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Abstract

Multidomain variational optimal control of evolution mixed subpotential inclusions,
are formulated and analyzed, on the basis of a perturbation conjugate duality convex
analysis theory developed by the author. For Lagrangian optimality mixed conditions,
fixed point existence results are demonstrated with an strongly monotone qualify-
ing condition. Governing multidomain state systems correspond to primal evolution
macro-hybrid mixed subpotential problems, whose solvability is similarly achieved.
Innovative multidomain optimization existence results of primal, dual, Lagrangian
mixed, as well as coupled pair state-control problems are established. Applications
to underground macro-hybrid mixed control transport flow processes, illustrate the
theory.
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mixed subpotential system - Transmission dual Lagrange multiplier - Underground
control transport flow processes
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1 Introduction

Multidomain optimal control of primal evolution mixed variational subpotential inclu-
sions, in a macro-hybrid mixed evolution real functional framework of primal and dual
product reflexive Banach spaces, Vg = ]_[f=1 V(82,) and Yy, = ]_[f=1 Y*(£2,),
whith topological duals V7, = ]_[f:1 V*($2,) and Yy = ]_[f:1 Y (£2,), are for-
mulated and analyzed. All of this in relation with a spatial bounded domain £2 C R¢,

B Gonzalo Alduncin
alduncin @ geofisica.unam.mx

Instituto de Geofisica, Universidad Nacional Auténoma de México, Ciudad de México, Coyoacan
04510, Mexico

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00245-023-10010-8&domain=pdf

35 Page2of30 Applied Mathematics & Optimization (2023) 88:35

d € {1, 2,3}, decomposed in terms of disjoint and connected subdomains {$2.},
2 = Ule 2., with Lipschitz external boundaries ¥, = 92, N 852 and inter-
nal boundaries I, = 02, N 2,e = 1,2, ..., E, with interfaces I, = I, N I},
1 < e < k < E; and further with a corresponding reflexive Banach internal boundary
trace space B = ]_[eEzl B(I%,) with topological dual B}. = HeE:I B*(I,).

As a macro-hybrid mixed state system, in accordance with such a multido-
main mixed functional frameworks, with respective primal and dual solution spaces,
Wun ={v € Vypg : dv/dt € V};} and Y}, x BT, we shall consider a primal
evolution inclusion problem,

Given f* € R(—AT) C Vi, (8.h) € R(A) x R(rr)
CYuu xBr, andvg, € Hyp

find v, € Wy, (b, A)) € YViyy x Bt
dv,
dt

(MH,)

—ATy: —mlar e +3Fv, + Bk — f*, inVyy .

UK(O) = Vo, ,
(A, 1) (v, ve) € (0G*, 0 o+) (¥, AY) + (g, h), in Yyu x Br,

governing the optimal control minimization problem of the theory, stated as follows:

Findk € Cyp,, CCym :
(Omnu) { Inn (v, (i A5, k)
< Iur(ve. YE A5 n), Yy €Cua,

related to Cprpy = L? ((), T; Uy H), an evolution macro-hybrid Hilbert space of U y;
= ]_[f: 1 U(82,)-controls, and constrained in the sense of a given nonempty closed
convex subset of admissible controls Cpy 1, -

Then for corresponding «-optimal macro-hybrid mixed states (vK, (yg, X,t)) €
Wun x(Vin x Bj), the cost or objective functional Jyg : Wun x (Viyy X
B}i,, H) X Cyg — N U {400}, will be of a macro-hybrid mixed general form,

T T T
JMH(wK,(x:,xz),n)=/0 gl(wk>dt+/0 (gz,g3>(x:,xﬁ)dr+/0 j(mydt,
(1

assumed to be a lower semicontinuous convex functional, whose integrand real
functional components g1 : Wyrg — N, (g2,83) : (y;;m X B}i) —- N
and j : Cyyg — N, are dictated by proposed technological design-profiles, with
appropriate multidomain variational properties.

Optimal control minimization problem (Op ) governed by primal evolution
mixed multisystem (MH, ), will be formulated and analyzed, on the basis of a
perturbation conjugate duality convex analysis theory developed by the author [1],
— in the spirit of Azé-Bolintinéanu’s study on constrained convex parabolic control
problems [2].
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The governing state system (M’HK) will correspond to a macro-hybrid primal
evolution mixed subpotential problem, whose existence result will be demonstrated as
a resolvent primal fixed point characterization consequence, for regular primal initial
conditions, with a primal operator strong monotonicity qualifying property [3]. On the
other hand, a Lagrangian optimality mixed condition will be established, analyzing its
macro-hybrid mixed solvability via a resolvent fixed point characterization too, with
an objective subdifferential strong monotonicity d.J y g-qualifying condition.

As an innovative perturbation conjugate duality accomplishment of the present
study, optimization multidomain macro-hybrid mixed existence results of primal, dual,
Lagrangian mixed, as well as coupled pair state-control problems are established.

For some own applications of the original theory [1], to primal and dual variational
evolution mechanical systems, we refer to [4-8]. Specifically, in paper [4] optimal
control of nonlinear transport-flow mixed variational problems are studied; work [5]
has to do with optimal control problems governed by primal and dual evolution macro-
hybrid mixed variational state inclusions, in reflexive Banach spaces, with applications
to nonlinear constrained mechanical problems; optimal control of quasistatic elasto-
viscoplastic macro-hybrid mixed set-valued variational problems, are studied in [6],
applying macro-hybrid variational formulations, as an strategy for multi-physics as
well as parallel computing; paper [7] is concerned about optimality conditions of
stationary macro-hybrid mixed variational inclusions, governing constrained optimal
control problems, with applications to dual mechanical nonlinear distributed control
steady diffusion processes, as well as to primal boundary static deformation systems.
Lastly, macro-hybrid optimal control of dual evolution mixed variational transport
flow processes, through elastoviscoplastic porous media, are studied in [8].

On the other hand, in contrast to our subpotential perturbation conjugate duality,
operator variational approach, some optimal control studies based on diverse kinds of
variational inequalities to be mentioned are the following [9-14]. In paper [9] existence
and optimality conditions of optimal pairs are established for semilinear evolutionary
variational inequality problems, with bilateral constraints; evolution implicit quasi-
variational inequalities of optimal control problems are analyzed in work [10], for
quasi-static processes of elastic contact problems with friction between a body and a
rigid foundation; paper [11] is concerned with the optimal control of systems modeled
by differential inclusions, with anti-periodic conditions in Banach spaces, analyz-
ing evolutionary hemi-variational inequalities for trajectory-control pair solutions; a
class of subdifferential evolution inclusions are considered in study [12], with history-
dependent operators, establishing the existence of an optimal control for a dynamic
frictional contact mechanical problem. Lastly, in paper [13] a result of optimal control
to a minimization problem, applicable to problems of evolution differential inclusions
is established, on the basis of quasi mixed equilibrium problems with a compact con-
straint set, bounded and unbounded; and in work [14] an optimal control problem for
a differential quasivariational inequality is analyzed, applying the abstract results to a
free boundary problem, for a viscoelastic body in a frictionless unilateral contact with
a rigid foundation.

The present paper is organized as follows: In Sect. 2, the multidomain evolution
mixed real functional framework, Wy g x Y3, % B} , is introduced for the vari-
ational analysis; the primal evolution macro-hybrid mixed state system (MHK),

@ Springer



35 Page4of30 Applied Mathematics & Optimization (2023) 88:35

governing optimal control problem ((’) M H), is presented in Sect. 3, demonstrating

its fixed point solvability result with a @ F-strong monotonicity qualifying condition;
Sect. 4 has to do with the variational implementation of the multidomain transport flow
mechanical underground processes, with intrinsic control constraints, that illustrate the
theory of evolution macro-hybrid mixed state systems. Next Sect. 5 elaborates on the
perturbation conjugate duality, multidomain evolution mixed optimal control theory,
establishing the corresponding variational optimality mixed Lagrangian system, as a
new optimization result; then in Sects. 5.1 and 5.2, the multidomain optimal control
of the mechanical transport and flow state systems (of Sect. 4) are presented; in Sect. 6
the solvability analysis of the variational optimality macro-hybrid mixed Lagrangian
system is proved, via a fixed point resolvent primal characterization; followed by
some corresponding macro-hybrid mixed proximal penalty-duality algorithms. Then
last Sect. 7 proceeds with the complementary innovating multidomain optimization
analysis, to determine the primal, dual and Lagrangian mixed results, which pro-
vide the basis for concluding the central optimization result of the study: the solution
existence of the own optimal control system ((’) M H), as well as the corresponding
variational solvability of the coupled macro-hybrid mixed pair state-control system
(M’HK)-(O M H). Section 8 states the conclusions of the paper at the end.

2 Multidomain Variational Evolution Functional Frameworks

For the multidomain evolution mixed functional setting of the analysis, we introduce a
stationary mixed state real functional framework of primal and dual reflexive Banach
spaces, V(£2) and Y*(£2), with topological duals V*(£2) and Y (£2), related to a
spatial bounded domain 2 C M d e {1, 2, 3}, with a Lipschitz boundary 952.
As corresponding Hilbert pivot spaces we shall have H(§2) and Z*(£2), such that
V(2) C H(2) C V*(2) and Y*(£2) C Z*($2) C Y(£2), with continuous and
dense embeddings. On the other hand, associated boundary primal and dual reflexive
Banach trace spaces will be B(9£2) and its topological dual B*(952).

For a corresponding multidomain macro-hybrid mixed functional framework, we
shall consider that the spatial domain §2 is decomposed in terms of disjoint and
connected subdomains {£2,}, 2 = (JE_, 2., with Lipschitz external and internal
boundaries X, = 02, Nd2 and I, = 02, N 2, ¢ = 1,2, ..., E, and interfaces
Iye=IT, NI, 1<e<k<E.

Following our studies [15—-17], we define primal and dual macro-hybrid local func-
tional product spaces V yp = ]_[f:1 V(82.) and Y7, = ]_[f:1 Y*(£2.), with duals
Viig = ]_[f:1 V*(2,) and Y yy = ]_[f:1 Y (£2.), as well as internal boundary func-
tional product spaces Br = [[%_, B(I,) and its dual B = [[Z, B*(I,). Also, as
proper trace operators, we consider the internal boundary primal and dual operators
7 and 87, continuous and linear, assumed to satisfy the compatibility conditions
(18]

(Cxp) mr € L(Vyu, Br) is surjective,
(C(S?) 85 € L(Y%, . BY) is surjective,
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which are fundamental for macro-hybrid compositional duality results.

Then, for the multidomain transmission constraints, to which decomposed
multi-systems are subjected in the context of mechanical applications, the primal
§2-stationary space V (§2) is supposed to be decomposable in the sense

E
V()= {w eVun = [[V(&@): nrwe @, ©)

e=1

where Q C B stands as the primal admissibility subspace of internal boundary weak
interface continuity. On the other hand, the dual space is decomposable in the natural
sense — without internal boundary constraints — Y*(£2) = Y},, = ]_[f: 1 Y*(82,),
as well as the Hilbert pivot spaces such that, H(2) = Hyy = l—[le H($2,.) and
7:2) = 2%, = [15, z5(%.).

Toward a macro-hybridization of the systems—a global local hybrid nonoverlap-
ping decomposition, the following multidomain variational compositional dualization
result is achieved via a convex dualization and its own compositional dualization [15].

Lemma 1 Under the primal compatibility condition (Cnr),for weVyyand x* €
B}, macro-hybrid compositional dualization

mrwedlpx* — nhy* edlgonriw 3)

holds true, where 1p+ stands as the conjugate of indicator functional 1.

Proof Indeed, by convex dualization w rw € 31 g« x* < x* € 91 o(w rw), then the
variational inequalities of primal inclusions x* € 31 o(w rw) and wFx* € 3(Ig o
T p)w, turn out to be equivalent due to primal compatibility condition (Cy ). O

Next, concerning the corresponding multidomain evolution macro-hybrid mixed
variational functional framework of the theory, along a given fixed time inter-
val 10, T[, well-known [19], primal and dual evolution reflexive Banach spaces
are given by Vyy = L”(]O, TI; VMH) and Y3,y = Lq*(]O, TI; Y*MH), for
2 <p<ooandg* = p/(p — 1), with duals V3,,;, = L? (10, T[; V%) and
Yuu = Lp(]O, TI; YMH), respectively.

Lastly, the primal solution space, for the primal evolution macro-hybrid mixed
governing state system, (M’HK), to be considered in the next section, is defined by

Wyn ={w:we Vypy.dw/dt € Viy}, @

endowed with the norm [|w|l,,, = lwlly,,, + lldw/dt ”V/Tm’ which turns out to be
continuous and densely embedded in the space C (]0, T[; Hy H) of H yy-continuos
functions, with initial values set {w(O) Tw € WMH} = H gy [19]. Also, corre-
sponding primal and dual evolution boundary trace spaces are defined by the reflexive
Banach spaces By = L?(10, T[; Byp) and its dual B}, = LY (10, T[; B, ).
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3 Primal Evolution Macro-hybrid Mixed State System

In this section, we present the multidomain variational primal evolution mixed gov-
erning k -state multisystem, related to the macro-hybrid optimization problem ((’) M H)
of the Introduction.

In a general abstract sense [20], and in accordance with the evolution functional
framework of previous Sect. 2, such a state multisystem has the variational form

Given f* € R(—AT) C Vi, (8.h) € R(A) x R(wr)
CYuu xBr, andvg € Hypn ,

findv e Wyn, (3", 1) € Yy x Br:
(MHK) T T dv T * T . *
—A y*—nrk*ez—f—BFl}—f—Bk—f , inVyy .
v(0) = o,

(A.mr)(v,v) € (3G*,dIg+)(y*, 1*) + (g. h), in Yynu x Br,

where B* € [,(C v, Vi H) is the primal macro-hybrid coupling optimal control
operator, linear and continuous, and A* € Q* C BT is the dual macro-hybrid synchro-
nizing internal boundary field implemented variationally by the conjugate indicator
functional /g+.

Here variational operator A € LZ(V MHYM H) corresponds to the primal linear
continuous coupling operator with transpose A” € L(Y},. Viiy)- Also R(—AT)
and R(A), as well as R(w ), denote range subspaces of the respective function-
als. Further, the macro-hybrid primal subdifferential and right hand side term of the
problem are defined by

3F =39F +9(lromp) + 3¢ : Vypy — 2Yun

~ 5)
where the subdifferential d¢ that models the primal intrinsic controlling distributed
constraint, imposed to the system, will be assumed to satisfy the qualifying condition

(Csy) 8¢ : Vuy — 2V, is a strongly monotone subpotential operator.

On the other hand, for such a macro-hybrid mixed state system, in particular v and
f* stand as the primal Dirichlet (D-essential) and dual Neumman (N-natural) trace
fields, prescribed on disjoint and complementary parts of the §2-domain boundary,
082 = 082p U 382y, of the system under control. Further, regarding the dual sub-
differentials (8G*, al Q*) : Yyn X By = 2V xBr they model variationally
the dualized distributed primal constraint of the system, as well as the synchro-
nization internal boundary transmission constraints due to the multidomain spatial
decomposition. Recall that in this study all the subdifferential operators are assumed
to be subpotential [21]; i.e, maximal monotone subdifferentials of proper convex
semicontinuous functionals.
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In order to determine the subpotential of primal subdifferential 9 F,we incorporate
the interior domain subpotential conditions, (cf. [21], Theorem 2.10),

int D(F) N ’D(Igo nD) “0,
(CF,(IaonD),go and

int’D(F + (IgonD)) N ’D(go) #0,
which guarantee the corresponding subdifferential subpotential sum relation

3F =3(F + Iyomp +9). (6)
Therefore, the desired primal subpotential characterization is concluded as follows.
Lemma 2 Under functional compatibility condition(CF’(IaonD)’w), the subpotential
of primal subdifferential aF 1 v -2V, (5)1, is defined by

ﬁ=F+IaonD+¢:VMH—>EYtU{+oo}, @)

and moreover, due to the intrinsic control condition (C 3¢) state primal subdifferential
d F turns out to be a strongly monotone maximal monotone operator.

Example 1 A primal intrinsic controlling distributed constraint may be modeled by a
subpotential strongly monotone sum subdifferential

30 =30+ 0A : Vyy — 2V,

with component 3¢ of an obstacle type, subpotential subdiffferential [22]; and a linear
potential strongly monotone component 9 A.

Specifically, we may consider the following classical elliptic variational model
problem related to a Hilbert space V, with topological dual and corresponding pivot
spaces, V* and H;i.e. V C H C V* with embeddings being continuous and dense.

( ) Given f* ¢ V*, Findv e V :
0Av+0Gv = f*, inV*,
where G : V — 9 U {400} is a proper lower semicontinuous convex functional with
effective domain the nonempty closed convex subset K C V .
Then, as itis well known, a sufficient condition for variational existence and unique-

ness solvability to problem (’P) is precisely the qualifying monotonicity operator
property

Cypa 0A:V — ZV*, is K — strongly monotone,

result that naturally (cf. Theorem 2 Proof, below), can be validated via a fixed
point characterization, in this case through the corresponding proximation operator
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Prox),g : V — V, for any real A > 0, defined by

w —> 1 = Prox;,g(w) the solution in K of
((w—n,v—n)y = AG() —AG(), Vv e K.

Consequently it can be concluded that problem (’P) states, in fact, a variational
optimality condition of the minimization, optimization problem in K of the functional

dw)=1/2v—wl|? +1G(v), veK.

Indeed, the mapping v —— ((v — w, -)) is the gradient of the continuous strictly
convex functional v —— 1/2 |[v — w |%, in V. The solution of such a problem, which
exists uniquely, is the proximity point of w relative to AG. Notice that when G = I
the solution then turns out to be the projection of w on K .

3.1 Solvability of Macro-hybrid Mixed State System (M7 )

For the existence analysis of subpotential primal evolution macro-hybrid mixed state
problem (MH,), (cf. [3, Sect. 2]), we first establish its primal duality princi-
ple introducing the corresponding interior classical primal evolution compatibility
condition

<C(G’1Q), (AM)) int D ((G. Ig)) VR (A, 1)) # 0,
under which the compositional result [23]

(AT %})(3G. a1 g)o(A. xr) = 3((G. Io) o (A, 7)) ®)
holds true. Then, by convex dualization of the (MH,)-dual inclusion, it follows that

(A, 7). v) — (g, h) € (3G*, a1 p+)(y*, 1¥)
= (y".1") € (3G, aIQ)((A,np)(v, v) — (g,h)),

result that in conjunction with compositional dualization (8) leads to the evolution
duality principle of the state multisystem.

Theorem 1 Let compatibility condition (C ( )) be fulfilled. Then macro-

G.1g).(Ar
hybrid primal evolution mixed state problem (MHK) is solvable if, and only if,
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macro-hybrid primal evolution state problem

Findv e Wypg -
0 D aFv+0((G. 1) o (A
(Pun) Vi € Ei— v+ (( g) o ,ztp))((v, v) — (wg, wy))
+B*k — f*, inViy

v(0) = vy,

is solvable, where (wg, w) € Vypu X Vyn is a fixed (A, m r)-preimage of function
(g, h). That is, if (v, (y*,1%)) € Wun x Yy x B} is a solution of mixed
state problem (M’HK) then primal function v is a solution of problem (’PMHK) and,
conversely, if v € Wy is a solution of primal state problem (’P M HK) then there is a
dual function (y*, \*) € 3((G, IQ))((A, n:r)(v, v) — (g, h)) C (Vi X BT, such
that (v, (y*, 1)) is a solution of mixed state problem (M’HK)

Lastly, on the basis of Lemma 2 and Theorem 1, and the macro-hybrid monotonicity
of the primal state operator

aF : Vuu — 2Vun is strongly monotone; i.e., 3o > 0:
~ DF — pF ~ _~2
(Cyp) § (W —v* @ =), =>eali -3, .
Vib',?)'e vMHa w* € 3F1’5, S aF'I;’,
the following solvability result can be established via a primal evolution resolvent
fixed point existence analysis [3]. For completeness and due to the importance that

this result plays in the context of our multidomain optimal control theory, we shall
provide here the details of its validity.

Theorem 2 Under the functional compatibility condition (C ( G IQ) ( A nr))’ and the

monotonicity primal operator qualifying condition (C 3 f), primal evolution macro-
hybridized state multisystem (M'HK) has a solution, with a unique primal component,
for initial data as regular as

voeVyy CHypy . 9)

Proof Taking into account regularity condition (9), we consider the auxiliary state
primal evolution inclusion, with an homogeneous initial data,

Finds € Wypy :
= fouy, e B v aFs+0((C.10) o (Awr) ) (65.5) - (we, wp)
(PmH,) MH dr
+B*k — f*, in Vi g,
s(0) = 5o,

whose solvability, for s = v + v, results to be equivalent to that of primal state
problem (P n, ). Further, we note that, importantly, its time derivative operator in
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the sense
djdt : D(d]dt) = {w e Wan : w(0) = 0} CVun— Vi,  (10)

is, in fact, a linear densely defined maximal monotone operator (cf. [24, Proposition
32.10]). Thereby, in accordance with [25], we can now apply a fixed-point subdiffer-
ential approach for the existence analysis. Indeed, due to the monotonicity of time
derivative operator (10), qualifying condition (C p ;) results to be equivalent to the
strong monotonicity condition of the primal combined operator

A=djdt +dF : Vypy — 2V | (11)

Moreover, operator Ais maximal monotone, since intD(d /dt) N'D(d F ) # 0. Then,
for an m-linearly strongly monotone and a-Lipschitz operator M : Vyu — Vi,

the primal state (”IsMHK)-equation is M-preconditioned, augmented and exactly
penalized with a parameter r > 0, for s* € As, by

Ms.5) = r(s* = [¥) € (M+73((G. Ig) o (Augy 7r)) ) 5. 8)
< (S,S)ZF;*(S,S) (12)
) (M(s, s) —r(s* — F“))

-
M.3((G.10)o(Au,y, 7r
-1

Here J" - (M 3((G., Io) o (Aw, . ) Y
ere JM,(‘)((G,[Q)O(A“,&}’,7'[[‘)) +r (( Q) © ( Wg.h ]TF)) vMH

— Vg is the M-resolvent operator of the maximal monotone composition operator

3((G. 10) © (Auyyo7r)) = 3((G. 1) o (A7) )(() = wg), which is a well

defined 1/m-firm contraction [26].

Thereby, auxiliary state primal evolution inclusion problem (Ppsp,) has the M-

resolvent fixed-point problem characterization

- Find s € ’D(.Z+ 3<(G, 1g) o (Au,. Jtp))> CWuwun :
(P | for s* e s,
(s,8) = Fl.(s,9),

which has a unique solution by the Banach fixed-point theorem, due to the 1/m-firm
contraction resolvent property that implies the contraction of fixed point operator

Fi.: D(Z+3((G. 1) o (Au, 1)) = D(A+3((G. Ig) o (Auy 1) ) ),

with contraction parameter 1/m(a —ra) < 1, forr > (a —m)/a > 0. O

Now, we can conclude the multidomain state primal evolution mixed variational
existence result of the theory, from the conjunction of Theorems 1 and 2.
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Corollary 1 Let primal functional compatibility condition <C ( G IQ) ( A JTF)) and

monotonicity primal operator qualifying condition (C 3 f) be fulfilled. Then primal
evolution macro-hybridized state system problem (MMH.,) is solvable, with a unique
primal solution component, for initial condition data satisfying variational regularity

).

4 Multidomain Primal Evolution Macro-hybrid Mixed Transport Flow
Mechanical System

In this section, we apply the multidomain evolution variational theory developed above,
to mechanical Darcian transport flow processes in the subsurface, with intrinsic mass
concentration and pressure controlling constraints, demonstrating its versatility.

4.1 Multidomain Macro-hybrid Mixed Variational Transport Local State System

For a transport model with implemented intrinsic mass concentration control mech-
anisms, applicable to underground compressible flow mechanical systems, in the
setting of spatial multidomain decompositions and macro-hybrid mixed real functional
frameworks of Sect. 2, we shall consider the following one.

Let {c.} be local mass concentration scalar fields, say, of distributed-chemical con-
taminants, and let {d}} = —{D’I‘LZ grad c,} denote the corresponding vector flux
field of a transport process driven by an underground compressible flow, with local
velocity vector fields {w}}. Here {D?Lj} is the diffusion-dispersion tensor (cf., e.g.,
[27]). Further, let {s;ﬂ} be the local distributed intrinsic mass concentration control
scalar fields, and let {f;*} denote a given contaminant local source.

Then related to instantaneous material connected local parts P, (x) of each sub-
domain £2,,e = 1,2, ..., E, surrounding any point x € §2, at a time ¢t €]0, T[, the
Reynolds transport theorem establishes that, for local unit P,,- n.boundary normal
vectors, the following local mass balances must hold true (cf. e.g., [28]):

d dc,
— as2, = — +di * ds2
di - Ce e /’P,_,t dr + lv({we Ce) e

(13)
—f Se d9e+/ {f;"}dﬂg—f d*n,dds2, ,
Pﬂ’t ,Pel 37)611

and by the divergence theorem applied to (13)-boundary term, and a continuous integral
localization, the next local evolution mixed concentration-flux multidomain physical
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transport models are obtained:

dicc)

o + [w}-grad, ){c.} + {divew}c.} + {div.d}}

— + U2, in {2,1x10, T[, (14)
(@) = —[D;,)(grad,c.).

{s2} € B¢z Hcel & feeo) € [g5 ]iss),

where [d¢,,] stands as a subpotential maximal monotone subdifferential of primal
distributed local control mechanisms, for the intrinsic concentration control,—the
constraint of the transport processes,—with inverse control mechanisms [d¢7 ] (¢7,,
the local conjugate functional of ¢;,) [22].

Here we are considering the classical macro-hybrid primal evolution transport
formulation, whose continuity local transmission internal boundary constraints corre-
spond to the dual normal diffusion-dispersion fluxes and the primal concentrations:

{done} = —{d;-ni},

15
{ca.} = {ci}, (1

across the internal boundary interfaces Iy = [, NI}, 1 <e <k < E .

4.1.1 Multidomain Macro-hybrid Mixed Variational Transport Local State System

Related to [16], the variational primal evolution formulation of localized macro-hybrid
mixed constrained t-transport model (13)-(15), as a state system governing the optimal
control minimization problem (O, ) of the theory, is given as follows, adopting a
simplified boldface generic notation of the previous sections.

Given f* € R(divl) C V¥ . ¢ € Huymu,

TMH’

find c € Wy, and (d*,1%) € y;;m X B}k—f :
—(divf,ng)(d*,xt)

(MHKT) dc T * Tx . *
EE—}—(&)F,—G—E)(,DT)C—{—B ke — f3, nVyy, .
c(0) =%p;

@ive,wr)(e, ) € (Dy7, 81 0; )@ X)), in Yun, x Br, .

where dual unknown A7 = 8}, d* € Q7 C B, corresponds to the transport macro-
hybrid synchronizing internal boundary field (cf. (3)). Further, macro-hybrid primal

subdifferential and right hand side terms correspond to
0F, = w*-grad, + div,w* + 3(13071'”)) Vn, — 2V o
_F; =n%rﬁ—FGVLHT,
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with local essential Dirichlet 7 5, ¢ = ¢and Neumann §, d* = d prescribed external
boundary trace fields, where indicator functional Iz implements the primal Dirichlet
condition.

In order to apply primal evolution macro-hybrid mixed fixed point existence The-
orem 2, we assume that the transport local concentration initial data satisfies the
regularity condition

{cay} € VMu, C HyH, . )

Theorem 3 Under Theorem 2 corresponding transport interior compatibility local
condition, (C (D510 1Q¢))’ and qualifying strong monotonicity condition (C, i':r)’ pri-
mal evolution transport state system (MM, ) attains a multidomain macro-hybrid
mixed solution with a unique primal concentration solution component.

For this transport underground mechanical system, we recall that the primal con-
straints of intrinsic concentration control mechanisms d¢, must be defined by strongly
monotone maximal monotone operators [22].

4.2 Multidomain Primal Evolution Macro-hybrid Mixed Compressible Darcian
Flow Mechanical System

For a compressible flow component of the underground mechanical process, we shall
consider a constrained driving flow in the spatial multidomain, with a macro-hybrid
decomposition 2 = Ule{.Qe} C " of the porous medium in the sense of Sect. 2.
Let {uz} = {¢pcuy,} be considered as the dual local fluid velocity vector field, defined
in terms of the local porosity {¢,} and the average fluid velocity {u, } fields. We shall
assume that the fluid is characterized by the local compressibility parameters

1132}

where { p.} denotes the primal local scalar pressure field of the mixed flow model, and
{pe} > {0.} the local compressible fluid mass density (pressure dependent).

Let {g} be a given local mass flow rate per unit mass, and let {s}} be the local
distributed intrinsic pressure control dual field. Then the local mass balance principle
that corresponds to the fluid mass density {p.} is stated via the Reynolds theorem as
follows (cf. (13)), fore=1,2, ..., E,

d

ap . —~
o e d2, = / B_e + dive(peul) d$2, = —/ sy +/ gy pe ds2, .
tJp, P, 01 Pe; Pes

19)

Thereby, by a continuous integral localization, and applying the expanded time
differentiation

0 dp, 0 d
ﬁz Pe OPe Zﬂpeﬂ’ (20)
ot ap. Ot ot
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the local equations system of compressible Darcian flow constitutivity and mass
balance turns out to be:

dpe
B, — +divwt = —s* +7% p, ,
Pe ot ¢ e T e Pe in 2,x10, T[ , 1)
*

l’«e(peKe)ilwg = —grad p. + 0.8,
s, € 091, (pe) € pe € @1, (s)),

with given local flow physical parameters: {1t} and {K.} of dynamic viscosity and
invertible symmetric intrinsic permeability tensor. Here, for variational convenience,
the mass flux rate field w} = p.u} is utilized as the dual dependent variable, instead of
the common compressible fluid velocity u}. Further, g denotes the gravity acceleration
vector field.

Flow system (21) constitutes a local primal evolution mixed pressure-velocity
constrained model, with a local primal pressure intrinsic control mechanism 9d¢,,
a subpotential maximal monotone subdifferential, with inverse d¢;, subdifferential of
the conjugate functional ¢ [22].

Regarding the interaction of the flow system with its underground exterior, we
shall consider, fore = 1,2, ..., E, prescribed local normal mass flux rates {I’Dj,‘e} as
Neumann natural boundary conditions and local pressures {p,} as Dirichlet essential
boundary ones; i.e., w} -n, = W, ondy, and p, = p, on d2p, . Particularly, in the
case of pure local Neumann boundary conditions, d§2p, = @, we assume that for con-
servation of mass the local compatibility conditions |, 00, Uy, dif2, = /. 2. q; dS§2, are
satisfied. On the other hand, in relation with the spatial nonoverlapping decompositions
of the underground porous medium, the continuity transmission internal boundary
constraints are stated by the dual mass flux rate and primal pressure mechanical
constraints:

. } on I x]10,T[, (22)
sy,

across the underground multidomain interfaces I = I, N[}, 1 <e <k < E.

4.2.1 Multidomain Primal Evolution Macro-hybrid Mixed Variational Compressible
Darcian Flow State System

As for the previous transport case, on the basis of [16], the variational primal evo-
lution formulation of localized macro-hybrid mixed pressure-flux rate constrained
f-model (18)—(22), as a state system governing the optimal control minimization
problem (Ojrx) of the theory, turns out to be the following variational version of
the Darcian flow underground process, (utilizing once again the simplified boldface
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generic notation).

Given g*p € R(divy) C Vi, Po € Hun,

pg € R(div?) CYmH;

find p € Wyn, and (w*,17%) € y*MHf X B?f :

~(divs.nl, )@ 25

MHe,) op ~ * o in V*
eﬂp¥+(3Ff+8<pf)p+B kf—Jy, IHVMva
p0) =py;

(aivh,mr, ) o, p) € (KDY 011 ) 0™, 39 = (02, 08,5,

in yMHf X B['f .

Here dual unknown 1% = &7 w* € Q7 C BF, stands as the flow macro-hybrid
synchronizing internal boundary field, (cf. (3)). Also macro-hybrid primal pressure
flow subdifferential and right hand side term correspond to

~ VE
3Ff = 3([1’;071']0[))]) : vMHf — 2 MHf’

~

* “% T % * (23)

where the local essential Dirichlet Ty, p = P and Neumann 8% w* = ﬁ,
prescribed external boundary trace fields, indicator functional /5 impl[ementing the
primal Dirichlet condition.

Regarding the abstract primal evolution macro-hybrid mixed state problem
(MH,) of Sect. 3, as operator identifications: the primal coupling operator
Ay = div]Tc € [,(VMHf,yMHf) with negative transpose —A; = —divy €
LYViu,» Viu,): and the primal subdifferential dF ; = ¢, the dual pressure

maximal monotone control mechanism. Also, corresponding dual subdifferential 9 G?
is given by the operator ;L(;OK)’1 : y;;mf s Yy

In order to apply primal evolution macro-hybrid mixed fixed point existence The-
orem 2, we assume that the subsurface flow local pressure initial data satisfies the
regularity

Do € VMHf C HMHf . (24)

Hence, a primal compressible flow solvability result is as follows.
Theorem 4 Under dual corresponding interior local compatibility condition
(C(BG*,BIQ*)) and qualifying strong monotonicity condition (Caff) of Theorem 2,
primal state evolution compressible Darcian flow constrained problem (MM, ) has

a macro-hybrid mixed solution with a unique primal pressure component.
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Lastly, for this compressible Darcian flow case, we emphasize that the primal con-
straints of intrinsic pressure control mechanisms d¢ , should be modeled by strongly
monotone maximal monotone operators [22].

5 Perturbation Conjugate Duality Evolution Optimal Control

In this section we present the multidomain, macro-hybrid mixed perturbation conjugate
duality optimal control theory, an extension of the evolution mixed set-value variational
theory [1].

Specifically, once the perturbation theory is stated through the corresponding mini-
mization primal, maximization dual and Lagrangian minimax optimization problems,
the corresponding multidomain macro-hybrid mixed optimality condition will be
established, whose existence analysis via a primal resolvent stationary type fixed point
characterization, will be treated in the next section, Sect. 6, performing then the whole
optimization analysis of the theory in the last Sect. 7.

In accordance with the perturbation conjugate duality evolution mixed method [1],
from the (MH,)-primal evolution state inclusion, the primal macro-hybrid mixed
state-control operator Ty : Wy X (Vg X Bf) x Cyu — Vi, is given by

dw

T , *’ * , _ = * (AT, T) *’ * B* .
mH W, (X%, x*), 1) dt+w“’+ T )(x X)+~77 25)

w) € dFw,

whose closed convex constraint domain turns out to be
Mg = [, &%, )1 € Wi x iy x B X Car - N
~ (26)
w e D(F), (x*, x*) € D(G*) x Q*, n € CMHad}‘

Then, assuming that there is a closed subspace Q},;; C V3, of macro-hybrid
perturbations such that

C1y) o CR(T yma(Mun) — Fk),

and introducing the closed convex subset Kpyrr € (Wun x (Vi B) X Cypr) X
Q*MH ’

Kyuu = {((w, (X, X%, m),q") € My x Qyy

_ 27)
q* =T yn(Muyn) — f*},
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the perturbation functional Sy @ Wyng X ())*MH, B”IZ) x Cuu) X Qypy —
N U {400}, proper convex and lower semicontinuous, is naturally defined as

SMH((w’ (x*v X*)s 71), q*)

28
= JMH(wv (x*v X*)s 77) + IICMH((w’ (x*9 X*)s 7’)1 ‘I*), ( )

with an associated marginal or infimal value convex functional u%,,, : Qyy —
R U {+o0},

* * . k% *
yp(q) = inf Syu((w, x*, x*),m,q%). (29)
MH (. (% X)) EWarr x Vi - Bi) xCut ( )

Thereby, the primal, dual and Lagrangian mixed optimization problems of the
theory, in a multidomain macro-hybrid perturbation sense, following the duality theory
[23] (cf. [1]), can be defined as follows:

Firstly, the optimal control (O g)-subpotential Jy g : Wyn x Vi, BF) %
Cyu — N U {400} corresponds to a zero perturbation; i.e.,

Iun(w, (%, x*),n) = Suu((w, (&%, x*), 1,00 ), (30)

with a perturbed primal evolution macro-hybrid mixed optimal control problem given
by

Find (v, (y*,1*), k) € Myp
(OCmn) { Suu (@, (¥, 1), 4),00: ) < Suu((w, (x*, x*),m),00: ),
Y(w, (x*, x*).,m) € Wwun < Yyg Br) xCun -

Secondly, the perturbed dual convex functional is defined by my g @ Quu —
R U {+o00} on the primal constraint qualifying closed subspace Qi C Vyn, via the
perturbation conjugate functional S5, ,; : Wiy X Vuu, Br) xCyp) X Quu —
R U {400}, for g € Qup, is given by

7TMH(‘I) ZSX/[H((OVLH’(OyMH’OBF)’OC;\F,,H)’ q)’ (3])

which results to be the conjugate of marginal functional (29);i.e, mpyp = ppu- Then
the perturbation dual maximization problem is expressed as

Find p € D(yy) :
=Sin (v, (0y,,.05,).0c;, ). p)
> =Sy Oy, (03,05, 0c;,,). q)
Vq € QmH -

(OCy 1)

And thirdly, the perturbed convex-concave dual macro-hybrid mixed Lagrangian
Lyvr @ Wun x Yy Byn) X Cun x Quu — R U {400} of the theory is
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defined by

Lon (W, &% X, P) = =S, o (D)
I w, %, %)) — (T (w, %, x*), 1) — £,
=1 Plgo if (. (x*, x*). 1) € Dy - (32)
+o0, if (w, (x*, x*),n) ¢ Dyun .
Dyy = {(w, @, XN, m) € My - T (Muw) — f* C Q;FMH]’

where Sy, : Qur — N U {4+oo} is the conjugate of functional
(w,x*,x*),m)

SMH(uu(x*,X*).n) = SMH(ws (x*v X*)s n)s ) : Q*MH - S}u-J{—i_oo}’for (ws (x*v X*)9 ’7)
eWuyn X ()7”1;,1 0 B*r) X Cpr . Further, Dy corresponds to the projection of per-
turbation constraint set ICpyg on Wypg X (y*M o Bj‘w g) X Cy ). Consequently,
the macro-hybrid mixed perturbed Ly -minimax problem turns out to be

Find ((v, (y*,1%), k), p) € D(Lyn) :
Ly (v, (y*, 1), k), q)
< Lyu((v, (y*,1%), k), p)
< Lymu((w, (x*, x*), m), p),
v ((w, (x*, x*), 1), q)
€ Wwun x Yy Br) xCun) x Quu .

(M/(—Q\EZ/MH)

Next, we lastly determine a new multidomain macro-hybrid mixed optimality
condition for this perturbed Lagrangian problem (cf. [8]).

Theorem5 Let ((v, (y*,1A*), k), p) € Dypy be a solution of perturbed min-

imax problem MQOC}, ), then as an state control-perturbation function, ((v,
(y*,A"), k), p) solves the macro-hybrid dual mixed problem

Find (v, 3*,A*), k) e Mypgand p € Qupg :
TP € 3w (v. (9", 1), k),

inWiy X Ymu.Br) xCyy »
~T (v, (y* A, &) € 30g,, p — f*, in iy .

(MOCuyn)

a variational optimality condition of Lagrangian perturbed minimax optimization
problem (MOC3, ;).

Proof The Lagrangian functional Lz value at ((w, (x*, x*),n),q) € Dynm,
turns out to be Ly ((w, (x*, x*). ), q) = Iy (w, x*, x*). ) — (T yn(w, (x*,
xH.m — f*, q>VX4H,VMH’ and from the dual inclusion in Qj,, of mixed prob-

lem (MOCyn). Tunw. (y*. x*). 1) = f*. Consequently, Losn ((w. (x*, x*),
7),q) = Jyu((w, (x*, x*)), n), and multidomain macro-hybrid dual mixed system
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(MOC ) states a variational optimality condition for Lagrangian £y -perturbed

optimization (MOC}, ;) problem. O

5.1 Multidomain Optimal Control of Transport State System

For transport macro-hybrid mixed state system (M, ), formulated in Sect. 4.1,
the cost or objective macro-hybrid mixed functional Jys g : Wy n X (y; Ho }i) X
Cyu — NU{+o0o} of the theory is related to the local mixed mechanical state fields
¢ € Wyp, and (d*,1*) € y;;mr X B*T, of primal mass concentration and dual
diffusion-dispersion flux, and syncronizing interior boundary.

In this case, for proposed optimal local target profiles of the primal concentration
field ¢ € W, the dual diffusion-dispersion and syncronization interior boundary
fields (d*, ):v*) €Yy H, X B}k}’ the optimal control of the transport state system may
be implemented in terms of instantaneous convex cost functionals defined by

g1, (13 (1) = wg,, (1) 3lle(t) =Dy, -
82, (5" (1) = we,, () J1d* () =& D13, (33)
83 (1N (1) = W, (1) 3 IV = KO,

and further, for a specific local k-optimal control field on the Hilbert space Cp g, =
Hyu, = L%(10, T[; LIZWH), by the convex functional

Je(t k() = wj () 3lkOIZ,,, (34)

where the weight coefficients wg, , wg, , wg,; and wj,, are given bounded and strictly
positive L°]0, T [-functions. Also, the setC ., C Cprp of admissible controls may
be of an obstacle constraint model type [22].

Consequently, in this manner, a specific transport cost functional would be defined
inWwyu, x Qy H, X B}r) x Cpy ., by the continuous convex functional

cd

Tu. (e, (@*,1%), )
= wg, (1) glle@) =COI3y,, +we, O 314* O —d*O13; (35

+ e, (O 3IAMO = VOl +wi, () 3IKOI,,,

such that, for the validity of Corollary 2—of next Sect. 6,—that will determine the
solvability of the optimality macro-hybrid mixed problem (MOC3, ;). its own trans-
port objective maximal monotone subdifferential operator 9 Tu H, should be strongly
monotone.

Concerning the primal macro-hybrid mixed state-control operator 7y : Wy g X
Vi %X Byy) x Cyyn — Vi of the theory, (25), its transport model version is
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given, for ¢¥ € ((‘iﬁr + 3¢, )c, by

d
Ty (6 (@A), 1) = d—: + ¢+ (div] xf )@ A + B . (36)

5.2 Multidomain Optimal Control of Flow State System

In the case of flow state system (M7, ) of Sect. 4.2, governing optimal control
problem (O}, p), its control is realized by the cost or objective macro-hybrid mixed
functional Jyrgr : Wun x Vg X Br) x Cyg — RU {+oo} related to the local
mechanical state fields: p € Wy, and (w*,1%) € Y7, x B, of multidomain
primal pressure, dual mass flux rate and internal boundary synchronizing fields.

Hence, considering the control of the system in accordance with optimal local
target profiles of primal pressure p, dual mass flux rate w* and internal boundary
synchronizing X* fields, objective functional Jjy would be implemented in terms of
instantaneous Convex state-control functionals, defined by

8176 p(O) = wg (0 31P®) = POI,,,
82, W™ (1) = wg O 31w (O —w O},
83, (1 X5(1) = wgy (1) %Illji.(t) - ﬁ-(t)}llﬁgxmf ; Gn

J (5 ae0) = wj (0 31Ol

the latter functional term, for a specific local k-optimal control field from the Hilbert
space Cyyg = 'HMHf = L2(]0 T[; %WH) Here, as in the previous transport case,
the weight coefficients Wy s Wep» Wes, and w;,, are assumed to be bounded and

strictly positive L°°]0, T [-functions.
In such a manner, a flow cost functional defined in Wy p , x &% Hy X B f_) X
C ;» would turn out to be '

Tun , ((p, (W*,X%)), )
= wg, O31p(0) = FOI,, + e, O31W0) = W:)}ng% (38)

+ wgy, (DFIN(0) — xf;-(t)}llﬁ;,%f + w0 31O,

a continuous and convex functional. Further, in this flow case, for the solvability

of corresponding optimality macro-hybrid mixed problem (MOC,; ), objective
monotone subdifferential operator a7 mH ; should satisfy the strong monotonicity
condition of Corollary 2, to be established in Sect. 6 below.

Lastly, on the other hand, the primal macro-hybrid mixed flow state-control operator
Tun : Vun, x Xj;,IHf) x Cyu, — YuHu, of the theory, (25), is identified in
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terms of p% € (3Ff +0¢)p by

op

T, (P W5 )00 = 9,20 4 p + (aivy xF, )@ x5 + By . (39)

6 Existence Analysis of Optimality Mixed System (M OCyp)

For the solvability analysis of multidomain macro-hybrid mixed optimality problem
(MOCyp) of Theorem 5, we next apply a resolvent fixed point stationary type
method [3].

We first establish the primal duality principle of the optimality system, (cf. [26,
Sect. 2]), introducing the dual state-control compatibility condition

(E'_TMH) =Ty :Wuna X Vi Br) X Cyun — Qjypy, is surjective,

that permits the composition dualizaion of its dual inclusion.

Theorem 6 Under compatibility condition (E'_TM u)» the macro-hybrid mixed opti-
mality problem (MQOCyy) solvability, is equivalent to that of its macro-hybrid
primal optimality problem

Find ((v, (y*, 1)), k) € Myp :
0. a0 wn (. (" X900 +(Ig,

MH

1o (—TMH))
(Pmn)
(. 5" A9, 0 = @, 0%, 9)_52) .

in Wiy X Yuu,Br) xCyy

where (w, (x*, %, v)ijzF €EWun x YVyp Bl) X Cyun is a =T yp-preimage of

functional —F. That is, if (v, (y*,1%), k), p) € Muyn X Quu is a solution of
mixed optimality problem (MOC ) then (v, (y*, 1*), k) is a solution of primal
optimality problem (P yrg). Conversely, if (v, (y*,1*), k) € Myg is a solution

of problem (P yp) then there is a dual perturbation functional p € 91 ot }( -
MH

T mn((, (35, M%), 6) + —f*)) C Quu such that (v, (y*, %), k), p) is a solution

of mixed optimality problem (MQOC yrg).

Proof Indeed, under dual state-control condition (E‘ —Tyy)» the principle is a direct

necessary result via the convex dualization of problem (MOC ;g)-dual inclusion
followed by its corresponding composition dualization (cf. Lemma 1 Proof):

~Tn (v (%1%, ) € 300, p — [
= (40)
~Thup € 3(log. 1o Tum))(( 0200 = (w, %1%, v)_F2).

@ Springer



35 Page22o0f30 Applied Mathematics & Optimization (2023) 88:35

For the sufficiency, let ((v, (y*,1%)),k) € Myu C Wun X Yy, Biyn) X
Cy g be a solution of primal optimality problem (Pjrg). Then there is a func-
tional (w*, (x, x),7*) € 8Jyu((v, (y*,1%)), k) such that —(w* (x, x),7%) —

T _ * %)) % ~ : s
fre 3(1{%7\”} o ( TMH)) ((v, (y*,A%) — (w, (x*, %), v)ff*). Taking vari
ations for the variational inequality of this last subdifferential inclusion of the
kind (w, (x*, x*),+1) = £(v, (w, (x*, x*), 9o, + ((v, " A —(w, (x*, 7%),

v)_Ju) € D<I{OQX4H} o (—TMH)>, for any (w, (x*, x*),n)o in the neg-

ative state-control kernel N (—7 pp), it follows that < — (w*, (x,x),n%),
(w, (x*, x™), ﬂ)O)MMH = 0. That is, (—(w™*, (x, x), n*)) belongs to the polar sub-

space (N (—7 ym))°. Now, since condition (5 —7,;) implies the closure of the range
R (=T py), from the Closed Range Theorem N (—7 yp)° = ’R(—T{,,H). There-

fore, there is a functional p € Q) g such that (w*, (x, x), n*) = —’T,{,,Hp - f
and applying composition dualization (40), ((v, (y*, 1), k), p) is a solution of mixed
optimality problem (MOC ). O

Next, introducing the macro-hybrid objective subdifferential monotonicity quali-
fying condition

oIy - Uyy — Ll”j,,H is strongly monotone; i.e., 3o > 0:
(" — v* Doty — Vet > a0y — Vi |12
» VUyy Umt [ty y = Unm Unitt 1y 110
v (‘;;UMH = ((57 q*)» ﬁ)a VUyg = ((va q*)v ﬂ)) € uMH»
7€ 3JMH’171,(MH, v* e 3JMHvuMH,

(CBJMH)

where Uy = Wun X (Vi y X B}) x Cyp stands as the variational macro-
hybrid state-control space. The validity of the next fixed point solvability result can
be demonstrated in accordance with [3, Sect. 4.2].

Theorem 7 Let macro-hybrid strong monotonicity condition (5 aJyy) befulfilled, then
macro-hybrid primal optimality problem (P yp) has a unique solution.

Proof Given an m-strongly monotone and a-Lipschitz continuous preconditioner oper-
ator Myg Uy — Llj{,, - and an exact penalization parameter > 0, the primal
optimality (P m)-equation is characterized as an augmented preconditioned and
exactly penalized one introducing the state-control fields

7= (v,(y",1%), k), and v* = (1;‘, (y.0), k%),

for v* € 3J yu 7, by

~

Myyv— ro* e (MMH + r3(1{OQMH} o (—TMHff*)))v

S L~ 41
<=>v—F%*v=J5WMH!a(,(OQM (MMHv—rv*),

" )0(*TMH7J7* )
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where the state-control operator notation —Typu 5 ¥ = —Tyu - w_5)

. r -
has been utilized. Further, JMMHVB(I(OQMH;O(*TMHJ*)) = (MMH + ro (I{OQMH}

-1
0(_TMH71~;* )) : Uyy — Uwmn, is the My pg-resolvent operator of the

subpotential subdifferential 9 (1{0 oyl © (—T mu_ o )), a well defined 1/m-firm con-
traction [26]. Thereby, the primal optimality problem (P ;g ) is characterized by the
M g -resolvent fixed point problem,

~ Find v e 'D(a(]{()g } o (T mH ~*))) : for v* € oJuu v,
(Pmu) § ~ - M -
v=FL v,

and by the Banach fixed-point theorem the desired existence result is concluded, due
to the fact that the 1/m-firm contraction resolvent property implies the contraction
of fixed point operator FZ%, : D(a(I{OQMH} o (_TMH,f* )) — ’D(B(I{OQMH} o
(_TMH—F*))) forr > (a —m)/a > 0, with contraction parameter 1 /m(a —ro) < 1
[25]. ' O

Therefore, from the composition duality principle of Theorem 6, and the primal exis-
tence result of Theorem 7, the macro-hybrid mixed optimality variational solvability
is finally achieved.

Corollary 2 Under state-control compatibility condition (C_7,,,) and qualifying
condition (Cjyy,,y), optimality macro-hybrid mixed problem (MOC y y) attains a
solution, with a unique primal component.

6.1 Macro-hybrid Mixed Proximal Penalty-Duality Algorithms

In this subsection we introduce two- and three-field proximal penalty-duality algo-
rithms, of a stationary type, for the resolution of multidomain macro-hybrid primal
mixed optimality problem (MOC yg) [26, 29, 30], which follow via preconditioned
and augmented variational reformulations, with exact penalizations, characterized
in terms of resolvent and proximation operators. Such preconditioned iterative
penalty-duallity procedures have demonstrated to be of the most effective schemes
in mechanics, for parallel computing, of multidomain mixed variational inclusions
associated to optimization problems.

6.1.1 Two-field Algorithm
In accordance with [1, Sect. 5.1.1], in terms of a linear symmetric M : @ — Q*

preconditioner, continuous and m-strongly monotone, with inverse M -l.o* > Q,
and an exact penalization parameter r > (, a primal augmented regularization of
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mixed optimality problem (MOC yg) is given by

Find (v, (y*,A*), k) e Mpypgand p € Qup :

T up € (3JMH + r*T{,IHM_lTMH)(v, (y*, A%, k)

(MmOChy, ) “rTaaM ' *
in Wi,y x (yMH,BrLX Cyu

p=p—rM " Tyy(v, y*, X%, k) +rM~' f*,

in QMH .

Thereby, a proper associated macro-hybrid primal mixed penalty-duality two-field
iterative algorithm is the following one.

Algorithm I,y

Given pO € Quu, known p™, m > 0,
calculate (v +1, (y*m+1, A¥m+1) g +1y and pmt! .

T;/lﬂpm € (aJMH + V*TLHM_ITMH)(vm+1’ (y*erl’ X*m+l)’ ICm+1)

Ty M in Wiy x Vmn. Br) x Cyy .
Pt = p" =M Ty (v (et A ) +rMfE
in QMH .

6.1.2 Three-field Algorithm

On the other hand, from a three-field variational version of duality problem
(MOC;,,HMA) (cf. [1, Sect. 5.1.2]), an additional primal mixed proximation

penalty-duality algorithm can be produced. Indeed, introducing its dual coupling field
X'==Tun (¥ 1) € Qyy . (42)

being regarded as the new dual component, after dualizing the dual equation of the
mixed system a three-field version is concluded. That is, the following precondition
augmented and exactly penalized equivalent version of the mixed optimality problem
is achieved.

Flnd (v7 (y*a )‘*)’K) € MMH7 X* € Q*MH )
and p € Qupy :
TTyn(p—rM 'y

€ <3JMH + FTLHM_lTMH)(v, (y*,A%), k),

(MOC:— )
MH -1 in Wiy x Vuu,Br) xChy
p—rM Ty (v, (y*,1%), k)
€loy (X*+ fH+rM ' x*, in Qun

p=p—rM (Tyu(v, y*,1%), k) + x*),in Qup .
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Consequently, a natural macro-hybrid primal mixed proximal-point iterative three-
field algorithm is given by

Algorithm 11, 4

Given p0 € Oy, known p™, m >0,
calculate ((v™F1, y*m+t), gm+h), y*m+1) and pm+1

T;[H(pm —VM_IX*m+1)
€ (aJMH + rT;IHMflTMH>(vm+1’ (ymtt, AFmil), Km-q—l)’

in Wiy x OYmu.Br) xChyy
Pm _ erlTMH(vm-H’ (y*'”“, k*m‘*"), ,Cm+l)

€ L0 (X + f5) +rM = g in Qun .
p = p" — r M (T g (v, (et A, k) 4 ) in Qg

A relevant interpretation, in the context of evolutionary systems, of these stationary
variational proximal penalty-duality algorithms (cf. [30], Sect. 5), is that variational
proximation time marching schemes under appropriate maximal monotonicity con-
ditions, evolve as their step times m — oo to corresponding stationary states limits.
Thereby, optimal states (v, (y*, A*), k) € My of macro-hybrid mixed optimal-
ity problem (M OC ) ) may be regarded as stationary states limits, for instance of
a primal semi-implicit Euler time marching scheme, like ALGO analyzed in ([30],
Sect. 5.1).

For the convergence analysis of these optimality proximal-point, macro-hybrid
mixed penalty-duality iterative algorithms, we refer to [31, Sect. 4], where additionally
some important algorithmic implementation variational results are treated.

Lastly, at this algorithmic stage of the study, we state that some alternative modern
important local optimization splitting methods for multidomain structured monotone
inclusions, are the following [32—37]. Specifically, in paper [32] a primal-dual par-
allel proximal splitting method is proposed and analyzed for domain decomposition
of linear and nonlinear PDE’s problems, via local coupling subdomains minimiza-
tion energy interface functions; several results concerning the solution of monotone
inclusion problems by splitting methods are outlined in study [33], for optimality con-
ditions related to convex optimization problems where the sum of maximally monotone
operators is involved, presenting some important contributions of their algorithmic
realizations; paper [34] is concerned with structured coupled monotone inclusions
in Hilbert spaces, analyzing the asymptotic behavior of a general primal-dual split-
ting solving algorithm, most steps of which can be executed in parallel. In paper
[35] two different primal-dual splitting algorithms for solving structured monotone
inclusions are proposed: the preconditioned forward-backward splitting algorithm and
the forward-backward-half-forward splitting algorithm, both being calculated with a
simple framework where single-valued operators are processed via explicit steps and
set-valued operators are computed by their resolvents; rapidly convergent forward-
backward algorithms for computing zeroes of the sum of finitely many maximally
monotone operators, are developed in paper [36], incorporating an inertial term, a
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constant relaxation factor, and a correction term, for general monotone inclusions,
specifically with a fast primal-dual algorithm for solving convex-concave saddle point
problems. Finally, work [37] proposes two iterative penalty schemes for solving struc-
tured monotone inclusion problems, with backward steps for a set-valued operator and
a single forward step for a single-valued operator.

7 Multidomain Macro-hybrid Mixed Optimization Existence Analysis

In this last section we proceed to determine the perturbed primal, dual and Lagrangian
mixed optimization results, complementary to those established in Sect. 6, completing
the proposed multidomain macro-hybrid primal evolution optimal control theory of
the present study.

Let us first consider the classical duality principle, from the perturbation conjugate
duality theory [23, 38],

Lemma 3 Primal and dual solutions ((v y*, A", k) e D(Jypg)and p € ’D(nMH)

to minimization primal problem (OC M i) and maximization dual problem ((’)C MH)
are such that

inf(OCyp) = Sup(/(’SE*MH),

if, and only if, ((v, (¥y*, 1), k), p) € D(Lyn) is a solution to minimax Lagrangian
mixed problem (MOC}, ),

as well as the additional conjugate duality result [2, 39, 40] (cf. [40, Proposition 3.1]),
which taking into account that the marginal domain D(u}, ;) is the projection of
perturbation functional domain D (S g ), on the closed subspace @* of perturbations,
states the following

Lemma 4 Let the marginal domain D(wy, ) be such that Ry D(uy, ) is a closed
subspace, and let iy, (0) be finite. Then

inf Sun (@, &%, 9,1, 00,,,))
((w, (0 ) MW p x Vi Bi) xCurrt Qun

= max —SMH(((OWMH,(OyMH 0[5 ), OCMH) Q)>

9€Qmu

(43)

As a third new duality result, complementary to those of Lemmas 3 and 4, we
next establish a fundamental result, that at a first instance permits the implementation
of duality result (43) in the sense of [8], and then leading to the conclusive central
optimality results of the theory.

Lemma5 Primal and dual optimization solutions (v, (y*,1%),k) € D(IynH)
and p € D(mwyu), of respective perturbed minimization problem (E)\_C/M H) and
maximization problem (f’;C/L 1), are such that

inf(z)\_C/MH) = sup(z)\_c/;,H).
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Proof For any perturbation ¢* € Qj,,, and positive real number A € R, in accor-
dance with qualifying condition (C7,,,,) (of Sect. 5), there is an admissible mixed
state-control (w, (x*, x*),n) € My for which A71g* € T yp(w, (x*, x*), )
—f*. Then ((w, x*, x*). 1. 2~'¢") € Kyp and Sy ((w,x*)., 1), 27'q*) =
Ju H(w, x* x™), n) < o0. Further, in accordance with marginal functional definition
(29), it is concluded that A~ !¢* € D(uwyy ) and D(wiy ) = T (MMH) - F"
Consequently Q3 = Ry D(u}, ) and the conjugate duality result (43) holds true.
Therefore, from the perturbation definitions of functionals Jy; g and myry, (32) and
(31), the desired result is concluded,

Ty (@, G5 ). m)

inf
((w,x*, x*).MeEWMnx Vi g B xCuu

= MaXgeQuy (—TMH ).
O

Finally, let us conclude with the following new multidomain macro-hybrid
optimality results:
The equivalent variational solvability of perturbed macro-hybrid optimization

mixed problem (BEM H)—(@E* wg) and Lagrangian problem (MOC7, ;) is achieved
from Lemmas 3 and 5.

Corollary 3 (v, (y*,A*), k) € D(Jyy) and p € D(mwyy) are solutions to primal
—_~— — %

minimization (OCyg) and dual maximization problem (OCy,y), respectively; if,

and only if, (v, (y*,1*), k), p) € D(Lyn) is a solution to perturbed minimax

Lagrangian problem (MOC; ).

Further, from the macro-hybrid mixed optimality condition of Theorem 35,
(MOCyrp), and Corollary 2 on its solvability result, the Jysg-solution of the
minimization optimal control problem (O p) is achieved.

Theorem 8 Let state-control surjectivity compatibility condition (C_7,,,,) and qual-
ifying monotonicity condition (Cyy,,,,) be fulfilled, then multidomain macro-hybrid
optimal control problem (O prpr) possesses an admissible solution.

Consequently, from this Theorem 8 result, in conjunction with the solvability of
macro-hybrid dual mixed state system (MH,) determined by Theorem 2, in Sec-
tion 3.1, the existence of an state (M®H,) and control (Osy) coupled solution is
finally concluded.

Corollary 4 Under Theorem 8 compatibility and qualifying conditions, as well as
primal macro-hybrid strong monotonicity condition (C, F)’ there exists an optimal
control pair solution (v, (y*,1*), k) € Myg C Wun x YViyu Br) X Cun),
to variational coupled multidomain macro-hybrid primal mixed state-control problem

(MH)-(Ownn).
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8 Conclusions

Once the evolution macro-hybrid mixed, variational reflexive Banach functional
framework of the study was stated, the solvability of the multidomain subpotential
primal evolution mixed state governing system, was demonstrated as a resolvent fixed
point characterization result, under a strongly monotone qualifying condition. Then
the analysis has been illustrated, in the sequel, through the variational implemen-
tation of an underground transport flow mechanical process, with intrinsic control
constraints. Next the perturbation conjugate duality optimal control, of the multido-
main evolution mixed theory was presented, establishing its own Lagrangian mixed
variational optimality condition, as a new result, showing its applicability to the mul-
tidomain optimal control of the mechanical transport flow process. Then the mixed
optimality fixed point solvability was proved, concluding with the optimality two- and
three-field macro-hybrid mixed proximal penalty-duality algorithms. Finally, an inno-
vating optimization existence analysis was performed, determining the solvability of
the minimization optimal control problem of the theory, as well as the corresponding
variational solution existence of the coupled macro-hybrid mixed pair state-control
system.
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