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Optimal control problem for infinite variables
hyperbolic systems with time lags

GABER MOHAMED BAHAA and MOHAMED MAHMOUD THARWAT

In this paper, by using the theorems of [Lions (1971) and Lions & Magenes (1972) ], the op-
timal control problem for distributed hyperbolic systems, involving second order operator with
an infinite number of variables, in which constant lags appear both in the state equations and in
the boundary conditions is considered. The optimality conditions for Neumann boundary con-
ditions are obtained and the set of inequalities that characterize these conditions is formulated.
Also, several mathematical examples for derived optimality conditions are presented. Finally,
we consider an optimal distributed control problem for (n x n)-infinite variables hyperbolic
systems.

Key words: optimal control, hyperbolic system, time delays, distributed control problems,
Neumann conditions, existence and uniqueness of solutions, second order operator with an
infinite number of variables.

1. Introduction

Various optimization problems associated with the optimal control of distributed pa-
rameter systems with time lags appearing in the boundary conditions have been studied
recently by Wang (1975); Knowles (1978); Wong (1987) and Kowalewski (1993a,b,
1995, 1998, 1999, 2000).

Infinite dimensional systems can be used to describe many physical phenomena in
the real world. Well-known examples are heat conduction, vibration of elastic material,
diffusion-reaction processes, population systems, and many others. Thus, the optimal
control theory for infinite dimensional systems has a wide range of applications in engi-
neering, economics, and some other fields.

We refer, for instance, to Imanuvilov (1998), and Lions & Enrique (1955) for the ap-
plication of similar results in quantum field and as an physical examples. In Imanuvilov
(1998) the local controllability problem for the Navier-Stokes equations that described
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by an n x n systems were established. In Lions & Enrique (1955), the controllability of
the motion of a fluid by means of the action of a vibrating shell coupled at the boundary
of the fluid is formulated.

The necessary and sufficient conditions of optimality for systems governed by dif-
ferent types of partial differential operators defined on spaces with finite number of vari-
ables are discussed for example in [Lions (1971), Lions & Magenes (1972) and Petukhov
(1995)].

The optimal control problem of systems governed by different types of operators
defined on spaces with an infinite number of variables are initiated and proved in [Gali
& El-Saify (1982,1989) and Kotarski (1997)].

In [Bahaa (2008a), El-Saify & Bahaa (2001), and El-Saify, Serag & Bahaa (2000)],
we have obtained the set of inequalities that characterize the optimal control for n X n
system governed by elliptic, parabolic and hyperbolic equation of infinite number of
variables with different conditions.

In this paper, we consider the optimal control problem for linear hyperbolic systems
in which constant time lags appear both in the state equations and in the Neumann bound-
ary conditions involving second order operator with an infinite number of variables. The
optimal control is characterized by the adjoint equation. Using this characterization par-
ticular properties of the optimal control are proved.

This paper is organized as follows. In section 2, we introduce spaces of functions of
infinitely many variables. In section 3 we formulate some facts and new results which
enable us to statement the Neumann problem for hyperbolic operator with an infinite
number of variables. In section 4, the distributed optimal control problem for this case
is formulated, then we give the necessary and sufficient conditions for the control to
be an optimal. In the end of this section we present some special cases for derived the
optimality conditions. In section 5, we generalized the discussion to two cases, the first
case: The optimal control for (2 x 2) coupled hyperbolic systems with infinite number of
variables is studied. The second case: The optimal control for (n x n) coupled hyperbolic
systems with infinite number of variables was be formulated. In section 6, we concluded
our results.

2. Sobolev spaces with infinite number of variables

This section covers the basic notations, definitions and properties, which are neces-
sary to present this work (Berezanskii, 1975), ( Gali & El-Saify 1982; 1983), (El-Saify
& Serag & Bahaa, 2000) and (El-Saify & Bahaa, 2001).

Let (pr(t))5, be a sequence of weights, fixed in all that follows, such that;

0< pu(r) € C°(RY), [ pelo)ar = 1.
R!
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with respect to it we introduce on the region R® = R! x R! x ..., the measure dp(x) by
setting,

dp(x) = p1(x1)dx; @ pr(x2)dxy @ ..., (R 3 x = (x) ey, 1 € RY).

On R we construct the space L?(R™,dp(x)) with respect to this measure i..,
L>(R*,dp(x)) is the space of quadratic integrable functions on R*. We shall often set
L2(R,dp(x)) = L2(R™).

It is classical result that L2(R>) is a Hilbert space for the scalar product

0.9 = [ 9W(dP()
J

We next consider a Sobolev space in the case of an unbounded region. For functions
which are £ = 1,2,... times continuously differentiable up to the boundary I of R (I
is meant to be the boundary of the support of the measure dp(x)) and which vanish in a
neighborhood of e, we introduce the scalar product

(0, W)wi(r=) = Z (D%, DY) 12 (=),

Jor|<e
where D% is defined by

olo o
D% = , ol =) o
(axl)(xl (axZ)(Xz e | | ;

and the differentiation is taken in the sense of generalized functions on R*, and after the
completion, we obtain the Sobolev space W(R*). So in short, Sobolev space W' (R*)
is defined by :

WH(R™) = {9l0, D¢ € L*(R™)}.

As in the case of a bounded region, the space W!(R*) form the space with positive
norm ||.||y1 (r=~). We can construct the space W-1(R*) = (W!(R*))* with negative norm
|[-|lw-1 (r=) With respect to the space WO(R*) = L?>(R*) with zero norm ||.|| [2(r=)» then
we have the following equipped,

WH(R™) C L*(R*) C W™ (R™),

191w (=) > 10]lr2(r=) > [10]lw-1 (r=)-

Let L2(0,T;W!(R*)) be the space of square integrable measurable functions ¢ —
o(¢) of]0, T[— W!(R>), where the variable ¢ denotes the *“ time ”; t €]0,T|[, T < . This
space is a Hilbert space with respect to the scalar product

T
(0, W) 200,791 (=) / Dwi(r=)ydt,
0
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and its dual is the space L?(0,7;W~!(R*)), analogously, we can define the spaces
L?(0,T;L*(R>)) which we shall denote by L?(Q).

Let Q C R” is a bounded, open set with boundary I, which is a C* manifold of
dimension (n— 1). Locally, Q is totally on one side of I" and denote by W' (Q,R*,dp(x))
(briefly W!(Q,R*)) the Sobolev space of vector function y(x) defined on Q.

The construction of the Cartesian product of n-times to the above Hilbert spaces can
be construct, for example

WHQ,R™))"=WHQ,R®) x WH(Q,R®) x --- x W/(Q,R™) = f[(Wl(Q,R“’))",

i=1

n—times

with norm defined by:
n
101w @z = Y 110illw @z,
i=1

where ¢ = (¢1,92,...,9,) = (¢;)"_, is a vector function and ¢; € W!(Q,R™).
Finally, we have the following chain:

(L2(0,T:WH(Q,R™)))" C (L*(Q))" € (L*(0, ;W (Q,R™)))",

where (L?(0,T;W~1(Q,R*)))" are the dual spaces of (L*(0,T;W'(Q,R*)))". The
spaces considered in this paper are assumed to be real.

3. Mixed Neumann problem for infinite variables hyperbolic system with time
lags

The object of this section is to formulate the following mixed initial boundary value
problem for the hyperbolic system with time lag which defines the state of the system
model (El-Saify & Bahaa, 2001).

azayt(zu) +A(t)y(u) +b(x,0)y(x,t —h;u) =u, xe€Q,te(0,T), (1)
y(x,t") =@ (x,t"), x€Q,t' €[—h0), )

y(x0) =yo(x), x€Q, 3)

% %0 . xee (4)

aiyﬂ =c(x,t)y(x,t —h)+v, xel,re(0,7T), (5)

y(x,t") =%o(x,t"), xeT,t €[-h,0), (6)
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where Q C R has the same properties as in the above section. Also, we have

y =6, u= (), v =v(xe),
0=Qx(0,T), Qzﬁx [O,T], Qo =Q X [—h,O), r=Ix(0,T),Xy=TIx [—h,O),

h is a time lag, b and c are given real C* functions defined on Q (Q closure of Q) and on

Y, respectively, and @y, ¥y are initial functions defined on Qg and Xy respectively.
2

d
The hyperbolic operator — 32
bolic operator with infinite number of variables and A(¢) (Berezanskii, 1975), (Gali &
El-Saify, 1982; 1983) and (Kotarski & El-Saify & Bahaa, 2002b ) is given by:

+ A4(t) in the state equation (1) is a second order hyper-

1/ Pie(x,1) axk

:_ZDky ) +q(x,1)y(x),

At)y(x) = ( i \/Pk X, 1 +qxt>

(7

where

m;’x,{mym ®)

and g(x,1) is a real-valued function in x which is a bounded and measurable on Q C R*,
such that g(x,7) > c¢o > 1, ¢ is a constant. The operator 4(¢) is a bounded second order
self-adjoint elliptic partial differential operator with an infinite number of variables maps
W!(Q,R*) onto W~ 1(Q,R*).

For this operator we define the bilinear form as follows:

Dyyx) =

Definition 3.1 For eacht € (0,T), we define a family of bilinear forms on W'(Q,R>)
by:

TC(I;y,(I)) = (ﬂ(l)y, (l))Lz(Q,R“‘)a Y (I) € Wl(gaRw)a (9)
where A(t) maps W'(Q,R*) onto W1 (Q,R*) and takes the above form. Then
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Lemma 3.1 The bilinear form 7t(t;y,) is coercive on W' (Q,R*), that is

TC([;y,y) >}\’HyH‘2)Vl(Q,R°°)7 A>0. (]0)

Proof It is well known that the ellipticity of 4(r) is sufficient for the coerciveness of
n(1;y,0) on W' (Q,R”).

wr:0.) = | 00D + [ a(w)00w)dp
o =t o
Then

mWw:/tirwp+jhmwmﬁw>

Q
Z HDky HLZ(QR” +C0Hy( )"I%Z(Q,R“)
=1

= @)1 o) + 0l Y@ 22 0 o)
> ||y(x )||W1 QR=)
MY @m=y:  A>0.

Also we have:

Vy,0 € W!(Q,R™) the functiont — 7t(t;y, )
is continuously differentiable in (0,7") and (11)

n(;,9) = n(:0,y)

Then the left-hand side of the boundary condition (5) may be written in the following
form:

oy (u >
D) _ Y (Day(u) cos(m ) = 1), 12
ov a =l
where —— is a normal derivative at I, directed towards the exterior of Q, cos(n,x) is

an

the k — th direction cosine of n, with n being the normal at I" exterior to Q, and
d(x,t) = c(x,0)y(x,t — h) +v(x,1) € W25 (Z). (13)

First we shall prove sufficient conditions for the existence of a unique solution of the
mixed initial boundary value problem (1)—(6) for the case where the control u belong to

L*(Q).
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To this purpose, for any pair of real numbers r,s > 0, we introduction the Sobolev
space W"*(Q) (Lions and Magenes, 1972, Vol. 2, p. 6) defined by

W (Q) = L*(0,T; W' (Q,R™)) nW* (0,T; L*(Q,R™)) (14)
which is a Hilbert space normed by
1/2

T
/||)’(f)‘|%vr(g,R°°)dt + 11l |%v.v(o,T;L2(g,Rm)) ; (15)
0

where W (O, T;L*(Q, ]R"")) denotes the Sobolev space of order s of functions defined on
(0,T) and taking values in L?(,R>).
For simplicity, we introduce the following notation:

E;2((j—1)hjh), Qj=QxE;, E;=TxEj;,j=12,.... (16)

The existence of a unique solution for the mixed initial-boundary value problem (1)—
(6) was verified in Kowalewski (1993a) and in Kotarski, El-Saify & Bahaa (2002a,b).

Theorem 3.2 Let vy, vy ,®0,Wo, v and u be given with yo € W?(Q,R%), y| €
W3/2(Q,R™), @ € W?2(Qp), ¥ € W3/23/2(2p), v e W323/2(X), u e WO (Q) and the
following compatibility relations:

A

m(xao) :dl(X,O), on Fa (17)

oy1 0 0 0
E(X,O) + <at (avﬂ))yo(x,O) = gd] (x,0), onT. (18)

Then, there exists a unique solution y € W>%(Q) for the mixed initial-boundary value
problem (1)—(6) with y(-,h) € W*(Q,R*) and y'(-,h) € W3/2(Q,R*) for j=1,2,...

4. Problem formulation. Optimization theorems

Now, we formulate the optimal control problem for (1)—(6) in the context of the
Theorem 3.2, that is u € L*(Q).

Let us denote by U = L?(Q) the space of controls. The time horizon T is fixed in our
problem.

The performance functional is given by

I(v) =M / (x5, 15v) — 24> dpdi + 22 / (Nv)vdpar, (19)
) )
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where A; > 0, A; + Ay > 0, 74 is a given element in L?>(Q) and N is a positive linear
operator on L*(Q) into L?(Q).
Control constraints: We define the set of admissible controls U,,; such that

U,41s closed, convex subset of U = LZ(Q). (20)

Let y(x,¢;u) denote the solution of the mixed initial-boundary value problem (1)—(6)
at (x,t) corresponding to a given control u € U,,;. We note from Theorem 3.2 that for any
u € U,y the performance functional (19) is well-defined since y(x) € W>2(Q) C L*(Q).

Making use of the Loins’s scheme we shall derive the necessary and sufficient con-
ditions of optimality for the optimization problem (1)—(6), (19) and (20). The solving of
the formulated optimal control problem is equivalent to seeking a u* € U4 such that

I(u") <I(u), Yu€Upy.

From the Lion’s scheme (Theorem 1.3 of Lions, 1971, p.10), it follows that for A, >

0 a unique optimal control u* exists. Moreover, u* is characterized by the following
condition:

') (u—u*) <0, Yu€Uy. (1)

For the performance functional of form (19) the relation (21) can be expressed as

M /(zd —y(u"))[y(u) —y(u*)]dpdt—l—?»z/Nu*(u— u )dpdt <0, YuecUyy. (22)
0 0
We shall apply Theorem 3.2 to the control problem of (1)-(6). To simplify (21), we

introduce the adjoint equation and for every u € U,; , we define the adjoint variable
p = p(u) = p(x,t;u) as the solution of the system

2
? 5’(2”) + A (1) plu) + b(x 1 + 1) plxt + i)
' (23)
=Myu)—z4), x€Q,t€(0,T—h),
’pu) | .

5z TAOp() =MW) —z), x€Qte(T-hT), (24)
p(x,T,u) =0, x€Q, (25)

op(x,Tsu)
S =0, xeQ, (26)
Ip (x,t) =c(x,t+h)p(x,t +hu), xeTl,te(0,T—h), (27)

aV,q*

ap(u)(x,t):O, xel,te(T—hT). (28)

ov %
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The existence of a unique solution for the problem (23)—(28) on the cylinder Q x
(0,T) can be proved using a constructive method. It is easy to notice that for given z,
and u, problem (23)—(28) can be solved backwards in time starting from ¢t = T, i.e., first
solving (23)—(28) on the sub-cylinder O and in turn on Q_, etc. until the procedure
covers the whole cylinder Q x (0, 7). For this purpose, we may apply Theorem 3.2 (with
an obvious change of variables).

Hence, using Theorem 3.2, the following result can be proved.

Lemma 4.1 Let the hypothesis of Theorem 3.2 be satisfied. Then for given zq € L*(Q)
and any u € W% (Q), there exists a unique solution p(u) € W>2(Q)) for the adjoint
problem (23)—(28).

Now, we have the main result.

Theorem 4.2 If the assumptions concerning system (1)—(6) and controllability condi-
tion (20) are satisfied, then optimal control u* exists and is characterized by the follow-
ing condition

T
//(p(u*)+X2Nu*)(u—u*)dpdt <0, VYu€eUy, (29)
0Q

where p(u*) is the solution of the adjoint system (23)—(28).

Proof We simplify (22) using the adjoint equation (23)—(28). For this purpose setting
u=u" in (23)—(28), multiplying both sides of (23) and (24) by y(u) — y(u*), then inte-
grating over Q x (0,7 —h) and Q x (T — h,T) respectively, and then adding both sides
of (23) and (24) we get

= / (@ =y t0) 0 t50) =y riu)) dpa

e
;

*<r>p<u*>)<y<u>—y<u*>>czpdz

+ /bxt—i—h p(x, 1+ hyu™)[y(x,t;u) — y(x,t;u™)] dp dt

“ (30)

PG tsut) (y(x ts) = y(x,t507)) dp

*/ / atz —y(w))dpdr+ / [ A ©p)vla) = () dpa
0 Q

D\
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T—h
—i—//b(x,t—l—h)p(x,t+h;u*)(y(x,t;u)—y(x,t;u*))dpdt.
0 Q

Then, applying (26), formula (30) can be expressed as

T
f?ul//(zdfy(x,t;u*))(y(x,t;u)fy(x,t;u*))dpdt _ 31)
0 Q
r 2
[ [ pta) 00w —y(u) e+ / [ 2 Op 000t dpa
0 Q
T—h
+ / /b(x t+h)p(x,t+hyu)(y(x,t;u) —y(x,t;u™)) dpdt
0 Q

p(u)(u—u")dpd - / / —y(u"))dpd:

- /p(x,t;u*)b(x Dt — hsu)y(x,1 — b)) dpadt (32)
Q

/T/p< Vu—u')dpdt — // — y(w))dpdt
0 Q
T

f//p(x,t’+h;u*)b(x,t'+h)(y(x,t’;u)fy(x,t';u*))dpdt’.
h Q

The second integral on the right-hand side of (31), in view of Green’s formula, can be
expressed as

[ [ @p)5tw) —y(w)) dpar = / / Pl A0 () =) dpdr
0 Q
(33)

+O/Tr/p(u )(ag\gﬂ) - )drdz // avﬂ () dTdr.
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Using the boundary condition (5), the second component on the right-hand side of (33)
can be written as

/ / < ayvﬂ aya(v";)) dTdr

/p x,t;u”)c(x, 1) (y(x,t — hyu) — y(x,t — h;u™)) dUdt (34)
r
—h

~ o\ﬂ

/pxt+hu) (e, t" +h)(y(x, s u) — y(x,t';u™))dUdt’.

=

The last component in (33) can be rewritten as

// avﬂ* —y())dl'dr = Z/r/ avﬂ* —y(u*))dldt

(35)

N / / avﬂ* —y(u"))drdr.

T-h T

Substituting (35), (34) into (33) and then (33), (32) into (31) we obtain

T
_}”O/Q/(Zd_Y(t*9“*))(y(f*;u)—y(t*;u*))dpdt:

T
plu)u—u)dpdr = [ [ p(u) A0 6) ~y(u)) dpds
0 Q

St~
\O {O\

b(x,t+h)p(x,t +hu”) (y(x,t5u) — y(x,t;u”))dp dt

~ L
‘:O\

b(x,t4+h)p(x,t +h;u®)(y(x,t;u) — y(x,t;u”))dpdt

|
—
.'O\w

—y('))dpdt (36)

+

+
~—oc “T—n~ o
O~
=
<
N
A
=
E

c(x,t +h)p(x,t +hyu®) (y(x,t;u) — y(x,t;u”)) dUdt

—

|
=
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b(x,t +h)p(x,t +hyu”)(y(x,t;u) — y(x,1;u”)) dpdt.

+
S—
O~

Afterwards using the fact that y(x,7;u) = y(x,t;u*) = Py (x,t) forx € Q and 1 € [—h,0)
and y(x,t;u) = y(x,t;u™) = ®Pg(x,7) forx € T and ¢t € [—h,0) we obtain

T
Y /(Zd—y(x,t;u*))(y(x,t;u)—y(x,t;u*))dpdt://p(u*)(u—u*)dpdt. 37)
0 0 Q

Substituting (37) into (22) gives (29). 0

Mathematical Examples

Example 4.1 Consider now the particular case where U,y = U = L?*(Q) (no constraints
case). Thus the minimum condition (29) is satisfied when

u = —MN*lp(u*).

If N is the identity operator on L*(Q), then from the Lemma 4.1 follows that u* €
w22(Q).

Example 4.2 We can also consider an analogous optimal control problem where the
performance functional is given by:

() =\ / Vs (5,15 14) — 280 2Tt 4+ / (Nu)udpa, (38)
> (¢
where zs4 € L*(X).

From Theorem 3.2 and the Trace Theorem (Lions & Magenes, 1972, Vol 2, p.9), for
each u € L*(Q), there exists a unique solution y(u) € W*2(Q) with y|z € L*(X). Thus, I
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is well defined. Then, the optimal control u* is characterized by:
M [0 = 25l (w) - y(u e+ 2o [ Na'(e—u')dpdi <0, Vu€ Ust. (39)
z 0

The above inequality can be simplified by introducing an adjoint equation, we define
the adjoint variable p = p(u) = p(x,t;u) as the solution of the equation

’pu) | .
32 + 2% () p(u) +b(x,t +h)p(x,t +h;u) =0, x€Q,t€(0,T—h), (40)
2
agg“)Jrﬂ*(t)p(u):o, xeQre(T—hT), @41)
p(x,T,u) =0, x€Q, (42)
T o eq, (43)
ot

9
%(x,t) =c(x,t+h)p(x,t +hu) + M (y(u) —z5q), x€T,1€(0,T—h), (44)

ﬂ*
IPW) (1) = A (y(w) T,re(T—hT) 45
avﬂ*x,—lyu—md), xel',te(T—hT). (45)

Then using Theorem 3.2 we can establish the existence of a unique solution p = p(u*) =
px.t;u*) € W22(Q) for (40)~(45).

As in the above section, we have the following result.

Lemma 4.3 Let the hypothesis of Theorem 3.2 be satisfied. Then, for given zzq € L*(X)

and any u € L*(Q), there exists a unique solution p(u*) € W>?(Q) to the adjoint problem
(40)—(45).

Using the adjoint equations (40)—(45) in this case, the condition (39) can also be written
in the following form

/(p(u*) +MNu*)(u—u*)dpdt <0, Yu € Uy. (46)
Qo

The following result is now summarized.

Theorem 4.4 For the problem (1)—(6) with the performance function (38) with zy4 €
[? (X) and Ay > 0, and with constraint (20), and with adjoint equations (40)—(45), there
exists a unique optimal control u* which satisfies the minimum condition (46).
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5. Generalization

Optimal control problem presented her can be extended to certain different two
cases. Case 1: Optimal control problem for (2 x 2) coupled hyperbolic systems with
infinite number of variables and with time lags. Case 2: Optimal control problem for
(n x n) coupled hyperbolic systems with infinite number of variables and with time lags.

5.1. Optimal control for (2 x 2) coupled hyperbolic systems with infinite number of
variables and with time lags

We can extend the discussions to study the optimal control for (2 x 2) coupled hy-
perbolic systems with infinite number of variables and with time lags. We consider the
case where u = (u1,u2) € L*>(Q) x L*(Q), the performance functional is given by:

2

I(u)=1(u)+L(u Z( /y, (x,t5u) — zl-d]zdpdt-i-M/(Niui)u,-dpdt), 47
0 o

i=1

where z; = (z14,224) € (L*(Q))? and N, is a positive linear operator on L?(Q) into L?(Q),
i=1,2.
Then the optimality conditions are given by:

State equations:

2y (u oo
) }8);2( ) + <— ZD%-FQ(X,Z‘))}’I(M)+b1(x,t)y1(x,t—h;u)—i—yl(u) —ya(u) = uy,
k=1

(48)

inQ,

9%y (u) .

52 < Z 2+ q(x,1) > 2 (1) +ba(x,1)y2 (x, 8 — hyu) +y1 (1) +y2(u) = up,
- (49)

inQ,
yi(x, ' u) =@ (x,1'),  ya(x,t'su) = DPoa(x,t'), xe€Q,t €[—h,0), (50)
y1(x,05u) = yo,1(x),  y2(x,05u) = yo2(x), x€Q, (51)

ay1(x,0; dy2(x,0;
MO e, 22O, rea 52)
i) _ c1(x,t)y1(x,t —h)+ vy, o) _ c2(x,t)y2(x,t —h) +va,

an aV,q (53)

xel,t€(0,T),
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Y1 (X,I,,M) = lPO,I()C)v yZ(xat,;u) = lPO,Z()C)’ X € F7 t/ € [—h,O), (54)

where Vi,i =1,2:
yi = vilx,tsu),u = wi(x,t),vi = vi(x, 1),

b; is a given real C* function defined on Q(Q closure of Q), c; is a given real C* function
defined on X, &g ;, ¥y ; are initial functions defined on Qg and X respectively.

Adjoint equations:

9*p1(u) 2
52 +(—I;DkJrq(x,t))m(u)+b1(x,l+h)191(x’f+h3u)

(55)
+pi1(u) +pa(u) =M (y1(u) —z14),  x€Q,1€(0,T—h),
92 >
gzz(u) + (— ZD,%—i—q(x,t))pz(u) +by(x,t +h)pa(x,t+h:u)
¢ k=1 56)
—p1(u)+pa(u) =M (2 (u) —224), x€Q,t€(0,T—h),
0?2 >
gnz(u) + <— Y D; +61(X,f))191 (u) + p1(u) + pa(u) = M (y1 (1) — z1a),
t ! (57)
xeQ,te(T—hT),
0?2 >
P04 (= E 0 ato) ) pal) = a0+ o) = a0~ 22),
t ! (58)
xeQte(T—hT),
p1(X,T;M> :Oa pZ(va;u) :Ov era (59)
apl(xat;u) _ ap2(x7t;u) _
ST =0, FEIEE S0, xeQ (60)
op1(x,1) = c1(x,t+h)p(x,t + h;u), Ipa(x,t) = cp(x,t +h)pa(x,t + hyu),
aV_q* av_q*
(61)
xel,re(0,T—h),
op1(x,t) op2(x,t) _
va 0, va 0, xel',te(T—nT). (62)
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Minimum conditions

T
[ [ (19260 2amiiln =)+ ps() + 2aMass - ) ) par <.
Q

° (63)
Yu= (ul,uz) c (Uad)z,

where u* = (u},u}) € (Uyq)? is the optimal control and p(u) = (p1(u), p2(u)) is the
adjoint state.
The following result is now summarized.

Theorem 5.1 For the problem (48)—(54) with the performance function (47), zg =
(z14,224) € (L*(Q))? A2 > 0, (20), and with adjoint equations (55)—(62), there exists
a unique optimal control u* which satisfies the minimum condition (63).

5.2. Optimal control for (n X n) coupled hyperbolic systems with infinite number of
variables and with time lags

We can extend the discussion to (n x n) coupled hyperbolic systems. We consider
the case where u = (uy,ua, . ..,u,) € (L*(Q))", the performance functional is given by:

n

1w =Y (xl / i, 150) — a2 dp i + Ao / (Njui )z dp dt> , (64)
0 0

i=1

where zg = (214,224, - -,Zna) € (L*(Q))" and N; is a positive linear operator on L?(Q)
into L2(Q),i=1,2,...,n.
Then the optimality conditions are given by:

The state equations:

9%y;(u
20 S+ bt — i) =, x€ Q1€ (0.T),

yilx,t) =®i0(x, ") x€Q, 1 €[-h,0),

yi(x,0) =yio(x), x€Q,

. 65
ay'(a);’o):yu(x), xeQ, (63)

Vi )yt —h) £y, xeTre (0.7)
8\/5

yilx,t) =Woi(x,t"), xeTl,t €[—h,0),

where Vi,i=1,2,...,n:

yi = yilx,tu),u; = ui(x,t),v; = vi(x,1),



www.czasopisma.pan.pl P N www.journals.pan.pl
N
~—

OPTIMAL CONTROL PROBLEM FOR INFINITE VARIABLES HYPERBOLIC SYSTEMS
WITH TIME LAGS 389

b; is a given real C* function defined on Q(Q closure of Q), ¢; is a given real C* function
defined on X, @ ;, Wy ; are initial functions defined on Qp and X respectively, and the
operator S(¢) is given by
oo n
S(t)yi(X): <_ D/%‘FQ(X,I)) yl(x)—l_zal]y](x) vi:lazv"'ana (66)
k= j=1

=1
1, i<j.

The operator S(¢) is (n x n) matrix takes the form [El-Saify & Bahaa (2000), (2001),
(2002), (2003)]

Y Dl t+g+1 —1 —1
k=1 -
1 ~-Y Ditg+1 - ~1
S(t)= k=1 . (68)
1 1 o =Y Di+q+1
k=1 nxn

The adjoint equations:

82 i *
gtgu) +87(0)piu) +bi(x,1 + h)pi(x,1 +hyu) = M (yi(u) = zia),
x€Q,t€(0,T—h),

azpi(”) *

52 TS Opilu) =Mi(u) —zia), x€Qre(T-hT),
pilx,T,u) =0, xeQ, (69)
W :0’ X &€ Q,
aavpi (x,1) = cilx,t +h)pi(xt+hu), xeT 1€ (0,7 —h),

5*
ag\i(u)(x’t)zq xel,te(T—hT).

\ S*

The following result is now summarized.

Theorem 5.2 For the problem (65) with the performance function (64), ziy € L*(Q),
i=1,2,...,n, A >0, (20) and with adjoint equations (69)), there exists a unique optimal
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control u* which satisfies the minimum condition

if/(l?z ) + Ao Niw | (u; —u)>dp( )dt <0
0

i=1
(70)
Vu= (ur,uz,....;tty) € (Uga)",

where u* = (uf,u,.....,u;) € (Uyq)" is the optimal control and p(u) = (p1(u),. .., pa(u))
is the adjoint state.

6. Conclusions

The optimization problem presented in the paper constitutes a generalization of
the optimal control problem for second order hyperbolic systems, which consists of
one equation, involving second order operator with finite number of variables and
with Neumann boundary condition involving constant time lag appearing both in the
state equation and in the Neumann boundary conditions considered in Knowles (1978),
(Kowalewski 1993a,b; 1995; 1998; 1999; 2000), (El-Saify, 2005; 2006), (El-Saify & Ba-
haa, 2002), (Kotarski & Bahaa, 2005; 2007) and (Kotarski & El-Saify & Bahaa, 2002a)
onto the case of hyperbolic systems involving second order operator with infinite num-
ber of variables with constant retarded arguments appearing in the state equations and in
the Neumann boundary condition.

The main result of the paper contains necessary and sufficient conditions of opti-
mality for hyperbolic systems involving second order operator with infinite number of
variables that give characterization of optimal control.

Also, in this paper, we considered the distributed optimal control problem for (n x n)
hyperbolic systems involving second order operator with infinite number of variables
with constant time delays appearing in both in the state equations and in the Neumann
boundary condition.
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