ON VECTOR-VALUED APPROXIMATION OF STATE
CONSTRAINED OPTIMAL CONTROL PROBLEMS FOR
NONLINEAR HYPERBOLIC CONSERVATION LAWS
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ABSTRACT. We study one class of nonlinear fluid dynamic models
with controls in the initial condition and the source term. The model
is described by a nonlinear inhomogeneous hyperbolic conservation
law with state and control constraints. We consider the case when
the greatest lower bound of the cost functional can be unattainable
on the set E of admissible pairs or the set = is possibly empty. Using
the methods of vector-valued optimization theory, we show that this
optimal control problem admits the existence of the so-called weak-
ened approximate solution which can be interpreted as generalized
solution to some vector optimization problem of special form.

1. INTRODUCTION

In recent years, the interest of the scientific community for supply chains
modeling (see [5,11-13]) and control has become greater and greater, in
order to optimize the production processes. Several questions can be faced in
the design of optimal supply chain: the control of the maximum processing
rates, or the processing velocities, or the input flow in such way to minimize
the value the queues attain and to achieve an expected outflow, or in the
case of a supply network the optimal routing of parts such that inventory
costs are minimized. The aim of this article is to analyze an optimal control
problem described by a nonlinear conservation law with state and control
constraints. It is well known that the conservation laws, taking the form of
hyperbolic partial differential equations, appear in a variety of applications
that offer control or identification of parameters, including the control of
traffic and water flows, the modeling of supply chains, gas pipelines, blood
flows, etc. The analysis of conservation laws is a very active research area.
The main difficulty in dealing with them is the fact that the solution of such
systems may develop discontinuities (after a finite time), that propagate in
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time even for smooth initial and boundary conditions (see [4,20,21]). To
the best knowledge of authors, the existence of optimal controls and their
approximation to the problems of conservation laws with state constraints
is an open problem even for the simplest situation.

In [8] considering the case when the objective space is the Banach space
LP (RN) partially ordered by the natural ordering cone of positive ele-
ments, sufficient conditions for the existence of efficient controls have been
derived. When the original control problem is not regular and may fail to
have the entropy solutions, the regularization approach and the existence
of the so-called efficient regularizators to the original vector valued opti-
mization problem have been discussed. Influx-rates in the equation taking
the form of impulse functions has been treated in [10]. Using the vanish-
ing viscosity method and the so-called principle of fictitious controls, it has
been shown that entropy solutions to the original Cauchy problem can be
approximated by optimal solutions of special optimization problems.

In this paper we carry out our analysis for the following class of optimal
control problems (OCPs) with state and control constraints

Minimize J(u,y) subject to u € Uyq, Yy € Vad, (1)

where y = y(u) is the entropy solution of the nonlinear inhomogeneous
conservation law

vt D (i), = 9ty m), (o) € (O.T) xR 07, (2)

y(0,2) = up(z), z=€R™ (3)

Here, J is an objective functional, u = (ug,u1) is the control in the initial
condition and the source term, U,q4 is the set of admissible controls, and V.4
is the set of admissible states. Hereinafter we specify these sets as follows

Uaa = {u = (uo,u1) € L*(R™) x L=(Qr)™ :
max { ||luo|| v (o), lu1ll BV (0, r)x0ym } <7 VO C R"}§ (4)

Vea = {5 € OO T} Lo(®™) = Uly(t,2) <0 ac.in Dr}, (5)

where [ : R — R is a continuous operator. In mostly applications this
operator takes the form /(y) = y — «, with some positive constant «.

Remark 1. We note that the assumption of boundedness of the total
variation in (4) is rather strict. It means that the original optimal control
problem (1)—(5) admits at least one solution provided admissible controls
are measurable functions only. Since our main aim in this paper is to study
the asymptotic behaviour of approximative solutions to (1)—(5), which we
take in a special form (see (4.7)), and to show that any cluster point of such
solutions can be considered as a minimizer for the lower semicontinuous
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regularization of the original problem, we use the property that any sequence
of admissible controls is compact with respect to the strong convergence in
L' norm. This is the reason we assume that, for simplicity, the admissible
controls are described by conditions (4). In fact the boundedness of the total
variation gives the strong compactness in L', which is the crucial hypothesis.
In spite of the fact that the introduced assumption (4) is rather restrictive,
the problem (1)—(4) admits interesting applications such as optimization of
traffic flows on networks, of supply chains, etc. (see, for instance, [5,9,12—
14]).

We also assume that the flux-function

f=(f1,f2,..., fn) :R—TR" is locally Lipschitz. (6)
Furthermore, g € LOO(QT;CIOO’CI(R x R™)) and for all M, > 0 there are

constants C1,Cy > 0 such that

g(tv z,Y, ul) sgn (y) < Cl + CQ‘y| v (tv z,Y, ul) € QT x R x [_Mu; Mu]m )
(7)
where sgn is the sign function.

Our prime interest is to discuss the so-called vector-valued approximation
approach to the construction of weakened approximate solutions for the
above problem.

We admit that the original OCP (1)—(3) may fail to have an exact solution
(u°Pt y°Pt) — namely, the greatest lower bound of the cost functional can
be unattainable on the set = of admissible pairs or the set = is possibly
empty. To construct solutions close to the set of admissible solutions and
guaranteeing the proximity of the cost functional to its greatest lower bound,
we apply the so-called vector-valued approximation of the original OCP. To
do so, we consider a special vector optimization problem and show that this
problem possesses some characteristic properties. In particular, it enables
us to study the regularity of the original OCP, leading to the construction
of the so-called weakened approximate solutions.

2. NOTATION AND PRELIMINARIES

Let n > 1 and m > 1 be two fixed positive integers. Let D be a bounded
open domain in R™. For a given T > 0, we set Qr = (0,7) x R™ and
Dy = (0,T)xD. Let L}, (Q7), with 1 < p < oo, be the locally convex space
of all measurable functions ¢ : Q7 — R such that g[ (o 7y, € LP((0,T)x K)
for all compact sets K C R”™.

Let O be a bounded open subset of R™ and let v : O — R be an element

of L1(0). Define

/ |Dv| = sup{/ vdivgdz : g€ Cy(0)", |lp()|coy < 1forae O}.
o o
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According to the Radon-Nikodym theorem, if [,, [Dv| < 400 then the dis-
tribution Dv is a measure and there exist a function v’ € L'(O)" and a

measure D,v, singular with respect to the n-dimensional Lebesgue measure
L™ O restricted to O, such that

Dv=1v'L"O + Dsv.

Definition 2. A function v € L!(O) is said to have a bounded variation
in O if the derivative Dv exists in the sense of distributions and belongs to
the class of Radon measures with bounded total variation, i.e. [ oDy <
+00. By BV(0) we denote the space of all functions in L'(O) with bounded
variation.

Under the norm
ollsvo) = lollzio) + /O D],

BV (0) is a Banach space. It is well-known the following compactness result
for BV -functions.

Proposition 3. The uniformly bounded sets in BV -norm are relatively
compact in L'(O), that is, if {vp},e; C BV(O) and supyey vkl svo) <
+00, then there exists a subsequence of {vy}re, strongly converging in
LY(O) to some v € BV(0).

Definition 4. A sequence {v;}72, C BV(O) weakly converges to some
v € BV(0O), and we write vy, — v iff the two following conditions hold:
v — v strongly in L1(0), and Dvy — Dv weakly* in M(O), where M(R")
stands for the set of all Radon measures on R".

In the proposition below we give a compactness result related to this
convergence, together with the lower semicontinuity property (see [15]).

Proposition 5. Let {v,}32, be a sequence in BV (O) strongly converg-

ing to some v in L*(O) and satisfying sup/ |Dvg| < 4+00. Then
keNJoO

(i) ve BV(0O) cmd/ | Do glikminf/ | Dy |;
o - Jo
(ii) vy — v in BV(O).

Throughout the paper we will often use the concepts of the weak and
strong convergence in L'(Dr). Let {gx},cy be a bounded sequence in
LY(Dr). We recall that {gr}en is called equi-integrable on D, if for any
6 > 0 there is 7 = 7(0) such that [ |gx|dz < § for every measurable subset
S C Dy = (0,T) x D of Lebesgue measure |S| < 7. Then the following
assertions are equivalent for L'(Dz)-bounded sequences:

(i) a sequence {gi};cy is weakly compact in L'(Dr);

(ii) the sequence {g},y is equi-integrable.
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3. STATEMENT OF THE PROBLEM AND MAIN MOTIVATION

We focus on the fluid dynamic model, expressed by the Cauchy problem
for nonlinear inhomogeneous conservation law (2)—(3). To begin with, we
define the sets Uyq and Veq of admissible controls and states as in (4)—(5).
As it was mentioned in Introduction, the characteristic feature of the initial
value problem (2)—(3) is that even for arbitrary smooth functions wg, uq,
and g, the solution of (2)—(3) may develop discontinuous after a finite time
(see [20,21]), which makes it necessary to consider weak solutions. At the
same time, weak solutions of (2)—(3) are, in general, not unique and, in order
to select the “physically” relevant solution, some additional conditions must
be imposed. Following [14, 20, 21], we introduce the entropy-admissibility
condition, coming from physical considerations, as follows.

Definition 6. For a given u = (ug, u1) € Uag, a function y € L>(Qr) is
called an entropy solution of (2)—(3) if for all ¢ € R and

n(A) :=A=d, @A) :=sgn(A—c)(fi(A) - filc)), Vi=1,...,n (8)
the entropy inequality

(n(y), + Z (¢(y),, <sgn(y—c)g(t,z,y,u1) in D'(Qr) (9)

holds and if the initial data ug are assumed on the sense

1
lim

¢
7/ lly(T,) — wollL1(x)dr =0 for all compact K CR". (10)
t—0+ t 0

The existence and uniqueness of entropy solutions for (2)—(3) under as-
sumptions given above was shown by Volpert [24] and Kruzhkov [20] (see
also [6,25]). The following result collects important properties of the control-
to-state mapping u — y(u)

Theorem 7 ( [25]). Let u = (ug,u1) € Uy be given controls and let
the conditions (6)—(7) hold. Then for every u € U,q there is at most one
entropy solution

y =y(u) € C([0,T]; L, (R™)) x L=(Qr)
satisfying (9)—(10). Moreover, the mapping
Upg > u — y(u) € C([0,T]; L' (D)) (11)

is Lipschitz continuous and if g has a compact support supp,(g) CC R"
w.r.t « then y € L*>(0,T; BV(D)).

Definition 8. We say that a pair
(u7 y) € [Llloc(Rn) X Llloc(QT)]
X [C([0, TT; Lige(R™)) x L*(Qg) x L*(0,T; BV(D))]



26 P. I. Kogut, R. Manzo

is an admissible solution to the OCP (1)—(3) if u = (ug, u1) € Und, Y € Vad,
J(u,y) < 400, and y = y(u) is the corresponding entropy solution to (2)—(3)
in the sense of Definition 6.

Let = be the set of all admissible pairs to the problem (1)-(3). We say
that a pair (u®,y°) is optimal for the problem (1)—(3) if

Wy €= and J(u’y%) = (ui;l)fer J(u,y).

The following assumption is crucial in this section:

(A1): The OCP (1)—(3) is regular in the following sense: there exists at
least one pair (u,y) such that (u,y) € E.

For our further analysis we set
U= LY(D)x L'(Dr), Y=0([0,T};L*(D)),
UlOC = Llloc(Rn) X Llloc(QT)? YlOC = O([O7T]7Llloc(Rn))

Then the sufficient conditions for the existence of an optimal solution to
the problem (1)—(3) can be stated as follows.

Theorem 9. Assume the initial assumptions (6)—(7) hold true and the
cost functional J : U XY — R is sequentially lower semicontinuous with
respect to the norm topology of U x Y. Then the OCP (1)—(3) admits an
optimal solution (u°,y°) € Z if and only if this problem is regular.

Proof. To begin with, we show that the cost functional J : U XY — R
is bounded below on the set Z. Let us assume the converse. Then there
exists a sequence {(ur, yr)}ey € Z such that J(ug,yr) < —k for all k € N.
By the initial assumptions, we have {uk}keN C U,q; hence, the sequence
{ur} e s bounded in

[BVioe(R™) % BVioe((0,T) x R™)] N [L=(R™) x L=((0,T) x RM)].

Thus, we may assume that (see Proposition 3) ur — u in Up,. and, there-
fore, u € U,q. Since the mapping (11) is Lipschitz continuous, by the
Ascoli-Arzela Theorem it follows that {yx = y(ur)} ey € Vaa is @ bounded
sequence in Y;,. and there exists an element y € Y;,. such that, passing to
a subsequence if necessary, we obtain yx — y in Y;,.. Then, having used
the sequential lower semicontinuity of J, we come to the contradiction

J(u,y) < likminf I (U, yi) < —00.

Thus, the cost functional J : U x Y — R is bounded below on the set =.
Let {(ur,yr)}rey C = be a minimizing sequence for the original problem,
i.e.

nf  J(u,y) > —o0.

lim J(ug, = i
k—o00 ( k yk) (u,y)EE
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Following the previous arguments, we may assume that there exists a pair
(u®,4y°) such that

up —u® in LYD)x LY (Dr) and 1y, —9° in C([0,T]; L} (D)). (12)

Taking this fact into account, we can pass to the limit in (9)—(10) as k — oc.
As a result, we immediately come to the conclusion that y = y(u®) is an
entropy solution to the Cauchy problem (2)—(3) under u = u°. In order to
prove the inclusion (u°,3°) € Z, we note that the property (12), implies the
convergence yy(t,z) — y°(¢,x) almost everywhere in Dr. Hence, y° € Vuq
by the continuity property of the operator [ : R — R. To conclude the
proof, it remains to apply the lower semicontinuity property of J

—oo < J(ul,y") < lim J(ug,yx) = inf J(u,y).
k—oo (u,y)€E

Thus, the pair (u®,y°) is optimal for the problem (1)—(3). O

As follows from Theorem 9, the existence of optimal solutions to the
problem (1)—(3) can be obtained by using the compactness arguments and
the regularity assumption (A1). However, because of the state constraints
Yy € YVaa the regularity of the OCP (1)-(3) (see (Al)) is an open ques-
tion even for the simplest situation. So, the first question to be answered
for this problem is about admissibility: does there exist at least one pair
(u,y) € Upe X Yioe such that u = (ug,u1) € Und, Y € Vad, J(u,y) < 400,
and y = y(u) is an entropy solution to (2)—(3) in the sense of Definition 67
In fact, one needs the set of admissible pairs to be sufficiently rich in some
sense, otherwise the OCP (1)—(3) becomes trivial. However, from a mathe-
matical point of view, to deal directly with all constraints above presented
is typically very difficult and, except for some special cases, this question is
largely open [17]. Nevertheless, in many applications it is an important task
to find an admissible (or at least an approximately admissible, in a sense
to be made precise) pair when both entropy and state constraints for the
control-state pairs are given. On the other hand, the set = of admissible
solutions may be very “thin” and it is possible that the original problem has
no solutions. In view of this, it is reasonable to weaken the requirements
on admissible solutions to the original OCP. In particular, it would also be
reasonably to assume that the optimality property for the solutions (u, y(u))
holds not strictly but rather with some (possibly high) accuracy. Moreover,
the greatest lower bound of the cost functional is often unattainable on the
given set =. Nevertheless, the absence of a minimum of the functional does
not mean that the problem does not make any sense (see, e.g., [17]), since its
greatest lower bound exists and hence can be approached with some accu-
racy. Thus, an extremal problem may have an approximate or suboptimal
solution even if it is not solvable.
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4. ON VECTOR-VALUED REGULARIZATION OF OCP (1.1)—(1.3)

Taking into account the motivation given above, in this section we will
issue from the supposition that the original OCP (1)—(3) may fail to have
an exact solution (u°Pt,y°P') € = — namely, the greatest lower bound of
the cost functional can be unattainable on the set = of admissible pairs
or the set = is possibly empty. To construct solutions close to the set of
admissible solutions and guaranteeing the proximity of the cost functional to
its greatest lower bound, we apply the so-called vector-valued approximation
of the original OCP. To do so, we introduce some optimality notion in
partially ordered spaces.

We associate with the set Dy = (0,T) x D the objective space L'(Dr).
By default we suppose that L'(Dr), as topological space, is endowed with
the weak topology. Let 7 be the weak topology of L'(Dr). Given a subset
S C LY(Dr), we denote by int, S and cl, S its interior and closure with
respect to the 7-topology, respectively. We also assume that L!'(Dr) is
partially ordered by the natural ordering cone of positive elements A, which
is defined as

A={feLY(Dr) : f(z) >0 almost everywhere on Q}. (13)

Definition 10. (see [16]) An element y* € S C L'(Dr) is said to be
minimal of the set S, if there is no y € S such that y <, y*, y # y*, that is

Sy —A) = {y').

Let Miny (S) denote the family of all minimal elements of S. Let us
introduce two singular elements —ooj and +o0oa in LY(Dr). We assume
that these elements satisfy the following conditions:

1) —oop <y =< +oop, Vy € LY(Dr);  2) +o0op + (—oop) = 0.
Let Y* denote the semi-extended Banach space: Y* = L(Dr) U {4+o00p}

assuming that || +ooal|L1(p,) = 400 and y — A(+o0p) = —co V y € L' (Dy)
and V )\ € R+.

Definition 11. We say that a set F is the efficient infimum of a set
S C L'(D7) with respect to the T-topology of L'(Dz) (or shortly (A,7)-
infimum), if E is the collection of all minimal elements of cl, S in the case
when this set is non-empty, and F is equal to {—ocoa} in the opposite case.

Hereinafter the (A, 7)-infimum for S will be denoted by Inf*" S. Thus,
in view of the definition given above, we have

IfA T g e Miny (cl; S), Minp(cl, S) # 0,
" T —ooa, Ming (cl, S) = 0.

Let Xp be a nonempty subset of a Banach space X, and I : Xy —
LY(Dr) be some mapping. Note that the mapping I : Xy — L'(Dr) can



On Approximation of State Constrained Optimal Control Problems 29

be associated with its natural extension I : X — Y* to the entire space X,

where
~ o | I(z), =€ X,
I(z) = { —oon, ¢ Xo. (14)
We say that a mapping I : Xy — Y® is bounded below if there exists an
element z € L'(Dr) such that z <, I(x) for all z € Xj.

Definition 12. A subset A of L!(Dr) is said to be the efficient infimum
of a mapping
I: Xy — LY(Dr)

with respect to the 7-topology of L*(Dr) and is denoted by Infﬁc\gx8 I(x),

if A is the (A, 7)-infimum of the image I(Xp) of Xy in L'(Dr), that is,

InfA7, I(z) = Inf™" {I(2) © @ € Xo}.

Remark 13. It is clear now that if a € Ian’GTXa I(z) then

cl, {I(z) : z€Xp}Nn(a—A)={a}
provided Miny [cl, {I(z) : = € Xg}] # 0.

Let {yx},—, be a sequence in L'(Dr). Let L™{y)} denote the set of all
its 7-cluster points in L!(D7), that is, y € L7{y} if there is a subsequence
{ye, o2, C {yr}oe, such that yx, — y in L'(Dr) as i — oo. If this set
is lower unbounded, i.e., Inf*" L™{y,} = —oc0,, we assume that {—oo,} €
L™{yr}. Let 9 € Xy be a fixed element. In what follows for an arbitrary
mapping I : Xy — L'(Dr), we define the following sets:

LoXT(I,xg) == U L7{I(xk)}, (15)
{zK}32, €Mo (w0)

LOXT(I,20) := LO*7(I,20) NInf27 I(x), (16)

min z€Xp

where M, (o) is the set of all sequences {zy},-, C X such that z;, —
with respect to a o-topology of X.

We are now able to introduce the notion of the lower limit for the vector-
valued mappings.

Definition 14. We say that a subset A C L'(Dr) U {#oop} is the A-
lower sequential limit of the mapping I : Xy — L'(D7) at the point g € Xp
with respect to the product topology o x 7 of X x L!(Dr), and we use the
notation A = lim infi\’z I(z), if

— T

LOXT(I, x0), Ly (I, o) # 0,
oy I() o= { L () . {an
z 5 @0 Inf™" LO*7(I, z9), LUXT(LZC()) = 0.

min
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Remark 15. Note that in the scalar case (I : X9 — R) the sets

)7y, I(z) and  Inf™7 L7%7(I,2)

are singletons. Therefore, if L7 7 (I,x0) # () then we have

min

LOXT(I,20) = L7%7 (I, 0) N Inf2", I(x)

min z€Xp

= Inf*7 L7 (1, 20) NInfaly, I(x) = Inf™7 L7 (I, ).

Hence the choice rules in (17) coincide and we come to the classical definition
of the lower limit.

By analogy with [19] (see also [8,9,18]), we use the following concept of
lower semicontinuity for vector-valued mappings.

Definition 16. We say that a mapping f : Xy — Y is (A,o0 x 7)-
lower semicontinuous ((A,o x 7)-1s¢) at the point xg € Xg if f(xg) €
liminfi\’;m f(x) A mapping f is (A,o x 7)-Isc if fis (A,0 x 7)-Isc at
each point 0of Xs.

Before proceeding further, we note that the concept of (A, x 7)-lower
semicontinuity for the vector-valued mappings, given above, is more general
than the well known extensions of the “scalar” notion of lower semiconti-
nuity to the vector-valued case (see, for example, [1-3,22,23]). The main
motivation to introduce this concept is the following observation.

Proposition 17 ( [19]). Let X be a Banach space, and let Y be a par-
tially ordered Banach space with an ordering closed pointed cone A. Let Xg
be a non-empty subset of X and let f : Xg — Y be a given mapping. If
20 € Xy is any (A, 7)-efficient solution to the vector optimization problem
Infﬁgxa f(x), then the mapping [ : Xo — Y is (A, o X 7)-lsc at this point
for any Hausdorff topology o on X.

Turning back to the OCP (1)—(3), we make use of the following assump-
tion:
(A2): The cost functional J : U x Y — R in (1) has the representation

T
J(u,y) = /0 /D F(u,y)dzdt, (18)

where F : Uppe X Yioe — LY(Dr) is (A, 0 x 7)-Isc on Uppe X Yo in
the sense of Definition 16 and o stands for the strong topology of
LY(D) x L* ((0,T) x D).
Another motivation to consider the cost functional in the form (18) with
properties given by Hypothesis (A2), is presented in Remark 18. Further,
we note that the assertions

lI(y)| + l(y) = 0 almost everywhere in Dy and y € Vg
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are evidently equivalent on the set y € C([0,7]; L}, .(R™)). As the same

time, in a general case, we have |l(y)| + I(y) > 0 almost everywhere in
Dr = (0,T) x D. It means that

ll(y)| +1(y) € A= {f € L"(Dr) : f(z) >0 almost everywhere on 2}

Taking this observation into account, we introduce the following family
of vector-valued penalized problems

. AT _ A7 -1
Find Inf" _ Fo(u,y) =Tnf)7  [F(u,y)+e (|Z(y)|+z(y))}, (19)

[1]|

where the set Z of admissible solutions is defined as follows: (u,y) € = if

and only if
U € Upg, y € [C([0,T]; L, (R™)) x L=(Qr) x L>=(0,T; BV(D)), (20)

y =y(u) is an entropy solution to (2)—(3) in the sense of Definition 6.
(21)

=

Remark 18. Tt is clear that = C E for every ¢ > 0 and E # 0 by
Theorem 7. Moreover, following arguments of the proof of Theorem 9,
we have the following important property of the set =: this set is se-
quentially compact with respect the w-convergence. Here, a sequence of
pairs {(ug, yk) ey C = is said to be w-convergent to a pair (u,y) €
[L}OC(R”) X L}OC(QT)] xC([0,T]; L, (R™)) if ug ;; — up in L (Q), w1 x — ug

in L1((0,T) x Q), and yx — y in C([0,T]; L*(Q)) for every open bounded
domain @ C R".

We introduce now the following concept.

Definition 19. A pair (u¢ff,y¢/f) € = is said to be a (A, 7)-efficient
solution to the problem (19) if (uel?, yetf) realizes the (A,7)-infimum of
the mapping F. : £ — LY(D7), that is,

Felug gl T)) € It ()7 o Fe(uyy) = ™ { Fe(uyy) =V (u,y) € E}

We denote by
Eff(E; Fo; 7 A)

= {(ugff7y§ff> €E : ‘7:€<u§ff7y§ff> € Inf?llry)657.7:€(u7y)} (22)
the set of all (A)-efficient solutions to the vectorial problem (19).
In what follows, we associate with the vector optimization problem (19)
the following scalar minimization problem

fb‘)\(u’ y) = <)\"7:5(u’y)>L°°(DT);L1(DT)
— inf subject to (u,y) € E C Ujpe X Yipe (23)
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where )\ is an element of the dual cone
K=A = {)\ € L®(Dy) :

T
<)\,f>Lm(DT);L1(DT):/O /D)\fda:dtz() forall feA}. — (24)

Remark 20. Since the set Z is sequentially w-compact, it follows that
the constrained minimization problem (23) has a non-empty set of solu-
tions, provided .7:5’\() : 2 — R is a proper lower w-semicontinuous func-
tion. However, the characteristic feature of the vector optimization prob-
lem (19) is the fact that with any (A, w x 7)-lower semicontinuous mapping
F. : E — LY(Dr), which is neither lower semicontinuous nor quasi-lower
semicontinuous on =, there can be always associated a scalar minimization
problem (23) for which the corresponding cost functional F2 : = — R is
not lower w-semicontinuous on Z. Indeed, let (u°,y°) be a pair of = where
the quasi-lower semicontinuity of F. fails. Then there exists at least one

element a* € cl; (F.(E)) such that

a* € liminf?’T) % (40,40) Fe(u,y),
u,y) — (u”,y
f&.(uo’yo) € lim ian7T ]:E(u7y)7 (25)

(u,y) = (u®,y°)
and a* % F.(u’,y°).

Let {(u, yr)}rey C E be a sequence such that
(ug, ) — (u°,9°) in Upe X Yioe and  Folug,yx) — a* in L'(Dr).

Since a* # F-(u®,y?), it follows that a* — F.(u’,y") € A and, hence, there
exists a vector \* € K such that

ko 0 0
(N a* = Fo(u’y )>Lw(DT);L1(DT) <0

As a result, we have
lim inf 72 (ug, ye) = Hm (N, Fo(ur, b)) L (D)2 (Dr)
= (N0 Lo (prysp () < (X P 8%) pe gy gy = Fo (W59°).

Thus, the lower w-semicontinuity property for .7-'5’\* fails at (u®,y°). More-
over (see [19]), for (A,w x 7)-lower semicontinuous mappings F. : = —
LY(Dr) a situation is possible when none of the scalar functions F2(u,y) =
(A Fe(, ) oo (Dyy: 11 (D) 18 lower w-semicontinuous for any A € K*. Here
K' is the set of all quasi-interior points of K, ie. A € Kt if X € K
and (X, b) e (ppy.ri(pyy > 0 for all b € A\ {0}. Having put A(t,z) = 1
a.e. in Dp and € = 0, this leads us to the conclusion: the cost functional
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J : Uaa X Y — R for the original OCP (1)—(3) can lose the w-lower semicon-
tinuity property even if the mapping F : = — L*(D7) is (A, w x 7)-lower
semicontinuous.

The main property of the scalar minimization problem (23) can be char-
acterized as follows.

Theorem 21. Assume that the initial assumptions (6)—~(7) hold true and
there are a pair (u°,y°) € E and an element A € K* such that

(u®,y°) € Argmin (X, F2(u, y))

= Le(Dr);L(Dr) "
(u,y)EE

Then (u®,4°) is a (A, 7)-efficient solution to the problem (19)—(21).
Proof. By the initial assumptions, we have
F2(u’,y") = F2(u,y)
= <)\a*7:5(u0ayo) _~7:E(U/7 y)>L°°(DT);L1(DT) < O’ V(’U/,y) EE (26)

Let z be any element of the set cl, F.(Z). Then there exists a sequence
{(ug, i) }oey C E such that Fe(ug,yr) — 2 in LY(Dr) as k — co. Hence,
in view of (26), we get

(N Fe(u®,y%) — ff(uk’yk»L@C(DT);Ll(DT) <0, VkeN. (27)
Passing to the limit in (27) as k — oo, we obtain

NFe(u®9%) = 2) e (pryisr(pgy S0 V2 €AFL(E). (28)

Let us assume that (u°, 3°) € Eff(Z; F.; 7; A). Then there exists an element
h € cl; F.(Z) such that h <5 F-(u®,y°). So, F-(u’,y?)—h € A\{0}. Hence,
by definition of the set K*, (F.(u® ") — h’/\>L°°(DT)7;L1(DT) > 0, and we
come to a contradiction with (28). So, (u°,y°) € Eff(Z; F.; 7; A) and this
concludes the proof. O

In view of Remark 20, it is reasonably now to present some results con-
cerning the solvability of the vector optimization problem (19)-(21). To
this end, we can apply Theorem 3.5 from [19]. Since the set = C Uyg X Yioe
is sequentially w-compact and, hence, it is bounded (see Theorem 7 and
Remark 18), we make the following hypothesis.

(A3): There exists a couple of functions ,v € L'(Dr) such that the

estimate
/Qlwldz < Fu, )90 N < /Q lpldz, V(u,y)€Z, VQCD
(20)
is valid.

It leads us to the following assertion.
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Theorem 22. Assume the Hypotheses (A1)-(A3) hold true and F : E —
LY(Dr) is a (A, wxT7)-lower semicontinuous mapping. Then the vector opti-
mization problem (19)—(21) has a non-empty set of (A, T)-efficient solutions
for every e > 0.

Proof. To begin with, we note that due to Hypothesis (A3), the sequence
{F(uk,yr)}pen 18 L' (Dr)-bounded and equi-integrable for any sequence of
prototypes {(ux,yx)}pen C Z- Hence, {F(ug,yr)}ey is relatively weakly
compact in L' (Dr). In order to apply Theorem 3.5 from [19] to our case, we
have to show that the mapping F. : £ — L(D7) possesses the (A, w x 7)-
lower semicontinuity property. To do so, we note that the mapping [ : R —
R, is continuous. Hence, for any w-convergent sequence (ug,yr) — (u,y)
in Uppe X Yoo, we have

12Cys) |+ Uyr) = L) = L)z ()
< [y = R v .y + M) = L)l 21 (D2

T
§2||l(yk)|_l(y)|”L1(DT):/O /Dll(yk)\—l(y)ldxdt
< [(yx)l — W) lleqo.r):Lr ()T — 0 as &k — oo.

Thus, |I| +1 : Ujpe X Yo — LY(Dr) is continuous as a mapping from
Uioe X Yo with the topology induced by w-convergence to the Banach
space L!(Dr) endowed with the strong topology. Since

Felwy) = Fluy) +e7 (1) +1w)), ¥y €2

and F : E — LY(Dr) is the (A,w x 7)-lower semicontinuous mapping, we
obtain the required property (for more details we refer to [18]). O

Further, we present some results which play an essential role in the study
of OCP (1)—(3).

Proposition 23. If there exist a couple of values €1 > 0 and €5 > 0
such that €1 # €2 and

A,
Inf(%

AT
ez Fer (wy) NInE T Fe (u,y) # 0 (30)

then, under suppositions of Theorem 22, the original OCP (1)—(3) is regular,
ie. 2 #0.

Proof. For simplicity we suppose that €1 < 5. As Theorem 22 indicates, for
given £1 > 0 and €2 > 0 the corresponding sets of (A, 7)-efficient solutions
Eff(Z; F.,; A) and Eff(Z; F.,; 7; A) are nonempty. For now we assume
that

Eff(Z; F.,; 5 A)NER(E; Fop; 73 A) = 0.
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At the same time, the condition (30) ensures the existence of pairs

(ugl,ygl) € Eff(E; F.,; 73 A)  and (uo yg2) € Eff(E; F.,; 73 A)

€27

such that

‘FEI (u217ygl) = ‘FEQ (U’gQ?ygg)' (31)
Since (u?,,y2)) & Eff(Z; Feo,; 75 A), it follows that
fel(u227y22) ﬁl\ -7:61 (ugl,ygl). (32)

On the other hand, in view of the structure of objective mapping F. : Z —
LY(Dr) and condition (31), we have

ffl (u227y22) ZA fEZ (u227y22) = fal (u217y21)’

As a result, combining the last inequality with (32), we come to the contra-
diction:

‘7:81 (ugl ) ygl) ﬁ/\ '7:61 (ugl ) ygl)
Hence, there exists at least one pair (u*,y*) € = such that
(u*,y*) € Eff(E; F.,; 7; A) NER(E; Fo,; 73 A).

Then, in view of relation (30), we obtain
Flu',y) +er (1) + 1)) = Fo, (', y7)
=F.,(u',y*) = Fu*,y") +e5" <|l(y*)| + l(y*)) a.e. in Drp.
Whence (g7 * — 62_1)(|l(y*)| + l(y*)) = 0. Since &1 # &9 it follows that

[[(y*(t,z))| +1(y*(t,z)) =0 for almost all (¢,z) € Dr.

However, this relation is equivalent to the inequality (y*(¢,z)) < 0 a.e.
in Dr. Taking into account that y* = y(u*) € C([0,7); L{,.(R")) as an

entropy solution of (2)—(3), we conclude: y* € V,q4 and, therefore, (u*,y*) €
Z. The proof is complete. O

Proposition 24. If the original OCP (1)—(3) admits at least one opti-
mal solution (u°,y°) € =, then, under suppositions of Theorem 22, there
exists g > 0 such that

(u®,9°) € Eff(E; Fos 5 A) Ve <eq. (33)

Proof. Let us assume, by contradiction, that there is a monotonically de-
creasing sequence {ex},—, C Ry such that limj_.o ex = 0 and (u®,3°) ¢
Eff(Z; F.,; 73 A). Then there exists a sequence of pair {(u},y}) € E}i‘;l
such that

fEk(“ZayZ) <A ‘7:61@ (uO,yO) = F(uO’yO), VkeN. (34)
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Hence,

e (D +1060)) <a F(u',9") = Flui) ae. in Dr, Vk € N. (35)
Since the set & C Uyg X Yioc is sequgntially w-compact (see Theorem 7 and
Remark 18) and the mapping F : & — L'(D7) possesses the (A,w x 7)-
lower semicontinuity property, it follows that the right-hand side in (35) is
uniformly bounded in L'(Dz) with respect to k¥ € N. Hence, passing to
the limit in (34) as k — oo we come into conflict with the boundedness of
F(u®,y°) — F(u},y;) provided (\l(y,’;)\ + l(y,j)) # 0 on some subset of Dy
with positive Lebesgue measure. Thus, this contradiction means that there
exists k, € N such that |I(y;)| + (y;) = 0 almost everywhere in Dy for all
k > k.. Hence, yp € Yoq Yk > k.. Taking this observation into account,
the inequality (35) implies relation F(u},y;) <a F(u®,y°) for k > k.. As
a result, we come to the contradiction with the initial assumptions

J(up, yi) =

/ / (ujs, vi dzdt</ / Ndxdt =: J(u°,y°) VEk>k,.

The proof is complete. O
Taking these results into account, we introduce the following concept.

Definition 25. We say that a sequence {(uk,yk)}zil in Uje X Yioe is
a weakened minimizing sequence if ur € Uuq, yr = y(ux) is an entropy
solution to (2)—(3) in the sense of Definition 6 for every k € N,

ur — U in Upe, Y — vy in Yy, klim lyk)(t,z) <0 a.e. in Drp,
Flug,yp) 5 €€ Inf?u’Ty)eEF(u,y) in  LY(Dr).

Moreover, if for every ¢ > 0 and any e-neighborhood V.(£) of ¢ in
<L1(DT), T> there exist a neighborhood O(u, 3) of (u,y) in the strong topol-
ogy of Ujpe X Yioe, a pair (Ue,y:), and a positive value ¢ such that the
conditions

(aevga) S O(’ZL\, Z/J\) N (uad X Yloc)a F(’I/L\Eag//\&) € V‘f‘(g)u
U- = y(u.) is an entropy solution to (2)—(3) in the sense of Definition 6,
[(Ge(t,z)) < Ce ae.in Dy, C>0 (36)

hold true, then (%, y:) is said to be a weakened e-approximate solution to
the problem (1)—(3).

Further, we consider the following family of scalar optimization problems
scy [F2] (u,y) = scy, (A Fe(w, ) oo (Dpy;t (Dg) — Inf (37)
subject to (u,y) € Z C Uppe X Yioe, M € K. (38)
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Here, sc,, [F2] : E — R denote the lower w-semicontinuous envelope of the
functional [F2] (u,y) = (X, Fx(u, Y)) Lo (Dp): L1 (Dy) With some A € K = A”,
that is, scg, [.7-'5)‘] is the greatest lower w-semicontinuous functional ma-
jorized by F2 on Z. Then, following the direct method in the Calculus
of Variations and taking into account that the set = C U,q X Yioc is sequen-

tially w-compact, we get:

I

Proposition 26. Every minimizing sequence for
. o
inf _scy, [F2] (u,y)
(u,y)EE
has a w-cluster point which is a minimum point of scy, [.7-'6)‘] on Z.

We are now able to prove the main result of this article.

Theorem 27. Assume that the initial assumptions (6)—(7) hold true and
the cost functional J : U XY — R in (1) has the representation (18) with
property (A3), where F : Ujpe X Yioo — LY(D7) is a given mapping (not
necessary (A, w)-lsc on Z). Then

U Argmin sc,, [.7:2‘] (u,y) (39)
ekt (wy)eE

forms a set of weakened e-approximate solutions to the problem (1)—(3)
provided this problem is regqular.

Proof. We divide this proof into several steps. Step 1. First we study the
property of the sets Argminscy, [}"E)‘] (u,y). Let A\ be any element of K*
(u,y)€E
and let ¢ > 0 be a given value. Then, by Proposition 26, there exists at
least one pair (uf,y’) € E such that
(uz,y:) € Argminsc,, [.7:5’\] (u,y). (40)
(u,y)€E
Since scy, [F2] (u,y) is the lower w-semicontinuous envelope of the func-
tional

ff)\(u’y) = <)\’]:5<u’y)>L°°(DT)§L1(DT) ’
it follows that there exists a sequence of pairs {(uf,y)} e, C = such that
(uf,yi) = (uf,yZ) as k— oo (41)
and

(O Fe (Ul U)) Loe (D21 (D)

by condition (40)
= sc,, [F2] (ul, ) < sc [F2] (u,y)

< <)‘7]:E(u7y)>L°°(DT)§L1(DT) V(u,y) € E (42)
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Hypothesis (A3) implies that there exist an integer k € N and an element
(. € L' (D7) such that

A € € A . vk /k\;
< ,fe(uk’yk)>L°°(DT);Ll(DT) << ’C€>L°°<DT);L1(DT> ]

Since A € K¥, this implies the estimate || 7. (uf, y5)| 11 (pr) < ||Zg||L1(DT)
for all k > k. Hence, without loss of generality, we may suppose that the
sequence {F.(uf,y;)} e, is bounded in L'(Dr) and equi-integrable. So,
there exist an element 7. € L*(Dr) and a subsequence of {F.(ug,y5)} e,
(still denoted by subscript k) such that F.(uf,ys) — 7. in L'(Dr) as
k — oo.

For now we assume that

Ne & Infé\u’;)eE Fe(u,y). (43)

?Jy)eg F-(u,y) can be found such that £ <j 7..

Therefore, n. — & € A\ {0}, and using the fact that A € K* we just come
to the inequality

Hence, an element £ € Inf

(Ane) Lo (Dpy:zt(Dr) > (N E) Lo (Dr):n (D)

which is equivalent to

klijgo (X Fe(ul, Yi)) Lo (Dr)sLt (D) > (X5 €) Lo (D)Lt (D) - (44)
A, T
(u,y)EE
sequence { (v, 2)}re, C = such that F. (v, zx) — & in L*(D7). Since the
set = is sequentially w-compact, we may suppose that (vg, z1,) — (v*,2*) €
Z. Then, by inequality (42), we deduce

On the other hand, for the element £ € Inf Fe(u,y) there exists a

(A Fe (Ul Y)) oo (pr)spr (o) < (Fe(0i 20, N poe (D)1 (pry - V€N
(45)
Passing to the limit in (45) as i — oo, we get

Jm (X Fe(ui, Yi)) Lo (Dr st (D) < (X €) Lo (D)Lt (D) -
However, this contradicts (44) and, hence, (43). Thus,

(uk Yi) = (uz,yz) and Fe(ug,yp) S . € Inf?u’:ry)egfs(ua y) in LI(DT)
(46)

as k — oo.
Step 2. Our next intention is to prove that the sequence {(u},y%)}._, C
Z, which were obtained in the previous step, contains a subsequence, still
denoted by the suffix e, such that (u?,y*) = (u*,y*) as ¢ — 0 and
(u*,y*) € E. In the same way as in the proof of Theorem 7, we can conclude
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that the sequence {(ug, yr) € §}5>0 is relatively w-compact and, passing to
a subsequence if necessary, we get

(uf,y2) = (u*,y*), where (u*,y") €E. (47)
Let us prove that y* € V,q. Let (u,y) be any admissible pair to the original
problem, that is, (u,y) € = (here, = # @ by the regularity assumption).
Then (|l(y)| + z(y)) = 0. Therefore,

Folutyl) = Fluz,yl) + 7 (M)l +1002) #a Feluy) = Fluy)
for € > 0 small enough.

By the initial assumptions the set {F(u},y?)},. is bounded below, say
by z € L*(Dr). The latter yields 5_1(\l(y§)| + l(y:)) #A w, with w =

F(u,y) —z, i.e. [l(y2)|+1(y2) #a ew. On the other hand, |I(y2)|+1(y2) >a
Or1(pr) Ve > 0. Hence, passing to the limit as € — 0 in the above relations
and using the fact that ew — 0p1(p,y and yF — y* in C((0,T]; LY(D)), we
come to the inequality

Or:(ppy < liminf (11u2)] +1(52)) #a Ors(or).

Hence, liminf._,o (|l(y;‘)| + l(y:)) = 0 and, in view of the continuity prop-

erty of [, we obtain
(1161 + 1)) = timinf (Ji(w2)| +1(52)) = 0.

Since this is equivalent to the inequality I(y*(¢,x)) < 0 almost everywhere
in Dy, it follows that the limit pair (u*,y*) is an admissible solution to
the original OCP (1)—(3). Moreover, using hypothesis (A3) and applying
similar arguments as we did it before, it can be shown that the sequence
{F(uz,y)}._, is relatively 7-compact in L'(Dr)). Hence there exists an
element ) € L'(Dr) such that within a subsequence, we have

Ful,y?) 5 n in LY(Dr) as ¢ — 0. (48)
Step 3 deals with the limiting properties of the sequence
{SC; [.7-'6/\} (2 — R}

We note that this sequence of functionals is monotonically increasing and
for every € > 0 we can write down

e—0"

SCyp [‘7-—5)\] (u,y) = sc,, <)\’F(u’y>>L°°(DT)§L1(DT)
vt [ (il +iw) e @)

(by continuity of [ : = — L'(Dr) as a mapping from Uj,. X Yo with the
topology induced by w-convergence to the Banach space L!(D7) endowed
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with the strong topology). Hence, this sequence admits the existence of
I (w)-limit with the following representation (see [7])

P(w)— lim sc;, [72] (u,9)

= [(w)- liny [SC; A, F(“’y»Lw(DT);Ll(DT)}

w7 [ A+ 1) ¢
=56 0 P eopyascon + i [ [ A(1001+100) ]

| sew N F(W9)) peo (pryinipgy - (t9) €E,
+0o0 (u,y) € Z\ E.
Applying the main variational properties of I'(w)-limit to the functional

F(w)—sli_r%sc [F2] E—-R,

(50)

we come to the following assertions (see [7]).
1.: Convergence of minimal values:

) by Step 2

lim min_sc,, [.7:5)‘] (u,y 1m-7:5>\( 7

e=0 (uy)€eE
= min_ (I‘(w)— lirr[1) SCo, [}'g\} (u,y))
E—

(u,y)€E

by (50) . ( — )
it A F (1)) poe o, : 5l
(u{%IéE SCyy (A, F(u y)>L (D1); LY (Dr) (51)

2.: Convergence of minimizers:
(u;‘, y:) ﬂ ('u,*7 y*) c A(rggnin (SCE <)\, F(u, y))Lw(DT);Ll(DT))
u,y)EE

= Argmin (F(w)f lim sc,, [.7-'5)‘] (u, y)) . (52)
(u,y)€E e=0

3.: Sequential properties:
lir%sc; [.7-')‘] (ue,ye) > ( (w)— hm SCop [}"E’\]) (u*,y")
= s¢,, (A, F(u” )>L°°(DT) ;LY(Dr) (53)

for any sequence {(uc,y:)}.o, C = such that (u.,y.) = (u*,y*) as

e — 0.
Step 4. This step concludes the proof. As it was shown before, we have
the following property F(uZ,y*) = n in L'(Dr) as e — 0. Our aim is
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to prove that n € Inf*™ . __ F(u,y) in LY(Dr). To do so, we assume the

(u,y)€E
converse: .
n¢ Inf(qu)eg F(u,y). (54)
Hence, there can be found an element £ € Infé\lfy)eE F(u,y) such that & <u

n. Therefore, n — & € A\ {0}, and using the fact that A € K*, we just come
to the inequality
A Lo (D)1 (D) > X&) Lo (D)2 (D)

which is equivalent to
limy (A, B (w2, 42)) poo (Dry;n(Dry > AN ) poe (D2t (D) - (55)

On the other hand, for the element £ € Inféfy)eE F(u,y) there exists a
sequence {(vk, zi)}re; C E such that F(vg, 2;) — € in L'(Dr). Since the

set Z is sequentially w-compact, we may suppose that (vg, zx) — (v*,2*) €

—
—.

Further, we note that in view of the convergences (48) and (41) with
properties (46), it follows that combining these with (47) and applying the
diagonal method, we can extract a sequence {k = k(¢)}._,, C N such that

=5 (Uf(e) Vie) Zo(utyt)EE  as € — 0,
F(Ui(g)vy}i(g)) L in LY(Dy) as € —0.
Then, taking into account variational properties (52)—(53), we obtain
o S i ryron = (it (sew 0P @0} oy -
(56)

li (AP0 9500)) 10y = 20 (O F O N w0

by condition (56) _
< SCy [<>‘aF(uay»Lw(DT);Ll(DT)}

< (A,F(u,y))Lm(DT);Ll(DT) V(u,y) € E. (57)
As a result, inequality (57) implies
gi—l»r(l) <>\’ Fuke), yk(a))>L°°(DT);L1(DT)
< (F (0020 N e opyiaa(ory - ¥ EN- (58)

Passing to the limit in (58) as i — oo, we get

i <>\’ Fluy), yk(s))>L°0(DT);L1(DT)

However, this contradicts (55) and, hence, (54). Thus,

< N &)L (DryiLi(Dr) -

(Ui(e) Yi(e)) — (u”,y") and
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fg(uz(a),yz(g)) e Infﬁ;?y)eg F(u,y) in LY(Dr)

as k — oo and, hence, the elements of the sequence {(ui(a), y,‘z(e))} can

e>0

be considered as weakened e-approximate solutions to the problem (1)—(3)
in the sense of Definition 25. Note that the estimate (36) is ensured by
the condition: I(y*(¢,2)) < 0 almost everywhere in Dp. This concludes the
proof. O
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