ~ 1,(2) = p L0 20) = F2Gh. )/ £ (iR, 21)
2h

In (f(ih,2h)) —In (f(ih, h)) for  f(ih,h) # f(ih,2h)

/ f(ih,a)da ~ I;(2) = 2hf(ih,h) for f(ih,h) = f(ih,2h) (7.14)

SARL o fGih, (j + Dh) + j (f(ih, (j + D)R) — f(ih, jh))
/jh af(ih.a)da ~ JiG) = W === FGih, G T DR) — W (f (i)

_ PG (G + DR) = (iR, jh)) or  f(ih, (j + 1h ih,jh) (7.15

I Gk G+ D) —In (b ghyy? 77 @0+ DM £ GG (T15)

(7+1) 23+1
/ af(ih,a)da ~ Ji() = ZX w2 ngn) for  fGih, G+ Dh) = f(ih, jh)
jh

for j =2,3,...,24 and i > 0,
2h2f(ih, 2h)
In (f(ih,2h)) —In (f(ih, h))
. 2(ih,h
h2 (f(m,Qh) - §(fh,2h§>

~ (In(f(ih, 2h)) — In (f(ih, b))
2h
/0 af(ih,a)da ~ J;(j) =2h2f(ih,2h) for f(ih,h) # f(ih,2h)

2h
/ af(ih,a)da ~ J;(j) =
0

for  f(ih,h) # f(ih,2h) (7.16)

Gron o fih G+ Dh)
/jh, (2= a)f(ih,a)da~ IG(0) = = WL Gy DRy F i gh)
N h hf(ih, (G + 1)h) — hi(ih, h)
" (2 I GGt 1>h>/f<ih,jh>>> In (f(ih, (j + 1)h)/f(ih7(y%h1);)

for  f(ih, G+ D)h) £ f(ih, h)
h) RfGh jh) for fGh,(j+Dh) = f(ihjh)  (T.18)

(G+1)h ‘
/H (2 —a)f(ih,a)da ~ K;(j) = (2_ 23;1
J

jh
for j = 25,26,...,49 and i > 0.
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The derivation of formulas (7.13)—(7.17) is based on the interpolation of the function f;(a) = C;exp(o;a)
through the points (jh, f(ih,jh)) and ((j + 1)h, f(ih, (j + 1)h)) for j = 1,2,...,49. More specifically, we obtain
for j =1,2,...,49:

oy = hVIn (£(ih, (j + D)h)/ f(ih, jh))
C; = f(ih, jh) (F(ih, (j + 1)B)/ £ (ih, j1))

Based on the above interpolation, the exact integration formulas are used. For example, for the integral
fj( Jthh af(ih,a)da for j = 2,3,...,24, we get when o; = h='In (f(ih, (j + 1)h)/f(ih, jh)) # 0

(7.19)

h

(G+1h (G+Dh (G+1h
/ af(ih,a)da ~ / af;j(a)da = C; / aexp(o;a)da
J

ih jh jh
= Cjo; 'hexp(ojjh) (7 + 1) exp(ojh) — j) — Cjo;? (exp(o;(j + 1)h) — exp(a;jh))  (7.20)

and when o; = h=In (f(ih, (j + 1)h)/f(ih, jh)) =

(1) GHDR (G+1)h B2
/ af(ih,a)da ~ / af;j(a)da = Cj / ada = —C; (2j+ 1)
jh jh jh 2

Combining the above formulas with the estimated values for C}j, o; given by (7.19), we obtain formula (7.15).
Similarly, we derive formulas (7.13), (7 14), (7.16) and (7.17). Notice that the formulas (7.13)—(7.17) allow
the numerical evaluation of y(ih) fo f(ih,a)da and f(ih,0) fo f(ih,a)da for every i > 0 without
knowledge of f(ih,0).

Since the time step has been chosen to be equal to the discretization space step h, we are able to use the
exact formula:

f((@ 4+ Dh,jh) = f(ih,(j — D)h)exp (—( + D;)h), for j=1,2,...,50 and i >0 (7.21)

Therefore, we are in a position to use the following algorithm for the simulation of the closed-loop system under
the effect of the output feedback law (7.8).

Algorithm: Given f(ih, jh), for j =1,...,50 and certain ¢ > 0 do the following:

— Calculate f(ih,0) =~ 92?12 Ji(j)+g Z?izs K;(j), where J;(j), K;(j) are given by (7.15)—(7.17).

— Calculate y(ih) =~ Zjiz I;(j), where I;(j) is given by (7.13), (7.14).

— If % is an integer then set D; = max (Dmin, min (Dmax, D*+T 'l (y(zh)/y*))), else set D; = D;_1.

— Calculate f((i + 1)h,jh), for j =1,...,50 using (7.21).

The above algorithm with obvious modifications was also used for the simulation of the open-loop system as
well as for the simulation of the closed-loop system under the effect of the output feedback law (7.7).

In our first simulation, we used the parameter values by = 0.2, by = 0.15184212, ¢ = 0.8, § = 1 in our initial
conditions. In Figure 2, we plot the control values and the newborn individual values. We show the values for
the open loop feedback D(t) = 1, and for the state and output feedbacks from (7.7) and (7.8). Our simulation
shows the efficacy of our control design.

In our second simulation, we changed the parameter values to by = 1, by = 0.7592106, ¢ = 4, 6 = 1 and
plotted the same values as before, in Figure 3. The responses for the output feedback law (7.7) and the output
feedback law (7.8) are almost identical. The second simulation was made with an initial condition which is not
close to the equilibrium profile (in the sense that it is an initial condition with very large initial population).
The difference in the performance of the feedback controllers (7.7) and (7.8) cannot be distinguished.

In the final simulation, we tested the robustness of the controller with respect to errors in the choice of D*
being used in the controllers. We chose the values by = 0.2, by = 0.15184212, ¢ = 0.8, § = 1, but instead of (7.7)



STABILITY OF INTEGRAL DELAY EQUATIONS AND STABILIZATION OF AGE-STRUCTURED MODELS 1693

1,07 -
fit,0)
M
1,05 - VA
/ \
, LA LY
1,03 f \"'0......,.....ooooo.-ooooo-.ooooooo.ooooooooo
/ \
1,01 \-\
~
T e
0,99 -
0,97 + = - - 1 + -
0 0.5 1 1.5 2 25 (3
1.2
Dy
1,05
1
1
0,9 '
0 05 1 1.5 2 25 3

FIGURE 2. Simulation for the initial condition given by (7.10) with by = 0.2, by = 0.15184212,
¢ = 0.8, 0 = 1. The upper part of the figure shows the response for the newborn individuals.
The solid line with bullets is for the state feedback (7.7), the dashed line is for the output
feedback (7.8) and the bulleted line is for the open-loop system with D(t) = 1. The lower
part of the figure shows the applied control action D(t). Again, the solid line is for the state
feedback (7.7), the dashed line is for the output feedback (7.8), while the bulleted line shows
the equilibrium value (D* = 1) of the dilution rate.

and (7.8), we applied the following controllers: the state feedback law
D(t) = D; =sat (0.7 + T In (f(iT, 0)/f*(0))), for all t € [iT,(i+ 1)T) and for all integers i >0 (7.22)
and the output feedback law given by
D(t) = D; =sat (0.7+ T 'In(y(iT)/y*)), for all t € [iT, (i + 1)T) and for all integers i > 0 (7.23)

We obtained in both cases: . ligrn (f(t,0)) = 1.1275 and . liin (D(t)) = D* =1. A —30% error in D* gives a
— 100 — 100

+12.75% steady-state deviation from the desired value of the newborn individuals. See Figure 4. Notice that a
constant error in D* is equivalent to an error in the set point since we have:

D(t) = D; =sat (0.7+ T "n(f(iT,0)/f*(0)))
=sat (D" + T 'In(f(iT,0)/f*(0)) — T~'0.12)
=sat (D" + T 'In(f(iT,0)/(1.1275f*(0))))
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FIGURE 3. Simulation for the initial condition given by (7.10) with by = 1, b; = 0.7592106,
c=4, 0 = 1. The upper part of the figure shows the response for the newborn individuals. The
solid line is both for the state feedback (7.7) and for the output feedback (7.8) (identical) and
the bulleted line is for the open-loop system with D(¢) = 1. The lower part of the figure shows
the applied control action D(t). Again, the solid line is both for the state feedback (7.7) and
for the output feedback (7.8), while the bulleted line shows the equilibrium value (D* = 1) of
the dilution rate.

for the state feedback case (7.7) and

D(t) = D; =sat (0.7+ T "n (y(iT)/y"))
=sat (D*+ T 'In(y(iT)/y*) — T~'0.12)
=sat (D*+ T 'In(y(iT)/(1.1275y%)))
for the output feedback case (7.8).

8. CONCLUDING REMARKS

Age-structured chemostats present challenging control problems for first-order hyperbolic PDEs that require
novel results. We studied the problem of stabilizing an equilibrium age profile in an age-structured chemo-
stat, using the dilution rate as the control. We built a family of dynamic, bounded, output feedback laws
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FIGURE 4. Control in presence of modeling errors (—30% error in D*). Simulation for the
initial condition given by (7.10) with by = 0.2, by = 0.15184212, ¢ = 0.8, § = 1. The upper
part of the figure shows the response for the newborn individuals. The solid line is for the
state feedback (7.22), the dashed line is for the output feedback (7.23), while the dotted line
shows the equilibrium value (f* = 1) of the newborn individuals. The lower part of the figure
shows the applied control action D(t). Again, the solid line is for the state feedback (7.22),
the dashed line is for the output feedback (7.23), while the bulleted line shows the equilibrium
value (D* = 1) of the dilution rate.

with continuously adjusted input that ensures asymptotic stability under arbitrary physically meaningful initial
conditions and does not require knowledge of the model. We also built a sampled-data, bounded, output feed-
back stabilizer which guarantees asymptotic stability under arbitrary physically meaningful initial conditions
and requires only the knowledge of one parameter: the equilibrium value of the dilution rate. In addition, we
provided a family of CLF's for the age-structured chemostat model. The construction of the CLF was based on
novel stability results on linear IDEs, which are of independent interest. The newly developed results, provide
a Lyapunov-like proof of the scalar, strong ergodic theorem for special cases of the integral kernel.

Since the growth of the microorganism may sometimes depend on the concentration of a limiting substrate,
it would be useful to solve the stabilization problem for an enlarged system that has one PDE for the age
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distribution, coupled with one ODE for the substrate (as proposed in [29], in the context of studying limit
cycles with constant dilution rates instead of a control). This is going to be the topic of our future research.

APPENDIX A.

Proof of Proposition 2.3. Define for A € [0,rt¢]:

Since T := sup{a € [0, 4] : k(a) > 0}, we have:

k(a —m/ k(s)ds
/Oak;( )da—/0 ak(a da—/ / k(s dsda—/ / k(s dsda—/ / k(s)dsda

Define the Lebesgue measurable sets:

da and

St — {a € [0,7] : k(a) > rA Al;;(s)ds} ST = {a €0,7] : k(a) < r)\/A E(s)ds}

a

and the integrals

It = . k(a)da J* = /S+ (/aA %(S)ds> da

Notice that ST J S~ = [0, 7] and consequently, equations (A.2) in conjunction with r = (fOA ak(a)da)~?

that:

g0 = /S+ (z%(a) —m/aA zé(s)ds> da+/7 (m/j (s)ds — z%(a)> da
=TIt —rAJt 4 (/ (m/ k(s)ds — k )) da—/s+ (rA/{fl%(s)ds—l%(a)) da>

— AT AT =TT (1T =21 =14+ N1 —2rJT)

Since ST JS™ =10,7] and f k(s)ds <1 for all a € [0, A], we get:

1:/0T (/aAzé(s)ds> da:J++/7 (/aAz%(s)ds> da < |S~| +J*

(A4)

, implies

(A.5)

(A.6)

Moreover, since A € [0,7 '] and faA l%(s)ds <1 for all a € [0, 4], it follows that S~ C S.. Therefore, we obtain

from (A.6):
2 <2r|S.| +2rJ"



STABILITY OF INTEGRAL DELAY EQUATIONS AND STABILIZATION OF AGE-STRUCTURED MODELS 1697

or equivalently

1—2rJ" <2r|S -1 (A7)

Definition (A.4) and the fact that k(a) > 0 for all a € [0, A] with fOA k(a)da = 1 implies that [T < 1. Combining
the previous inequality with (A.7) and (A.5) we obtain the desired inequality fOA ‘fc(a) —7A faA l;(s)ds‘ da <
1—A(1—2r|S:]) for all X € [0,r"e]. The proof is complete. O

Proof of Lemma 4.1. Local existence and uniqueness for every initial condition £ € L ([-A4,0); R) is guaran-
teed by Theorem 2.1 in [16].

Define for all ¢ > 0 for which the solution of (4.1) exists:

V() = _:1<15<0 (x(t+a)),W(t) = _Airgl(f;<0 (z(t+a)) (A.8)

Let ¢ > 0 and t > 0 be sufficiently small so that the solution exists on [t,t + ¢). We get from definition (A.8)
and equation (4.1):

V(t+q) = sw (x(t+q+a))

= sup (ac(t—i—s))zmax( sup  (z(t+s)), sup (ac(t—l—s))>

q—A<s<q qg—A<s<0 0<s<q

A
< max (V(t), oiggq (/0 pla)x(t+s— a)da>>

A 4
max (V(t), oiggq </6 pla)x(t+s—a)da + /0 pla)x(t +s — a)da>>

A o
< max (V(t),oiligq ( 7As<ulg 75 (x(t + l))/(S o(a)da + jslgz)< (x(t+ l))/o np(a)da))
A o
< max (V(t)7 —Ailllfq—é (x(t+1)) /5 o(a)da + _;1<11p<q (z(t + l))/o <p(a)da> (A.9)

Using the fact that L := fOA »(a)da > 1 and assuming that ¢ < min(d, A — J), we obtain from (A.9):

V(t+q) <max (V(t), V() (L —c) +cV(E+q)) (A.10)

Using the fact that 6 > 0 is a constant with ¢ := f05 p(a)da < 1 and the fact that L := fOA p(a)da > 1,
we distinguish the following cases: (i) V(t) < V(t) (L —¢) + ¢V (t + ¢q) and in this case (A.10) implies that
V(t+q) < (%:g) V(t), (i) V(t) > V() (L — ¢)+cV (t+¢q) and in this case (A.10) implies that V(t+¢) < V (¢).
Therefore, in any case we get:

V(t + q) < max (f VD), V(t)) (A11)
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Similarly, we get from definition (A.8), equation (4.1) and the fact that ¢ < min(d, A — ¢):

W(t+¢q) = inf (zx(t+q+a))

—A<a<0
= qﬂ}‘r%fsq (z(t+ s)) = min (q,}&fsq) (z(t+9)), ogsliq (z(t + s)))
A
> min (W(t), inf / pla)z(t+s— a)da))
0<s<q 0

A s
= min (W(t),oirglfq </5 pla)x (t+s—a)da+/0 go(a)x(t+s—a)da>>

A 4
- .
= win (W ok, ( L) [ etaak o) | @<a>da>>
—¢)

inf  (z(t+1)+c inf (ﬂﬁ(t+l)))

—A<l<q—6 —0<l<q
> min (W (t), W(t) (L —c¢) + cW(t+q)) (A.12)

Using the fact that 6 > 0 is a constant with ¢ := f06 p(a)da < 1 and the fact that L := fOA p(a)da > 1, we
obtain (again by distinguishing cases) from (A.12):

W (t+ q) > min (W(t), (f:z) W(t)) (A.13)

It follows from (A.11) and (A.13) that the solution of (4.1) is bounded on [t,t + ¢) for ¢ < min(J, A —J). A
standard contradiction argument in conjunction with Theorem 2.1 in [16] implies that the solution exists for
all t > 0. Indeed, a finite maximal existence time t,.x < 400 for the solution in conjunction with Theorem 2.1
in [16] would imply that limsup V' (¢) = 400 or liminf W (¢) = —oo. Using induction and (A.11), (A.13), we are

t—tmax t—tmax

in a position to show that:

min (W(O) , (L — C>i W(O)) < W (ih) < V(ih) < max (V(O) , <L — C>i V(0)> (A.14)

1—c 1—c¢

for all integers 0 < i < [h_ltmax], where h = min(d, A — §). Moreover, using the fact that L > 1, (A.14), (A.11)
and (A.13) witht = h [hiltmax] for the case tyax # h [hiltmax] or t = tmax — h for the case tmax = h [hiltmax]
and arbitrary ¢ € [0, tmax —t) C [0, h], we get

Z o\ MH[A T tmas]
min (W(O), (L > W(O)> < sup W(t)

l-c 0<t<tmax

e 1+ [h ™ ]
< sup V(t) < max (V(O)7 (L ) V(0)>

0<t<timax l-c

which contradicts the assertion that limsup V(¢) = +oo or liminf W (t) = —o0.
t—tmax t—tmax

Inequality (4.3) is a direct consequence of definitions (A.8), the fact that L > 1 and inequalities (A.11),
(A.13), (A.14). The proof is complete. O
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Proof of Corollary 4.2. Since (4.1) holds and since 1 = fOA p(a)da, we get:

A
x(t) — P(zg) = /0 o(a) (x(t —a) — P(xg))da, forallt>0 (A.15)

Let K,e > 0 be the constants involved in (4.8). Using (4.8) and (A.15), we get for all ¢ > 0:

A B A
oft) = Plav)] < max, (¢(@) [ la(t = a) = Plav)|da < max (o(a) Kexp(=et) [ o(-a)lda  (A16)

It follows from (A.16) that the following estimate holds for all ¢ > A:

_max (Jo(t+0) = Plxo )I)<nggA(w(a))l?eXp(—a(t—A))A_gl&@o(lwo(a)l) (A.17)

When 0 <t < A, we get from (A.16):

A
“max (la(t+6) - Plao)]) = max (Ja(s) — Pla >><Orgg§t<ogagA<w<a>>Kexp<—es> / |x<—a>da|>

B A
= max, (@(a))K/O |wo(—a)da| < max (p(a ))KAfglgﬂo(\wo(a)\)

Moreover, using definition (4.7) and the fact that r := (fOA ap(a)da)™! (which imply |P(z0)| < _max (lxo(a))
for all zg € CO([—A,0];R)), we get for 0 <t < A:

_pmax (a(t+0) = Plao)) = max_(Ja(s) = Plao)) < _max (jo(s) = Pao))

= _max (jwo(s) = Plo))) < _max (Jwo(s)] +[P(x0)])

_max (o(s))) + [Plao)] < 2_max (lzo(a))

The two above inequalities give for 0 <t < A:

e (o(t-+6) — Plao)l) < max (_ma (o(e+) = Plan)) . _uwx (o(e-+6) = Plan)) )

< ma (m, (p(a) KA, 2 ) o (Jao(a))

< exp(—e(t — A)) max <0maa<XA (pla)) KA, 2) _max (lzo(a)]) (A.18)

Combining (A.17) and (A.18), we conclude that estimate (4.9) holds with

o =¢c and M = exp (¢ A) max <Or<naa<xA (p(a)) KA, 2> .

The proof is complete. U
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Proof of Lemma 4.3. Notice that since z € C°([—A, +00); R), it follows that the mapping R, >t — V() is
continuous. We have for all t,h > 0 with h < A:

V(z¢4n) = max (exp(—oca)|z(t+h—a)|) =

acl0.4] o max_ (exp(=a(t+h—s)) |z(s)])

max ( max  (exp(—o(t+h—s))|z(s)]), max (exp(—o(t+h—2s)) x(s)))

t+h—A<s<t t<s<tth
—exp(-ahymax (_max | (-0 0ot~ o)), max (exp(- (- 9) lo(s))
< exp(—oh) max <V(xt) 02X (exp(—o (t — 9)) x(s))) (A.19)

Using (4.1) and (A.19) we obtain:

/OA pla)x(s —a)da

exp(o (t + h))V(xt4p) < max (exp(a )V (xy),  Jnax (exp(a s)

)

A
< max (exp(a )V (ze), /0 lo(a)| exp(oa)da max (exp(a s) omax, (exp(—oa)|z(s — a)|))>

t<s<t+h

A
= max (exp(a HV (ze), /0 |o(a)| exp(oa)da max  (exp(o s)V(mQ)) (A.20)

t<s<t+h

Consequently, we obtain from (A.20) for all ¢,h > 0 with h < A:

A
,nax (exp(o s)V(2s)) < max (eXP(Ut)V(xt)a/o w(a)lexp(aa)datéglgagh(eXp(US)V(ws))> (A.21)

Since fOA |p(a)| exp(oa)da < 1, we obtain from (A.21) for all ¢,h > 0 with h < A:

 Jnax (exp(o s)V (s)) < exp(ot)V (zy) (A.22)

The proof of (A.22) follows from the cases (i) exp(ot)V(a) > fOA lo(a)| exp(oa)da (08X (exp(o s)V (x5)),

and (ii) exp(ct)V (z:) < fOA |o(a) exp(oa)da max (exp(os)V(xg)). Case (ii) leads to a contradiction, since

t<s<t+h
in this case (A.21) in conjunction with fOA |p(a)| exp(oa)da < 1 implies ,Jnax (exp(o )V (zs)) = 0, which
_s_

contradicts the assumption exp(o t)V (z;) < fOA |p(a)] exp(o a)da ,Joax (exp(o s)V (x5)). Therefore, we obtain
from (A.22) for all ¢,h > 0 with h < A: o

V(zern) < exp(—o h)V(zy) (A.23)
Tt follows from (A.23) for all t > 0 and h € (0, A):

Rt (V(zean) — Vixy)) < h ' (exp(—o h) — 1) V() (A.24)

Letting h — 07 and using (A.24), we obtain (4.11). The proof is complete. O
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Proof of Theorem 4.4. Notice that since € C°([—A, +00); R), it follows that the mappings R, >t — V(xy),
Ry >t — P(x;) are continuous. Moreover, definition (4.7) implies that

Play) zr/oAx(t—a) /aA np(s)dsdazr/tiA (w) /:w o(s)dsduw

It follows from Leibniz’s rule that the mapping (0,+o0) > ¢t — P(z;) is continuously differentiable and its
derivative satisfies for all £ > 0

d

t A
EP(act) =ra(t) — T/t_Ax(w)go(t —w)dw =r (m(t) — /0 x(t — a)go(a)da) ,

Notice that for the derivation of the above equality we have used the fact that fOA p(a)da = 1. Using (4.1) we
can conclude that (4.13) holds. Next, define

y(t) = x(t) — P(xg), forallt>—A (A.25)
Using (4.1), definition (A.25) and the fact that fOA p(a)da = 1, we obtain:

A
y(t) = /0 o(a)y(t —a)da, for allt>0 (A.26)

Moreover, it follows from definition (4.7) and (4.13) that:
A A
0= P(xt) — P(xg) = r/ x(t — a)/ w(s)dsda — P(xg), for allt>0 (A.27)
0 a

Since r fOA faA o(s)dsda = r fOA ap(a)da = 1, we obtain from (A.25) and (A.27):

A A
0= /0 y(t —a) (r/a go(s)ds) da, forallt>0 (A.28)

Combining (A.26) and (A.28), we get:

A A
y(t) = /0 y(t —a) ((p(a) - )\r/ np(s)ds) da, for all t >0 (A.29)

where A > 0 is the real number for which fOA lo(a) — rA faA p(s)ds|da < 1. Therefore, we are in a position to
apply Lemma 4.3 for the solution of (A.29). More specifically, we get:

h;fn%lip (B~ (W (yegn) — W(ye)) < —oW(y), forallt>0 (A.30)

where W (y;) = m[(z)uil] (exp(—oa)|y(t —a)]) and o > 0 is such that fOA ’ap(a) —7rA faA @(s)ds‘ exp(ca)da < 1.
ac|0,
Finally, we notice that definitions (4.12), (A.25) and equality (4.13) imply the following equalities:

Vixy) = agl[(?}il] (exp(—ca)|z(t —a) — P(x)|) = aren[gﬁ] (exp(—oa) |z(t — a) — P(x0)])

= max (exp(-oa)|y(t — a)) = W) (A31)

The differential inequality (4.14) is a direct consequence of equation (A.31) and inequality (A.30). The proof is
complete. 0
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Proof of Corollary 4.6. Working as in the proof of Theorem 4.4, we show that (4.18) holds. Since C' : S/ —
[k, +00) is a continuous functional and z € C°([—A, +o0); R), it follows that the mappings Ry > t — C(xy),
R4+ >t — W(x,) are continuous. Applying Theorem 4.4 and taking into account the fact that P(x;) = 0 for all
t > 0, we obtain:

limsup (b~ (W (zppn) — W(zy))) < —o W(zy), forallt>0 (A.32)
h—0%+

Let z(t) € R be a solution of (4.1). The differential inequalities (4.16), (A.32) imply that the mappingst — C(x4)
t — W(z;) are non-increasing. Consequently, we get C(zryp)b(W (zi4n)) < C(x)b(W (2414)) for all h > 0,
which implies for all b > 0

W= (C(@ern)b(W (2e4n)) — Cae)b(W (24))) < BT C(e) (0(W (zern)) — bW (24)))
By virtue of the mean value theorem, we obtain the existence of s € (0,1) such that
bW (we1n)) — bW (20)) = (W (@esn) — W) 0 (sW (@) + (1 — $)W (2e41)) -
Using the fact that the mapping t — W (x;) is non-increasing and combining the above relations, we obtain
h™H (C@ean)b(W (z441)) — Clae)b(W (2 )))
< Cle)h™ (W (aren) = W) min (¢ (sW () + (1 = )W (@00)) - (4.33)

for all sufficiently small h > 0. The differential inequality (4.17) is a direct consequence of inequalities (A.32),
(A.33) and the fact that the mapping ¢ — W (z;) is continuous. The proof is complete. O

Proof of Lemma 5.1. By virtue of Remark 4.7 and Corollary 4.6, for every vy € S the solution of the IDE
fo ¥ (t — a)da exists for all ¢ > 0, is unique and satisfies 1, € S for all ¢ > 0. More bpemﬁcally, usmg

Lemma 4.17 we can guarantee that the solution ¢, € C?([—A, +00); (—1,+00)) of the IDE () fo
a)da satisfies

i > i — > .
ot ((t)) = _nin (¢o(s)) > =1, forallt >0 (A.34)
Indeed, since k € C°([0,A];R,) with fo a)da = 1, it follows that all assumptions of Lemma 4.1 hold.

Therefore, we get from (4 3) with L =1 and arbltrary ¢ € (0,1) that the inequality

inf (¢o(a)) < inf (¢(t+a))< sup (P(t+a))< sup (¢o(a))

—A<a<0 —A<a<0 —A<a<0 —A<a<0

holds for all ¢ > 0. Inequality (A.34) is a direct consequence of continuity of wo € S and the above inequality.
Given the facts that g € C°([0, A]; R) satisfies g( )>0 for all a € [0, A] with fo a)da = 1 and that the solution

Py € CO([—A, +00); (—1,+00)) of the IDE (t) fo P(t — a)da satisfies (A‘34), we are in a position to
guarantee that the mapping 4 >t — v(t) € R defined by

A
v(t) =1In (1 —I—/ gla)p(t — a)da), forallt >0 (A.35)
0

is well-defined and is a continuous mapping. It follows that for every zg € R2, ny € R the solution of the system
of differential equations 7(t) = D* — sat (z2(t) +yn(t) +yv(t)), 21(t) = z2(t) — sat (z2(t) +yn(t) +~yv(t)) —
I (z1(t) — n(t) —v(t)), 22(t) = —la (z1(t) —n(t) — v(t)) exists locally and is unique. Moreover, due to the fact
that the right hand side of the differential equations satisfies a linear growth condition, it follows that the solution
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(2(t),n(t)) € R? x R of the system of differential equations 7(t) = D* — sat (22(t) +yn(t) +yv(t)), 21(t) =
zo(t) — sat (z2(t) +yn(t) + yo(t)) — 1 (21(t) — n(t) —v(¢)), 22(t) = —l2 (z1(t) — n(t) — v(t)) exists for all t > 0.
Due to definition (A.35) and equations (5.6), (5.8), we are in a position to conclude that the constructed
mappings coincide with a solution (z(t), n(t), ;) € R2xRx S of the closed-loop system (5.5) with (5.7), (5.8) with
initial condition zg € R2, (10, 10) € R x S. Uniqueness of solution of the closed-loop system (5.5) with (5.7), (5.8)
is a direct consequence of the above procedure of the construction of the solution.

Define

ei(t) = z1(t) —n(t)

es(t) = 2o(t) — D* forallt>0 (A.36)
and notice that equations (5.5)—(5.7), (A.35) and definition (A.36) allow us to conclude that the following
differential equations hold for all ¢ > 0:

d

dt (e1(t) = prea(t)ea(t) + pae3(t)) = — (201 — lap1)ef(t) + (2 + hipr — 2palz) e1(t)ea(t) — pres(t)
+ (2l = palo) ex(t) + (2palz — prla) ea(t)) v(t) (A.37)
é1(t) = ea(t) — liex(t) + lyv(t) (A.38)

ég(t) = —lgel(t) + lg’l}(t)
Since the inequalities l1,1z > 0, p1,p2 > 0, (2 +l1p1 — 2lap2)? < 8l1p1 — 4lap3, p? < 4ps hold, it follows that the
quadratic forms A(e) := e? — prejes + pae3, Ble) = (211 — lap1)e? — (2 + lip1 — 2pala)eres + pres are positive
definite (recall Rem. 2.2(vi)). It follows that there exist constants Ky > Ky > 0, K4 > K3 > 0 such that

Kile]> < A(e) = €} — preses + paed < Ky le|*, for all e € B2 (A.39)

K; \6\2 < B(e) = (2l — lgp1)e% — (24 lip1 — 2pala) ereq —|—p1e§ < K4 \6\2, for all e € R? (A.40)

Using (A.37), (A.39), (A.40) and (2l — pila) 1 + (2pals — prly) ex) v < K [ef? 4 Zazpala)” el —pila)” |12
(which holds for all e € R? and v € R), we conclude that there exist constants p, ¢ > 0 such that the following
differential inequality holds for all ¢ > 0:

%(6?@) prea(t)ea(t) + paes(t)) < =21 (e3(t) — prer(t)ea(t) + paes(t)) + clo(t)]’ (A.41)

Since k € C°([0, A]; R ) satisfies assumption (H1) and since the mapping ¢ — g1 (¢/;) is non-decreasing for every

solution of the IDE (t) = fOA k(a)y(t — a)da, where g is the continuous functional gy (¢) := H[%HA}W}(_G))
ac|0,

(recall Rem. 4.7), it follows that the mapping ¢t — C(¢) := (1 4+ min(0, mln (wt( a))))~2 is non-increasing.
aclo

Using Remark 4.7 and Corollary 4.6 with b(s) = Ms?/2, where M > 0 is an arbltrary constant, we conclude
that

2 2
. e A (exp(—0 a) [¢pr4n(—a)]) Mo (exp(—0o a) [¢(—a)])
limsup | A -5 -5
h=0t 1 4 min (O, min (wt+h(—a))) 1 + min (0 mln (¢ (— )))
a€l0,4] a€f0,A]
2
Jnax (exp(—0 a) [1¢(—a)l)
< —-oM : (A.42)

1+min(0 min (t(— ))) ’

a€(0,A]
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for all t > 0, where o > 0 is a real number for which fOA |k(a) — A faA k(s)ds|exp(ca)da < 1, A > 0 is a real
number for which fOA k(a) — 7\ fAl; (s)ds|da < 1 and r := fOA ak(a)da)~!
Since |In(1 + z)] < 1+m‘17n‘(y0) for all z > —1 and using the facts that g(a) > 0 for all a € [0, A] and

fOA g(a)da = 1, we obtain from (A.35):

exp(od) max (¢n(-a)lexp(-ca))

()] <

, forallt>0 (A.43)
1+ min (0 rr[léri‘] (wt(—a))>

Using (A.41), (A.42), (A.43) we obtain the following differential inequality
timsup (=" (Qe(t +h). vrn) = Qle(t). 1))

h—0t

Jnax (exp(—o a) [Y(—a)|)

1+ min <0 mln (wt( )))
forallt>0 (A.44)

< =2p (e1(t) — prea(t)ea(t) + p2es(t)) — (oM — cexp(204))

b

where
2
max (exp(—oa)[¢(-a)l)
Qle, ) = e} — prerea + pae3 + % ocloAl (A.45)
1+ min (0 ag[lél}q] (w(—a)))
Selecting M > o~ 'cexp(204), we obtain from (A.44) and definition (A.45):
lim sup (h—l (@(e(t ), Pean) — Q(e(t),wt))) < —2uQ(e(t), ), forall t>0 (A.46)

h—0t

where i = min(y, 2¢Oy

Suppose that Q(e( ),1¢) > 0. Since the mapping t — Q(e(t), 14 ) is continuous, it follows that Q(e(j—l—h), Yitn)
for all sufficiently small & > 0. The differential inequality (A.46) implies that the mapping ¢t — Q(e(t), ) is
non-increasing. Consequently, by virtue of the mean value theorem, we obtain:

 (Vatet mvin) - Qe v ) < DTN ZHAOR) gy

2h7/ Q(e(t), 1))

for all sufficiently small h > 0. Therefore, using (A.46), (A.47), we obtain the differential inequality

s (5 (et + 1 vnn) = Qe0.00) ) < </t (A1)

h—0t

for all t > 0 with Q(e(t), ;) > 0. On the other hand, using (A.39) and (A.45), we are in a position to conclude
that e(t) = 0, )y = 0 when Q( (t ) wt) = 0. In this case and using (5.5), we conclude that ;45 = 0 for all b > 0
(the unique solution of () fo (t — a)da). Therefore, in this case (A.35) implies that v(¢t + h) = 0 for
all h > 0. Finally, (A.38) and the factb that e(t) = 0 and v(t + h) = 0 for all h > 0, imply that e(t + h) =
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for all h > 0, when Q(e(t),h:) = 0. Definition (A.45) allows us to conclude that Q(e(t + h), ¢ +n) = 0 for all
h > 0, when Q(e(t), ) = 0. Therefore, the differential inequality (A.48) holds for all ¢ > 0.
Finally, using (5.2), (5.5), (5.6), (5.8), (A.35), (A.36) we get for all ¢ > 0:

d

3 (1) = 20(t) (D" = sat (2() + yn(t) +vo (1)) = —2n(t)q (e2(t) +yn(t) +vv(t)) (A.49)

We distinguish the following cases:

Case 1. |ex(t) +yov(t)| < 3 |n(t)| and n(t) > 0. In this case, we have 3n(t) < ex(t) +yv(t) +yn(t) < 37"’77(t).
Using the fact that the function ¢ defined by (5.1) is non-decreasing and the previous inequality we
obtain from (A.49) that <& (n?(t)) < —2n(t)q (3 n(t)).

Case 2. |ea(t) +yv(t)] < 2 In(t)| and n(t) < 0. In this case, we have 3T'Yvy(t) < ex(t) +yv(t) +yn(t) < In(t).
Using the fact that the function ¢ defined by (5.1) is non-decreasing and the previous inequality we
obtain from (A.49) that £ (n?(t)) < —2n(t)q (n(t)).

Case 3. |ex(t) +yv(t)| > 2 [n(t)]. Inequality (5.3) implies that

lq (e2(t) +yn(t) +yv(t)] < max (Dmax — D*, D* — Diin)

and
‘q (% n(t))’ < max (Dmax - D*,D* - Dmin) .

Consequently, we obtain from (A.49) that

<P 0) + 200 (3 (9) < 40 max (D ~ D*, D" ~ Dy

< 8 lea(t) + vy v(t)| max (Dmax — D*, D* — Dyin)
Y

Combining all the above three cases, we conclude that

< (P 0) < 2000 (30(0)) + R leat) + 700, for all ¢ >0 (4.50)

where R := 8y !max (Dyax — D*, D* — Dyyin). Combining (A.46), (A.48) with (A.50) and using the triangle
inequality, we obtain for every G, > 0 and ¢ > 0:

h—0t

lim sup (h_l (772(25 +h)+ G\/Q(e(t +h),Yin)
+BQ(e(t + h), Yren) =17 (8) — G/ Q(e(t), ) — B Qe(t), ¢t)>>
< —2n(t)q (In®)) + Rlea(t) + By o(8)] - G y/QAet) ) — 26 Qe(t). ). (A51)

Using (A.39), (A.43) and definition (A.45), we obtain:

max (\/_62 ,exp(—cA \/711 ) < \/Qe(t), 1), forallt>0 (A.52)
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Using (A.51) and (A.52), we obtain for every G, > 0 and t > 0:

lir sup (hl (n2<t T R) + GyJQe(t + ), Gesn)

h—0t

+BQ(e(t + h), Yran) — 0P () — G/ QUe(t), tr) — BQ(e(t), %)))

< ~2n(t)a (Ln(t)) - (ﬁG -2 exp(oA>> Qlelt), ) — 288 Qelt), ), (A53)

Therefore, we obtain from (A.53), (5.4) and definitions (5.10), (5.11), (A.36), (A.45) for G > ﬁ\l/%K—l +

f’yf exp(cA) inequality (5.9) with L := min(g — ijl g% exp(cA), min(2,v) min(1, Dmax — D*, D* —

Dinin))- The proof is complete. O

Proof of Lemma 5.2. First we notice that the differential inequality (5.12) shows that ¢ : R — R is non-
increasing. We also make the following claim.
Claim: p(t) < 1 for all t > T, where T = 2L~ max (0, p(0) — 1).

If (0) < 1 then the claim holds by virtue of the fact that ¢ : R4 — R, is non-increasing.
If ©(0) > 1 then the proof of the claim is made by contradiction. Suppose that there exists t > T with ¢(t) > 1.
Since ¢ : Ry — Ry is non-increasing, it follows that p(r) > 1 for all 7 € [0,¢]. Consequently, we obtain
from (5.12):

timsup (5~ (o(r + h) — p(r) < ~L —20L_ < —

h—0+ 1+ /(1)

Using the Comparison Lemma on page 85 in [19] and (A.54), we obtain ¢(7) < ¢(0) — £7 for all 7 € [0,¢]. Since
o(T) < ¢(0) — %T < 1, we obtain a contradiction.
Since ¢(t) <1 for all t > T', we obtain from (5.12):

o]

, forall T €10,1] (A.54)

L
limsup (A" (@(t + h) — p(t))) < ) o(t), forallt>T (A.55)
h—0+
Using the Comparison Lemma on page 85 in [19] and (A.55), we obtain ¢(t) < ¢(T)exp (—£(t — 7)) for all
t > T. Using the fact that T = 2L~ max (0, ¢(0) — 1) (which implies the fact that 7= 0 when ¢(0) < 1 and
»(T) <1 when ¢(0) > 1), we obtain the estimate (5.13) for all ¢ > T'. Since ¢ : Ry — R is non-increasing and
satisfies ¢(t) < ¢(0) for all ¢ € [0, T, we conclude that (5.13) holds for all ¢ > 0. The proof is complete. O

Proof of Lemma 5.3: By virtue of Remark 4.7 and Corollary 4.6, for every 1y € S the solution of the IDE
fo Y(t — a)da exists for all ¢ > 0, is unique and satisfies ¢, € S for all ¢ > 0. More spe(nﬁcally, usmg

Lemma 4.17 we can guarantee that the solution 1, € C°([—A, +00); (—1, +00)) of the IDE #(t) fo
a)da satisfies (A.34). Working as in the proof of Theorem 4.4, we can also show that

P) =0, forallt>0 (A.56)

Given the facts that g € CY([0, A]; R) satisfies g( ) > 0 for all a € [0, A] with fo a)da = 1 and that the solution
Py € CO([—A, +00); (=1, +00)) of the IDE () fo (t—a)da satisfies (A. 34) we are in a position to guar-
antee that the mapping Ry >t — v(t) € R defined by (A 35) is well-defined and is a continuous mapping. It fol-
lows that for every 79 € R the solution of the differential equation 7)(t) = D* —sat (D* + T~ 'n(iT) + T~ v (iT)),
for all integers ¢ > 0 and t € [iT, (i+1)T") with initial condition 1(0) = o exists locally and is unique. Moreover,
due to the fact that the right hand side of the differential equation is bounded, it follows that the solution
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n(t) € R of the differential equation 7(t) = D* — sat (D* + T~ 'n(iT) + T~ 'v(iT)), for all integers i > 0 and
t € [¢T, (i + 1)T) with initial condition n(0) = 7o exists for all ¢ > 0. Due to definition (A.35) and equa-
tions (5.6), (5.34), we are in a position to conclude that the constructed mappings coincide with a solution
(n(t), ) € N x S of the closed-loop system (5.5), (5.6) with (5.34) with initial condition (19, 19) € R x S.
Uniqueness of solution of the closed-loop system (5.5), (5.6) with (5.34) is a direct consequence of the above
procedure of the construction of the solution.

Using Corollary 4.2 with ¢(a) = k(a) for all a € [0, A], we conclude that there exist constants M o > 0 such
that for every 1o € S with (Gi)g) € PC* ([0, A];R), the unique solution of the IDE 1)(¢) fo Y(t — a)da
with initial condition ¢(—a) = 1o(—a), for all a € [0, A] satisfies the following estimate for all ¢ 2 ()

_max ([t +0)]) < Mexp(=ot) max ([vo(a)]) (A.57)

It follows from (5.5), (5.6), (A.35) and (5.34) that the following equation holds for all integers ¢ > 0 and
t€ [T, (i + DT]:
n(t) = n(iT) — (D; — D*)(t —iT) (A.58)

where

D; = sat (D* + T~ 'n(iT) + T~ 'w(iT)), for all integersi >0 (A.59)
We next show the following claim.

Claim A.1. The following inequality holds for all integers i > 0:
In((i + 1)T)| < |n(iT)| — min ([n(iT)[ ,26) + 2 [v(iT)] (A.60)

where § := 3 min (Dmax — D*)T, (D* — Diyin)T) > 0.

Proof of Claim A.1. We distinguish the following cases.

Case 1. Duin < D* + T '(iT) + T~ 0(iT) < Dinax.
Definition (A.59) implies that D; = D* + T~ 1n(iT) + T~ 1v(iT). Using (A.58), we get n((i + 1)T) =
—o(iT"), which directly implies (A.60).

Case 2. D* + T (iT) + T~ *(iT) < Dpin.
Definition (A.59) implies that D; = Dyin. Using (A.58), we get n((i + 1)T) = n(iT) — (Dmin — D*)T
The inequality D* + T~ n(iT) + T 0(iT) < Dpin implies that —(Dyin — D*)T +n(iT) + v(iT) < 0.
Thus, we get:

In((i +1)T)| = [n(iT) = (Dmin — D*)T + 0(iT) — v(iT)]
< [n(T) = (Dmin — D*)T + v(iT)| + |v(iT)]
—n(iT) + (Dmin — D*)T — v(iT) + |v(iT)|
< [nGT)| = (D = Duin) T + 2[0(iT)|

The above inequality in conjunction with the fact that § := § min ((Dmax — D*)T, (D* — Dyin)T) > 0
implies that (A.60) holds.
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Case 3. D* + T n(iT) + T~ *(iT) > Dpax-
Definition (A.59) implies that D; = Diyax. Using (A.58) we get n((¢ + 1)T) = n(iT) — (Dmax — D*)T.
The inequality D* + T 'n(iT) + T 1v(iT) > Dmax implies that —(Dmax — D*)T +n(iT) +v(iT) > 0.
Thus, we get:

In((i + 1)T)| = [n(iT) = (Dmax — D*)T +v(iT) — v(iT))|
< [n(T) = (Dmax = D*)T + o(iT)| + |v(iT)]
= 1(iT) = (Dmax — D*)T + v(iT) + [v(iT)]
< n@T)| = (Dmax — D*)T + 2[o(iT)|

The above inequality in conjunction with the fact that § := %min ((Dmax — D*)T, (D* — Diin)T) > 0 implies
that (A.60) holds.
The proof of Claim A.1 is complete. a

Claim A.2. The following inequalities hold for all integers i > 0:

n(iT) > min (0,19 + i (D* — Dpin) T) + ki%in (min(0, —v(kT)))

n(iT) < max (0,70 — i (Dmax — D*) T) + kg(i);{;_ (max(0, —v(kT))) (A.61)

Proof of Claim A.2. The proof of inequalities (A.61) is made by induction. First notice that both inequalities
(A.61) hold for ¢ = 0. Next assume that inequalities (A.61) hold for certain integer i > 0. We distinguish the
following cases.

Case 1. Dy < D* +T7n(iT) + T~ (iT) < Dax.
Definition (A.59) implies that D; = D* + T~ n(iT) + T~ w(iT). Using (A.58), we get n((i + 1)T) =
—v(iT). Consequently, we get:
n((i + 1)T) = —v(iT) < max(0, —v(iT)) < o max (max (0, —v(kT)))
=0,...,i
<max (0,79 — (i + 1)(Dmax — D*)T) + ,_max (max(0, —v(kT)))
=0,...,i
which directly implies the second inequality (A.61) with ¢ + 1 in place of ¢ > 0. Similarly, we obtain
the first inequality (A.61) with ¢ + 1 in place of ¢ > 0.
Case 2. D* + T 'n(iT) + T *(iT) < Dpin.
Definition (A.59) implies that D; = Dyin. Using (A.58) we get n((¢ + 1)T) = n(iT) — (Dmin — D*)T.
Consequently, we get from (A.61):

n((i +1)T) = n(iT) + (D* — Dmin)T

> min (D = Dyin)Ts10 + (i + 1)(D* = Dyyin)T) + _min_ (min(0, ~v(kT))
=0,..., 1+

> min (0,19 + (i + 1)(D* — Dyin)T) + k_gnin_JFI (min(0, —v(kT)))
which is the first inequality (A.61) with ¢ + 1 in place of ¢ > 0. Furthermore, the inequality D* +
T~ GET) + T~ w(iT) < Diin implies that —(Dyin — D*)T + n(iT) < —v(iT). Consequently, we get:
n((i +1)T) =n(iT) + (D* — Dmin)T < —v(iT) < max(0, —v(iT)) < ppax (max (0, —v(kT)))
< max (0,70 — (i + D(Dax — D)) 4+ _max  (max(0,—v(kT)))
= i

.....

which is the second inequality (A.61) with ¢ + 1 in place of ¢ > 0.
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Case 3. D* + T n(iT) + T~ *(iT) > Dpax-

Definition (A.59) implies that D; = Dpax. Using (A.58) we get n((i+1)T") = n(iT)—(Dmax—D*)T'. Consequently,
we get from (A.61):

n((i + DT) =n(T) = (Dmax — D*)T
<max (0,70 — i(Dmax — D*)T) = (Dmax — D*)T' + max (max(0, —v(kT)))

k=0,...,2
< max (—(Dmax — D*)T, 1o — (i + 1)(Dmax — D*)T) + x| (max(0, —v(kT)))
<max (0,19 — (i + 1)(Dmax — D*)T) + max (max(0, —v(kT)))

k=0,...,i+1

which is the second inequality (A.61) with i+ 1 in place of i > 0. Furthermore, the inequality D* +T~1n(iT) +
T~ *(iT) > Dpax implies that —(Dyax — D*)T +n(iT) > —v(iT). Consequently, we get:

n((i +1)T) =n(iT) = (Dmax — D*)T

> —o(iT) > min(0, —v(iT)) > k:g?.i.r}wl (min(0, —v(kT)))

> min (0,19 + (i + 1)(D* — Dpin)T') + k_énin+1 (min(0, —v(kT)))

which is the first inequality (A.61) with ¢ 4+ 1 in place of ¢ > 0.
The proof of Claim A.2 is complete. O

We next show the following claim.

Claim A.3. The following inequalities hold for all £ > 0:

1 i i — < < — .
min (0,0) +2_min  (min(0, ~v(kT)) < n(t) < max(0.m) +2_max  (max(0,~v(KT)))  (A.62)

[n(@®)] < |n ([t/TIT)| + o ([t/TT)) (A.63)

Proof of Claim A.3. Let arbitrary ¢ > 0 and define ¢ = [t/T]. Notice that the definition ¢ = [t/T] implies the
inclusion t € [iT, (i + 1)T"). We distinguish the following cases.

Case 1. Dy < D* +T7'n(iT) + T ' (iT) < Diax.
Definition (A.59) implies that D; = D* + T~ n(iT) + T~ v(iT). Using (A.58), we get for all s €
[T, (i + 1)T):
n(s) = (1= (s —iD)T~ ") n(iT) — (s —iT)T~ v (iT)

The above equality in conjunction with the facts that 0 < 1—(s—iT)T~! < 1,0 < (s—iT)T~! < 1 and

inequality (A.61) gives estimates (A.62), (A.63). More specifically, the above inequality in conjunction

with the facts that 0 <1 — (s —¢T)T"1 < 1,0 < (s —iT)T~! < 1 implies for all s € [iT, (i + 1)T]
n(s)] < (1= (s = aI)T™) [nGT)| + (s — i)~ o(iT)| < [n(iT)| + Jv(iT)|

and since t € [iT, (i + 1)T'), the above inequality shows that (A.63) holds in this case. Moreover, the

equation n(s) = (1 — (s —iT)T 1) n(iT) — (s — iT)T " v(iT) gives for all s € [iT, (i + 1)T]

n(s) < (1= (s —iT)T~ ") max (0, n(iT)) + (s — iT)T~ " max (0, —v(iT))
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which in conjunction with the facts that 0 <1 — (s —iT)T~! < 1,0 < (s —iT)T~! < 1 implies for all
s € [iT, (i + 1)T]
n(s) < max (0, n(iT)) + max (0, —(iT))
On the other hand, inequality (A.61) gives
max (0,7(¢T)) <max (0,19 — i (Dmax — D*)T) +  max (max(0, —v(kT)))

0,...,%

< max(0,m9) + max (max(0,—v(kT)))

=0,...,i
Combining the two above inequalities, we get for all s € [iT, (i + 1)T

n(s) < max (0,19) + 2 max (max(0, —v(kT)))

=U,..1

and since t € [iT, (i + 1)T), the above inequality shows that the right inequality (A.62) holds in this
case. The left inequality (A.62) is proved in the same way.

D* + T~ n(iT) + T~ w(iT) < Din.

Definition (A.59) implies that D; = Dy,in. Using (A.58) we get n(s) = n(iT) — (Dmin — D*)(s — iT)
for all s € [iT, (i + 1)T]. Therefore, we get for all s € [iT, (i + 1)T]

n(s) = n(iT)
which combined with (A.61) gives for all s € [iT, (i + 1)T]

n(s) > min (0,70 + ¢ (D* — Dymin) T) + kf%in (min(0, —v(kT)))

> min (0,70) + min_(min(0, —v(kT)))
> min (0,70) + 2 kiréfn (min(0, —v(kT)))

=Y.t

Since t € [iT, (i + 1)T'), the above inequality shows that the left inequality (A.62) holds in this case.

Furthermore, the inequality D* +T~1n(iT)+T v (iT) < Dy, implies that — (D, — D*)T+n(iT) <

—ou(iT). Since n(s) = n(iT)— (Dmin—D*)(s—iT) for all s € [iT, (i+1)T], we get for all s € [iT, (i+1)T:
7(s) = 1T) = (Din — D*)(s — iT) = (1 — (s — T)T~1) n(iT)

+ (s =TT~ ((iT) = (Drnin — D*)T)

(1= (s =4T)T~ ") n(iT) = (s — iT)T "o (iT)

(1= (s —4T)T~") max (0,n(iT)) + (s — iT)T~ " max (0, —v(iT))

IA A

The above equality in conjunction with (A.61) and the facts that 0 < 1 — (s —iT)T"1 < 1,0 <
(s —iT)T~! < 1 shows that the right inequality (A.62) holds (exactly as in Case 1). Finally, we notice
that the following inequalities hold for all s € [iT, (i + 1)T]

n(iT) < n(s) < (1= (s —iT)T ") max (0,7(iT)) + (s — iT)T " max (0, —v(iT'))

which combined with the facts that 0 < 1 — (s —iT)T~! < 1,0 < (s —4T)T~! < 1 implies for all
s € [iT, (i + 1)T]

= (T = [v(T)| < n(s) < InGT)| + [v(iT)|
Since t € [iT, (i 4+ 1)T'), the above inequality shows that inequality (A.63) holds in this case.
D* + T='9(iT) + T~ (iT) > Dinax.
Definition (A.59) implies that D; = Dpax. Using (A.58) we get 1(s) = n(iT) — (Dmax — D*)(s —iT)
for all s € [iT, (i + 1)T]. Therefore, we get for all s € [iT, (i + 1)T]

n(s) < n(iT)
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which combined with (A.61) gives for all s € [iT, (i 4+ 1)T]

n(s) <max (0,79 — ¢ (Dmax — D*)T) + max (max(0, —v(kT)))

0,...,7

< max (0,710) +  nax (max(0, —v(kT)))

b 7Z

< max (0,m0) + 2 kr%ax (max(0, —v(kT)))
=0,...,i

Since t € [iT, (i + 1)T'), the above inequality shows that the right inequality (A.62) holds in this case.
Furthermore, the inequality D*+T ~1n(iT)+T " v(iT) > Dayx implies that —(Dyax—D*)T+0(iT) > —v(iT).
Since n(s) = N(iT) — (Dmax — D*)(s —iT') for all s € [iT, (i + 1)T], we get for all s € [iT, (i + 1)T:

1(s)& =1(iT) — (Dmax — D*)(s —iT) = (1~ (s —iT)T ") n(iT) + (s —iT)T " (n(iT) — (Dmax — D*)T)
> (1= (s —iD)T~ ") n(iT) — (s —iT)T o (iT)

The above equality in conjunction with the facts that 0 <1 — (s —iT)T"!1 < 1,0 < (s —iT)T~! < 1 gives for
all s € [iT, (i + 1)T7:

n(s) > (1—(s— iT)T_l) min(0,n(iT)) + (s —iT)T ' min(0, —v(iT))> min(0,n(iT)) + min(0, —v(iT))
On the other hand, inequality (A.61) gives

min(0,n(iT)) > min (0,79 + ¢ (D" — Dpin) T) + min (min(0, —v(kT)))

.....

.....

Combining the two above inequalities, we get for all s € [iT, (i + 1)T]

n(s) > min (0,79) + 2 mln (min(0, —v(kT)))

=0,...,%

and since t € [iT, (i + 1)T'), the above inequality shows that the left inequality (A.62) holds in this case.
Finally, we notice that the following inequalities hold for all s € [iT, (i + 1)T]

n(iT) > n(s) > (1 — (s —iT)T ") min (0,7(:T)) + (s —iT)T~ " min (0, —v(iT))
which combined with the facts that 0 < 1—(s—iT)T~1 < 1,0 < (s—4iT)T~* < 1 implies for all s € [iT, (i+1)T]
= [nGT)| = [o@T)] < nls) < [n(T)[ + [o(@T)]

Since t € [iT, (i + 1)T'), the above inequality shows that inequality (A.63) holds in this case.

The proof of Claim A.3 is complete. O
Using (A.34), (A.35), (A.57) and the fact that |In(1 + )| < H—#J(xo) for all z > —1, we get the estimate
for allt > 0:
A ‘fo Wt — a)da‘
o) = |In|1 —|—/ gla)Y(t —a)da || <
0 1 4 min (() fo Yt — a)da)
_max ([¢(t+s))) Mexp(—ct) max (|to(s)])
< — < (A.64)

1 + min <0, min_ ((t + 3))>

—A<s<0

1+min(0 min_ (do(s ))>
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Let j > 0 be an integer with v(kT") < 6/2 for all k& > j. We next show that the following inequality holds for
all i > j:

exp ([n((i + 1)T)|) — 1 < exp(=0) (exp (|n(iT)[) — 1) + exp (2[v(iT)]) — 1 (A.65)
Indeed, when |n(iT)| < 2§, we get from (A.60) that |n((i + 1)T")| < 2|v(¢T")|, which directly implies (A.65). On

the other hand, when |n(iT")| > 2§, we get from (A.60) that |n((i + 1)T")| < |n(¢T)| —25+2 |v(iT')|. The previous
inequality, in conjunction with the fact that v(iT) < §/2 for all i > j gives:

exp(|n((i + 1)T)[) =1 < exp(|n(iT)| — 20 + 2[v(iT)]) - 1
= exp (2|v(iT)]) = 1+ exp ([n(iT)| = 26 + 2 [o(iT)[) — exp (2 [v(iT)])
= exp (2[0(iT)]) — 1 + exp (2[0(iT)]) (exp (|n(iT)[ — 26) — 1)
= exp (2[v(iT)]) — 1+ exp (2[v(iT)[ = 26) (exp (|n(iT)]) — 1 + 1 — exp(29))
<exp (2v(iT)]) = 1+ exp (2[0(iT)| — 26) (exp (In(iT)|) — 1)
< exp (2[0(iT)|) — 1+ exp (=06) (exp (In(iT)]) — 1)

Consequently, (A.65) holds for all i > j. Using (A.65) and induction, we are in a position to prove the following
inequality for all ¢ > j:

exp ([n(iT)]) =1 < exp (=6(i — 7)) (exp (In(GiT)]) — 1) + iexp(—ﬂi —1=10))(exp (2[0(IT)]) = 1) (A.66)
I=j

More specifically, inequality (A.66) follows from the definition of the sequence (;; = exp (|n(iT)|) — 1 and the
fact that inequality (A.65) gives (i11 < exp(—6) ¢ + exp (2 |v(iT)[) — 1 for all # > j. Using induction, we can
prove the formula ¢; < exp(—0(i — 7)) ¢ + Z;;; exp (—d(: —1—1)) (exp (2|v(IT)|) — 1) for all ¢ > j, which
directly implies (A.66) for all ¢ > j.

Using the fact that 2 < exp(z) — 1 < zexp(x) for all x > 0, we obtain from (A.66) and (A.64) the following
inequality for all ¢ > j:

[n(T)| <exp (=6(i — 4)) exp (In(GT)]) [n(GT)|

T+ 20xp(8) 3 exp (2 [o(IT)]) exp (~(i — 1)) [o(IT)
I=j

< exp (=00 = ) ) exp (D)) 1))

oM exp(s) max ([6o(s)) WM max (o)) |
AZs20 “A=e20 Z exp (—5(2’ - l)) exp(—alT)

+1+min(0 min | (do(s ))> o 1+min(0 min_ (do(s ))> 1=

(A.67)
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where § = min(d, 0 T). Since 6 < oT, it follows that exp (—5(@ = l)) exp(—olT) < exp (—51) for all | =
Jy--+,i— 1 and thus we obtain from (A.67) the following inequality for all ¢ > j:

2M exp(8) _max (Iwo( )

nGT)| < exp (=6(i = j)) exp (n(iT))) In(GT)| + (i — 5)
( ) 1+ min (0 mln (1/)0( ))>

2M_IA}1§§><§O(W0(S)\)

1+ min (0 mln (wo( )

X exp

> exp(—gi) (A.68)

k=0

geeny

Using (A.62) which implies |n(t)| < |no| + 2 ma>[</T] (lv(kT)]) for all ¢ > 0 in conjunction with (A.64), we
¢

obtain:

2M _max (|vo(s)])

1+ min (0 min_ (vo(s )))

<s<0

[n(t)] < |no| + , forallt>0 (A.69)

Notice that (A.68) holds for i = j as well and consequently, (A.68) holds for all ¢ > j. Since j > 0 is an integer

with v(kT) < /2 for all k > j, it follows from (A.64) that j > 0 may be selected as the smallest integer that
2M6! max_ (|9o(s)]) -

satisfies j > = In( TFmn(0, 7:&1?@(%(5))) ). The fact that 6 = min(d, o T") in conjunction with (A.68), (A.69) and

the fact that (i — j)exp(—5i7/2) < iexp(—0i/2) < %exp(—l) for all integers ¢ > j > 0, we get the following
inequality for all ¢ > j:

2M _max (|vo(s)])

1—|—min<0 min (s )))

where J(s) := s(exp(6)6 " max(d, s) 4+ 20" exp(d — 1))exp( ) for all s > 0. Using (A.69) and the fact that
2M6™H  max (Iwo(s)\)
- @) ), we can guarantee that (A.70) holds

n(T)| < exp (=5i/2) J | Inol + (A.70)

J = 0 is the smallest integer that satisfies j > —= ln(

14+min(0, mln
—A<s

for all i > 0. Using (A.63), (A.57), (A.34), (A 70) and the fact that —[t/T) <1 —1t/T, we obtain (5.35) with
K(s) := exp(6 /2)(J((1 4 2M)s) + (1 4+ 2M)s) and L := 6T~ /2.
The proof is complete. O
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