Proceedings of the Institute of Mathematics and Mechanics,
National Academy of Sciences of Azerbaijan

Volume 50, Number 2, 2024, Pages 167-177
https://doi.org/10.30546/2409-4994.2024.50.2.167

OPTIMAL CONTROL PROBLEM FOR THE SECOND ORDER
UNSTABLE HYPERBOLIC EQUATION WITH A NONLOCAL
BOUNDARY CONDITION

M. J. MARDANOV, H. F. GULIYEV, AND H. T. TAGIEV

Abstract. In the paper we consider the optimal control problem for
the second order unstable hyperbolic equation with a nonlocal bound-
ary condition. The theorem on the existence of the optimal pair is
proved and necessary condition for optimality in the form of variational
inequality is derived.

1. Introduction

Recently, nonlocal problems for partial differential equations have been in-
tensively studied [1, 2, 6,7, 12]. It is due to the fact that there are processes
in which directly measuring the value of certain quantities sometimes becomes
technically impossible. Therefore, their mean values are measured, and naturally
there appear boundary conditions that relate the values of these quantities at the
boundary and inside the domain under consideration.

That is why, investigation of optimal control problems for processes described
by boundary value problems is more interesting [3, 4,5,11,13,14].

Furthermore, if the equation contains a nonlinear term, then additional diffi-
culties arise in studying the solvability of boundary value problems. Note that
in the problems of control of flexible structures, transfer of electrical energy and
the shape of the plasma, the equations of state represent such features as dis-
continuity, unstability, and so on. In such systems, the given control may not
correspond to any state at all, or there will be infinitely many states, or the state
will be the only one, but unstable. Therefore, the study of optimal control prob-
lems in these processes is of scientific and practical interest [9]. In this work an
unstable problem with a nonlocal boundary condition for hyperbolic equation of
the second order was considered for the first time.

Based on the above, in this work a theorem on the existence of the optimal
pair is proved and a necessary condition for optimality in the form of variational
inequality is derived in the optimal control problem for unstable hyperbolic equa-
tion with a nonlocal boundary condition.
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2. Problem statement

In the open set Q = Q2 x (0,7),Q2 C R",n = 2 or 3, we consider the pair (v, u),
where v is a control, u is a state satisfying the equation

82
a—g—Au—u?’:U(:r,t),(x,t) €eQ=0x(0,T), (2.1)
with initial conditions
ou(z,0
u(e,0) = (@), 20 _ iy s e (22)
and the boundary condition
ou
| = [ K(z,y)uly,t)dy, (z,t) €S, (2.3)
61/ S Q

where S = 90 x (0,7T) is a lateral surface of @, 92 is a regular boundary of the

domain Q, p° € W} (Q), ¢! € La(Q), K(x,y) € Loo(2xQ) are the given functions,

W € Ly(2x9Q), K(z,y) = K(y,z), and v is an external normal to the

boundary S.
Definition 2.1. We call the pair (v,u) admissible if
veV C Ly(Q), ue Lg(Q), (2.4)

satisfy (2.1)-(2.3), where V' # () is a closed convex set.
Assume that the set of admissible pairs is not empty, i.e {v,u} # 0.
Let us define the functional

1 o
I(v,u) = EHU — udl| 740 + Fllv = w17 (2.5)

where ug € Lg(Q), w € Lo(Q), are a given functions, @ > 0 is a given number
and consider the optimal control problem infI (v,u), where (v,u) is from the
set of admissible pairs.

3. Existence of the optimal pair and necessary conditions for
optimality

Theorem 3.1. Under the above conditions imposed on the data of the problem
(2.1)-(2.3),(2.4),(2.5) there exists the optimal pair (vo,ug), i.e.

I(vo,up) = infl(v,u), (3.1)
where (v,u) are admissible pairs.
Proof. Let (vg,uy) be a minimizing sequence, i.e.
klﬁ?o I(vg,ug) =infl(v,u), (3.2)
where (v, u) are admissible pairs. From the definition of I(v,u) it follows that

10kl £y ) + llull g ) < € (3.3)

Here and in the sequel, by ¢ we denote the constants independent of estimated
quantities and controls.
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But then the sequence in the right side of the equation satisfies
0%y,
ot?

in bounded in L2(Q). Hence we obtain the following uniform estimate for solution
of this equation with initial conditions (2.2) and boundary condition (2.3)

— Aup = v + u,?; C Ly(Q) (3.4)

ouy,

—_— <ec .
5 <c (3.5)

[
PO () Loo (0.1, L2())
Let us right-hand side of equation (3.4) denote by f(z,t) = ) + uj.
For solvability of boundary value problem for equation (3.4) we use the Galerkin
method. Let {¢y(z)} be a fundamental system in W4 () and the following or-
thonormality property be fulfilled:

(or, 1) = /Q%(l’)@l(x)dx =4}, = { (1)25 ; Z -

We search the approximate solution u” (z,t) of the problem (3.4),(2.2),(2.3) in

the form
N

uM(x,t) = () en(x)
k=1
from the following relations:

82uk (z,t) oul (z,t) D¢,
oid kA T
/Q o2 “/ Z 0w o,

—/ @z(x)/K(x,y)u]kv(y,t)dde—/fk(w,t)wdrr, 1=1,2,..,N, (3.6)
o0 Q Q

=By, (3.7)

t=0

Cr(0) = oy,

where oY and B} are the coefficients of the sums ¢} (z) = > o (t)pk(z) and

Ve

N
N(z) = 3 BN (t)pr(z) approximating as N — oo the functions ¢ (x)and ¢ ()
k=1

in the norms W4 (Q) and Lo(f), respectively.
The system (3.6) is a system of second order ordinary differential equations
with respect to t for the unknowns functions C,]gv(t), k=1,2,...,N solved with

N
respect to %. Then for VN system (3.6) is uniquely solvable under initial
N
conditions (3.7) ([7,8]), moreover % € Ly(0,7).

N
Multiplying each of the equalities of (3.6) by its %, and summing over [, we
get the equality

O*ud (1) 8uk x, t oul (z,t) 0?ul (z,1)
/Q T / Z Ers ataxz da=

N N
—/ 8u’“§f’t) / K(w,y)ug(y,t)dydsz/fk(x,t)aukgf’t)dx,
o Q Q
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Integrating the last with respect to ¢ from 0 to t,¢ € [0, 7], we have

L) 5 (P50 ) -
-2 /Ot LQW/S)K(x,y)ug(y,t)dydsdt:
-/ ((auﬁgf,o>)2+§;(6‘%;55,0))2) dot

t N
+2 / Folm, ) " . (3.8)
o Jo ot

Assuming

from (3.8) we derive

¢ ’LLN.’I,'
y£@>=y£w>+2/ éQ8k”Jf/f«aymﬁwxmyuw+

+2/ /fk a“k . t)d dt. (3.9)

We transform the integral along the lateral surface of the cylinder S; = Q x (0,¢)

as follows: t R
t
0 JoQ ot O
t 9yl (2.1
:/ /W/K(:c,y)ug(y,t)dydtds:
o0
//ukxt/K )ddtds+
o0
+/ (I (i',t)/ K(ZE?y)“k (y,t)dyds—
o9 o
_/um%m/K@mw@m@@_h+h+%
o0 Q
where

//ukxt/K )ddsdt
o0

12:/ ub (x,t)/K(x,y)uk (y,t)dyds,
) Q

@——/umam/Kmmw@mwm
o0 Q

Using the known inequality ([8])

/ W (x)] ds < a/ (W ()] + |[VW (2)]) dz Y W (x) € W(RQ),
a0 Q
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where

VI — <8W ow 8W>

0z, Oxy 7 Oxp,
and then the Cauchy-Bunyakovsky inequality, we obtain

‘“‘—’ //muk:vt/K )dddt‘
/ / (”’“ 2,0)" +[Vul (@,6) + <8u’“a(tx t>> )dg;dt,
e ([ (G s 9l ae)” ([ tear)

Introduce the denotation

Zi (t) :/Q ((uk (2,8)" + |Vul (z, 1) + (W) ) dz.

It is clear that

t
/ (u (, t))2 dx < 2/ (up (z, 0))2 dx + Qt/ Y (t)dt.
Q Q 0
Then, from (3.11) we obtain

1
2

1 t
lio] < c(Z (1)) (2Z,§V(0) —|—2t/ Zﬁ(t)dt)
0
By means of (3.13) we can estimate i3 as well

jis] = |- / Y (z,0) / K (2, y)ud (3, 0)dyds| <
o0 Q

(ZéV (0))* (28(0))? = 2 (0).
Now, adding (3.9) an ( 2), we obtain

0+ [ @ e0) de < 0) +2 [ (ulf0.0))" o+

N
—|-2t/ y,iv(t)dt+2/ / W/K(fv,y)ukjv(y,t)dydsdt+
0 o0

+2/ /fk a“k “)d dt.

Hence, for i1,19,i3 we have
ZN(t) < ¢, te0,T].

Hence it follows that as N — oo

2
/Q ((uk(gv,t))2 + |V (2, t)]* + <8uka(f’t)> ) dx < c.

It follows from (3.14) that

]l Lo 0,1, 6 (0)) < €
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and
{uk} CKC L,\(Q) (316)

for A < 6 at n = 3 and for any finite A for n = 2 (K is a relatively compact set).
So, we can select a subsequence again denoted by {vg,uy} so that

v — v in La(Q) weakly,
up — U in Lo (0, T, W3 (0)) * weakly,

8uk 8uo .
el in Loo(0,T, La(0)) * weakly, (3.17)

up — o in Ly(Q) strongly and a.e. in Q(\ < 6).

It is clear that for the sequence {vg, ux} we have the following integral identity
Ouy, 817 Oug On ¥
- drdt—
/Q < ot ot Z ox; oz HT]

_/OT/mn(g;,t)/QK(x,y)uk (y, 1) dydsdt—

/ ut(2)n (z,0) de = / vk (x, )n(x, t)dedt,n € Wy (Q),n (x,T) =0  (3.18)
Q Q

and the equality

ug (z,0) = u¥(z). (3.19)
Taking into account relation (3.17), we pass to the limit in (3.18) and (3.19).

Then we obtain that (vg,ug) is an admissible pair and it follows from the form
of the functional I(1,u) that

lim I (g, uk) = I(Jo, uo).

k—o0
From this and relation (3.2) it follows that (vg,up) is an optimal pair. O
Theorem 3.2. Under the conditions imposed on the data of problem (2.1)-

(2.3),(2.4),(2.5), for the pair (vo,ug) to be optimal, it is necessary that there
exists a function (x,t) for which the following relations holds true

82
W—AUO Uo—UOIHQ7
0% 5 .
G = A =3uv = | K(eaulende = (-’ in Q
U’U(‘T7O) = U‘O('r)7 auoéf’()) - ul(m)7 T € Q,
w1y =0, 201 _g s co
) = [ Ky, @0 s,
oY B
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Moreover, ug € Lo(0,T; W3 (9)), 24 € Lo (0,75 La(2)), ¥ € Loo(0,T; La(Q)),

%f € Lo, (O,T; (WQ(Q))*)

and
/ (Y 4+ a(vg —w)) (v—1vy)dadt >0 Vv € V.
Q

Proof. To prove Theorem 3.2, following [9], we introduce an adaptive functional
2

a 1 6 « 2 1 82’& 3
I (v,u) = EHU = Udllpg0) + §||U — w7, t+ 25H81§2 —Au—u’—wv L2(Q)+
1 2 1 2
+§HU—U0HL2(Q) +§”U_U0HL2(Q)7 (3.20)
where
0u
veVue Lg(Q), 2 Au € Ly(Q),
0 0
ulz,0) = u0(z), 2220 _ 1, (3.21)

ot
%‘S = fQ K(z,y)u(y,t)dy, (xz,t) € S,e > 0 is a penalty parameter.

As in Theorem 3.1, we can prove that in the problem of minimization of the
functional (3.20) under the constraints (3.21) for each ¢ > 0 there exists the
optimal pair (ve,ue).

Prove that as e — 0 ue — ug strongly in Lg(Q) and v. — vg strongly in Ls(Q).
We have

I (ve,us) = infIg (v,u) < I¢ (vo,up) = I (vg,up). (3.22)
Hence, by definition of the functional we obtain
[vell Ly () + lluell g @) < € (3.23)
where ¢ are various constants independent of €, and also
0%u
8t2€ — Aug —ue = ve + \/nga
0 Ou,
ue (z,0) = u’ (x), = [ K(z,y)ue (y,t)dy, (3.24)
8V S Q

where f.(x,t) such that, ||f5(x,t)||L2(Q) <ec.
It follows from (3.23) and (3.24) that

HU€HW21(Q) <c (3.25)

Consequently, from (ve,u.) we can extract a subsequence again denoted by
(vs,ue), that v — T in La(Q) weakly, ue — @ in WJ}(Q) weakly and in Lg(Q)
weakly, strongly in Ls(Q) and a.e. in Q.
Then by lemma 1.3 [10, p.25] it follows that u? — % in Ly(Q) weakly.
Therefore, in the integral identity

8”5@ n 8“5 aT] B 3 B
/Q ( ot ot 2 o1, O, ugn> dadt
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T
[ ] ntt) [ K@y o) dyasar-
/ ut(z)n (x,0) dr = / vendzdt,n € Wa (Q) ,n(z,T) =0
Q Q

we can pass to the limit as ¢ — 0 and obtain that w(x,t) is a generalized solution
to problem (2.1)-(2.3), i.e. of the problem:

0*u —
N Ty
92 At —u U,
ou (x,0 ou _
(e, 0) = (@), P70 Yo G| = [ K

So, the inequality
. 1 o 1 o
I2 (e, ue) > 1 (e, ue) + 5”“0 - UHLQ(Q) + 5”“0 - U”L2(Q)
leads to the inequality

. _ 1 _ 1 _
lim I (ve,uc) > I (0,u)+ §||u0 - u||%2(Q) + §HUO - UH%Z(Q).

e—0

And since by (3.22) lim/ (ve,u:) < I (vg,up), then it follows that I (v,w) <
e—0
I (vo,up), and that is, I (U,w) = I (vg, up). Then

1 ) 1 —12

3 llwo = allz, ) + 5llvo = Dllz,q) = 0,
so that @ = up, U = vp, and consequently, we obtain (weak) convergence not
extracting a subsequence (as the limit is unique).

Since I? (ve,us) > I (ve,ue) and limI (ve,ue) > I (vg,up), then obviously
e—
I (ve,uz) — I (vg,up). From this by definition of I (v,u) we obtain that as as

e —0u: — up in Lg(Q), ve = vp in La(Q).
Then we derive a necessary condition for optimality. We write a necessary
condition for (ve,us) to be a solution of the problem

I (ve,uz) = infI2(v,u) :

d ., -
aIE (Ve, ue + AE) o =0, (3.26)
— 0 0 0
e € C2(@),60,0) =0, 250 —0. % — [ k(e 0y, (1) € 5
i (3.27)
i[g(ve + A — vg), ue) >0VveVu eV, (3.28)
dA =0

where the derivatives in formulas (3.26), (3.28) are understood in the Gato sense.
Calculating the derivative from (3.26) and equating it to zero, we have

_/ 1/,6(‘925 — A€ — 3u€)dwdt +/
Q

vl (ue — ug)® Edadt + / (ue — up)édzdt =0,

0¢(x,0)
ot

Ve € C*(@).&(x,0) =0, 00 =g, 5

Z/K(w,y)ﬁ(y,t)dy, (z,t) €S,
S Q
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where

1 (0%
Ye(x,t) = - ( 87525 — Au, — ug — v€> .

Then 1. (z,t) will be a weak solution of the problem

2
862§8 - A,l’bs - 3“? - /6Q K(f, x)¢8(£7 t)dg = (us - Ud)5 + (UE — UO),

(z,1) € Q,
bo(w,T) =0, awfé”;’T) —0,zreQ, (3.29)
|
o |~ 0,(z,t) € S.

Following [9], this problem has a solution . (z, t) satisfying ¢ (z,t) € Lo (0,7 L2 (22)),
Qelel) ¢ 1o (0,T; (W (2)))
The condition (3.28) yields

/ (e + a(ve —w)) (v —ve) dadt + / (ve —vp) (V=) dzdt >0V € V.
Q

Q
(3.30)
As uz. — ug in Lg(Q) from (3.29) we obtain that the limit function ¢ (z,t) of the
functions 1. (x,t) will be a weak solution to the following problem

82
G — A =30 = | K (a0l e = o= ua)”

oY(z,T)

= Q
5 0, z €,

w(l’aT) =0,

¢
ov | g

as ve — v in Lo(Q) from the condition (3.30) we obtain

=0, (z,t) € S,

/Q (Y + a(vg —w)) (v —vg)dxdt >0 Yv € V.

0

Example. Suppose that in the considered problem ¢° = 0, ' = 0,
Uy = %, w=1-— 6, and K(z,y) such that, fK(a:,y)dy = 0. If in the ex-
ample we take vg = 1 — ;, uy = 2, then ug — ug = 0, v9g — w = 0 and pair
(vo,up) give minimum value to the functional I(v,u). In this case solution of
adjoint problem while the ¥ (x,t) = 0 and optimality conditions are satisfied
automatically.
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4. Conclusion

In this work we prove the theorem on the existence of the optimal pair and
obtain a necessary condition for optimality in the form of variational inequality in
the optimal control problem for the unstable hyperbolic equation of the second
order with a nonlocal boundary condition. The results may be applied to the
solution of problems for the wave and vibration processes and developed for the
different equations of mathematical physics.

1]
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