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Unusually, this thesis is divided into two different parts, the objective of the first part is to
control the non-linear ODEs, the newly here is the combining the classic method of optimal control
with the new concept of average control which is introduced by Zuazua, the modern notion is the
average optimal control, thus, we up-date our cost function to an average cost function. So, thanks
to one of the important optimality principles which is the Ponteryaguine Maximum Principle, we
prove the uniqueness and the existence of the average optimal control, therefore, we arrive at the
average optimal control characterization. To precise our results, we must use the shooting method
for finding a simulation of that average optimal control.

The second part aims to control linear PDEs, where we combine the same notion of average
control with the optimal control, we find a new average cost function. Because our distributed
system has missing data, the way to characterize the optimality system changes, and it is divided
into steps, first we describe the average no-regret control problem, then, using a quadratic pertur-
bation to obtain average low-regret control, which helps us to find an average low-regret control
characterization, finally, we can come back to the average no-regret control characterization.

The processed example in the first part is controlling the outbreak of an epidemic, To be precise,
we study the control of an outbreak of COVID-19 in the city of Wuhan, China in December 2019.
In the second part, we control an abstract hyperbolic-parabolic coupled system depending on an
unknown parameter.

Keywords : Linear systems, Non-linear systems, Missing data, Distributed systems, Optimal
control, Pontryaguine maximum principle, Shooting methods, Average control, Optimal average
control, No-regret control, No-regret average control, Low-regret control, Low-regret average
control, Mathematics modelling of COVID-19, Optimal control of COVID-19, The epidemic
outbreak, Numerical analysis for COVID-19, Abstract systems, Abstract hyperbolic-parabolic
systems, Coupled parameter, Optimality condition.



Exceptionnellement, cette these est divisée en deux parties différentes, 1’objectif de la premicre
partie est de contrdler les ODE non linéaires, la nouvelle ici est la combinaison de la méthode
classique de contrdle optimal avec le nouveau concept de contrdle moyen qui est introduit par
Zuazua, la notion moderne est le contrdle optimal moyen, ainsi, nous mettons a jour notre fonction
de cofit en fonction de colit moyenne. Ainsi, grice a ’'un des principes d’optimalité importants qui
est le principe du maximum de Ponteryaguine, nous prouvons 1’unicité et 1I’existence du controle
optimal moyen, donc, nous arrivons a la caractérisation du contrdle optimal moyen. Pour préciser
nos résultats, nous devons utiliser la méthode de tir pour trouver une simulation de ce controle
optimal moyen.

La deuxiéme partie vise a contrdler les EDP linéaires, ou I’on combine la méme notion de con-
trdle moyen avec le contrdle optimal, on trouve une nouvelle fonction de cofit moyenne. Parce que
notre systeme distribué a des données manquantes, la facon de caractériser le systeme d’optimalité
change, et il est divisé en étapes, d’abord nous décrivons le probleme de contrdle moyen sans regret,
puis, en utilisant une perturbation quadratique pour obtenir un contrdle moyen moindre regret, qui
nous aide a trouver une caractérisation moyenne du contrdle moindre regret, enfin, nous pouvons
revenir a la caractérisation moyenne du contrdle sans regret.

L’exemple traité dans la premiere partie est le contrdle de 1’apparition d’une épidémie, plus
précisément, nous étudions le contréle d’une épidémie de COVID-19 dans la ville de Wuhan,
en Chine en Décembre 2019. Dans la deuxiéme partie, nous contrélons un systéme abstrait
hyperbolique-parabolique couplé dépendant d’un parametre inconnu.

Mots clés : Systemes linéaires, Systémes non linéaires, Données manquantes, Systemes dis-
tribués, Contrdle optimal, Principe du maximum de Pontryaguine, Méthodes de tir, Contréle moyen,
Contrdéle moyen optimal, Contrdle sans regret, Contrdle moyen sans regret, Contréle moindre
regret, Controle moyen moindre regret, Modélisation mathématique du COVID-19, Controle op-
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timal du COVID-19, Analyse numérique du COVID-19, Systémes abstraits, Systémes abstraits
hyperboliques paraboliques, Parametre couplé, Condition d’optimalité.
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This table lists of the main acronyms used in this thesis.

ODEs Ordinary Differentials Equations.
PDEs Partial Differentials Equations.
PMP Ponteriaguine Maximum Principles.
COVID-19 | Corona-virus Disease-2019.
TPBVP Two Points Boundary value Problem.
P Problem.

IVP Initial Value Problem.

BHRP Bats-Hosts-Reservoirs-People.

Uua The admissible control space.

a.e. almost everywhere.

sup The supremum.

inf The infimum.

max The maximun.

lim The limit.

div The divergence operator.




We introduce the necessary notations and definitions which are used in this thesis.

N* The adjoint operator of the operator NV.
Q=T Boundary of Q.
Xo The characteristic function of the set .
g—f) =Vy.v The co-normal derivative.
V= (%1, vy ‘ik )T | The gradient operator.
A= Z;”:l aaxzz The Laplace operator.
1% The norm of Banach space X.
Jx A scalar product in Hilbert space X.
( Dy x Duality product between X and X'.
.|y The semi-norm in X.
C? The functions class with continuous first and second derivative.
D(Q) The space of functions in C* with a compact support in €.
D'(Q) The dual space of D(Q).
Z(X,Y) The space of linear bounded operators from X to Y.
LP(Q) Measurable functions f on Q and [, |f ()|’ dy < oo, 1 < p < oo
L=(Q) Measurable functions f on Q and 3¢ > 0: |f(y)| < ¢ a.e. on Q.
L*([0,T],H) Space of L’-integrable functions from [0, 7] to H.

H'(Q) {uel*(Q), uy, € L*(Q), Vi=L.n}.

H; (Q) H'(Q), u=0o0n0Q.

H™(Q) {uel’(Q): D% e L*(Q), Yne N", |a] <m}.

H™(Q) {uel*(Q) :D*u e L*(Q), Vne N", |a] <m}.

#(Q) | Q) ={uerX(Q), fo(1+1E]) 18P dg <.

H' The dual of H.

The weak convergence symbol.
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The theory of control makes it possible to bring a system from a given initial state to a certain
final state by respecting certain criteria, this is the stage of carrying out the command. For example.
Everyone balances a pendulum on their finger. On the other hand, it is much more difficult to
balance on your finger an inverted double pendulum, Control theory allows everything to be done.
But to effectively achieve this balance, it is better to have a good mathematical model and know
how to solve the equations. A wing on which we act with the accelerator and brake pedals, and that
we guide with the steering wheel is an example of a control system, a dynamic system on which we
can act by means of a command represented by the brake.

A control system is a dynamic system on which one can act by means of command. To precisely,
define the concept of the control system, it is necessary to use mathematical language. Each system
has a specific structure, properties, and purposes. Note that this concept can describe both discrete
and continuous transformations. This, therefore, makes it possible to model the operation of robots,
adaptive systems with variable structures, ... By considering all these objects as control systems, we
are interested in their behaviour and their functional characteristics, without necessarily attaching
importance to their internal or intrinsic properties. Therefore, two control systems having, in
some sense, the same behaviour and similar characteristics, are considered identical. Nowadays,
automated systems are completely part of our daily life, the goal is to improve our quality of life
and to facilitate certain tasks.

Historically, control theory is linked on the one hand with the calculus of variations as in [51]
and on the other hand with the resolution of ordinary differential equations. For the first time,
Johann Bernoulli submitted the brachistochrone! problem corresponding to the problem of the
fastest trajectory between two points, in 1696, Leibniz, and his brother Jacques Bernoulli found
the solution. The classic method for solving the problem is the calculus of variations. This is
considered a pioneering result in the field of optimal control. This theory, which is an extension of
the calculus of variations, deals with how to find a control law for a system, modelled by a set of
differential equations describing the state and control trajectories, such that a certain optimality

' A curve between two points along which a body can move under gravity in a shorter time than for any other curve.
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criterion is met. Optimal control problem solving started with the famous Pontryaguine Maximum
Principle (PMP) [35], which provides a necessary condition for optimality.

Partial differential equations control theory has evolved a lot in recent years and is a growing
area of research. Each year new profound results are demonstrated and new directions of research
are taken. The control of conservation laws, linear or non-linear PDEs, the interactions between
finite and infinite dimension both at the theoretical level and on the occasion of the passage of the
continuum discrete during the numerical discretization of control problems, are recent sectors in
full development, not to mention the growing interest in PDEs systems. The field of systems of
coupled parabolic equations reveals many unexpected phenomena and opens up very varied fields
of research in which many teams have embarked. These directions indicate challenges in research
both at the theoretical and methodological level and at the level of applications and their digital
processing. The question of effective control, from the theoretical problem to its implementation
and its robustness is an equally important aspect from the application’s viewpoint..

The area of control of infinite-dimensional systems PDEs has been under development since at
least the 1960s. Some of the initial efforts that laid the foundations of the field in the late 1960
and early 1970 were in optimal control of linear PDEs systems. Part of this thesis deals with
the optimal control of distributed systems with missing data, which drives us to think about the
no-regret and the low-regret controls, where Jacques Louis Lions [25], [28], and [29] was the first
luckiest mathematician who described and introduced those notions, especially for the problems
with missing or incomplete data, collected with the new concept of the average control which was
developed by the Great scientist Enrique Zuazua [55].

The lofty goal of this thesis is to control the average system state with respect to the unknown
parameter, whatever the conditions of the missing data.

Actually, I started my scientific research in control theory on linear PDEs, but, because of the
outbreak of COVID-19 in the whole world, during that time a lot of people died. As a researcher,
my inquisitive sense woke me up, and push me into the fashion world of scientific research, and
the result was a scientific article in a Scopus journal on controlling the outbreak of COVID-19 in
China, which was control of nonlinear ODEs systems. What makes reading the thesis entertaining
and interesting is that it is rich in two different axes which are divided into two parts organized as
follows:

s The first part will contain two chapters, the first chapter will present and discusses some
concepts of optimal control in non-linear finite which is based on the PMP and consists in reducing
the problem of control to a boundary value problem, then, we resolve it numerically by a shooting
method, with some examples for different systems. The second chapter deals with the mathematical
modelization of the propagation of the COVID-19 in the city of Wuhan, China. Afterword, this
chapter introduces and proves the uniqueness and existence of the average optimal control using the
maximum principle and obtaining the optimality systems of the epidemic COVID-19 and solves
that system numerically the Shooting function G(yp) in MATLAB.

s The second part presents and defines the different notions of optimal control of linear PDEs, it
contains also two chapters, the first one discusses and introduces some concepts of optimal control
and average control in infinite dimensions, with some examples in different systems (parabolic,
hyperbolic, elliptic, and abstract coupled systems), it introduces the no-regret, low-regret control
and the new notion of the average control, it shows also the existence and uniqueness of the optimal
control. The other chapter will discuss the optimal control of an abstract system. also we will
introduce new results about the average optimal control of an abstract hyperbolic-parabolic system
depending on an unknown parameter with missing initial conditions.
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The optimal control is among the best methods of solving and improving the performance
of control systems, at the same time, it always seeks the best and most favourable states pos-
sible. The problem of the optimal control consists in finding the control minimizing certain
chosen criteria. Today the field of the application of optimal control extends from tracking
to shape optimization. It is a very important part of engineering techniques. The object of
this part is to formulate in a more general way the problem of the optimal control of systems
and to present the theory and the practice of this form of control.

On the other hand, consist in applying the Ponteriaguine maximum principle (PMP)[see
[35] 1, which gives necessary conditions of first-order optimality and results in a two bound-
ary value problem. We then seek the trajectories verifying these conditions, which in practice
amounts to seeking the zero of a certain shooting function associated with the original prob-
lem. These methods are both precise and fast, but on the other hand, they are very sensitive
to initialization [36]. Also, this part shows a great and new application of the PMP is on
the COVID-19 which is in charge of the current outbreak of pneumonia that began at the
beginning of December 2019 near Wuhan City, Hubei Province, China.




1.1

1.2

1.2.1

This chapter is dedicated to introducing the study of a resolution method of optimal control
problems, which is precise and fast at the same time. It is based on the PMP and consists in
reducing the problem of control to a boundary value problem, then, we resolve it numerically
by a shooting method. This last consists of the search for zero of the associated shooting
function. Also, it is rich with four sections which contain the optimization criterion, PMP,
shooting method, and some applications of optimal control to different non-linear ODEs.

Average control

In some distributed systems, often parameters are not fully known, in this situation to control such
kind of systems we look for controls independent of the unknown parameters. To control this
systems Zuazua in [55] introduced the notion of "averaged control". The main the idea is to control
the average of the state with respect to the unknown parameter instead of controlling the state itself.

Principals of optimal control

Diagram of the optimal control

The goal is to be able to control the system, therefore to bring the output to a certain value thanks to
the action on the input while respecting certain constraints (Criteria to be minimized or maximized).
The question is: what is the best control, given these constraints, leading to the desired output? The
answer is Optimal control. The optimal control is a state feedback control, it is given by the next
diagram
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Figure 1.1 : Control diagram by state feedback.

The control law is given by the next relation
M(t) =Xd — Gopt-x(t) = w(f) - Ggpt.x(l),

where :

e (1) = x4 represents the reference or desired state ( can be vector or element ).

e x(1) represents the vector of system state variables.

e G, represents the optimal feedback or control gain ( can be matrix vector ).

The optimal control by state feedback is the control of the systems modelled in the state space. Its
optimal design is obtained based on a cost function and an optimality criterion chosen in such a
way that they make it possible to find the values of the optimal return gain G,,, among the different
possible gains, that is to say, find the optimal control law among the different admissible controls
u(t) possible, the one that allows both :

e Check the given initial and final conditions.

e Satisfy various imposed constraints.

e Optimize a chosen criterion.

Optimization criterion

In many optimal control problems, where the objective is to determine and generate optimal
solutions for a criterion of our choice, this criterion is represented as a sum of two terms :

T = [ 5000, u0). )1+ glotap) ), ()

such that : f and g are scalar functions which are given at the times .

In equation (1.1), the first element of the left side the integral of the function f,f)f FO(x(t),u(t),t)dt
is evaluated along the trajectory y obtained in the output space for # € [fy,#7]. Otherwise, it is the
final element favoured in the criterion J(x,u,t), it takes into account the initial, intermediate and
final states.

The rest term g(x(tf),t7) is given in the criterion. J(x,u,t) is a function of the final state of the
system, which represents the cost of the final deviation on the output and on the time compared to
their desired values, therefore, this term does not intervene in the calculations. Consequently, the
optimization of the criterion given by the function (1.1) amounts to that of the criterion

J= tff{)(x(t),u(t),t)dt.

There are some different criteria as :
e Lagrange criterion

J= : (), ult),1)dr.
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e Mayer criterion

J = g(x(tr),17).

The functions f° and g are given scalar functions as indicated previously.

The choice of the criterion is very important and a command which minimizes a given criterion is
not necessarily interesting if the criterion is badly chosen or does not take into account the physical
constraints imposed or the desired performance of the system.

The general formulation of the optimization criterion can be presented in various aspects.
Depending on the properties of the considered system and the objective of the optimization problem,
the classical forms correspond to the minimization problem :

e The energy provided by the implementation of the control.

e The horizon time [to,7].

e The energy consumption.

Main optimization criteria
There are three families of fundamental problems in optimal control :

* The control in minimum time
Minimum time control is a typical application of the maximum principle. This type is encountered,
for example, in safety or manufacturing problems. The criterion used is then written as follows

i
J= / dt.
o

* The minimum consumption control
The criterion corresponds to the integral of a flow

iy
J= / ul d.
o

* Minimum energy control
Which is the integral of a power
Iy

J= utdt.

fo

Optimality principles

To be able to determine an optimal control, we must choose, then, apply a principle of optimality.
There are different principles, among which we declare the following criteria :

e The Pontryaguine Maximum Principle.

e The Bellman Optimality Principle.

e Euler Lagrange equations.

In the following, we will mention only The PMP, which is formulated by Pontriaguine and his
collaborators in 1956, they gave the necessary optimality conditions, the same time, they make it
possible to calculate the optimal trajectories.

The Pontryaguine maximum principle

From a global point of view, an optimal control problem is formulated on a set M. The general
problem of optimal control is the next
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Consider a general control system

{ it = fex(nu), (1.2)

x(l()) = Xy,

where :

e fisaclass C' subsetof I xV xU CR", I CR.

e V C R" is an open subset.

e U C R™ an open subset of admissible controls, which is bounded and continuous piecewise on
(x0,20) €V XTI .

Furthermore, we assume that the controls u(.) belong to a subset of L} (I, R™).

These assumptions ensure, for any control u, the existence and uniqueness on a maximal solution
x,(t) on asetJ C I, of the Cauchy problem (1.2). For ease of writing, we assume in the next that
to = 0.

For any control u € L7? (I,R™), the associated trajectory x,(.) is defined on a maximal set [0, 7, (u)],
where 7¢ (1) € Rt U{+o0}. For example if 7 () < +oo then the trajectory explodes in .. For all
T €1,T > 0, we represent by U, the set of admissible controls on [0, 7], i.e. the set of controls
such that the associated trajectory is well defined on [0, T]. In other words T < f¢(u).

Let £ be a function of class C' on I x V x U, and g a continuous function on V. For any control
u € Uyq we define the cost function of the associated trajectory x,(.) over the interval [0, 7]

ST = [ e300, u(0))d + g(T (7)) (1.3)

Let My and M| be two subsets of V. The optimal control problem is to determine the trajectories
x,(.) solutions of

(1) = S (t,2(1), u(1)).

such that : x,(0) € My, x,(T) € M, and minimizing the cost function J(7T,u). We say that the
optimal control problem has an unfixed final time if the final time 7 is free, otherwise, we speak of
a fixed final time problem.

The Pontryaguine maximum principle is difficult to demonstrate in all its generality.

General statement
Theorem 1.3.1 We consider the next control system

x(t) = f(t,x(t),u(t)) inR",

where :

o f:RxR"xR"™ — R"is of class C.

e The controls are measurable and bounded sets defined on a [0,z (u)[URT with values in
Q CR™.

Let My and M| be two subsets of R"”. We denote by U,, the set of admissible controls u whose
associated trajectories connect an initial point of My to an end point of M in time 7(u) < f¢(u).
Moreover, we define the cost of a control « on [0,7]

K0 = [ 1965 00)u(0)ds +8(050)),

where :
o fORxR"xR" — R"and g : RxR" — R are C'.
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‘ e x(.) is the solution trajectory of our differential equation associated with the control u.

We consider the next optimal control system

Determine a trajectory linking My to M and minimizing the cost function. The final time may or
may not be fixed.

If the control u € U,, associated with the trajectory x(.) is optimal on [0, 7], then there exists an
absolutely continuous application p(.) : [0, T] — R" called the adjoint vector, and a real p° <0,
such that the pair (p(.), p°) is non-trivial, for almost any ¢ € [0, T] we have

W) = G0 u(0),
p) = =), pl0). ),

where, H(t,x, p, p°,u) = (p, f(t,x,u)) + p°fO(t,x,u) is the Hamiltonian of the system, and we have
the next maximization condition almost everywhere on [0, T']

H(t,x(2), p(t), p* u(t)) = max H (1,x(t), p(t), p°,v).

If the final time to reach the target M| is not fixed, we have at the final time 7" the next condition

max H(.5(T), p(T), 1) = " 23 (T (1),

R If control u is continuous at time 7", previous condition can be described as follows

H(T (), p(T). () = " % (7. (7).

If moreover My and M (or just one of the two sets) are manifolds' of R” having tangent spaces at
x(0) € My and x(T') € M, then the adjoint vector can be constructed in such a way as to satisfy the
transversality conditions at both ends (or just one of the two)

p(0) L T\ Mo, (1.4)
and
098
p(T) = p" = (T.x(T)) L Ty M. (1.5)

R Under the conditions of the theorem, moreover, we have

JdH

CH( (1), p(0), (1)) = 5 0,5(0), ), ), Vi € [0,7).

In particular, if the augmented system is autonomous, i.e., if f° and f do not depend on ¢,
then H does not depend on ¢, and we have

max H (t,x(), p(t), p°,v) = constant.
veQ

Then, note that this equality is valid on [0, 7] (indeed this function of ¢ is Lipschitz).

't is a topological space that locally resembles Euclidean space near each point.
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Transversality conditions

Transverse conditions on the adjoint vector

In this paragraph, the final time to reach the target can be fixed or not. Let us rewrite conditions
(1.4) and (1.5) in the following two important cases.

* Lagrange problem. In this case (g = 0), we can write the cost function as follows

t
J(tu) = / 5,200 (1)) s,
0
The transversality conditions (1.4) and (1.5) on the adjoint vector are then written
p(0) LTyoyMy , p(T) L Tyr\Mi.
* Mayer problem. In this case (f = 0) the cost function is written as bellow

J(t,u) = g(t,x(1)).

The transversality conditions (1.4) and (1.5) are not simplified a priori, but in the particular case
where M; = R". In other words the final point x(7') is free, the condition (1.5) becomes

p(1) = p %8 (T (1)),

If moreover g does not depend on time, we usually write p(T) = p°V(x(T)). In other words, the
deputy vector at the final time is equal to within the constant p°, to the gradient of g taken at the
final point.

Transversality condition on the Hamiltonian
The next condition

max H(T,x(T), p(T), p°,v) = —p" 28

e 5 A1)

is valid only if the final time to reach the target is not fixed. In this paragraph, therefore, we place
ourselves in this case.

The only notable simplification of this condition is the case where a function g does not depend on
time #, and the previous transversality condition on the Hamiltonian then becomes as bellow

max H(T,x(T), p(T), p°,v) =0,
veQ

or, if u is continuous at time 7,
H(T,x(T),p(T), p°,u(T) =0,

In other words, the Hamiltonian cancels out at the final time.

Some applications of Optimal Control
Optimal control of a non-linear spring

Let us consider the next control system

{x(z) = y(t),
y(t) = —x(t)—2x3() +u(t),
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where, we allow as controls all the piecewise continuous functions u(z), such that, [u(r)| < 1.

The objective is to bring the spring from any initial position (xo,yo = Xo) to its equilibrium position
(0,0) in minimal time z,.

According to the application of the PMP, the Hamiltonian of the previous system is written as
follows

H(x,p,u) = poy+ py(—x— 26 +u) + p’.

If (x, p,u) is an extremal then we must have :

. JH
Px = _7 = py(l +6x2)7
o o
Py = _87)/ = —Px-
note that, since the adjoint vector (py, py) must be non-trivial, p, cannot vanish on a set (we would
also have (py = —p, = 0). Moreover, the maximization condition gives us
py(t) +py(B)(1+6x%(1)) = 0,
u(t) = sign(py(t)) where p, is a solution of ¢ py(t) = cosd,
Py(ts) = sina,

the parameter o € [0, 27| being undetermined.
by reversing the time (t — —t) , it is clear that, our problem is equivalent to the minimal time
problem for the following system

) = 0.
py(t) = px(t)7
(1) = x(1)+22(1) —sign(py (1)),
Px(t) = —py(1)(1+6x7(1)),
with - x(0)=0 , x(t.)=x0 , py(0)=cosa,

y0)=0 , y(#)=y , px(0)=sine,

where, o € [0,27[ is to be determined.

Optimal transfer of computer files

A file of xy Mb must be transferred by the network. At each time ¢ we can choose the transmission
rate u(r) € [0,1]Mb/s, but it costs u(t) f(¢), where, f(.) is a known function. Furthermore, at the
final time we have an additional cost }/t)%, where ¥ > 0. The system is therefore :

x=—u, x(0)=uxp, x(tf)=0.

‘We have to minimize the next cost function

Sy = [ " ) fo)di .

I

In this case we have

f'=uf and g=y.

The Hamiltonian is H = —pu+ p® fu. Since p = 0, we have p(t) = Cste = p. Furthermore

(l)_ 0 lf —p+p0f(t)<0,
EV if —p+ PR >0,
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u(t) is undetermined if —p + p°f () = 0 on a subinterval. At the final time, we have

d
H(ty) = —pojf = —2p"yy,

hence,

—u(ty)(p+ f(ty)) = —2p"np.

If p° = 0, then necessarily p # 0, and u(t) is constant, therefore necessarily u(t) = 1, but then
the above relation implies p = 0, which is absurd. So, p° = —1. It is clear that at the final time
ty we have u(y) = 1 (otherwise u would not be optimal, because of the term ¥t7), and therefore,

p = —2yty — f(tr). Ultimately

M(l):{ 0 if f(t)>2ytf+f(tf)a
Loif  f(t) <2ytp+ f(ty).

Optimal control of consumption and production
Assume that, we have a factory for which we can control production. As we construct the
mathematical model by setting

x(t) = quantity produced at time ¢.

Suppose, we consume a fraction of our production at each instant ¢, as well, we reinvest the
remaining fraction. Note the fraction of remaining production at time ¢ by u(r).
u(t) will be our control which we will also subject to the next constraint

0 <u(r) <1 ateach instant 7.

The production of our factory is governed by the dynamic next system
#(1) = ku(0)x(0),
x(l‘o) =X0 = 0,

where k is a constant that represents the growth rate of our reinvestment. Let us take as the next
cost function

T
Ju(®) = [ (1= u(e)x(0)ds
0
which means that, we seek to maximize the total consumption of the quantity produced. Our
consumption at a given instant 7 is (1 — u(t))x(z).
We will now, seek to characterize an optimal control of our problem. For this we apply the PMP.
Wehaven=m=1:

Jx(@),u(t)) = x(t)u(t), g=0, r(x,u) = (1—-u)x.
Now, let us calculate the Hamiltonian of the previous system which reads as follows
H(x(1), p(t),u(t)) SO(0),u(@))p(e) + r(x(t), u(t))

xX(t)u(e)p(r) + (1 —u(t))x(r)
= x(t) —u(t)x(@)(p(r) = 1).

The dynamic equation of the system is

N OH |
x(t)=H, = o u (1)x(t), (1.6)
and the next adjoint equation (vector)
JH
p(t)=—Hy=———=—1+u"(t)(pt) — 1). (1.7)

dx
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Transversality conditions The final condition can be expressed as follows

p(T) = g:(x(t)) = 0. (1.8)

Finally, the maximum of the Hamiltonian

H(x(2), p(1),u” (1)) = max {x(z) +u(t)x(t)(p(t) = 1)} (1.9)

0<u<l1

Use of the maximum principle We deduce the useful information from the equations of the
system as well as the next equations : (1.6), (1.7), (1.8) and (1.9).
From (1.9), at any instant 7, the value u*(¢) must be chosen so as to maximize u(p(¢) — 1) for
0<u<1.Asx(t) >0, then the extremal solution is equal

cn O if p(t)<1,
”(t)_{l if i(r)>1.

Thus, it remains to know p(.) to determine the optimal control u*(.). We are going to solve the next
system

{ p(r) —1—u*(t)(p(t) = 1), t €[0,T]
p(T) = 0

Since p(T) = 0, we conclude by continuity that, p(z) < 1 for all ¢ close enough to T, r < T.
Consequently u(r) = 0 for these values of r € V(T).

So, p(t) = —1, and thus p(t) = T —¢ for the times 7 which are in this interval. We thus have
p(t) =T —1 for the instants satisfying p(¢) < 1, and this occurs for T — 1 <t < T.

But, for times t < T — 1, with ¢ close to T — 1, we have u(t) = 1, and according to (1.7) we will
have

p(t) =—=1=(p(t) =1) = —p(t).

Aslong as p(T — 1) = 1, we have p(t) = ¢! 17" > 1 for all times (0 <¢ < T — 1). In particular,
there are no commutation points above this set.
Therefore, we deduce that the optimal control is

s J 1 if 0<t<t",
u<t>_{0 if t"<t<T.

For an optimal commutation time t* =T — 1.

Numerical method in optimal control (shooting method)
There are two types :

* The direct methods consist of the discretization the control, the state, and reducing the
problem to a non-linear optimization (programming) problem.

*  The indirect methods consist in solving numerically, by shooting method, we apply the
maximum principle to obtain a boundary value problem.
In this section, we focus just on the indirect method which is the shooting method.
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Simple shooting method

Consider the optimal control problem (1.2)-(1.3), and first, suppose that, the final time 7 is
fixed. The maximum principle award a necessary optimality condition, it asserts that, any optimal
trajectory is the projection of an extremal. If we are able from the maximum condition, to express
the extremal control as a function of (x(z), p(¢)), then the extremal system is a differential system
of the form z(¢) = F(t,z(t)), where : z(t) = (x(t), p(¢)), the initial, the final and the transversality
conditions, take the form Z(z(0),z(tf)) = 0.

(1) = F(1,2(t)),
{‘@(Z(O)az([f)) = 0. (1.10)

Let z(¢,z0) be the solution of the next Cauchy problem

{Z'(t) = F(1,2(1)),
z(0) = 0.

Let G(zo) = %(2(0),z(tf,20)) . The problem (1.10) is equivalent to
G(z0) = 0.

It is the issue of determining a zero of the function G.
However, it may be preferable, when the final time is free, to use the transversality condition on the
Hamiltonian.

Multiple shooting method

Compared to the simple shooting method, the multiple shooting method divides the set [0, 7] into
N sets [t;,t;+1], and is given as unknowns the values z(#;) at the start of each subset. Continuity
conditions must be taken into account at each time ;.

Consider a general optimal control problem. Applying the maximum principle reduces the problem
to a limit value problem of the type

Fo(t,z(r)) if to<t<m,
Fi(t,z(r)) if 1 <t<t,

Fy(t,z(t)) if ¢, <t <ty,

where z = (x, p) € R?" (p is the adjoint vector), and t1,,, ... , t; € [to,¢] can be switching times. In
the case of constraints on the state, we have boundary conditions on the state, adjoint vector and on
the Hamiltonian if the final time is free.

R A priori the final time #7 is unknown. Moreover, in the multiple shooting method, the number
s of switching must be fixed, it is determined when possible by a geometric analysis of the
problem.

The multiple shooting method consists in subdividing the set [fo,#/] into N subsets, the value of z(z)
at the beginning of each subset being unknown. More specifically, let 1) < 01 < 0} <t be a fixed
subdivision of the interval [t,?/]. At any point o; the function z is continuous. We can consider o;
as a fixed switching point, in which we have

{ z(0]) =z(0; ),

— op— ;
0j = 0; = fixed.
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Now, we define the nodes

{t1, .t} = {t0, 17} U{01, ..., U{t1,.... 15}

Finally, we are led to the next limit value problem
[ ]

Fo(t,Z(l)) if 71 <t<m,
Fi(t,z(1)) it n<t<mm,

() = F(t,2(1)) =
.mel(l‘,z(l‘)) if 7,0 <t<7t,.

oVje{2,..m—1}, rj(fj,z(ff),z(ff)) =0.
® (T, 2(Tim),2(Tw)) = 0.
Where 171 = 19 is fixed, 7,, = 7, and the r; represent the previous interior or boundary conditions.

1.5.3 Resolution of TPBVP

General case Consider the next general optimal control problem at fixed times

min g(t,x(0),t7,x(t7)) + f fO(t,x(t),u(t)), "Objective."

x(t) = f(t,x(t),u(t)), "Dynamic."
u(t) eU CR™, "Admissible controls."
Yo (to,x(tg)) =0 € R™, "Initial conditions."
Wi(tr,x(tr)) =0€ R™. "Final conditions."
TPBV problem

The necessary optimality condition (PMP) leads us to a differential system with 2n equations,
no + ny parameters (Lo and y1) and with 2n + ng + n; final and initial conditions as follows :

W) = fld).a0).
PO = A u0)p(0) - ko) (o)
= i)
7] Go) = ©0)
p(to) = —%(X(fo)aX(ff)vuo,m%
P) = 2L (xl)xl) o),
Xf

where, u(t) =h(p(t)) is given by the minimization of the Hamiltonian, and the function ¢ is given
y:
¢ : (o, X0, ¢, Xf, lo,y M1) — &(f0,%0,2f,%¢) + (Wo(to,X0) o) + (Wo(tr, xr)|h1),

by setting y(¢) the pair state, adjoint state (y(z) = (x, p(¢))) and ¢ the dynamics of the pair state,
adjoint state given by the Hamiltonian system and by eliminating the parameters, iy and p;. We
give the next TPBV problem

y(t)=0¢(y) =o(t,y(t)), “Almost everywhere on [to,1].”
(TPBVP) co(to,y(t0)) =0, ”Boundary conditions in #.”
cr(ty,y(tr)) =0. “Boundary conditions in #;.”

R) These boundary conditions co and ¢y cores correspond to the transversality conditions
mentioned above, which contain the initial and final conditions of (P), in addition to the
conditions on the adjoint state p.
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Initial value problem & shooting method
We will define the shooting method to solve this problem of two points boundary values Let y(.,z)
be the solution of the system with the following IVP initial value

y(t) = o(t,y(r)), “Almost everywhere on [fo,ty].”
(IVP) el .
y(t) = z Initial value .

we now introduce an application G called shooting function , which has the initial value z associates
the value of the boundary conditions in #; for the corresponding solution of (IV P), defined by

G:R*™ — R
z G(z)-(RO(Z) )

Ry(y(17,2))

Finding a zero of the shooting function G is then equivalent to the problem solving (7 PBV P), and
thus gives a solution of (P).

R) The numerical problem-solving algorithm TPBVP will be completely defined :
e The resolution algorithm of G(z) = 0.
e The algorithm for integrating an initial-valued differential system to calculate the shooting
function G.

Application of the shooting method

In our case, we solve the optimal problem by considering the initial state xq the origin ¢ by taking a
final state x; = (0, —1) of the space X.

There exists a function z(#) = (x(¢), p(¢)) defined in X with value in U, the final, the initial, and the
transversality conditions are set in the next form

h(z(t), p(i5))-

Defines all the optimal trajectories, and according to the principle of maximum we have

u(t) = sign(py(t)).

The knowing of the shooting function makes it possible to consider that this optimal problem is
entirely solved mathematically.
We have the next two points boundary value problem

(xvyapx>py)(t) = (y(t),u(t),O,—px)(t),
(TPBVP) (x(t0),y(0)) = (0,0),
(x(zr)¥(tp)) = (0,—1),

Assume that

2(1) = (x(1),3(0), pa(2), Py (1)) = (21(1),22(2),23(2), 24(7))-

Solving the problem (7 PBV P) is then equivalent to finding a zero of the equation G(z) = 0 where
the function G is the shooting function associated with our problem and is defined by

G:R* - R*
z = G(z)=2(,0,h),
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such that, z(¢,0, ) is the solution of the next system

(21722723524)(t) = (Zz(t)?u(t)707_z3(t))a
(z21,22)(0) = (0,0),
(z3,24)(0) = (h1,hy) ERxR.

Let z(¢,0,0,h;1,hy) be a solution of our system at time ¢ with the initial and final conditions
(0707h17h2)-
In this example we have that, the final time 77 is free, so, we must have

Zl(l‘f,OOhl,hz) 0
2(tf,0,0,h1,h2) -1
t7,0,0,h1,hy) = =
Z(f7 s Uy I, 2) Z3(t OOhl, 2)
Z4(l‘j,0 0 hl,hz)
We define the next shooting function
z1(ty) 21(ty) =0
G@)=| al)+1 )= 2(tr) = (=1)
H(tf) =0 za(ty)za(ty) + |zalty)| - 1

Since (x7,y7) = (0,—1) and max H(t) = z4(t)z3(t) + |za(t)| — 1, in this case we have p° = —1, and
the fact that, the final time 7/ is free, therefore,

H(ty) = za(tp)z3(ty) + |za(ty)| - 1 = 0.
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A novel pathogenic virus corona-virus (CoV) called ‘COVID-19’, 2019-nCoV’ or ‘2019
novel corona-virus’ by WHO! is in charge of the current outbreak of pneumonia that started
at the month of December 2019 in Wuhan, China.

The first part of this chapter presents the outbreak of COVID-19 with the help of a
mathematical model using just the non-linear ODEs. The spread of the disease has been on
the increase across the globe for some time with no end in sight. The second section treats
the optimal average control into COVID-19 systems, which is based on the precedent given
modelling. As a result, we arrive at the required characterization of the optimal control. It
can be simulated by Matlab software by using the shooting method.

2.1 COVID-19 Mathematics modelling

This section aimed to present a mathematical model of propagation of the virus, in other words
we present a Bats-Hosts-Reservoir-People (BHRP) transmission network model. Since the Bats-
Hosts-Reservoir network was hard to explore obviously and public concerns were focusing on the
transmission from Seafood Wholesale Market (reservoir) to people, the model was simplified as
Reservoir-People (RP) transmission network model.

2.2 The BHRP transmission network model

The BHRP transmission network model was posted to bioRxiv on 19 January 2020 (see [8]). We
assumed that the virus transmitted among the bats, and then transmitted to unknown hosts (probably
some wild animals). The hosts were hunted and sent to the seafood market which was defined as
the reservoir of the virus. People exposed to the market got the risks of the infection Figure 2.2.
The BHRP transmission network model was based on the next assumptions :

'World Health Organization.
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Figure 2.1: Flowchart of the BHRP transmission network model.

e The bats were divided into four compartments :
> Ip are infected bats.
> Sp are susceptible bats, where it will be infected through sufficient contact with Ip.
> Ep are exposed bats.
> Rp are removed bats.
Where :
* ng and mp are the birth and the death rate of bats.
* Ap = np X Np is the number of the newborn bats, such that, Np is the total number of bats.
* 1/ wg is the incubation period of bat infection.
* 1/ is the infectious period of bat infection.
* B is the transmission rate.

e The hosts were also divided into four compartments :
> Iy are infected hosts .
> Sy are susceptible hosts, it will be infected through sufficient contact with Iz and Iy.
> Ey are exposed hosts .
> Ry are removed hosts .
Where :
* ny and my are the birth and the death rate of hosts.
* Ay = ng X Ng,such that, Ny is the total number of hosts.
* 1/ oy is the incubation period of host infection.
* 1 /vy is the infectious period of host infection.
* Bpy and By are the transmission rates.

e The SARS-CoV-2 in reservoir (the seafood market) was denoted as W.
Let us suppose that :
> a is the retail purchases rate of the hosts in the market.
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> Iy /Ny is the prevalence of SARS-CoV-2 in the purchases.

> aW Iy /Ny is the rate of the COVID-19 in W imported form the hosts, such that, Ny is the total
number of hosts. > tp and p, are the rate of the symptomatic and the asymptomatic infected people
could export the virus into W.

The virus in W will subsequently leave the W compartment at a rate of éW, where 1/¢ is the
lifetime of the virus.

e The people were divided into five compartments :
> Ip are the symptomatic infected people.
> Sp are the susceptible people, it will be infected through sufficient contact with W and Ip
> Ep are the exposed people .
> Ap are the asymptomatic infected people.
> Rp are the removed people, which including recovered and death people.
Where :
* np and mp are the birth and the death rate of people.
* Ap = np X Np, such that, Np is the total number of people.
* 1/wp and 1/ w}, are the incubation and the latent period of human infection.
*x1/ypand 1/ ){D are the infectious period of Ip and Ap.
* Op is the proportion of asymptomatic infection.
* Bw and Bp are the transmission rates.
* The transmissibility of Ap was K times that of Ip, where, 0 < k¥ < 1.

( % = Ap—mpSp— PBpSplp,
dd% — ﬂBSBIB—COBEB—WLBEBa
ds = @gEp—mpEp — (V5+mp)lp,
dﬁ% = Yplp —mpRp,
@i = Ay —myuSy — BeuSulp,
L = BpySulg + BuSuly — OyEy — myEy,
o) e 2,
t ;
e = Ap—mpSp—PpSp(Ip+ KAp) — B SpW,
Z,}% i BeSp(Ip + KAp) + BwSpW — (1 — 8p) wpEp — SpwpEp — mpEp,
de = (1—8p)wpEp— (vp +mp)lp,
Le = SpwpEp— (Vp+mp)Ap,
e = yelp+ YpAp —mpRp,
4F = aW{+uplp+ upAp —eW.

The next table presents the parameters of BHRP model

np The birth rate parameter of people.
ng The birth rate parameter of bats.
ny The birth rate parameter of hosts.
mp The people death rate.
mg The bats death rate.
my The hosts death rate.
1/wp The incubation period of people.
1/wy The bats incubation period.
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1/wp The bats incubation period.
1/wh The people latent period.
1/vp The infectious period of people symptomatic infection.
1/v8 The bats infectious period.
1/ vy The hosts infectious period.
/v The infectious period of people asymptomatic infection.
Bp The transmission rate from Ip to S,.
Bs The transmission rate from I to Sp.
By The transmission rate from Iy to Sg.
Bw The transmission rate from W to S,.
Bau The transmission rate from Ig to Sy.
a The retail purchases rate of the hosts in the market.
K The multiple of the transmissibility of Ap to that of Ip.
Up The shedding coefficients from Ip to W.
Up The shedding coefficients from Ap to W.
1/¢ The virus lifetime in W.
Op The proportion of people asymptomatic infection rate.

Table 2.1 : The parameters definition of the BHRP model.

The transmission network model of simplified reservoir-people

We suppose that, the COVID-19 could be imported to the seafood market in a short time. Then, we
have the next assumptions :

e The Bats-Host transmission network was neglected.

e Let us put the initial value of W as an impulse function, based on the previous studies on
simulating importation ( [10], [S2]), it gives as follows

Importation = impulse(n,ty,1;).

Then, the next PR model was clarified from the BHRP model

( dS
L#tp = Ap—mpSP—ﬁPSP(IP+KAP)_ﬁWSPwy
E
TP = ﬁpSP(IP+KAP)+ﬁWSPW—(I—SP)WPEP—SPW;JEP—mPEP,
1
75 = (1—0p)wpEp — (Y +mp)lp,
dAp

72‘ = 3PW§)EP—('}4>+H1P),
Ity

A
dr

= Yplp+YpAp —mpRp,

= uplp+ ,U{DAP —eW.

The natural population death and birth rates were at a relatively low level, during the outbreak
period. According to the previous study (see [9]). mp and np refer to the rate of people travelling
out from Wuhan City and travelling into Wuhan City, respectively. In our model, people and viruses
have different dimensions, therefore, we used the next sets to perform the normalization :

Sp . Ip Ap Rp
Sp = 3~ y Ip= 7 , ap = — , rp= 7,
P= N P= N P= N P= N
ew N,
wp = . Up=clp , bp=PpNp , by = M~

upNp €
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In the normalization, we have, ¢ is a parameter refers to the relative shedding coefficient of Ap
compared to Ip. The normalized model of RP is converted as follows

( % = nP—mPSP_bpsP(iP+kaP)_bwsP7
Zd% = bpsp(ip+kap) +byspw — (1 — Sp) wpep — Spwpep — mpep,
ﬁ — (1—6P)wpep_(yP+mP)iPa
ng = Opwpep — (Yp+mp)ap,
Ge = pip+Ypap—mprp,
b = g(ip+cap—w),

Where : n,, m,, wp, w;, Yo yl’,, Op, €, kand c are known parameters while, b, and b,, are
unknown parameters in the set [0, 1].

Optimal control of COVID-19

This section presents the controlled the propagation of the COVID-19 in the society by using the
average optimal control on the propagation equations of the virus, so our control was represented
by the optimal control in free time and we reached very good results attached with fees to stabilize
the propagation of the disease in time.

Problem statement

Mathematical models are a powerful tools for investigating the infectious diseases dynamics and
their control.Optimal control theory is used to propose the most effective strategy to minimize the
number of individuals infected during the infection while effectively balancing the vaccination used
to models with various cost scenarios.

During the outbreak period epidemic corona-virus , the natural birth rate and death rate in the
population was at a relatively low level. However, people were commonly travelling into and out
from Wuhan city mainly due to the Chinese New Year holiday.

In this model, viruses and people have different dimensions (see [8]), thus, we use the next sets
to perform the normalizations :

S - A
s = g’ a = g, ‘u/ — C‘u,
_ b, = B,N
(4 = —_— r — -t p p ’
’ N
. 1)/ ew b, = ,uB;N.
= = w = —
l N, ,UN/’
such that :

e S is the susceptible people.

e E is the exposed people.

e / is the symptomatic infected people.

e A is the asymptomatic infected people.

e R is the removed people (death and recovered).
e £W is the rate of the virus in compartment W, such that, é is the virus lifetime.
e 1 is the shedding coefficients from / to W.

e 1’ is the shedding coefficients from A to W.

e 3, is the average transmission rate from S to /.
e f3,, is the average transmission rate from S to W.
e N is the people total number.
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Let us consider the next mathematical model of the COVID-19 outbreak, which is a clarified model
from BHRP to the next RP model

(L = n—ms—bys(i+ka) —bysw,

fo = bps(i+ka)+bwsw—(1—5)W€—5w’e—me,

G = (1-8we—(r+m)i o
G o= Swe— (1 +ma,

% = Yi+7Ya—mr,

v — glitca—w).

Where :

e 1 is the people birth rate.

e m is the people death rate.

e c is the relative shedding coefficient of A, compared to Ip.
e k is the multiple of the transmissibility of A, to that of /p.
e J is the people proportion of asymptomatic infection rate.

1

° o is people the latent period.
1

° )7 is the infectious period of people symptomatic infection of .
1

e — is the infectious period of people asymptomatic infection.

1
e — is the people incubation period.
w

Average optimal control existence
This section deals with the intervention strategy through vaccination. Here we consider a campaign

of vaccination over a time fixed period [0,7]. The vaccine leads susceptible individuals to the
recovered class. So, we introduce the control u(z) of the system as follows

{ ;ag;))::ﬁ(ft,x(t),u(t)), (2.2)

where, u(t) is a measurable function and x(¢) is the system state.
The average optimal control problem aims to look for the associated state variable x (.) and the
control u () which maximizes or minimizes the cost function J, such that,

J(T,u):/Ol/Otg(T,x(t,ocl,ocz))daldocz—i—/OTfO(t,x(t),u(t))a’t, aamel01], (23)

where, f* € C!' (I xU xV) and f is continuous in V. We suppose that, I;, I, two subsets of
I € [0,T]. The problem of average optimal control aims to determine the trajectories x,, (.) solutions
of the next system

() = f(t,xu(t), u(t)),
XM(O) c 11,

xu(T) S 12,
minJ (¢, x(t),u(t)).

R) We say that the optimal average control problem is at non-fixed final time if T is free.
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Definition 2.3.1 [49] Let T > 0, the input-output application in time 7 of the controlled system
initialized at xq is the application

Er:U — R”
u — x,(1),

where, U is the admissible controls set of u, where, its associated trajectory is defined on [0, T].

Definition 2.3.2 [49] Let u(.) be a defined control on I = [0, T'], where, the associated trajectory
x,(.) issue x(0) = xp is defined on /. We say that the control u(.) is singular on [ if the differential
in the sense of Frechet ¢ Er is not subjective otherwise we say it is regular.

¢ Let V and W be normed vector spaces, and U C V be an open subset of V. A function f: U — W is called
Frechet differentiable at x € U if there exists a bounded linear operator A : V. — W such that

i LG40 =700 = by

=0.
[|2]| -0 lIAlly

Proposition 2.3.1 Let u(.) be a singular control on / for the system (2.2) and x(.) be the associated
singular trajectory, then there is an absolutely continuous application A : [0,7] — R"/{0} called
the adjoint vector, such that the following equations are checked that

COH (t,x(t),u(t),A (1))

= = N0 . i=Ta
OH (t,x(t),u(t), A (1)) — 0 Vi €[0,T]
Ju ’ o

where, H is the Hamiltonian of the system (2.2) given by

H(t,x(t),u(t), A1) = Aof (t,x () u(0)) + A (1) f (1,00 (1) (1))

Theorem 2.3.2 — Principle Maximum of Pontryguine (PMP). Suppose that f,g € C! are
convex on u, we assume that : u*(¢) is the optimal control of (2.3), A (¢) is continuous differential
function with A (z) > 0 for all 7, and, x*(¢) be the associated state, suppose that,

vVt €[0,T], H(t,x (t),u”(t),A(t)) =0,
So,

H(t,x™(t),u” (t),A(t)) <H(t,x(t),u(t),A(1)).

Proof. The goal here is to minimize the total number of infected people and the cost associated
with vaccination during the vaccination campaign.
The system (2.1) becomes as follows

(D () — () (i(t) +ka(e)) — bys(e)w(e) — u(t)s ),

dt
e _ bps(t)(i(t) +ka(t)) +bys(t)w(t) — (1 —0)we(t) — dw'e(r) —me(t),

i

— = (1=98)we(t) — (y+m)i(t),

r (2.4)
?I”r = Swe(r)— (Y +m)alt),

- = Yi(t) +Ya(t) —mr(t) +u(t)s(t),
‘%V —w(t)).

= ¢&(i(t) +ca(r)
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Where : np,mp,wp,w;,, Y }/p, 0Op, €,k and ¢ are known parameters while, b, and b,, are unknown
parameters in the set [0, 1].
The optimal control problem is to minimize, in a fixed time 7', the cost

Tu_a//eprp,b )db,db,, +/ £)dt, o> 0.

By considering the system (2.4) with the non-negative initial data

sp(0)=s0 , ep(0)=eo , ip(0)=io,
ap,(0)=ayg , r,(0)=ry , w(0)=wyo.

We define the optimal control problem as bellow

(Jw)=of, [y (t,bp,bw)db dby + [ u?(t)dt — min, ;00 >0,

DU — p—ms(t) — by () (i(t) + ka(r)) — bs(r)w(t) — u(t)s(r)

dih') =b,s(t)(i(t) +ka(t)) + bys(t)w(t) — (1 — 6)we(t) — dw'e(t) — me(t),

"'“ = (1— 8)we(r) — (y+m)i(r),

d" = 8we(t) — (¥ +m)a(r), 25)
””< ) = ¥i(t) +Ya(t) —mr(t) +u(t)s(7),

d”;ﬁ” = e(i(1) +ca(t) —w(r)),

5(0) = s0,€(0) = e0,i(0) = ip,a(0) = ag,r(0) = ro,w(0) = wy.

1€[0,T], 0<u(t) <A, b, b,ecl01].

We have considered a quadratic cost function on control, which is the simplest and widest non-linear
representation of the cost of vaccination.

The parameter A is a weight parameter describing the comparative importance of the two terms in
the functional. For example, a high value of A means that it is more important to reduce the burden
of the disease than to reduce the costs of vaccination. |

Principal maximum application

Theoretical resolution The optimal control problem (2.5)) is our initial problem. hence,
before characterizing the optimal control, let us define the Hamiltonian as below

H (s,e,i,a,r,w, Py, Py, P;, Py, P, Py, u,t) = pPu?
+ P (n—ms — bps (i + ka) — by,sw — us)
+P (bps (i+ka)+bysw— (1 —8)we—Sw'e —me)
P ((1—98)we—(y+m)i)
P,(6we— (Y +m)a)

+P, yz—H/a—mr—i-us)
+Py(e(i+ca—w)),
S0,

H (s, e,i,a,r,w, Py, Po, P, Pa, P, Py,u,t) = p u?
+nPs —msP; — b,siP; — kb,saPs — by, swP; — usP;
+ b,siP, + kbpsaP, + by,swP, — (1 — 8) weP, — 6w'eP, — meP,
+ (1 —06)weP,— (y+m)iP,
+ Ow'P,— (Y +m)aPk,
+ YiP, + Y aP, — mrP, + usP,
+ €iP, + €caP,, — ewP,
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where: B, P, P, Fs,, Py, and P, are the adjoints vectors.
Then by applying the PMP we obtain the next adjoints equations :
. JH . .
P = —3—S = mP; + b,iP; + kb,aP; + b,,wP; +uPs — b,iP, — kb,aP, — b,,wP, — up,,
. H
P, = —=(1-38)wP,+6wWP,+mP,— (1 —08)wP,— WP,
e
. H
P = 5 = b,siP;—b,sP, + (Y, +mp) P;— yP, — €P,,
. H
P, = P = kbpsP; — kb,sP, — ecP,,
ap
JoH
P = ——=—=mP,
r
. H
P, = ——— =bysP—bysP.+ &R,
\ adw
(2.6)
with the next transversality conditions :
. d
P = Poa*afol fol e(t,bp,by)dbydb,, =0,
s
. d
P = PPy fo e(t,by,bw)dbydby = p’oa,
e
. a 1 1
B = poaai(x Io fo e(t,bp,by)dbydb,, =0, o
P = poa—afol Jo e(t,bp,by)db,db,, =0,
a
. d
B = Pl ) elosbybu)dbdb, =0,
r
. d
B, = poa—afol Jo e(t,bp,by,)db,db,, = 0.
w

Now, we maximize the Hamiltonian H

max H,
0<u<i

which is equivalent to maximizing the functional ¢ such that,
¢ (u) = p°u® — u(P,— P.)s.

Necessary condition.
Looking for the roots of its derivative

P —P
¢'(u)=0 <= 2p%—(P,—P)s=0 <= u'= (52(;)S‘
—<p
assume that p° = —1/2, we find
u* = (Ps—P)s.

Sufficient condition
It is clear that,

¢”(Z/I):2PO:—1 <0 — M*:(PS_P,-)S
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is a maximum.
By taking into account the limits on u, the characterization of the optimal average control is

0 ¢ <0
u(t)y=<¢ (Ps+P)s, 0<(P(t)—P(1)s(t) <A, (2.8)
A s(t) >

we can rewrite it in the next abbreviated formula
u* (1) = max {min{ (P (1) + P (¢))s(¢),A},0}. (2.9)

The average optimal control and state are found by solving the average optimality system which
includes the state system (2.4), the initial conditions, the assistant system (2.6), the conditions of
transversalities (2.7) and the characterization of optimal control (2.8).

Two Points Boundary value problem The PMP gives us a necessary condition of optimality
and leads us to a two points boundary value problem

[ 5(t) = n—ms(t)—bys(t)(i(t) +ka(t))
—  bys(t)w(t) —u(t)s(t), 5(0) = so,
e(t) = bps(t)(i(t) +ka(t))+bys(t)w(t
— (1=8)wpe(r) — Swe(t) —me(t), ¢(0) = e,
it (1=08)wpe(t) — (y+m)i(z), i(0) =iy,
a(t) = Swe(t)— (¥ +m)a(r), a(0) = ay,
) = yi(t)+7a(t) —mr(t) +ut)s(t), r(0) = ro,
w(t) = e(i(t)+ca(t)—w(t)), w(0) = wy,
(TPBVP)\ B, = mP,+bpiP, + kbyaP, + b, wP, + uP,
—  byiP, —kb,aP, — b,wP, — uP,, P(T)=0,
P, = (1—8)wyP.+5w,P.+mP.
—  (1=8)wyP,— 5w, Py, Pe(T):—%a,
P = b,siP;—bysP.+ (y+m)P,— yP, — €P,, P(T)=0,
P, = kbysP;—kb,sP, —ecP,, P,(T) =0,
2 = mP,, P.(T)=0,
B, = b,sP,—b,sP,+¢€P,, P,(T) =0,

with

0, (P(t) = P:(1))s(r) <O,
w(t)=4{ (P,—B)s, 0<(P(t)—P(1)s(t) <A,
A, (P, (1) — B (1)) s (1) > A.
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We assume that,

QUJU?-’:UQUh"Ug N Q . ©»m

then, we have

N
»
V3
V4
Vs
V6
7

Vs
Y9
Y10
i
12

with

u (1) =

V1
Y2
Y3
Y4
Y5
Y6
Y7
Y8
Y9
Y10
yuu
Y12

n—myj *bp))l (yS +ky4) —bywy1ys *M(t)yla

bpy1 (y3 +kys) +bwy1ye — (1 —8) wpy2 — 6w, y2 —mys,
(1 - S)WpYZ - (}/+m)y3,

5w/py2 — ()/ —l—m) ap,

Yy3+ Y ya —mys +u(t)y,

e(yst+cys—ys),

my7 +bpy3y7 +kbpysy7 +byyeyr + uy;

bpy3ys — kbpysys — byyeys — uy11,

(1= 8)wpys + 8w,ys +mys — (1 — 8,) wpyo — Sw,y10,
bpy1y3y7 —bpy1ys + (Y+m)yo — ¥y11 — €y12,

kbpy1y7 —kbpy1ys — €cyia,

myii,
byy1y7 — bywy1ys + €y12,

07 ()’7—)’11))’1 <01
7=yi)y1, 0<(y7—yi)y1 <A,
A, (7 —y1)y > A,

(=]

N
W N =
I
<

=
I
<

<

=
I
<

<
=
—~~ /8 —~
— — — — — —
<
AOUNDO PO LWONO—O

< e
A W
=
I
<

=
I
<

the two points boundary value problem are equivalent to y = F (¢,y) with the next conditions

S0 PS(T)
€o Pe(T)
I _| P(T)
w [ PO mm |
ro PV(T)
wo PW(T)
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The Cauchy problem associated with our problem is

)}:F(t,y),y(()) =Yo =

NN N
o ©
— —

BT el “ R

—~~
=
SN—

The solution of our system is written as follows

s(T) s(T)
e(T) el
i(T) i)
a(T) a(T)
r(T r(7T)
(T) -
| wy || T
y <T7y0) y(T) Ps (T) 0
P(T) _%a
P(T) 0
Fy (T) 0
P(T) 0
P, (T) 0

Solving the problem (TPBVP) is equivalent to find a zero of the shooting function G (yg) defined by

G (o) =y(T,y0) —y(T).

2.3.4 Numerical analysis

In this section, our optimality system will be numerically solved by the Shooting function. To
resolve the system of differential equations we must find the zero of the shooting function G(yy),
to make t possible, we use the "fsolve" command in Matlab. The algorithm of integration of a
differential system with initial value is carried out using the command ode of Matlab.The following
program allows us to display the solutions to the problem.

As in [12], we assume that, the parameter o¢ = 100.
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The main program of the function simple shoot.

clc ; format long ;

global XO0;

X0=[800,50,20,30,0,0.0002];

PO=[1,1,1,1,1,1];

n=0.0018; m=0.0018; k=0.5; delta=0.5; c¢=0.5;

epsilon=0.1; gamma=0.1724; g = 0.1724;

w=0.1923; v=0.1923;

alpha=100;

tf=3;

options=optimset(’Display’,’iter’,’LargeScale’, on’);

[POtf,FVAL,EXITFLAG] = fsolve(@G,[PO,tf],options);

EXITFLAG;

options=odeset(’ AbsTol’,1e-9,'RelTol’,1e-9);

[t,y] =
oded5(@sys,[X0,P0tf(1),P0tf(2),P0rf(3),POtf(4),POtf(5),P0tf(6)],options);

if (y(,7)-y (. 11) #y (. 1)<0

y(,13)=0;

elseif (y(:,7)-y(:,11)) *y(:,1)>1

y(:,13)=1;

else

Yy 13)=(y(:,D)-y(:, 1)) *y(:,1);

end

plot(t,y(:,13),’r’);

title(Cu(t) Trajectory’);

grid;

figure

hold on

plot(ty(:,1)); plot(t,y(:,2));plot(t,y(:,3));

plot(t,y(:,4));plot(t,y(:,5));plot(t,y(:,6));

title(’ S(t),E(t),1(t),A(t),R(t),W(t) Trajectories’);

legend(’S(t)’,’E(t)’,)1(t)", A(t)’,R(t)’, W(D)’);

grid;
hold off
o0 S(t),E(t),I(t), Alt), R(t), W(t) Trajectories u(t) Trajectory
S
. S(t)
800 \"-\ E(t) 0.9
| i)
700 X At 0.8
‘ \, Rl
600 N wit) 0.7
s
500 . 06
0.5
400
0.4
300
0.3
200 .
— ——T 0.2
100 P - -
s 01
g
0
0 1 2 3 4 5 6 7 8 9 10 ) 1 2 3 4 5 6 7 8 9
time time

Figure 2.2 : Solutions and Control trajectories.
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First of all, denote that the vaccination rate stabilizes at the highest possible value, either from

the start or after a very short time, regardless of the value of ¢. therefore we find that vaccinating at
the highest possible rate as soon as possible is essential to control an epidemic.
By increasing the parameter (@ = 100) the vaccination rate takes the maximum value (z = 1) from
the first months, we see that, the number of exposed and susceptible people is decreasing over time
till it cancelled, while the number of infected people (symptomatic or asymptomatic) takes stable
state from the fourth month before it starts increasing in the seventh going to no-case state.
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This part showed us that the Pontryaguine maximum principle gives necessary condi-
tions of optimality which allow calculating the optimal trajectories, and also its application
can be quite complex in practice. on the other hand, it introduced a numerical method in
optimal control. It is an indirect method based on the Maximum Principle, which allows
the command to be expressed as a function of the state and the adjoint vector. We, therefore,
obtain a limit value problem, because we have initial and final conditions, which we can solve
numerically by a shooting method.

This part ended with the presentation and discussion of new results which have tried
to consider an optimal control problem of the new pandemic which is sweeping the world.
We have modelled the problem, the goal of which is to determine the rate of vaccination
needed to stop the spread of the epidemic while minimizing some cost. For the resolution
of our problem, we first started by applying theoretically the principle of the maximum
of Pontryaguine which gives the necessary conditions of optimality of the first order, then
numerically with implementation under Matlab software using the simple shooting method.
This allowed us to determine an optimal vaccination strategy.
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To control a system is to try to make it behave according to our wishes, at the least possi-
ble cost, in a way that is compatible with safety, regulations, and ethics. We have a problem
of optimal control of a rigorous and pragmatic state approach, here our objective (cost func-
tion) is to create recognized educational works at a given time 7. Another example is the
optimal control problem to make performance high effective digital tools the goal here is to
precise in analysis and synthesis and speed implementation.

Those two optimal control problems have to follow a certain algorithm that contains
some constraints and conditions named by the optimality conditions, which drive us to find
a characterization of our optimal control.

In contrast to the preceding part where the main attention was paid to control problems
governed by ODEs, this part aims to presents and define the different notions of optimal con-
trol of linear PDEs, the chapter one aw specialized to introduce the no-regret and low-regret
control those twins notions applied just on a problems with missing data and the new notion
of the average control such that it applied on an optimal control elliptic problem, also we
can not forget some examples of optimal control ot different kind of PDEs (parabolic,elliptic,
hyperbolic and hyperbolic-parabolic coupled system which is a new study example), all of
those examples are just an introduction the the next chapter wherever we present a base
article talk about the optimal control of an abstract systems with missing initial conditions,
here is the start to the new results of an optimal control of an abstract hyperbolic-parabolic
coupled systems with missing initial conditions.

BESSISIIEBE

il



3.1

This chapter is dedicated to introducing in the second section some properties of the
cost functional, after that the third section contains some examples of the method of optimal
control applied on an hyperbolic, parabolic and elliptic systems, this chapter rich also by
a applied this method on an abstract hyperbolic-parabolic coupled system, which is a new
work may be published later.

Without forgetting this chapter introduces and explains also the notions of no-regret and
low-regret control which act only on the problem with missing or incomplete data. The last
important concept presented here is that concept of Zuazua [55] called the average control,
here it introduces just the average optimal control applied on an elliptic system. All of that
helps with some important basics which are obtained in the first section.

Basics

The pieces of information under this section are taken from the reference [5].

While diving into this part of thesis and somewhere, you will find some transforms or passages
made only with the help of the next basics :

| Definition 3.1.1 A Banach space is a Complete normed space for distance d(u,v) = ||u —v||.

Definition 3.1.2 — Quotient space E/M, [x] or . E normed space, M closed subspace of E,
E /M vector [x] if and only if

o x] ={x+yyeM}.

o [x+AX] = [x]+A[X].

o [Hll = infllx+yll, y € M.

Proposition 3.1.1 If F is a Banach space, .Z(E, F) endowed with |||.||| is a Banach space.

| Definition 3.1.3 The set .Z(E,R) is the dual space of E, denoted by E’.
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Theorem 3.1.2 Let K C H be non-empty closed convex subset. Then for all u € H, there exists
v € K unique, such that,

||lu—v|| = inf ||u—w| = min|ju—w|.
wek wek
Moreover, v characterized by

veK,(u—v,w—v) <0,YweK.

I Definition 3.1.4 v is called the projection of u onto K and denoted Pxu.
Proposition 3.1.3 For all (u,us) € H?, ||Pxu — Pxuo|| < ||uy — us||.

Corollary 3.1.4 Let M C H vector subspace closed and u € H. Then v = Pyu characterized by

veM, (u—v,w)=0,Ywe M.

Theorem 3.1.5 — Riesz . Let ¢ € H' . There exists a unique u € H, such that,
veH, o(v) = (u).
Moreover,

[l = 1@l -

Theorem 3.1.6 From any bounded sequence of H, we can extract a weakly convergent subse-
quence.

Stampacchia theorem.

Definition 3.1.5 A bilinear formA: H x H — R is:
e Continue if there is C > 0, such that, for all (u,v), |A(u,v)| < C||ul/||v]-
e Coercive if there is o > 0, such that, for all u, A(u,u) > o ||ul|*.

Theorem 3.1.7 Let A be bilinear continuous and coercive. Let K be non-empty closed convex.
For ¢ € H', there exists a unique u € K, such that,

YWwekK, A(u,v—u) > ¢(v—u).

If A is symmetric, then u characterized by

WK, SAuu)—(u) = min (;A(v,v) - ¢(v)) .

2 vek

Definition 3.1.6 — Convex functions. Assume that Q2 C R" an open convex subset, the func-
tion f: Q — R" is a convex, forall x, y € Qand A € [0, 1], we have

FAx+(1=24)y) SAf(x)+(1=2)f(y).
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Definition 3.1.7 — Strictly convex functions. Assume that & C R" an open convex subset,
the function f : Q — R” is a strictly convex, forall x,y € Q, x #yand A € [0, 1], we have

fAx+(1=A)y) <Af(x)+(1=A)f().

Theorem 3.1.8 — Convex functions characterization. Assume that f: R" — R, f € C!(R")
and (.,.) the inner scalar product of R”. The next assumptions are equivalent :

e f is a convex function.

e Vx, y € R" the next inequality is checked

) = f0)+ V), x =)
e Vx, y € R" the next inequality is verified
(Vi) =Vf(y),x=y) = 0.
o If f € C?(R"), we have, Vx, v € R" the next inequality is verified

<V2f(x)v, v) > 0.

Proposition 3.1.9 The space W7 (Q) is :
e A Banach space for 1 < p < co.

e A separable space for 1 < p < oo.

e A reflective space for 1 < p < oo,

Definition 3.1.8 Let 1 < p <oo. WO1 7 (Q) means the closing of C} (Q) in W7 (Q), it is endowed
with the norm induced by W!” (Q) is a separable Banach space, it is moreover reflexive for
1 < p < oo. We denote

Hq (Q) =Wy~ ().
The space H(} is a Hilbert space endowed with the scalar product of H'

Lemma 3.1.10 When Q = R we know that, C& (RN ) is dense in W'» (]RN ) Consequently,

Wlr (RY) =Wl (RY)

Corollary 3.1.11 Another characterization of WO1 P (Q), if is in class C! and u € WP (Q) N
C (ﬁ) with 1 < p < oo, then, the following properties are equivalent :

eu=00ndQ.

ouc WO1 P(Q).

Definition 3.1.9 — Dual space of W,"” (Q). We denote by, W17 (Q) the dual space of
Wol"’7 (Q), (1 < p <o) avec %—1— 1 =1. We note that, H~' (Q) the dual of H} (Q).

7
We can identify L? and its dual, therefore we have the inclusions

Hy (Q) = L*(Q) = H™ (Q),

with continuous injections.
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Theorem 3.1.12 — Rellich-Kondrachov. If we assume that Q is a bounded open-set of class
C!, we have :

c@) p>N,
WP (Q) ¢ L1(Q), Vg€ [L,p*[ if p<N,
L1(Q), Vg € [1,»[ if p=N.

with a compact injections.

The weak convergence in the spaces L”

Definition 3.1.10 Let Q an open subset of R".
o If 1 < p < 0. we say that a sequence u, converges weakly to u in LP(Q) if u, u, € LP() and
if,
lim [ [uy(x) —u(x)] @(x) =0,V € L7 (Q).
v—eo J
We denote in this case u, — u in L”.

o If p = oo, we say that the sequence u, converges (x)-weakly towards u in L*(Q) if u, u, €
L*(Q) and if,

lim [ [u,(x) —u(x)]@(x) =0, Vo € L'(Q).

v—oo /O

We denote that, u, —* uin L™.

Theorem 3.1.13 Let Q C R” be a bounded open set. The next properties are checked :
o Ifu, —»>u, then,u, ~uin L? , forall 1 < p < oo.
o If 1 < p <oandif u, — uin L? , then, there exists a constant C > 0, such that,

Jusllp < Cand Jul < timin |

e If 1 < p < oo and if there exists a constant C > 0, such that, ||u,||;, < C, then, there is a
subsequence {u,,} and u in L?, such that,

uy,, ~uin L.

o If p = o and if there exists a constant K > 0, such that, ||u,|[,. <K, then there is a subsequence

{u,,} and u in L?, such that,

uy, =~ uin L.

Theorem 3.1.14 — Lebesgue Dominated Convergence. Let (f,(x)):_; be a sequence of
Lebesgue integrable functions that converge to a limit function f almost everywhere on I.
Suppose that, there exists a Lebesgue integrable function g such that | f,| < g almost everywhere
on [ and for all n € N. Then, f is Lebesgue integrable on / and

lim Ifn(x)dx:/lf(x)dx.

n—yo
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Theorem 3.1.15 — The Green formula. Let Q C R” be a bounded smooth domain, and v be
the outward unit normal vector on I = dQ. Then, we have,
For (u,v) € H'(Q) x H*(Q), we have the half Green formula

d
/uAvdx:—/ Vqudx—i—/u—vF.
Q Q r ov

Theorem 3.1.16 — Fubini theorem. If f(x,y) is continuous on the rectangular region
R={a<x<b, c<y<d},

then, the equality

J[ vy = [ [ s yyasay.

Gateaux derivative functions

Definition 3.1.11 LetJ:U C X — Y be an operator with Banach spaces X, Y and U # 0 open.
J is called directionally differentiable at x € U if the limit

dJ(x,h) = lim Jetth) = J(x)

t—0t t

ey

exists for all 4 € X. J is called Gateaux differentiable at x € U if J is directionally differentiable
at x and the directional derivative

J(x):heX —dJ(x,h) €Y

is bounded and linear, i.e., J(x) € £ (X,Y).

Theorem 3.1.17 Let X be a Banach space and U C X be non-empty and convex. Furthermore,
let J : V — R be defined on an open neighbourhood of U. Let u be a local solution of

inf
g7

at which J is Gateaux-differentiable. Then the following optimality condition holds,

(J'(u),v—u),, , >0,YeU.

If J is convex on U, the last condition is necessary and sufficient for global optimality.

3.2 Minimization of convex functional
We remind here a number of well-known results in convex analysis. Let us consider a functional

J:UgyCcU — R
v — J(v).

We assume that :
e J is convex and continuous on U,,.
e U, is a closed convex set in U.



46 Chapter 3. Control of linear PDEs

e U is a reflexive Banach space on R.
We have the next problem

inf J(v).

veUyy

Theorem 3.2.1 — Existence. [27] If we assume that,
J(v) — Fooif ||v]| — oo,
then, there exists u € U,;, such that,

J(u) S‘](V)v VVEUad, (31)

Theorem 3.2.2 — Uniqueness. [27] If we assume that, the functional v — J(v) is strictly
convex, i.e., if

J(I=A)u+2Av) < (1=2A2)J(u) +AJ(v) if 0 <A < 1and u #v,

then, there is at most one u satisfying (3.1).

Let us give now more "analytic" conditions for (3.1) to hold true. If we assume that the function
v — J(v) is differentiable, then (3.1) is equivalent to

W, u € Ugg, (J'(u),v—u) >0

where,

d
(J'(u),9) = @J(” +79)ly=0.
‘We assume that, J takes the next form
J(v)=J1(v) + ().

where J; (v) is differentiable and J,(v) is continuous (not necessarily differentiable), and where
both functions are convex, then, the previous equality is equivalent to

Y, u € Ung, (J1(u),v—u)+J2(v)—Ji(u) > 0.

m Example 3.1 Let us suppose that, U is a Hilbert space, we consider the next system
A =Av- 7,

where, A € L(U,U’) and where f is given in U’. Then, if
(av,v) > |, @ >0,

there exists a unique u € U,,, such that,

Vv € Upg, (Au— f,v—u) > 0. (3.2)
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» For the proof see [1]

R If A is symmetric, then Au — f is the derivative of

J0) = 3 (A~ (£.0),

if A is not symmetric, then (3.2) does not correspond to a minimization problem, but it is a
useful tool.

Optimal control of linear distributed systems

Let Y, U and V be Hilbert spaces, let us consider the infinite dimensional optimal control problem
written in the following abstract form

infJ (v,y), (3.3)
under the constraints
Ay = f+ By, (3.4)

where :

eve U, CU, Uy, is the set of admissible controls, which is a closed convex non-empty set of the
space of controls U.

e The spaces Y and U are respectively the state spaces.

e A is a linear partial differential operator, isomorphism of .Z(Y).

e B is the control linear operator .£ (U,Y).

e J is a convex function from ¥ x U to RU {eo}.

Let Z be an observation Hilbert space and C € . (Y,Z) an observation operator.

Consider the next quadratic cost function

J(vy) = Cy(v) = yallz +B (v,v)y (3.5)

where :

e ), is an observation given in Z it is the goal.

e } € Z(U) symmetric and positive.

Then, our optimal control problem consists in determining or characterizing the control # which
minimizes J on Uy, i.e.,

Findu € Uy,
J(u,y(u)) = infyey,, J(v,¥), (3.6)
Ay = f+Bv.

The pair (u,y(u)) verifies (3.6) is called the optimal pair.

Theorem 3.3.1 If the cost function J defined by (3.5) is Gateaux derivative, then the optimal
control u € U,y is unique and characterized by

J@—u) = (Cy(u)=ys,Cr(v) —y(u)))z+ (Bu,y —u)y >0,V € Uaa, 37)
Ay(u) = f+Bu. :
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Proof. J is strictly convex which implies the uniqueness of an optimum coercive since
J(v) —> oo when ||v||y, v € Uyg,

which implies the existence of an optimum, lower semi-continuous' because it is continuous. The
optimum is characterised by the next variational inequality

Vv € Uyg, J'(u)(v—u) >0,
where,

P v—u) = ;h“”h(v‘””‘h_o’

= (&) =ya,C(v) =y()))z + (Bu,v —w)u, ¥ € Uaa-

R) Inthe case where U,y = U the vector v —u describes the entire space U, then (3.7) is written
as follows

J' (u)(w) >0, Yw € Uyg,
this is the case without constraint on v.

Optimality system :
Let us introduce an adjoint state p = p(u) of (3.4) given by

Ap =C*(Cy(u) = ya),

where A* and C* are the adjoint operators of A and C respectively. and we have

(A"p,y(v) = (u))y = (C*(Cy(u) —ya),y(v) = y(u))y,

On the other hand

(A*p,y(v) =y())y = (p,Ay(v) —Ay(u))y = (p,B(v—u))y = (B*p,v —u)u,
Then, inequality (3.7) is equivalent to

Ay(u) = f + Bu,
A*p=C*(Cy(u) —ya),
(B p+Bu,v—u)y >0, v, u € Uy,.

In the unconstrained case i.e. U,y = U the optimality system is written as follows
Ay(u) = f+Bu,

A'p = C*(Cy(u) —ya),

-1
u = FB*p, Vu 6 Uad

ILet f: D — R and let ¥ € D. We say that f is lower semi-continuous (l.s.c.) at ¥ if for every £ > 0, there exists
6 > 0, such that, f(X) — € < f(x) forallx € B(¥,8)ND.
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Optimal control of hyperbolic distributed system

Let Q be a bounded domain of R”, and let I its boundary be of class C2, T >0, Q = Q x (0,T)
and £ =T"x (0,T). Consider the next wave equation with Dirichlet condition

yue—Ay = f+Xov in Q,
3y)(x,0) = (o(x),yi(x)) inQ, (3.8)
y = 0 on X.

where :

e f is a source function in L2(Q).

e v is the control function supposed to be in L?(0, T;L*(Q)).

® X is the characteristic function of @ which is a given open subset of Q.
e (yo.1) € HY(Q) x I2(Q).

Give an existence and uniqueness theorem for (3.8).

Theorem 3.3.2 For all (f,y0,y1) € (L*(Q),H} (Q),L*(Q)) the equation (3.8) has a weak solu-
tion y, moreover, the application

L*(Q),HN(Q),[2(Q) — C(0,T;HL(Q))uC!(0,T;L*(Q))
(fry0,y1) = y(f,y0,51),

1s linear and continuous.

Our optimal control problem consists in finding a control function u € L?(0,T;L*(Q)) which
minimizes the following quadratic cost function

Jy) = IvO) =yallzzg) +IO(T) =ya(T) e

3.9
+ B ”v”iZ(O,T;LZ(w)) , V€ Uqa C L*(0,T;L%(w)),

where :

ef3>0.

e y(v) is the solution of (3.6).

ey, € L?(Q) and y,(T) € L*(Q) is a desired states.

Here, we will say that, the control is internal or distributed. So, we will write an optimality system
that characterizes the solution of

inf {J(v,y) : (v,y) € Usa x L*(0, T3 Hy (Q))  verify (3.8)}. (3.10)

In this case:

oY =12(0,T;H}(Q)) is the state space.

e Z = L*(Q) is the observation space.

o U =1%0,T;L*(Q)) is the control space.

e C:1%(0,T;H}(Q)) — L*(Q) is the canonical injection.
A first-order optimality condition gives us

() =ya,y(v) =yW)r2) +  (@)(T) =ya(T),y(v) = y(u))r2(q)
+ (ﬁu V— )LZ (0,T:L2(w)) >0, YWweUy.

Now, let us look for a state p = p(u), such that,

(@) =ya,yv) =yW) 20y +  G@)T) —ya(T),y(v) —y(u
= (pv—uwporw) >0,V

%

€ Uad
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Let us introduce the adjoint state p = p(u) through

pu—Ap = y(u)—ya in Q,
(p7pl‘)(x7T) = (an(u)<T) _yd(T)) in Q7
p = 0 on X.

Theorem 3.3.3 The optimal pair (u,y(u)) solution of (3.8) is characterized by the next optimality

system
Yir — Ay = ft+2Xo in Q,
Pu—Ap = y(u)—ya in Q,
(), y: (1)) (x,0) = (yo(x),y1(x)) in Q,
(p:pe)(x,T) = (0,y@)(T)—y4(T)) inQ,
(y,p) = (0,0) onX.

with the next optimality condition

(p—i—ﬁu,v— u)LZ(O,T;LZ(CO)) 2 0, Vv e Uad.

R) If U =L*(0,T;L*(w)), the optimal pair (u,y(u)) is characterized by the next optimality

system
Yir — Ay = [+ Xou in Q,
pu—Ap = y(u) =y in Q,
(), 3 (u)(x,0) = (yo(x),y1(x)) in Q,
(Pspe)(x,T) = (0,y(u)(T)=ya(T)) inQ,
»p) = (0,0) on X.

with the next optimality condition

ép(u) € L2(0, T;Lz(a))).

u=—

3.3.2 Optimal control of parabolic system

Let Q a bounded domain of R”, T its boundary be of class C2, T >0, Q = Q x (0,T) and
r=TIx(0,7).
Consider the next heat equation with Dirichlet condition

yi—Ay = fH+Xov inQ,
y(-xa 0) = y()('x) in Q, (3.11)
y =0 on ¥X.

where :

e f is a source function in L2(Q).

e v is the control function assumed in L?(0, T; L?(Q)).

® X is the characteristic function of @ an open subset of Q.

ey € L2(Q).

Before introducing the optimal control problem, we recall some results of the existence and
uniqueness for the solution for (3.11).
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Theorem 3.3.4 Consider the next system

w—Aw = €& in Q,
w(x,0) = wo(x) in Q,
w = 0 on X.

For all £ € L?(Q) and wy € L*(Q), the previous system admits a weak unique solution in
L?(0,T;L*(Q)), moreover, the operator

L*(Q)xL*(Q) — W(0,T;Hj(Q),H ' (Q)%)
(é,Wo) = W(é,Wo),

with,
W(0,T;Hy(Q),H '(Q)) = {we L*(0,T;Hy(Q)), w, € L*(0,T;H '(Q))}

18 continuous.

“The dual space of H} (Q).

Our optimal control problem deals with finding a control function u € L?(0,T;L?(®)) which
minimizes the next quadratic cost function

J(0y) = ly() = all2g) + B V20 :22(@)) v € Uaa © L0, T3 L3 (@),

Where :

o f3>0.

e y(v) is the solution of (3.11).

ey, € L*(Q) is a desired state.

Here, we will say that, the control is internal or distributed. Then, we want to write an optimality
system that characterizes the solution of

inf {J(v,y) : (v,) € Uaa x L*(0,T; Hy (Q)) verify (3.11)} (3.12)
In this case:
oY =L%(0,T;H}(Q)) is the state space.
e Z = L*(Q) is the observation space.
o U =1%0,T;L*(Q)) is the control space.

e C:L2(0,T;H}(Q)) — L*(Q) is the canonical injection.
A first-order optimality condition gives us

(@) = ya,y(v) = y(u)) 1200y + (Busv — ) 120, 7202 (@) = 05 WV € Usa-
Now let us look for a state p = p(u), such that,
() =ya,y(v) = y()) 12(0) = (P,v— W) 20, 1:12(00)) = 0, WV € Usa-

Let us introduce the adjoint state p = p(u) through

—pi—Ap = y(u)—ya inQ,
p(x,T) 0 in Q,
p = 0 on X.
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then, by using the Green formula

Jo JoO() =ya) 6(v) = y(w))dxdt = [§ fo(=pi —Ap) (y(v) — y(u))dxdt
= i fap (=5 —4) O0) —y(w)dxar
= fona,p(v—u)dxdt.

So, we can write the first-order optimality as follows

(p +BM,V — M)LZ(O,T;LZ(U))) >0, YveUy.

Theorem 3.3.5 The optimal pair (u,y(u)) solution of (3.12) is characterized by the following
optimality system

yi—Ay = f+xeov inQ,
—p—Ap = yu)—yqs inQ,
y(x,0) = yo(x) in Q,
p(x,T) = 0 in Q,
»p) (0,0) on X,

with the next optimality condition

(p—f—ﬁu,v— M)LZ(O,T;LZ((D)) >0, VYweUy.

R) If Uw =L*(0,T;L%(®)), the optimal pair (u,y(u)) is characterised by the next optimality

system
w—4Ay = ft+xeov inQ,
—pi—Ap = yu)—ys inQ,
y(x,0) = yo(x) in Q,
p(x,T) = 0 in Q,
(v, p) = (0,0) on X,
u = %p in L*(0,T;L*(®)).

3.3.3 Optimal control of elliptic system

Let Q a bounded domain of R”, assume that I its boundary which is class C2. Consider the next
Laplace equation with Newmann condition

5 (3.13)

—Ay+y = f inQ,
v = v onl.

Where :

e f is a source function in L% (Q).

e v is the control function in L? (T).

Before presenting the optimal control problem, we recall some results for the existence and
uniqueness of a solution for (3.13).

Theorem 3.3.6 For all f € L*(Q) and v € L? (T), the equation (3.13) admits a unique weak
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solution in H' (Q), moreover, the application

L?(Q) x L*(T)
(f:v)

is linear continuous.

_)
—>

Our optimal control problem deals with finding a control function u € L? (I') which minimizes the
next quadratic cost function

J (1) = lly () =vallfa@) + B IVl » v € Uaa € L2 (T). (3.14)

Where :

e f3>0.

e y(v) is the solution of (3.19).

ey, € L*(Q) is a desired state.

Here, we will say that the control acts at the border. So, we must write an optimality system that
characterizes the solution of

inf{J(v,y) s (vy) € Ugg X H'! (Q) verify (3.1 1)} )

In this case :

oY = H' (Q) is the state space.

e Z = L*(Q) is the observation space.

e U = L*(T) is the control space.

e U, is the set of admissible controls, is a set closed convex non-empty of the control space L* (T").
e C:H'(Q) — L*(Q) is the canonical injection.

A first-order optimality condition gives us

() =ya,y (v) =y (W) 2 () + (Bu,v —u) oy 20, Vv € Uga.
Now, let us look for a state p = p (u), such that,
() =ya,y (v) =y () 120) = (P,v—w) 21y, Vv € Usa-

It is clear that, this equality will be linked to the Green formula. Let us define a state p = p () €
H' (Q) solution of

—Ap+p = y(u)—ys in&,
ap
v

onl

In this case according to the Green formula

Jo (@) =3a) () =y @)dx = Jo(~Ap+p) () ~y(u))d
= Jor(ZAG ) —y(@) +y(v) =y (u))dx
e (PR~ )y () 55 )T

and the first-order optimality condition is written as follows

([9+BM,V—M)L2(F) 20, VVEUad,
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Theorem 3.3.7 The optimal pair (u,y (u)) solution of (3.14) is characterized by the next opti-
mality system

Ay () () = f in Q,
—8Ap+p = y(@)—ya in Q,
y () = u on I,

gv
% = 0 on I,

with the next optimality condition

(p+Bu,y—u)pay =0, Vv € Uug, where, (p,y(u) € H? (Q) x H' (Q).

R) If Uw= L*(T), the optimal pair (u,y (u)) is characterized by the next optimality system

—Ay(u)+y(u) = f in Q,
—aAp+p = y()—ys inQ,
y () = u onT,
gv
% =0 1 onT,
u = —=p inT,
B

where,

(poy(u) € H3 (Q) x H'(Q).

3.3.4 Optimal control of an abstract coupled system

Consider the next abstract hyperbolic-parabolic coupled system

yu+Liy+aM6 = f+By,
()’7)%9) (0) = (y07y1790)'

Here :

o1 € (0,7), T >0.

e U, H|, H, and H; be a real separable Hilbert spaces.

e y and O are functions with values in H; and H, respectively.

e fcL?(0,T;H,), L1, L, are unbounded self adjoint positive definite operators acting in H; and
H,, with the domains Dy, and Dy, 2,

Let us define on Dy, and Dy,, respectively, the next norms :

I, = 14Nl and |lIp,, = [1L2- |, »
then, Dz, and Dy, become Banach spaces.
Denote by D 112 and DL;/z 3 the domain of the operators L}/ *and L;/ 2 equipped with the next scalar
product

(,.)) = (L}/Z.,L}/z..)l and (.,..), = (L;/z.,L;/z..)z,

2Dy, and Dy, are dense in H and Hs.
3Separable Hilbert spaces.
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with the corresponding norms equipped with the next scalar product

1/2

— 1/2
I-lp, = |1

d|. :HL H
HH1 and | ”DL;/Z 2 'y,

where :
DLI/Z C Dy and DLl/z C Dy.
1 2

We assume that :
e M and N are linear operators acting, respectively, from Dy, into H; and from Dy into H,, where,
Dy, and Dy are linear sets, such that,

DL2 CDy, M e =E/ﬂ(DLZ,[‘Il), and NEg(DU/z,Hz)
1

e Bc ¥ (U,H,) is the control operator.
e ¢ = (y0,¥1,60) are known initial conditions belonging at least to the spaces H = D1 x Hy X Hp,
1

e o is a coupled parameter in (0, 1).
e v is a distributed control vector in U,,; C U is a convex, non-empty and closed sub-set.
Give an existence and uniqueness theorem for (3.15)

Theorem 3.3.8 Forall f € L! (0,T;H,), g € H the equation (3.15) has a unique weak solution,

(v,0) € W= (0,T;H)) NL” <O,T;DL1/2) % L (0,T;Hp) N L2 (0, T;DLI/Z) .
1 2

This theorem is basically proved by well-known methods [22]. The exact weak solution to problem
(3.15) is constructed as a weak limit of the sequence of its Galerkin approximate solutions in the
corresponding function space.

Our optimal control problem consists in finding a control function u € U,y which minimizes
the next quadratic cost function

J0) = Iy0) = yallZo.ramy + 100) = 8ulP2(0 7y + BIVIE v € U (3.16)

Such that, y,4, 6, are given observations and 8 > 0.
Here, we will write an optimality system that characterizes the solution of

inf {J(v) : (1,y,0) € Upg x L*(0,T; Hy) x L*(0,T; Hy) verify (3.15)}. (3.17)
A first-order optimality condition gives us

(9 (u) —64,0 (V) -6 (u))LZ(O,T;Hz)
(Bu,v—u)y >0,Yv € Uy.

O @) =ya,y (V) =y (@) 201m,) +
+

Now, let us look for a state
(p.a) = (p().q()) € W (.75 H) OL' (0,T:D 12 ) x W (0,73 H2) NL2 (073D, ).

Such that,
pu+Lip—aN'q = y(u70)—y(?’0)

~qr+Lag+aM’p = 6(u,0)-6(0,0), (3.18)
(P,PtaQ)(T) - (0,0,0)
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Furthermore (p, g) is a solution of (3.18), which gives

Jo () =ya,y (V) =y W)y, dt + f3 (6 (1) — 64,0 (v) — 6 (u))y, dt
= Jo (pu+Lip—aN*q,y(v) =y W)y, dt + 3 (—g;+Lag+ aM*p,0 (v) — 0 (u)), dt

T
Jo (p,B(v—u))y dt =(B"p,v—u),.
So, the first-order optimality condition is written
(B p+Bu,y—u)y, >0, Vv € Uy.

Accordingly, which is lead us to the next theorem.

Theorem 3.3.9 The optimal triple (y(u), 0 (u),u) solution of (3.17) is characterised by the next
optimality system

(| yutLiy+aM6é = f+By,
6, +L1L,6+aNy, = 0,
(yayhe) (0) = (y07y1790)' (3.19)
ptt‘i‘Llp_aN*‘b = y(u70)_y(070)7 ‘
—q+Lgq+aMp = 6(”70)_9( 70)7

\ (p,p,,q)(T) - (07070)'

with the next optimality condition

(B*p+Bu,v—u)y >0, Vv e Uy.

R) If Uss = U, the optimal triple (u,y(u),8(u)) is characterized by the next optimality system

yut+Liy+oM6 = f+Bv,

6, +1L,06+aNy; = O,

(.1, 6) (0) = (vo:y1,60). (3.20)
put+Lip—oaN*q = y(u,O)—y(QO), .
—Qt-l-qu-i-aM*P = 9(“70)_6( 7O)a

(pvpt7Q) (T) = (07070)

with the next optimality condition

1 k
u= _EB p(u) € Uyy.

3.4 No-regret and low-regret control

This section presents the concept of no-regret control for distributed systems with missing data,
which was introduced by J.Lions in [31], then, was developed by O. Nakolima, A. Omrane et J.
Valin in [40], [41], and [42].

A no-regret control is associated with a sequence of controls with the low-regrets defined by a
quadratic perturbation. We show here that, the perturbed system which corresponds to a sequence

of standard control problems converges towards the no-regret control for which we obtain an
optimality system.
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Statement of the problem
Let us consider the next controlled abstract equation with missing data

Ay(v,g) = f+Bv+Ng, (3.21)

Where :

e V is a real Hilbert space with dual V'.

e A is an operator in .Z(V,V’).

e U* is the controls space.

eBc Z(U,V).

e G is a non-empty closed subspace of the Hilbert space of uncertainties F.

e N an operator in .Z(F,V’).

For every uncertainty g € G, the equation (3.21) is well-posed in V', it has a unique solution

y=y(v.g).
We consider the next cost function which associated to (3.21)

J(v,8) = Cy=yallz+BIVIT, W € Uaa, (3.22)
where, y; € Z and B > 0. In this case, the most important for us is the optimal control problem

inf J(v,g), Vg€ G, (3.23)

veUyy

with respect to (3.21), when G is an infinite dimensional space, this problem has no sense, hence,
the celebrated mathematician J. L. Lions thought to take

inf (supJ(v, g)) , (3.24)

veUuq gcG

Because sup,cJ(v,8) = +oo, J(v,g) has not an upper bound.

R) When G = {0}, then, J(v,g) = J(v,0). Therefore, the problem (3.23) becomes a standard
optimal control problem, it means, find inf,cy, J(v,0).

No-regret control
To avoid difficulty arises in (3.24) Lions thought > to look only for controls v, such that,

J(v,g) <J(0,g), Vg €G. (3.25)

Note that, the optimal control verifies the last equality, otherwise the optimum is u = 0.

Definition 3.4.1 [31] We say that u € U, is a no-regret control for (3.21)-(3.22) if u solves

inf sup(J(v,g) —J(0,g)). (3.26)
veU,y g€G

R) The problem (3.26) is defined only for controls, such that,

geG

“4Hilbert space.
SThis idea was originated in statistics in [Savage, L.J., 1972. The foundations of statistics, 2nd edition. Dover.].
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Lemma 3.4.1 [42] we have for every (v,g) € Uy X G

J(v,g)—J(0,8) =J(v,0)—J(0,0)+2 <S(v),g>G,7G. (3.28)
Where, S(v) = N*&(v) and & solves

A" (v) =C*C(y(»,0) —¥(0,0)).
Proof. A is an isomorphism® so y(v,g) = y(v,0) +y(0,g) —(0,0), then,

J(v8)=J0,8) = J(10)=J(0,0)+2(C(y(+,0) ~(0,0)),C(¥(0,8) =¥(0,0)))z 3 59,
= J(Vv 0) _J(O’O) +2(C*C(y(vv 0) _Y(070))7y(0ag) —y(O,O))V/. .

Introduce & (v) given by
A*G(v) = C"C(y(»,0) —¥(0,0)),

we can write (3.28) as follows

J(v,0)—J(0,0) = J(v,0)—J(0,0)+2(A*E(v),(0,g) —¥(0,0)),,
= J(V,O)—J(O,O)—FZ(é(V),A(y(O,g)—y(O,O)))V/
= J(V,O)—J(O,O)—i-z(é(v),Ng)V/
= J(»0)—J(0,0) +2(N*E(v),8)¢ G
the last equation leads to (3.28). [

R) By (3.28) we can see that, the condition (3.27) holds if and only if v € K, where,

K= {v €U : (S(v),8)g =0 Vg e G}

is a closed subspace of U. Then, u is a no-regret control if and only if u € K.
e The notion of no-regret control could be generalized to no-regret control related to any a
fixed control ug € U,y, i.e., we want controls v, such that,

J(v,g) < J(ug,g) for every g € G.

Definition 3.4.2 We say that u € U,, is a no-regret control related to uy € U,y for (3.21)-(3.22)
if u solves

inf sup(J(v,g) —J(uo,8))- (3.30)

veU,q 2€G
When we want to characterize the set K, the main difficulty with no-regret control arises, for this

reason, we will relax the no-regret control by a sequence of controls called low-regret controls.

3.4.3 Low-regret control

We aim to relax (3.25) by making some quadratic perturbation on J(0, g) (see [31] ). In other words,
we search controls v, such that,

VeeG, B>0 J(v,g) <J(0,8)+7|gl%

6 An isomorphism between two structured sets is a one-to-one application that preserves the structure, and whose
converse also preserves the structure.
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Definition 3.4.3 [31] We say that uy € U,y is a low-regret control for (3.21)-(3.22) if u solves

inf sup (J(v,8) ~J(0,8) ~ 7llgll3 ) .y > 0. (3:31)

veU,q g€G

Take (3.28) into account to get the equivalence between (3.31) and

inf (J(v, 0) —J(0,0) + sup (2 (Sv).8)g =7 Hml%)) :

veUyy 2€G

thanks to the Legendre transform ’ for

1

sup (2(S().8) 6~ 7llgllE) = = IS

g€G Y
then,

3 Y

Jnf 7 (v), (3.32)

where,
1
S10)=Ig) =J(0.0)+ IS - (3.33)

The low-regret control existence and uniqueness
Proposition 3.4.2 The problem (3.21)-(3.32)-(3.33) has a unique solution u,.

Proof. 1t’s clear that,
/Y(v) > —J(0,0),Vv € Uadv

then dy = inf,cy,, Z¥(v) exists.
Let (v}) be a minimizing sequence, such that, dy = lim,_.. _#"(v}), we have

1
~I(0.0) < F16]) = J01,0) ~0.0)+ISODIG < dy 1 (3.34)
which gives the bounds

Ikl
—st(vZ)HG < Gy, (3.35)

lexonll, < €

VANVAN
£

where, Cy is a constant independent of 7. From (3.35) we deduce that, there exists u € Uy, such
that,

vl — u weakly in Ugg.

"It is a mathematical operation which, schematically, transforms a function defined by its value at a point into a
function defined by its tangent.
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Theorem 3.4.3 The sequence of low-regret controls converges weakly in U,; when ¥y — 0 to
the unique no-regret control u solution to (3.21)-(3.22).

Proof. Let uy be the unique low-regret control solution to (3.21)-(3.32)-(3.33). Then,
1 2 1
1, 0) =(0,0) 4+ [|S(ap) |G < J(0.0) —(0.0) 4 _ IS5 ¥ € Ui,
take v =0 to get
1
H(t7,0) =(0,0)+ - [S(2e) |12, < 7(0,0) = constant.
Remember the definition of J(v,g) in (3.22) to find
2 1 2
1Cy ey 0) =yl + B |l + 2 1SGen)[G < € (3.36)

where C is a constant independent of y. From (3.36) we deduce that (uy) is bounded in Uy, then,
there exists a subsequence still be denoted (uy) converges weakly to u € U,y. Let us prove that u is
the unique no-regret control solution to (3.21)-(3.22) as follows

J(I/t,g) —J(M,O) _YHgHzG S‘](V7g) _J(ng)v V(V,g) € Uad X G,

then,

J(u,8) —J(u,0) = 7glg < sup(J(.8) = J(0,8)),

pass to limit n — O to get

J(Lt,g) —J(u,O) < sup(J(v,g) _J(ng))a
geG

which means that, u is a no-regret control. |

Optimality system of low-regret control
In the next proposition, we give an optimality system characterizing low-regret control uy.

Proposition 3.4.4 The low-regret control uy, solution to (3.21)-(3.32)-(3.33) is characterized by
the next optimality system

A*Ey = le*C(yy—y(O,O)),
" 3.37
Apy = }NN Sy (3.37)

A'py = C*(Cy—y4)+C*Cpy,
with the next optimality condition
(B*p7+ﬁu77v - u’}’)) >0, YWweUy.

Proof. Let uy be solution to (3.21)-(3.32) and (3.33). A first order necessary condition gives for
every v € Uy

(jw(uY)av_M}’)U = (C*(CY(M%O)_Yd)vy(v_u%o)_))(oao))Z

1
T [3<MY’V_”Y)U+&S(My,S(v—uY))G > 0. (3.38)
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Denote yy = y(uy,0), &(v) = NS(v), by definition we have

A"y =C"Cyy—(0,0)).

Also, let py be the solution of
1 *

Now, introduce the adjoint state py = p(uy,0) defined by

A*py =C" (ny —Ya) +C*pra

then,
(S() SO —ude = ~(NE ) NE(—up)e
= NG ) S0 =)y
= (Apy,E(v—uy))y
= (P, A E(v—uy))v
= (p%C*C(y(v - M%O) —Y(an)))w
= (C*Cpy,y(v —uy,0) —y(0,0))y
= (A"py—C*(Cyy—ya),y(v —uy,0) = y(0,0))y
= (P AV —uy,0) —(0,0)))y
- (C*(Cy}/_yd)ay(v_ M}/,O) —y(O,O))V/.
Finally,

;<s<uy>,s<v—uy>c

(Py,B(v —uy) = ¥(0,0)))v
(C*(ny_yd)ay(v_ u% 0) —y(O,O))V/,

Hence, we conclude that, the optimality condition (3.38) is equivalent to

YW € Uug, (B*py+Buy,v—uy)y >0.

Optimality system of no-regret control

Let us introduce

P : orthogonal projection operator of F on G,

then, v € K if and only if

PN*E(v) =0,

(3.39)

Finding a no-regret control u is equivalent to

infJ(0,g), v subject to (PN*E(v)) = 0).

Approach by a penalty argument and define

Je(v) :J(v,0)+é|]PN*§(v)H%,8 >0, (3.40)
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and consider the next problem

inf Je(v), (3.41)

veU,y

this problem has a unique solution u, such that,
ug — uin Uyy.

Set

) = ve, E(ue) = &, Ao = SPN'Ee

The control u, is characterized by
(Cye —ya)z+ Blug,v—ue)y = (Ae, PN*E(v—ue))p >0, Vv € Uyg. (3.42)

Likewise,

Aye = Bug, A" = C"Cy,
Introduce

A% pe = C*(Cye — ya) +C*Cpe, Ape = NAe.
Then,

(A*PEJ(V— ue,o))v’ + (AP£7 5 (V - ue))v’

(Cye —ya4,Cy(v—uge,0))z+ (Cpe,Cy(v —ue,0)) z+ (NAe, E(v — e ) ) F
= (pe;B(v—ue))y + (pe, A"E(v—ue) )y

(Pe,B(v— ) )y + (Cpe,Cy(v — ue,0)) z.

Optimality condition (3.42) is reduced to
Y € Ung; (B"pe+Pue,v—ue)y > 0. (3.43)
A difficulty lies in obtaining a priori estimate on A¢. Introduce pe, O, such that,

A*Pe C*(C)’S _Yd)> De € |48
A*Gg — C*Cpg, Gg S V/.

Then, pe = pe + 0. Make p; — oo, since ug — u in U,y.
We also know that, ye — y,& — & and p — p all in V', with

Ay =Bu, A*E =C*Cy, A"p=C*(Cy—ya).
Now, the optimality condition (3.43) is equivalent to
Vv € Upg, (B*Pe+B*0¢+ Pue,v—ue)y > 0.
When € — 0 we get
YW eUu, (B*p+B 0+ Pu,v—u)y >0. (3.44)

Consider

Ap =Ng, A6 =C"Cp,
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then, introduce

gl = 1B"olly - (3.45)
The previous equality defines a semi-norm on G®, also we construct the quotient space still denoted
by G associated to g; ~ g if and only if |||g1]]| = |||g2||| and we define G° with respect to the norm
[I|-1]| topology.
Then,

Ae remains in a bounded set of G. (3.46)

Now, we can announce the next theorem characterizing no-regret control for (3.21)-(3.22)

Theorem 3.4.5 Suppose that (3.46) holds, then the no-regret control u solution to (3.21)-(3.22)
is characterized by the next optimality system

Ay = f+Bu,

A = C*C(y—y(0,0)),

Ap = NA A€C. (3.47)
AT = C'(Cy—ys)+CCp,

with the next optimality condition

(B*p+Bu,yv—u)y >0, ¥v e Uy.

Average control

The average control is only one of the possibilities to deal with a more general problem of robust
control for parameter-dependent systems. Zuazua in [55] analysed the problem of controlling
systems submitted to parametrized perturbations, either infinite or finite dimensional ones, (PDEs
or ODEs), depending on unknown parameters in a deterministic manner. he looked for a control,
independent of the values of these parameters, that needs to be designed to perform well, in an
average sense to be made precise, wherein he focused on the steady-state version and consider
the averaged optimal in the context of a quadratic minimization problem for an elliptic equation
depending on a parameter. Zuazua addresses new problems of average control. As we will see in
the next example, the key is the identification of the corresponding adjoint state as the average of
the parameter-dependent adjoint states.

Average optimal control of elliptic equation

Assume that, Q C Rd, d > 1 is a bounded domain, with smooth boundary, and ® is an open
non-empty subset of Q. Consider the next elliptic equation

{div(a(x,oc)Vy) = ulx)lpy in  Q, (3.48)

y = 0 on JQ.

The diffusivity coefficients a(x, @) are taken to be scalar, are assumed to be measurable in x,
bounded above and below by a positive constant, and to depend on the uncertainty parameter
@ € (0,1) in a measurable manner. Under these conditions, given u € L*>(Q), for each value of o

8The interior of the set G.
G the completion of G on the quotient space.
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there is a unique solution y = y(x, &) € H} (Q).
We are interested in the control of the average state

z(x) = /0] y(x,o)do € H} (Q).

Given a target z; € L>(Q), consider the quadratic optimal control problem consisting on minimizing
the next functional

1
I(w) = 5 [l = zalliaey + llE2(a) - (3.49)

By the Direct Method of the Calculus of Variations (DMCV) [5], it is easy to see that the minimizer
of J in L?(®) exists and it is unique. This is due to the fact that J is continuous, convex and coercive
in a Hilbert space. Uniqueness is due to strict convexity.

Let us denote by u* € L*(®) the minimizer of J. We now focus on the identification of u* through
an optimality system given by the next theorem

Theorem 3.5.1 [ Zuazua] The unique optimal control u* for the average optimal control problem
consisting in the minimization of the functional J in (3.49) is given by

u' = —E*in o, (3.50)

where,

1
&)= [ ¢ noda,
0
and the adjoint system

—div(a(x,o)Vo*) =z in  Q,
o* =0 on JQ.

(3.51)

(y*, ") being the unique solution of the optimality system

—div(a(x, 0)Vy") = — [ 9" (v, Q)derl o,
—div(a(x,)Vo*) = [y y*(x,a)da —zg, (3.52)
¥*loe = ¢*laq = 0.

Proof. The Euler-Lagrange equations characterizing the property that #* minimizes J, using the
Gateaux derivative of J at u* in the direction v, leads to

<DJ(u*),5u):/(z*—zd)5zdx—l—/u*5udx20, (3.53)
Q )

where, 8z is the derivative of z with respect to u, in the direction of du. It is characterized by the
average

1
SZ(x):/O oy(x,a)da (3.54)

and 8y(x, o) is the derivative of the state y(x, o) with respect to u, which is the solution of the
system

{—div(a(x,a)v(5y)) = du(x)ly in Q, (3.55)

oy = 0 on JQ.
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Let us now introduce the a-dependent adjoint state ¢*(x, o) solution of

—divia(x,a)Ve*) = z"—zg in Q,
{ o = 0 on JQ. (3.56)
and the corresponding average
1
E5(x) = / 0" (x, &) dar. (3.57)
0
The key computation is the next
Jo(@ —za)82dx = [o(z" —z4) Jy Sydadx = [y o(z" —z4)Sydxdax
= [ Jo—div(a(x,a)Ve*)Sydxdo
1 . (3.58)
= [y Jo—div(a(x,0)V(8y))p*dxdo
= [y [, bup*dxdo + [, SuE*dx.
equation (3.53) then take to mean
/ 5u§*dx+/ ouE*dx =0, (3.59)
w w

which shows that the optimal control u* is as in (3.50).
The optimal control is thus given by (3.50), where &* is given by (3.57), and (y*, ¢*) are the
optimal state and adjoint solutions of the optimality system (3.52). This ends the proof. |



4.1
4.1.1

This chapter presents a base article talk about the optimal control of an abstract system
with missing initial conditions, also the second section deals with new results of an optimal
control of an abstract hyperbolic-parabolic coupled systems with missing initial conditions.

Optimal control of an abstract system
Problem statement

Consider the next abstract operator-differential equation
A(a)y=B(a)v+Ng, (4.1)

where :

e o € (0,1) is the unknown parameter.

e A(a) € L(H) is a partial differential operator isomorphic on a real Hilbert space of functions H.
e B(a) € L(U,H) is a control operator.

e U is a Hilbert space of controls.

e N € L(G,H) where G is a Hilbert space of missing data.

e v € U is the control function.

e g is a missing data in the Hilbert space G.

Moreover, we suppose that the scalar product defined on H realizes the next property

/01 (& (a),y)yda = (/Olg(a)doc,VJ)H, Vé, weH, ac(0,1).

Note that, many Hilbert spaces like L* (©), H'(Q)and L* (0,T;H; (Q)) verify the above property.
Suppose that (4.1) holds in H and denote by y (v, g, &) her unique solution depending on the control
v, the missing data g and depends continuously on & and the operators A (o) and B () depend on
o continuously.

Associate to (4.1) the cost quadratic function of the form [13]

2

+BIv|}, WweU, B>0, (4.2)

1
J(Vag) = H/O y(vagva)da_yd
H
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where, y, is an observation in H.
Note that, for all (v,g) in U x G, fol y(v,g,00)do has a sense, this comes from the continuity of
v (v, g, a) with respect to the unknown datum a, also fol y(v,g,a)da € H.

Now, let us redefine of average no-regret control.

Definition 4.1.1 We say that, u € U is an average no-regret control for (4.1)-(4.2) if u is a
minimizer of the next problem

inf ( sup(J(v,g) —J(0,8)) |- (4.3)
velU gGG
Corollary 4.1.1 Forall v € U and g € G, we have
1
J0:8)J(0.6) =1 (50) -7 0.0 +2 (N [ p(va)dae) @)
0 G

where ¢ (v, ) is a solution for
1
A () 9 (v, ) :/ y(1,0,a)da in H', Ya € (0,1). 4.5)
0
Where, A* (o) and N* are the adjoint operators of A () and N respectively.

Proof. By linearity in (4.1) and a simple calculus, we get

1 1
J(v,g)—J(O,g):J(v,O)—J(0,0)+2(/ y(v,0,0t)d(x,/ y(07g7a)da> :
0 0 H
Then, from (4.5) we get

J(v,g)—J(0,g) = J(v,O)—J(O,O)—i—ZfO1 (foly(v,O,a)da,y(O,g,a))Hda
- J(v,O)fJ(O,O)+2(N*fol(p(v,oc)da,g>G.
|

Now, we define the sequence of average low-regret control by making some quadratic perturbation
on the definition of average no-regret control, this sequence is expected to be convergent to the
unique average no-regret control.

Definition 4.1.2 Let y > 0, we say that, u, € U is an average low-regret control for (4.1)-(4.2)
if uy is a minimizer of

inf (sup (J(v,g) —-J(0,8) _7”3H2G>>' (4.6)

velU geG

By using the relations (4.4)-(4.5), and the Legendre-Fenchel transform ( see [3]), we can transform
the problem (4.6) in an optimal control problem independent of an unknown parameter o and the
missing data g, gives as follows

2

infJy (v) : Jy (v) =J (v,0) —J (0,0) + ! ' 4.7)

1
inf y N /o o(v,a)da

G
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Average no-regret and average low-regret control

Existence, uniqueness, and characterization

Let us start this section by giving an existence and uniqueness results for the average low-regret
control.

Proposition 4.1.2 The problem of optimal control (4.7) has a unique solution u,.

Proof. For allve U, J,(v) > —J(0,0) then, Jy is lower bounded. Assume that (v,) C U is a
minimizing sequence, where,

Jy(vn) — infJy v) =Jy,

then, taking n large enough to obtain

2
Sjy+1a

1
7 (v, 0) —J(0,0)+1HN*/ ¢ (v, a) da
Y 0 G

the last inequality implies the next bounds

||VnHU < G, (4.8)

H/O]y(vn,o,a)da ; < Gy, 4.9)

‘N*/Olq)(vn,oc)da < VG, (4.10)
where, for every n ’

A()y(va,0,0) = B(t) vy, (4.11)

and C, is a positive constant independent of 7.
From (4.8), we conclude that, there exists a subsequence still denoted (v, ), where,

Vp —uyin U,
the continuity of data gives that, y (v,,0, &) is also bounded in H, then,
y(vn,0,a) =~ yyin H, (4.12)

by passing to limit in (4.11) and uniqueness of limit we prove that, y, =y (uy, 0, a). In view of
(4.9)-(4.12) and by the theorem of Lebesgue dominated convergence, we obtain

1 1
/y(v,,,O,a)docé/ y (uy,0,a) dain H.
0 0

Moreover, we have

1 1
y(vn,O,a)da—\/ y (uy,0, ) da = A* (@) @ (uy, ) in H,
0

A" (@9 (o) = [
as A* (o) is an isomorphism, we have also
@ (vp, ) = @ (uy, @) inH.

In a manner similar to the convergence of y (v,,0, o) we claim that

1 1
/ (p(vrha)da_\/ (P(My,a)da iIlI{7
0 0
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and according to the continuity of N*, we deduce the next convergence

1 1
N*/ (p(vn,a)docAN*/ o (v,a)da in G.
0 0

Because the functional Jy (v) is weak lower semi-continuous and strictly convex, the uniqueness of
uy comes easily. |

Theorem 4.1.3 The unique average low-regret control u, minimizer of (4.7) is characterized by
the next optimality system

Ala)yy = Bl(a)uy,
A (), = [yyda,

o 4.13
Alo)py = %,N fol pyda, S
A (o) py = fol (Py‘H’y) da—yqg,

with the next optimality condition
1
/ B* () pydot+ auy =0 in U,
0

where, yy =y (uy,0,0), @, = ¢ (uy, ), py=p (@), py=p(c) and & € (0, 1).

Proof. We start by giving a sufficient first order optimality condition [24] for (4.7)

(foly(uy,O,a)da—yd,foly(v,o,a)da>H + %(N* Iy (uy, ) dot,N* I (p(v,a)da)c
+ ﬂ(uy,v)UZO, YveU.
(4.14)

Introduce a new state py solution to

1 . !
A(oc)py:;/NN /o ¢ (uy, @) det,

then,

;(N* fol @ (uy, ) dot, N* fol (p(v,a)doc)G = fol (A(a)py, @ (v,a0)), dat
= fol (p,,, foly(v,O,a)doc)Hdoc
= <f01 pﬂa,f&y(v,O,a)da)H.

Hence, the optimality condition (4.14) is equivalent to

(f torywn0.0)aa—s |

1
y(v,0,0c)dOC) —I—(x(uy,v)u >0, WweUu.
H

Again, we construct an adjoint state py = p (uy, &) solution to

A (@) (i) = [ (b 1100 dt o



4.1 Optimal control of an abstract system 71

and (4.14) is equivalent to

1
(/ B*(a)p(u,,)da—l—ﬁuy,v) >0,YWeU,
0 U

since U is a linear space we also have

1
(/ B*(a)p(uy)da—i—ﬁuy,v) <0,WweUl.
0 U
The optimality system (4.13) follows. |

The next theorem proves that, the average low-regret control sequence converges to the average
no-regret control.

Theorem 4.1.4 The sequence of average low-regret controls u, converges weakly when y — 0
to the unique averaged no-regret control # minimizer of (4.3).

Proof. As uy is an average low-regret control, so, we have Vv € U,

1 2 1 2
J(uy,O)—J(0,0)+1‘N*/ ¢ (uy,a)do g](v,O)—J(O,O)JrlHN*/ o(v,a)da| ,
Y 0 G Y 0 G
take v = 0 to find
1 2 5 1 1 2
H/ y (uy,0,0) dot —yg +ﬁHuyHU+HN*/ ¢ (uy, ) da|| <J(0,0),
0 H Y 0 G
from which we deduce the next bounds
[yl <€, (4.15)
1
H/ y (uy,0,0)det|| <C, (4.16)
0 H
1 2
‘N* / ¢ (uy,a)dat|| <C, (4.17)
0 G

where, C is a positive constant independent of ¥, then, by (4.15) we find that there exists a
subsequence still denoted uy, where,

uy—uinU.

It is still to prove that, u is an average no-regret control other words prove that, u is a solution for
(4.3). It is easy to show that,

J(v,8)=J(0,8) —7lgllz <J(vg) —J(0,g), ¥(g,v) € Gx U,
then,

J (uy,8) —J(0,8) —7gl% < sup (J (1:8) = (0.)), Y € U,
ge

make Yy — 0 to get

J(u,8) =7 (0,8) < S‘ég(J(wg) —J(0,8)), WeU,

in other words u is an average no-regret control. |

Finally, we can provide a full characterization for the average no-regret control via an optimality
system.
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Theorem 4.1.5 The average no-regret control u = lin(l)uy minimizer of (4.3) is characterized by
Y=

the next optimality system

Ala)y = B(a)u,

A (@)p = [yy(u,0,a)da,

A(@)p = A (4.18)
A (@)p = Jy(p+y(u,0,0)da—y,,

with the next optimality condition

1
/ B* () pda+ Bu=0inU,
0

where,

uy Y—0 wuinU,

%NN*fol ¢ (uy,a)da y—0 AinH.

Proof. First of all, we recall H' the dual of H. The Theorem 4.1.4, let us know that uy—uinU,
then, as B () is bounded, we find,

B(o)uy — B(a)uin H.

Also, by continuity of y, =y (uy,O, Oc) converges weakly to y = y(u,0,¢) in H, and from the
continuity of A (o) we deduce that

A(a)y, —A(a)yinH
from the limit uniqueness, we deduce
A(o)y=B(a)uinH.

By a similar way, also, the isomorphic property of A* (¢), drive us to prove that

1
A*(Ot)(p:/0 y(u,0,a)dain H,

By contradiction reasoning and from (4.17), for every y < 1, we have

2

<C.
Y

/
G

1
N*/ ¢ (uy, ) do
0

1
§C:>;/HN*/O ¢ (uy, ) do

G

In other words we have N* [ @ (uy, @) da is bounded in H, then, as N is bounded, SN Jo @ (uy, @) dex
is also bounded and

1
;NN* / @ (uy,o)dot — A in H.
0

Likewise, A (o) py is bounded and by isomorphic property of A (&) show that py is bounded also
converges to p, then,

A@)py—A(a)pinH,
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then,
Ala)p =A.
Moreover, the boundness of yy and p, shows the boundness of A* (@) py, therefore, py is bounded
in H, and
1

A*(a)p:/O (p+y(,0,0))dot — 24 in H.

After all, we pass to limit in the variational inequality of (4.13), we use weak convergences of uy,
Py to u, p respectively. As final result, we obtain the next characterization

1
/ B*(a)pda+oau=0inU.
0

Optimal control of an abstract coupled system

This section treats the average optimal control of an abstract hyperbolic-parabolic system depending
on a coupled parameter with missing initial conditions. We introduce the concept of average no-
regret control and its approach to get a general description from our average optimal control to the
optimality system.

Statement of the problem

Consider the next hyperbolic-parabolic system with missing initial conditions, such that,

Y +Liy+oaM6O = f-+ By,
6, +L,0 +aNy, = 0, 4.19)
(y7yt59) (O) = (y07)71,90)-

Herer € (0,T), T >0,

e U, H|, H, and Hs are a real separable Hilbert spaces.

e y and O are functions with values in H; and H, respectively.

e L1, L, are unbounded self adjoint positive definite operators acting in H; and H,, with the domains
Dy, and Dy, respectively.

e Dy, and Dy, are dense in H; and H; respectively.

Let us define on Dy, and Dy,, respectively, the next norms

oy, = L1, andt I, =122l

then, Dy, and Dy, become Banach spaces.

e Denote by D, and D, ! the domain of the operators L}/ % and L;/ 2 equipped with the next
1 2

scalar product

(,.)) = (L}/z.,L}/z..)l and (.,..), = (L;/z.,L;/z..)z,

with the corresponding norms equipped with the next scalar product

1/2 1/2

T = |22 and Ll = 42
b, = 142, 0 1l = 3],

I'Separable Hilbert spaces.
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where :
DL1/2 C Dy and DLl/z C Dy.
1 2

e M and N are linear operators acting, respectively, from Dy, into H; and from Dy into H,, where,
Dy and Dy are linear sets, such that,

DL2 C Dy, M e g(DLZ,Hl), and N € .iﬂ(DLl/z,Hz)
1

e Be 2 (U,H,) is the control operator.

e g = (y0,y1, 6p) are unknown initial conditions belonging at least to the spaces H = DLI 2 X Hyp %
H,. 1

e v is a distributed control vector in U,; C U is a convex, non-empty and closed sub-set.

e f€L?(0,T;H).

e (o is a coupled parameter in (0, 1).

For all missing initial conditions g the problem (4.19) has a unique solution ( previous chapter
Section 3.3 ), for more details see [22], [53] and [54], given by the next couple,

(1,6) = (1.5, @),0(v.8,0)) € W' (0.T:H)NL™ (0.T: D1 ) X L7 (0.T:H)NL? (0.T:D, 10 )

Moreover, we assume that, the scalar product defined on H; and H, realizes the next properties,

VA0 € Hii={1,2},a € (0,1),/01(7L(a),¢)Hl_da: </01/1(a)doc,q)>

H;

Average no-regret and average low-regret control

The control v acts only on the hyperbolic equation but, we do not introduce any control on the
parabolic equation. To make it possible, we define the next quadratic cost function associated to the
coupled system (4.19) (see [14]), for all (v,g) € H X Uy,

2 2

+B VIl - (4.20)

1
/ 0(v,g,a)da— 6,
0 L2(0,T:H,)

1
J(va):H/ y(va’a)da_yd +‘
0 L2(0,T;Hy)
Such that :
o ([Oly(v,g, a)do € L*(0,T;H;) and [01 0 (v,g,a)da € L? (0,T; H,) present the average of obser-
vations.
® y;, 0, are given observations.

e [3 is a positive real number.

Average no-regret control
We focus on controlling the average of the state, for that reason, we are interested in the next
optimal control problem with missing initial conditions [30]

inf J(v,g), Vg€ H. (4.21)
veUuy

We should resolve this min —max problem

inf supJ(v,g).
VEUadgelg ( g)

Lions presented the notion of no-regret control ( Chapter 1, Section 4 ), where we only look for
control, such that,

J(v,g) <J(0,8),Yg €H. (4.22)

We are going to study this problem by combining the notions of low-regret and no-regret control
with the average control concept introduced by Zuazua (Chapter 1, Section 5 ).
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Definition 4.2.1 We say that u € U, is the average no-regret control for the system (4.19) if u
is the solution of

inf sup (J(v,g) —J(0,2)). (4.23)
vEUq geH

We rewrite the fundamental quantity in no-regret control definition as

Lemma 4.2.1 We have V(v,g) € U x H,

J(v,8)—J(0,8) =J (v,0)=J(0,0)+2(5(v),8)u (424
S) = (fo Ny (0)da— Jj ¢, (0)dar, 3 @ (0)dar, 3 y(0)dar) |
and the next adjoint-coupled system
(pl‘l +L1(P - aN*ll,l = f()1 [y (V707 a) _y(0707 a)]da7
~Yi+Ly+aM'e = [7[6(,0,a)—6(0,0,a)]da, (4.25)

(@.0.9)(T) = (0,0,0).

Its solution gives by the next couple

(0, v)=(p(na), y(v,a) e W (0,T;H)NL' (0, T;DLI/Z) < WUL(0,T; Hy) N L2 (0, T;DLI/Z) :
1 2

Proof. We compensate the next values of y(v,g, ) and 0 (v,g, o)

y(v,g,a) = y(vaoaa)+y(0)g7a)_y(0707(x)7
0(vg,a) = 6(»0,a)+6(0,8 a)—6(0,0,a)

in the equality (4.20), so, we get

2 2
1g) = |kyvomda—y, | o0 @da—o, B
1 1
+ 2y (m0,0)da—yu, i [y (0.8,0) ~y(0.0,00)dax)
1 o 1 -
+ 2(J3 0 (v.0,0)da— 4. 3 16(0,.0) G(O’O’a)]da)y(o,rﬂz)'

Then, we add the next terms y;, 6, —yg4, and —6, to the previous quantity, that drive us to obtain
J(vg) = J(»0)+J(0,g)
1 B 1 B
+ <f0 y(oaoaa)da ydvf() y(0,0,(X)d(X yd>L2(O,T;H|)
+ (I3 ©(0,0,0)der— 8y, Jy 6(0,0,c) dox— )
2(1 0,2, 0)do—yg, [1y(0,0, d—)
Jo (0,8, @)dot—ya, [y y(0,0,0)dot— yg -
— 2(f 0(0,8,0)da— 64, [; 6(0,0,0)dar — ;)

L2(0,T;Hy)

LZ(O'/T;HZ)
1 - 1 o

2y (0. @)=y fi [y(0.8.0) —y (0.0,00)der)

+ 2(J3 0(v.0,0)da— 4, [ 60,8, 0) — 6.(0,0,a)] dx)

_.|_

L2(07T;H2)

we add and subtract the next quantities :

2(/01y<o,07a>da—yd,/ol [y<o,g7a>—y<o,o,a>1da) 7

12(0,T;H,)
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and
2 (/01 O(0,0,a)doc—ed,/ol 6(0,g,a)— G(0,0,a)]da>
Now, we simplify the calculation, hence, we get
J(vg) — J(0,0)=J(v,0)+J(0,g)
+ 2([b0:0.0) -y 0.0.@)da [ b O.g.@) ~y00.@)da)

+ 2(J316(»0,0) ~ 6(0,0,a)]dat, [} [6/(0,8,@) — 6 0,0,) d"‘)Lzm,rsz) |

12(0,T:H,)

Now, we assume that,
w(a,g) =y(0,8,a) —y(0,0,a) and 1 (t,8) = 6 (0,8,0) — 6(0,0, ).
So, it is obvious that (7, 1) is a solution for the next coupled system
o+ Lit+aMn = 0,
n+Ln+oNm = 0,
(Tc’ﬂl‘vn)(o) = (}’OaY1790)-

After broaching the adjoint coupled system given by (4.25) and helps of the integration by part, we
arrive to this formula

(3 1y (0,) (0,0, )] det, 3 7 (ct.g) o)
= fol ((Ptt+L1(P_aN*‘I’t»”)LZ(o,T;H])dOC
= fo: (@, 7) 120,711,y A O N fol (v, @ (0)) py, dex
+ fo1 1, 0(0)y, da+ Jy (<P,L117T)L2(0,T;H1)da
+ Jo (W, aNT) 120 7.1,y O+ fo (yo, &N (0)) , dex.

Similar way shows that
(J5 [6(0,g,0) (0,0, )] det, [§ 1 () da)

Jo (—W A+ Loy + aM* 9. 1) 20 o) A0
= fo Jo (w, M) g, dodt + Jo (60, v (0))y, da
+ fo (v, Lon) 20 7o) 400+ Jo (o, M) 20,7, 4O
The identity (4.24) follows easily by collecting two last equalities. |

L2(0,T:H))

L%(0,T;H,)

The previous lemma, drive us to write (4.23) as follows

inf (J (v,0) —J (0,0) + 2 sup (S(V),g)H) :
veUyy geH

Due to the linearity structure of the space H, we are in front of one of these next two cases

sup (S(v)ag)H = +°°7
geH

or

sup (S(v),g)y = 0. (4.26)
gceH

Consequently, if (4.26) holds, the average no-regret control exists. In other hands if
ve{veUy:(S(v),8)y =0, VgeH},

this set is not easy to characterize, so, we ought to try to relax the no-regret control by a quadratic
approximate, which drives us to define the low-regret control as a sequence, that is expected to
converge to the no-regret control.
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Average low-regret control
We make some quadratic perturbations on our missing initial condition g, afterword, we take only
the control v to relax the problem (4.23), for any 7 > 0 we have

J(v,8)—J(0,8) <vlel7, Ve € H.

Definition 4.2.2 We say that u € U,, is an average low-regret control for (4.19) if u is the
solution of

- B Clel2). 427
Jnf sup (4(s.8) =1 0.8) v sy 21

R) We can rewrite (4.27) by (4.24) as follows

vgljid (] (v,0) — J (0,0) + sup (2 (S(v),8)y — Yllgllé)) ;

geH

by the Legendre transformation, we get,

1
sup (2(50):8) =gl ) = IS0 -

Then, our problem is equivalent to the following standard optimal control problem

L) = inf #7(), £7() =J<v,o>—J<o,o>+§us<v>||%,. (4.28)

veUyq

Proposition 4.2.2 There exists a unique average low-regret control solution to (4.28) denoted by
u'eU.

Proof. First of all, we have,
Ve Uy, 77V (v)>—-J(0,0),

this means that (4.28) has a solution.
‘We assume that, (vgl,) C U,4 1s a minimizing sequence, so, it means that,

liminf 77 (V}) = 77 (uy) = dy, (4.29)

n—r+-o0
then,

S0 =1 (04,0) = 0.0)+ S0, <y 1.

where the couple (y?, 6}’,1) = (y (t v 0, Ot) ,0 (t V0, Ot)) solves the next system

7')/7 7')/7
(vy),, LYy +oaMey = f+Bv,
(67), +L26) +aN (¥y), = 0, (4.30)
(3. (%),.65) (0) = (0.0,0).

There exists Cy, > 0, such that :

J(.0) ¢ and S0, < VACy
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Hence, using the definition of J (v,0) to get the next bounds :

villy, < G, (4.30.q)
IS6A, < JiG, (4304
|hy@adal, < c (430.0)
'or < G 4.30.d
Hfo o (a)daHLZ(O,T;Hz) = & (4.30.d)
In view of (4.30) and (4.30.a), there exists Cy > 0 independent of n, such that :
[l vorm = 4.31)
1671 207212 < Cr (4.32)
Hence, there exists
(7,07, u¥) € L*(0,T;H;) x L*(0,T;Hy) x U
sub-sequences extracted from (v"), (y") and (") 2, such that :
vy — u'inU, (4.33)
Yy—=y"in L*(0,T;Hy), (4.34)
0; — 67 in L (0,T:H,). (4.35)

For all n > 0, we assume that :

1
50 = | yir.0de.

and

Ki(t) = /01 611, o) dar.

In view of (4.30.c) and (4.30.d) there exists sub-sequences denoted by zy € L?(0,T;H,), ky €
L?(0,T;H,), such that, 7y — zyin L?(0,T;H,) and ky — ky in L?(0,T;H,) thanks to the Riesz
representation and dominated convergence theorems, there exists a unique ¢ and y in L? (0, 7; H;)
and L? (0, T; H>) respectively.

Forall @ € (0,1), we have

(Z;l/a(p)L2(07T;H]) = (f()l y";/(a) da7¢)L2(O,T;H1) = f()l (ygl/(a) ’(p)LZ(O,T;H])da

1 | (4.36)
— fO (y}’(a) ’ ¢)L2(O,T;H|)da = (fO y'}’(a) daa (p)L2

(0.7:Hy)”

2Still recalled by (vy), (vy) and (67).
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and

(k$7 IIJ)LZ(O,T;Hz) = (f()l 6)'} (a) da? W) LZ(O,T;HQ) = f()l (0’)’} (a) ? III)LZ(O,T;Hz) da

— fol (97(a)7W)L2(0,T;H2)da - <f01 97’<a)da’w>L2(o.T~Hz)'

4.37)

In view of the fact that y7 and 6y are bounded independently of ¢, for all ¢ and y respectively in
L?(0,T;H;) and L* (0,T;H,) we have

(yl’;/’ (P)LZ(O.,T;H]) — (y')/’ (P)Lz(O,T;Hl) and (9)’}7 II/)LZ(O,T;Hz) - (GY’ II/)LZ(O,T;HZ) : (438)
Hence, through (4.36), (4.37) and the limit uniqueness ensure that
Joy¥(t,0)do =z (r) and [y 07 (t,0)dov = kY (1) . (4.39)
The rest of the proof will be divided into three steps.
Step 1. We prove that (u”,y?, 07) satisfies (4.30). Let D; and D; be the sets of functions with

a compact support in C* on H; and H, respectively, with duals D}, D).
We multiply the system (4.30) by (@, y) € D x D,. Using the integration by part, we obtain

o O @u+Lig—aNw), di + [y (6], ~vi+Lay+aM ), di
= Jo (f+BV}.9), dr.

Letting n — oo and using (4.33) , (4.34) and (4.35) we obtain

Jo 0T @u+Lig—aN*y)y dt + [) (67, —y;+Loy+aM* ), dt
= foT(f+Buy7(P)H1dt-

Hence, after the integration by part we deduce that,

(), +Liyy+aMé; — yi+Liy?+aMé? in Dj,
FHBY = o+ Bul in D,
(65), + L0y +aN (), — 6/ +L0Y+aNy! in D),

The limit uniqueness gives us

(), +Liyy+aMe; —  fi=yi+Liy'+aM8? e L*(0,T:H), (a)
(67), + L2867 +aN (i), — fo=6/+L67+aNy!, € L*(0,T:Hy), (b)
f+Bvy — fs=f+Bu¥ € L*(0,T;Hy). (c)
Therefore,
(), +Liys+ MOl — yh+Liy’+aMo? in  L2(0,T:H,),
(9$)1+L297r/l+aN(yr?£)t - th_i_ng'}’_i_aNyZ in L2<07T;H2)7
f+Bv, — f+Bu in L*(0,T;H).
We deduce that

y}; +Liy"+oM0Y = f+Bu?,

0/ +L07+aNyl = 0 @)

From (4.33) and (4.34), using (d) we have that y/ € L* (0,T;H;) implies that
y' € L?(0,T;H,), also Lyy" € L>(0,T;H;) and MOY € L?(0,T;H,), this gives us that

(»(0),y,(0),6(0)) € H.
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We multiply the system (4.30) by (¢, y) € Dy x Dy, where ¢ (T) = ¢, (T) = w(T) = 0. Using the
integration by part, we obtain

(F+B%.0) gy = — 00 > aN*y(0) — @, (0)),,

(7(0),9(0)), — (6(0),w(0)),

+ (Yy>(Ptt+Ll(p aN” %)LZ(OTHl)
(67,

—Yi + Ly + aM* @)

L2(0,T3H,)

by passing to the limit when n — oo, while using (4.33), (4.34) and (4.35) gives

(f+Buy> ‘P)Lz(o?T;Hl) = — ((0),aN" (0)—‘Pt(0))H1
= (3(0),9(0)), — (6(0), ¥(0)),
+ @+ L9 —aN* V) 2 o
+ (6, —wi+ Loy +aM* ‘P)LZ (0.T:H)
V(p,w)eDixDy , o(T)=¢(T)=y(T)=0.

Now, let us integrate by part the previous identity, we obtain

(f+Buy, @) 27y = 07(0),aN"w(0) — 9,(0))y,

¥/ (0),9(0)),, +(67(0), (0)),
Vi +L1yy+ aM6; ") 20
6 + 1,07+ aNy!, v )Lz(oer
V(p,¥)eDixDy , @(T)=¢(T)=y(T)=0.

Now, we have

(v7(0) = (0), aN*y(0) — ¢1(0)), = 0,
(/(0) =3:(0), 9(0)) ,
(67(0) -6

which implies that,

»(0) = ¥(0), y/(0) = y(0), 67(0) = 6(0).

+
+
+

I
o

1

¢
0),¥(0)y, = 0,

So, we deduce that, the solution of (d) is characterized by the next couple
(0v7,07) = (y(@,u”,0),6 (a,u’,0)),
with initial conditions
y7(0) =0, y/(0) = 0 and 67 (0) = 0.
Step 2. It is clear that,
(0 (", ), w(v",a)) € W (0,7 Hy) (L <O7T;DL}/2> < W (0, T Hy) N L2 (O,T;DL;ﬂ)
is a solution of the next adjoint coupled system

_llft(vn,a)—i-Lle/(v",Ot)+aM*(p(vn7a) fol [9 (v”,O,oc) . 9(070’06)]61&’ (4.40)
(@,0,v)(T) = (0,0,0).

{ o (V,a)+Lio(V',a)—aN'y, (V',a) = folb)(v”,0,0t)—y(0,0,a)]da,
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So, we will prove that, this couple (@y, yy) = (@ (u?, ),y (u”, @) verifies the next system

O (¥, 00) + LY (u?, ) — aN* ] (u?,ct) = [y [y(u?,0,0) — (0,0, )] dex,
—y (¥ 0) + Loy (¥ 00) + oM@ (u?,0) = [y [6(u?,0,0) — 6(0,0,a)]dex, (441)
(07,0, w")(T) (0,0,0).

Multiply (4.40) by (¢ (vV', @), w (v", o)) and we integrate by part, we obtain

1d 2 12 2 o2 . .
S ||<ptHH1+H(L1)2<pHH1 —vlZ | + H(LZ)””HHI“(N Vi, @), + 0 (MF, W),
= f()] (nﬂda7¢I)Hl ""fol (nnda7‘V)H2-

The Gronwall inequality and some estimations give us

G s el < G, H‘I/tHLZ(o,T;HZ) < G,

G s Medormy < G s Vi, < G.

=

~
S

IA

IN

L2(0,T;Hy)

Then, there exists (¢ (v, &),y (V",a)) subsequences converge weakly to (@y, yy) respectively
in L2(0,T;H;) and L?(0,T;H,). In view of this we obtain the next convergences weakly in
(D' (Hy),D' (H,)) respectively,

(p,t(v”,oc)+L1(p(v”,oc)—OCN*l//,(v”,a) - (Ptl(uy)a)+Ll(P(uY7a)_aN*II/t(uyva)7
v (V) + Ly (Vo) +aM e (Vo) = =y (u¥ )+ Loy (u¥ o) + aM e (u?, a).

From (a) and (), we deduce that,

@ (V' 0) +Lio (V' &) —aN*y, (V') — fi1in L*(0,T;H,),
—y, (VL @)+ Ly (V) FaM e (Vi,a) — finL?(0,T;H,).

The limit uniqueness property gives us

O (W, ) + Lo (u?, &) —aN*y, (u’, ) = f1inL*(0,T;Hy),
—vy, (W, 0) + Loy (u¥, ) + aM* @ (u’,a) = foinL*(0,T;H>).

Passing the limit in (4.40), using (4.30.c) and (4.30.d), we deduce that,

(ptt (u}’, (X) +L1 (P (u'}’7 (X) - aN*ll/f (MV’ (X) = f()l [y (uyaov (X) -y (0707 a)] daa
—y, (W, Q)+ Loy (u?, &) + aM*o (u’, o) = [y [0(u’,0,a)—6(0,0,a)]der.

The initials conditions follow by reasoning similar to the first step.

Step 3. Since v— _#7(v) is a lower semi-continuous function, we have

IV ()= lim inf_g7(v,).

n—r+oo

According to (4.29), we have the fact that

A7) = inf 77 (v).

veU

To finalize the proof, the uniqueness of u” follows because ¢ 7 is strictly convex. |
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Proposition 4.2.3 The average low-regret control u” is characterized by the next coupled systems

yh4+Liy'+aM0? = f+Bu,
6] + 1,07+ aNy! = 0, (4.42.q)
(v",y/,67)(0) = (0,0,0).
(P17;+L1(py_aN*lllty = fOl [yy(uyao’a)_yy(oaova)]da
—y/ + Ly +aM @" = [;[67(u?,0,a)—67(0,0,a)]da, (4.42.b)
((p}” (ptyv Wy) (T) = (0’070)
[ pi+Lip"+aMc? = 0,
o/ +Lie"+aNp] = 0,
Y — Lol oarwy? _ 1,y
p; (0) = 7)o 9" (0)da
1
o’ (x,0) -5 Jo w?(0)da
\
ph+Lip’—aN'ql = [ b7 (,0,0)—y7(0,0,a)]da—ys+ [y pYda,
—g' +Log" +aM*p? = [167(u?,0,a) — 67(0,0,)|do — 6, + [} 6¥dar,  (4.42.d)
(p",p{,q")(T) = (0,0,0).
With
1
(/0 B*pYda+ Bu?,v— u”) >0, Ve Uy.
U
Proof. A first-order Euler necessary condition for (4.36) gives us
Forallv e U,
IV () (v—u?)
= ( (Yyr(ur — 1 —u _
(4057 .0, @)doc =y fi Iy (v =u7,0,00 ~y 0,0, 0))dx) -
1 1
+(Jg 67 (ur,0,0)der — 64, Jy [6 (v —u?,0,) — 6/(0,0: )] da)LQ(OI;HZ) +B (v —uY),

5 (o @V y (0)dot— i g1 (0)da fy aN*y (v—u?) (0) dot— i g1 (v—u?) (0)dex)
3 (W o0da fjo(v—un©)da), +5 (f vO)da, fy y(v—u)(©)da) >0,

2

We see that, (p?,0%) = (p (u?,0), 0 (u?,0)) is a solution of (4.42.c).
An easy computation shows that :

(foleda,fOl[y(v—uVOa) (0,0, )] oc)LZOTHl

f()1 (PQ;,‘P(V—MY))LZ(OTH da+f0 (Llpy (V My))Lz 0,T;H, )da

Jo (o Ny (v~ umm)m da+ J3 (p7(0), aN*y (v~ u?) (0);, dot
Jo (7 (0).9 (v—u") (0)) ;, dac = 5 (p7(0). s (v—u”) (0)), dex,

and

Lo, ! —ur —
( lfO ada, [} (6 (v—u,0,a) 6((1),0,a)]da>L2(07T;H2)
= b (O-ty’W(V_uy))Lz(O,T;Hz)da+‘[0 (Lo, y (v=u?)) 20,71,y A
+ Jo (aMo”, @ (v—u"))y, do+ [y (67(0),y (v—u?) (0))y, dor.
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After the summation of two previous equations, the results come easy.
We denote that (p?,q") is a solution of (4.42.d), which gives

LeYdo — 1y 1 Y _
(o wde—ya-t i pde 3 [y (o=, 0,00~y (0.0, @) der)
+ ( Jintdo— 6+ [} o7da, [} 16 (v—u?,0,0) — 6(0,0, )] da)
Y Y _ « 7 rl 7 _
(Pl Lap” — o gl. i [y (v =7, 0,00 3 (0.0,00)der)
+ (—qt“rchﬂJr aM*p?, [y [0 (v—u?,0,a) — 6 (070706)]6106)

- (py, fOIB(V—My)d(X) = (f()l B*pyda’\}_uV)U

12(0,T:H,)

12(0,T;H,)
L2(0,T;Hy)
Which ends the proof. |

Average no-regret control Characterization
For the no-regret control, we should get some weak convergence of

Y07 pY, ptw?, 07,67 q%u'}

to some limits that characterize the no-regret control. Hence, we declare these results :

Proposition 4.2.4 There exists C > 0 independent of 7, such that :

[l < C
Hfo1 ¥ (u?,0,a)dax vormy = © (4.43.a)
Hfo 07 (u”,0,a)do A < C,

| ey (0 do— g o ) dal, < e, (4.43.)
|6 o7 @aa| < i
|6 v @da|, < yrc. R
30,7ty < Co 97 0.ty < € (4.44.q)
1071l 0,7:0) < Co 1107|120, 7:8) < C (4.44.p)
H(py”Lw(QT;Hl) =G, q)lyHL‘”(O,T;Hl) <G, (4.45.q)
1= 0,7:0) < C W |2 0,7:m,) <€ (4.45.D)
HPYHL"“(O»T;HU =G, leyHL“(O,T;Hl) <G, (4.46.a)
167 1= 0.7:1) < C: 167|120, 7:1,) < Cs (4.46.b)
127l 20,738y = €, Pt}/HLw(OI;H]) <C, (4.47.a)
19"l 1=0.7:11) < Co lla” | 2 0,750) < € (4.47.b)

Proof. The function uy is a low-regret control, then,

AT w) < 77(0),
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it means that,
Y 1 7112 1 2
J (u ,0)—J(0,0)+;,HS(M N < }IIS(O)IIH =0,

we deduce (4.43.a), by contradiction, we get (4.43.b). Multiplying the system (4.42.a) by (y?’, 67),
we obtain

2

2
+ ||97||i2(H2)] +
H,

4 (aM@,yzf)y(O,T;Hl)
Hy

1d 2
b

+ (och}’, Q)LZ(O,T;Hz) = (f+Buy’yfy)L2(O,T;H|)'

1 1
LiyY L;67

Now, let us integrate over (0,7), use (4.41), and apply the Gronwall lemma, we obtain

IN

C,

SuPze(o,T)H)’zthyl < C , supor)

IN

C,

Supze(O,T)HeyHHz < C , SUP;c(0,7)

The estimations of ¢¥ and y? follow the same manner.
The same reasoning gives the estimations in (4.45.a) and (4.45.b).
For estimating of p¥ and ¢7, let us consider the energy for all 7 > 0,

1 112 e 2
E(r)=3 [Hp, [, +‘pr7 o, -
1
which satisfies
dE(t)— L%cﬂ’2 <0
dt N 2 o

then,
E(t)<E(0),Vte(0,7).
Take into consideration (4.43.b) and (4.43.c) to conclude (4.46.a) and (4.46.D) in view of :

Jo a¥doc—ya + [y p¥do € L*(0,T;Hy),
and
Jon¥do— 64+ [, o¥da € L*(0,T;Hs).

Finally, we conclude (4.47.a) and (4.47.b) by the same manner of (4.44.a),(4.44.b),(4.45.a) and
(4.45.b). n

Proposition 4.2.5 The low-regret control u” converges in U to the no-regret control u defined by
(4.23) .

Proof. From (4.28) we have
Iy () < 2y (0) = 0.

In view of the expression of J, giving by (4.29), implies that,

2 2

Hfolyyda—yd

)+Hf01 0%da— 6

1
,+B a1+ ¥ IS I3 < 7(0,0).

12(0,T:H, 12(0,T:H,
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Hence, we deduce that,

J (0,0
lu]], < y, (4.48)
VB
IS@)l5 < Vv J(0,0), (4.49)
|07 (@ydal| < T0.0)+ vl o.ram)
1 L2(0,T;H,) (4.50)
Hfo o7(@)da ‘LZ(O,T;Hz) = VI(0.0)+ HedHL2(0=T§H1) :
In light of (4.42.a) and (4.48), there exists a constant C > 0 independent of 7, such that,
192 0,7:0) < €5 1071120 7:10,) < C- (4.51)
Thus,
JucU,u" =uinU, (4.52)

Jy € L*(0,T;Hy), y¥ —yin L?(0,T;Hy),
and (4.53)
360 € L*(0,T;H,), 87 — 0 in L*(0,T;H,).

Combining (4.52),(4.53) and (4.42.a) to show that,
(».6) = (v (at,u,0),6 (0t,u,0))

satisfies
yu+Liy+aM0 = f4Bu,
(y7yt79) (O) = (}’07)71,90)-

Moreover, using (4.50)), (4.53) and the Lobesgue dominated convergence theorem to obtain :

Joy(a,u?,0)da — [y y(ot,u,0)do in L* (0,T;H, ),
and (4.55)
Jo 0 (o,u?,0)da — [ 0 (ot,u,0)dexin L2 (0,T;H).

From (4.50) and (4.42.b) , we prove that there exists C > 0, such that,
IS (u”)]|y <C. (4.56)
From (4.43.0) and (4.43.c), we know that :

Jo aN*y? (0)da — [y ¢/ (0)doe — O in  H,
Jy@"(0)do — O in H,
Jow?(0)da — 0 in H,.

So,
Su') — S(u)=0inH.
‘We deduce that,
Vg € H, (S(u),8)y =0,
It means that, u is the no-regret control of (4.19)-(4.20). |
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Theorem 4.2.6 The no-regret control u, solution of (4.23) is characterized by the next optimality
coupled systems :

yn+L1y+OcM9 = f+BI/£,

6 +L,0 +aNy, = 0, (4.57.a)
(y,y,,@) (0) = 07070)'

Qut+Lig—aN‘y, = [ [y(u,0,0)—y(0,0,0)]de,

W+ Ly +aM'e = [1[6(u,0,a)—6(0,0,a)da, (4.57.b)
(q)vq)tallj) (T) = (070’0)'

pu+Lip+aMo = 0,

O;+Lo+aNp, = 0, (4.57.c)
(p,p1,0)(0) = (po,P1,00) -

p’f+L]p_aN*QI = fOl [y(u,O,a)—y(0,0,a)]da—yd+folpdoc,
—gi+Lg+oaMp = [}[6(u,0,a)—6(0,0,a)]da—6;+ [y oder, (4.57.d)
(p,pz,‘]) (T) = (07070) o

With
1
(/ B*deH—Bu,v—u) >0, VWeUyy,
0 U

and the next weak limits :

p =limy0p? , o=limy 00" , p=Ilimy,op” , g=Ilimy ,q’,

. 1
po=1limyo ( L aN y? (0)da— [} o] (0) da) cHi,

. 1
P1 :llm')/*)o ’)7]()1 (py(O)dOl € Hy,

1
Op = limyﬁo ?/fol l[/Y(O) da € Hp.

Proof. In the proof of Proposition 4.2.5, we have already proved that when y — 0, the sequence
(u”) converges weakly to the no-regret control # in U, and we have obtained the coupled system
(4.57.a) given by the states y and 6.

The coupled systems are supported in the same way by the cases {@,p, p; ¥, 0, ¢} and by using of
the estimates referred to in (4.44.a) — (4.46.b).

Additionally, we deduce from (4.43.b) and (4.43.c) that :

1 .
S (I oV y ) da— i gl O)dar) — py in Hy

1 )
onl‘l’zy(o)da — p1 in Hj,

')7‘[01 1//7(0)da — o©op in H,.

The weak convergence of p? to p in H; gives us the weak convergence of B*p? to B*p in U, thanks
to (4.52) we get

1 1
/ B*pyd(x—l—ﬁuyé/ B*pdo+ Buin U.
0 0
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87

So,

1
(/ B*deH—ﬁu,v—u) >0, VWeUy.
0 U



Concluding this part by important information which is the optimal control is a method to
improve the solution of the different systems by giving an optimal solution implicitly in an
optimality condition. Also, this part has shown that the average no-regret control could be
worked to study optimal control problems for two problems first one is optimal control to
general systems depending on an uncertainty parameter, the second one is optimal control
of an abstract hyperbolic-parabolic system depending on a coupled parameter.









This thesis aimed to identify in the first part of it dealt with the concept of PMP, which
can be helped to study the optimal control of the non-linear Odes, that principle gives us a
first-order optimally condition, resulting in two boundary value problems, afterword, we got
trajectories that checked these conditions. At this level, the shooting method helped us to find
the shooting functions zero ultimately, with Matlab software we described and discussed our
results. The fun continued with the second part, where we applied the optimal control with
a new dress which is the average notion on a linear distributed system with missing initial
conditions, we can not arrive at the result which is an optimality system with an optimality
condition without crossing with the no-regret control, because the characterization of it is so
difficult we relaxed our no regret control problem by a quadratic perturbation and it became
alow-regret control problem, as last moves, we had to play a little with the weak topology and
embedding of spaces to find the characterization of the no-regret control problem (optimality
systems with optimality condition).

Last but not least, in light of all the precedent results, my mind drove me to propose
some lookouts for the advancement of future research works, so, here are some rich perspec-
tives, in general, the precedent results lead us to think about double control or more at the
same time act on the non-linear Odes and the linear PDEs, maybe it will be interesting re-
sults on the different abstract coupled systems, make it strong results by using the concept
of the average control on both axes (ODEs/PDEs, linear/non-linear), further research must
be made, as well, the numerical simulations s of optimality systems of PDEs. The develop-
ment of the scientific need also prompts us to try to generalize the definition of the average
control of Zuazua to the whole control theory, to ease the control problem solution. Without
forgetting the optimal control of the reel life problems, robots, neural network, automate,
fluid mechanics,...



Bibliogra

be 3
‘




(1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

Aggarwal, J. K. (1973). Feedback control of linear systems with distributed delay. Automatica,
9(3), 367-379.

Asano, E., Gross, L. J., Lenhart, S., & Real, L. A. (2008). Optimal control of vaccine
distribution in a rabies metapopulation model. Mathematical Biosciences & Engineering,
5(2), 219.

Attouch, H., & Wets, R. J. B. (1986). Isometries for the Legendre-Fenchel transform.
Transactions of the American Mathematical Society, 296(1), 33-60.

Behncke, H. (2000). Optimal control of deterministic epidemics. Optimal control applications
and methods, 21(6), 269-285.

Brezis, H. (2011). Functional analysis, Sobolev spaces and partial differential equations (Vol.
2, No. 3, p. 5). New York: Springer.

Britton, N. F., & Britton, N. F. (2003). Essential mathematical biology (Vol. 453). London:
Springer.

Bulirsch, R., Stoer, J., & Stoer, J. (2002). Introduction to numerical analysis (Vol. 3).
Heidelberg: Springer.

Chen, T. M., Rui, J., Wang, Q. P,, Zhao, Z. Y., Cui, J. A., & Yin, L. (2020). A mathematical
model for simulating the phase-based transmissibility of a novel coronavirus. Infectious



98

BIBLIOGRAPHY

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

diseases of poverty, 9(1), 1-8.

Chen T, Leung RK, Zhou Z, Liu R, Zhang X, Zhang L. Investigation of key interventions for
shigellosis outbreak control in China. PLoS One. 2014;9:€95006.

Chen, T., Leung, R. K. K., Liu, R., Chen, F., Zhang, X., Zhao, J., & Chen, S. (2014). Risk of
imported Ebola virus disease in China. Travel medicine and infectious disease, 12(6), 650-658.

Dorville, R., Nakoulima, O., & Omrane, A. (2004). Low-regret con- trol of singular
distributed systems: the ill-posed backwards heat problem. Applied mathematics letters,
17(5), 549-552.

Grib, S., & Dehbi, L. (2017). Controle optimal d’une épidémie (Doctoral dissertation,
UMMTO).

Hafdallah, A., & Ayadi, A. (2018). Optimal control of a thermoelastic body with
missing initial conditions. International Journal of Control, 93(7), 1570-1576.
DOI:10.1080/00207179.2018.1519258.

Hafdallah, A., & Ayadi, A. (2019). Optimal control of electromagnetic wave displacement
with an unknown velocity of propagation. International Journal of Control, 92(11), 2693-2700.

Hafdallah, A. (2020). On the optimal control of linear systems de- pending upon a parameter
and with missing data. Nonlinear Studies, 27(2), 457-469. 27.2 (2020): 457-469.

Jacob, B., & Omrane, A. (2010). Optimal control for age-structured population dynamics of
incomplete data. Journal of mathematical analysis and applications, 370(1), 42-48.

Jia, J., Ding, J., Liu, S., Liao, G., Li, J., Duan, B., ... & Zhang, R. (2020). Modeling the
control of COVID-19: Impact of policy interventions and meteorological factors. arXiv
preprint arXiv:2003.02985.

Kenne, C., Leugering, G., & Mophou, G. (2020). Optimal control of a population dynamics
model with missing birth rate. SIAM Journal on Control and Optimization, 58(3), 1289-1313.

Khouzani, M. H. R., Sarkar, S., & Altman, E. (2011, April). Optimal control of epidemic
evolution. In 2011 Proceedings IEEE INFOCOM (pp. 1683-1691). IEEE.

Krstic, M., & Smyshlyaev, A. (2008). Boundary control of PDEs: A course on backstepping
designs. Society for Industrial and Applied Mathematics.



BIBLIOGRAPHY 99

(21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

Lazar, M., & Zuazua, E. (2014). Averaged control and observation of parameter-depending
wave equations. Comptes Rendus Mathematique, 352(6), 497-502.

Ladyzhenskaya, O. A. (2013). The boundary value problems of mathematical physics (Vol.
49). Springer Science & Business Media.

Lenhart, S., & Workman, J. T. (2007). Optimal control applied to biological models. Chapman
and Hall/CRC.

Lions, J. L., & Lelong, P. (1968). Contréle optimal de systemes gouvernés par des équations
aux dérivées partielles (Vol. 1). Paris: Dunod.

Lions, J. L. 1971, Optimal Control of Systems Governed by Partial Differential Equations,
Springer-Verlag, New York.

Lions, J. L., & Magenes, E. (1972). Hilbert Theory of Trace and Interpolation Spaces. In
Non-homogeneous boundary value problems and applications (pp. 1-108). Springer, Berlin,
Heidelberg.

Lions, J. L. (1972). Some aspects of the optimal control of distributed parameter systems.
Society for Industrial and Applied Mathematics.

Lions, J.L.,1986a. Controle de Pareto de Systémes Distribués. Le cas stationaire. CR Acad.
Sci. Paris Ser I, 302(6).

Lions, J.L.., 1986b. Controle de Pareto de Systemes Distribués. Le Cas d’evolution. CR Acad.
Sc., Paris, 302, pp.413-417.

Lions, J. L. (1988). Contr6labilité exacte, perturbations et stabilisation de systemes distribués.
Tome 1. RMA, 8.

Lions, J. L. (1992). Controle a moindres regrets des systemes distribués. Comptes rendus de
I’ Académie des sciences. Série 1, Mathématique, 315(12), 1253-1257.

Lions, J. L. (1994). No-regret and low-regret control. Environment, Economics and Their
Mathematical Models, Masson, Paris.

Lions, J. L., & Magenes, E. (2012). Non-homogeneous boundary value problems and
applications: Vol. 1 (Vol. 181). Springer Science & Business Media.



100

BIBLIOGRAPHY

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Louafi, M., & Ladjeroud, A. (2020). Average Optimal Control of Coronavirus (Covid19).
Nonlinear Studies, 27(3), 577-587.

LS, V., & Boltyanskii, R. V. (1962). Gamkrelidze, and EF Mishchenko, The Mathematical
Theory of Optimal Processes, English translation by KN Trinogoff. Interscience, New York,
2,2030-2031.

Martinon, P. (2005). Résolution numérique de problemes de contrdle optimal par une méth-
ode homotopique simpliciale, Doctoral thesis in the Polytechnic National Institute of Toulouse.

Mitrovic, D., Novak, A., & Uzunovié, T. (2018). Averaged Control for Fractional ODEs and
Fractional Diffusion Equations. Journal of Function Spaces, 2018.

Mophou, G., Foko Tiomela, R. G., & Seibou, A. (2018). Optimal con- trol of averaged state
of a parabolic equation with missing boundary condition. International Journal of Control,
93(10), 2358-2369.

Mwanga, G. G., Haario, H., & Capasso, V. (2015). Optimal control problems of epidemic
systems with parameter uncertainties: application to a malaria two-age-classes transmission
model with asymptomatic carriers. Mathematical Biosciences, 261, 1-12.

Nakoulima, O., Omrane, A., & Velin, J. (2000). Perturbations & moindres regrets dans
les systemes distribués a données manquantes. Comptes Rendus de 1’Académie des
Sciences-Series I-Mathematics, 330(9), 801-806.

Nakoulima, O., Omrane, A., & Velin, J. (2002). No-regret control for nonlinear distributed
systems with incomplete data. Journal de mathématiques pures et appliquées, 81(11),
1161-1189.

Nakoulima, O., Omrane, A., & Velin, J. (2003). On the pareto control and no-regret control
for distributed systems with incomplete data. STAM journal on control and optimization,
42(4), 1167-1184.

Ouidja, D. (2011). Principe du maximum et méthode de tir (Doctoral dissertation, UMMTO).

Pontryagin, L. S., & Boltyanskii, V. G. (1962). RV Gamkrelidze and EF Mishenko, The
Mathematical Theory of Optimal Processes. New York.

Rodrigues, H. S., Monteiro, M. T. T., & Torres, D. F. (2014). Vaccination models and optimal
control strategies to dengue. Mathematical biosciences, 247, 1-12.



BIBLIOGRAPHY 101

[40]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

Sakamoto, N., & Zuazua, E. (2021). The turnpike property in nonlinear optimal control—A
geometric approach. Automatica, 134, 109939.

Taraba, P. (2013). Optimal Control for Nonlinear Systems, Autoreferat for the third
study degree PhD in the branch 5.2.14 Automation and control, Faculty of Electrical
Engineering and Information technology, Slovak University of Technology in Bratislava, USA.

Trélat, E. (2005). Contrdle optimal: théorie & applications (Vol. 36). Paris: Vuibert.

Trélat, E Controle Optimal Notes de cours Master de Mathématiques, Université d’ Orléans
2007/2008.

Trélat, E. (2011, October). Théorie du contréle optimal et applications en aéronautique.
In Actes du Cinquieme Colloque sur I’Optimisation et les Systemes d’Information COSI’2008.

Weinstock, R. (1974). Calculus of variations: with applications to physics and engineering.
Courier Corporation.

Yi, B., Chen, Y., Ma, X,, Rui, J., Cui, J. A., Wang, H., ... & Chen, T. (2019). Incidence
dynamics and investigation of key interventions in a dengue outbreak in Ningbo City, China.
PLoS neglected tropical diseases, 13(8), e0007659.

Zhelezovskii, S. E. (2006). On the convergence of the Galerkin method for coupled
thermoelasticity problems. Computational Mathematics and Mathematical Physics, 46(8),
1387-1398.

Zhelezovskii, S. E. (2010). On the smoothness of solutions of an abstract coupled thermoelas-
ticity problem. Computational Mathematics and Mathematical Physics, 50(7), 1178-1194.

Zuazua, E. (2014). Averaged control. Automatica, 50(12), 3077-3087.



= LeV SemenOViCh POniTYCIgUine was a blind Russian mathematician

who produced important work in algebra and topology, he was born on 3 September 1908 in Moscow, Russia
and he died on 3 May 1988 in Moscow, Russia. At the age of 14 years Pontryaguine suffered an accident and
an explosion left him blind. He entered the University of Moscow on 1925 and it quickly became apparent to
his lecturers that he was an exceptional student. In 1952 Pontryaguine began to study applied mathematics
problems, in particular studying differential equations and control theory. In 1961 he published “The Mathem-
atical Theory of Optimal Processes” with his students V G Boltyanskii, R V Gamrelidze and E F Mishchenko. The
following year an English translation appeared and, also in 1962, Pontryagin received the Lenin prize for his
book. He then produced a series of papers on differential games which extends his work on control theory.



JCICC]UGS- LOUiS LiOnS was a French mathematician who produced an enormous

volume of original work in many different areas, he was born on 02 may 1928 in Grasse, Frensh and he died
on 17 may 2001 on Paris, Frensh. It is an impossible mission to indicate all the areas in which Lions worked, his
output was so enormous, Mathematical Reviews lists 529 papers and books under his name. he prepared his
thesis under the supervision of Laurent Schwartz. He heads the digital computing department of the Institute
for Research in Computer Science and Automation (IRIA), an institute created in 1967. His work focused on
the theory of partial differential equations and their applications, and in particular on variational problems,
control theory, and systems of partial differential inequalities.



Enrique ZUGZUG |ri0nd0 was born on 28 September 1961 (age 60) in Eibar,

Basque Country, Spain. after finishing his primary education at Ikastola (Basque School) and secondary edu-
cation at the Eibar La Salle School, he took his baccalaureate at this town University Laboral of Eibar.

In 1984 he graduated in Mathematics from the University of the Basque Country (UPV-EHU) before obtaining
his Ph.D. from this University in 1987, receiving the Faculty Award for Outstanding Achievements for both.

In 1988 he got the Ph.D. degree at the Laboratoire Jacques-Louis Lions of Pierre and Marie Curie University,
funded by a doctoral fellowship of the Basque Government and a Research Grant from the Jacques Louis
Lions Chair at the Collége de France. He is the head of the chair for Dynamics, Control and Numerics-

FAU DCN-AvVH at the University of Erlangen-Nuremberg (FAU). He is also a Distinguished Research Professor
and the Director of the Chair of Computational Mathematics of DeustoTech Research Center of the University
of Deusto in Bilbao, Spain, and a Professor of Applied Mathematics at Autonomous University of Madrid.

His domains of expertise in Applied Mathematics include Partial Differential Equations, Control Theory and
Numerical Analysis.




o
T JUJ{ vﬁul

S@Lﬁﬂ

————




	Dedication
	Acknowledgement
	Abstract
	Frensh Abstract
	Arabic abstract
	Acronymes
	Notations
	Figures List 
	Tables List
	General Introduction
	Part I — Control of non-linear ODEs
	Introduction
	1 Optimal control of ODEs
	1.1 Average control
	1.2 Principals of optimal control
	1.3 Optimality principles
	1.4  Some applications of Optimal Control
	1.5 Numerical method in optimal control (shooting method)

	2 Control of COVID-19
	2.1 COVID-19 Mathematics modelling
	2.2 The BHRP transmission network model
	2.3 Optimal control of COVID-19 

	Conclusion

	Part II — Control of linear PDEs
	Introduction
	3 Control of linear PDEs
	3.1 Basics
	3.2 Minimization of convex functional
	3.3 Optimal control of linear distributed systems
	3.4 No-regret and low-regret control
	3.5 Average control 

	4 Control of an abstract systems
	4.1 Optimal control of an abstract system
	4.2 Optimal control of an abstract coupled system

	Conclusion

	 
	 General Conclusion
	Bibliography




