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The optimal boundary control problem for (nx n) infinite order distributed parabolic systems with
multiple time delays given in the integral form both in the state equations and in the Neumann
boundary conditions is considered. Constraints on controls are imposed. Necessary and suffacient
optimality conditions for the Neumann problem with the quadratic performance functional are
derived.

1. Introduction

Distributed parameters systems with delays can be used to describe many phenomena in
the real world. As is well known, heat conduction, properties of elastic-plastic material, fluid
dynamics, diffusion-reaction processes, the transmission of the signals at a certain distance by
using electric long lines, and so forth, all lie within this area. The object that we are studying
(temperature, displacement, concentration, velocity, etc.) is usually referred to as the state.

During the last twenty years, equations with deviating argument have been applied
not only in applied mathematics, physics, and automatic control, but also in some problems
of economy and biology. Currently, the theory of equations with deviating arguments
constitutes a very important subfield of mathematical control theory.

Consequently, equations with deviating arguments are widely applied in optimal
control problems of distributed parameter system with time delays [1].

The optimal control problems of distributed parabolic systems with time-delayed
boundary conditions have been widely discussed in many papers and monographs. A
fundamental study of such problems is given by [2] and was next developed by [3, 4]. It was
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also intensively investigated by [1, 5-16] in which linear quadratic problem for parabolic
systems with time delays given in the different form (constant, time delays, time-varying
delays, time delays given in the integral form, etc.) was presented.

The necessary and sufficient conditions of optimality for systems consist of only one
equation and for (n x n) systems governed by different types of partial differential equations
defined on spaces of functions of infinitely many variables and also for infinite order systems
are discussed for example in [9, 11, 15-18] in which the argument of [19, 20] was used.

Making use of the Dubovitskii-Milyutin Theorem in [13, 21-28] the necessary and
sufficient conditions of optimality for similar systems governed by second order operator
with an infinite number of variables and also for infinite order systems were investigated.
The interest in the study of this class of operators is stimulated by problems in quantum field
theory.

In particular, the papers of [1, 8] present necessary and sufficient optimality conditions
for the Neumann problem with quadratic performance functionals, applied to a single one
equation of second-order parabolic system with fixed time delay and with multiple time
delays given in the integral form both in the state equations and in the Neumann boundary
conditions, respectively. Such systems constitute a more complex case of distributed
parameter systems with time delays given in the integral form.

Also in [9, 11] time-optimal boundary control for a single one equation distributed
infinite order parabolic and hyperbolic systems in which constant time lags appear in the
integral form both in the state equation and in the Neumann boundary condition is present.
Some specific properties of the optimal control are discussed.

In this paper we recall the problem in a more general formulation. A distributed
parameter for infinite order parabolic (n x n) systems with multiple time delays given in
the integral form both in the state equations and in the Neumann boundary conditions is
considered. Such an infinite order parabolic system can be treated as a generalization of the
mathematical model for a plasma control process. The quadratic performance functionals
defined over a fixed time horizon are taken and some constraints are imposed on the initial
state and the boundary control. Such a system may be viewed as a linear representation of
many diffusion processes, in which time-delayed signals are introduced at a spatial boundary,
and there is a freedom in choosing the controlled process initial state. Following a line of
the Lions scheme, necessary and sufficient optimality conditions for the Neumann problem
applied to the above system were derived. The optimal control is characterized by the adjoint
equations.

This paper is organized as follows. In Section 1, we introduce spaces of functions of
infinite order. In Section 2, we formulate the mixed Neumann problem for infinite order
parabolic operator with multiple time delays given in the integral form. In Section 3, the
boundary optimal control problem for this case is formulated, then we give the necessary
and sufficient conditions for the control to be an optimal. In Section 4, we generalized the
discussion to two cases, the first case: the optimal control for (2 x 2) coupled infinite order
parabolic systems is studied. The second case: the optimal control for (1 x n) coupled infinite
order parabolic systems was to be formulated.

2. Sobolev Spaces with Infinite Order

The object of this section is to give the definition of some function spaces of infinite order and
the chains of the constructed spaces which will be used later.
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Let Q be a bounded open set of R” with a smooth boundary I', which is a C* manifold
of dimension (n—1). Locally, Q is totally on one side of I'. We define the infinite order Sobolev
space W*{a,,2}(Q) of infinite order of periodic functions ¢(x) defined on Q [29-31] as
follows:

|x[=0

W*{a,,2)(Q) = {¢(x) €C®(Q): Y a.||D9|3 < oo}, 2.1)

where C* () is the space of infinitely differentiable functions, a, > 0 is a numerical sequence,
and || - |, is the canonical norm in the space L*(Q), and

& o 2.2
D= o ™ (2.2)

a = (ay,...,a,) being a multi-index for differentiation, |a| = Z?:l a;.
The space W™*{a,,2}(Q) is defined as the formal conjugate space to the space
W*{a,, 2}(Q), namely:

W™ {a,,2}(Q) = {tp(x) Lg(x) = i (1), D¢ (%) } (2.3)

la=0

where ¢, € L*(Q) and X7 Aullgall’ < o0.
The duality pairing of the spaces W*{a,,2} (Q) and W™*{a,,2}(Q) is postulated by
the formula:

(¢, ¢) = Zauf ¥a(x)D*P(x)dx, (2.4)
laj=0 7€
where
P e W*{a,,2}(Q), g € W= {a,,2}(Q). (2.5)

From above, W*{a,,2}(Q) is everywhere dense in L*(Q2) with topological inclusions
and W~*{a,,2}(Q) denotes the topological dual space with respect to L>(Q), so we have the
following chain of inclusions:

W={a,,2}(Q) C L*(Q) C W™= {ay,2}(Q). (2.6)
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We now introduce L2(0,T; L*(Q)) which we will denoted by L*(Q), where Q = Qx]0,T|
denotes the space of measurable functions ¢t — ¢(t) such that

T 1/2
”(i)”LZ(Q) = (L ”‘i’(””;dt) < oo, (2.7)

endowed with the scalar product (f, g) = fOT (f(H), &) 2qdt, L?(Q) is a Hilbert space.

In the same manner we define the spaces L?(0,T; W*®{a,,2}(Q)), and L?(0,T;
W™*{a,,2}(Q)), as its formal conjugate.

Also, we have the following chain of inclusions:

L*(0, T, W*{as,2}(Q)) € L*(Q) S L*(0, T; W™ {as, 2}(Q)). (2.8)

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

(W*{ay,2}(Q))" = W*{aq,2}(Q) x W*{a,,2}(Q) x --- x W*{a,,2}(Q)

H-E;BS
; (2.9)
= [wW*={a.2}@),
i=1
with norm defined by:
(1l 21 2y = ;”‘i’i"Ww{amz](Q)' (2.10)
where ¢ = (p1,¢2, ..., Pn) = (¢i)}-; is a vector function and ¢; € W*{a,,2}(Q).
Finally, we have the following chain of inclusions:
(L20,T;W={a0,21(@))" ¢ (1Q)" € (L(0,T; W (a0, 2}@)) (2.11)

where (L*(0,T;W™{a,,2}(Q)))" are the dual spaces of (L?(0,T; W*{a,,2}(Q)))". The
spaces considered in this paper are assumed to be real.
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3. Mixed Neumann Problem for Infinite Order Parabolic
System with Multiple Time Lags

The object of this section is to formulate the following mixed initial boundary value Neumann

problem for infinite order parabolic system with multiple time delays which defines the state
of the system model [1, 5-11, 18, 24, 26].

ay m b;
=+ At)y(x,t) + ; f bi(x, )y (x,t - h)dh; = u,

3.1)

(x,t) €Q2x(0,T), h;e€(aib),
y(x,t) =Dy (x,t"), (x,1)eQx(-A,0), (3.2)
y(x/ 0) = yO(x)/ X € Qr (33)

b 1 ds
%(x, ) = Zj (0 Dy (- k)dks +v, (x,8) €Tx (0,T), ks € (co,ds),  (34)
4 s=1"YCs

y(x, ') =¥(x,t), (xt)elx(-A,0), (3.5)
where Q C R" has the same properties as in Section 1. We have

y=ylx, tu), yO0) =yl 0u), y(T)=yxT,u), u=ulxt), v=v(xt),

Q=Qx(0,T), Q=Qx[0,T], Qo =Qx[-A,0), =Z=Tx(0,T), Zp=Ix[-A,0),
(3.6)

(i) T is a specified positive number representing a finite time horizon,

(ii) hi, ks are time delays, such that h; € (a;, b;) and ks € (cs,ds) where 0 < a1 < ap <
< Ay, 0<by <by<---<by fori=1,2,... mand 0 < ¢c; < ¢ < -+ < ¢,
O<dy<dy<---<d;,fors=1,2,...,1l,

(iii) b;i(t),i=1,2,...,m are given real C* functions defined on @,
(iv) cs(x,t),5=1,2,...,1 are given real C* functions defined on %,
(v) A = max{b,,, d},
(vi) y is a function defined on Q such that Q x (0,T) > (x,t) — y(x,t) €R,
(vii) u, v are functions defined on Q and X such that Q x (0,T) > (x,t) — u(x,t) € R
andI'x (0,T) > (x,t) — v(x,t) €R,

(viii) @y, Wy are initial functions defined on Qy and X, respectively, such that @x[-A,0)
(x,t') = Dg(x,t') € RT x[-A,0) 3 (x,t') — ¥o(x,t') € R
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The parabolic operator (0/0t) + &#(t) in the state equation (3.1) is an infinite order
parabolic operator and & (t) [17, 21, 29-31] is given by:

dy =3 (-1)%a, D%y (x, 1),
e (3.7)

o= (-1)a, D>
|a|=0

is an infinite order self-adjoint elliptic partial differential operator maps W* {a,,2}(2) onto
W=>{a,,2}(Q).
For this operator we define the bilinear form as follows.

Definition 3.1. For each t € (0,T), we define a family of bilinear forms on W*{a,,2}(Q) by:
7y, ) = (AOY. ) gy ¥ P € W*{an,2}(Q), (3.8)
where &4 (t) maps W*{a,,2}(Q) onto W™*{a,,2}(Q) and takes the above form. Then

7 (ty, ¢) = (HA(t)y, ¢)L2(Q)

(3 -1,y 1), ()
<|§o 1@ o)

= i a,Dy(x)D*@(x)dx.

Q |a|=0
Lemma 3.2. The bilinear form or(t;y, ) is coercive on W {a,,2}(€), that is,
2
w(ty,y) 2 A ”y“vvw[aa,z}(g)f A>0. (3.10)

Proof. 1t is well known that the ellipticity of <#(t) is sufficient for the coerciveness of 7 (t; y, ¢)
on W*{a,,2}(Q):

w(t ) = i agD*¢pD* ¢ dx. (3.11)

Q |a|=0
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Then

by, y) = Z a.D*yD%y dx

Q |a|=0
. éau vl (312)
> Wyllweraor@r  A>0.
Also we have
Yy, ¢ € W*{a,,2}(Q) the function t — (£, $) (3.13)

is continuously differentiable in (0,T) and 7« (t;y,$) = 7w (t; ¢, y).

Equations (3.1)-(3.5) constitute a Neumann problem. Then the left-hand side of the
boundary condition (3.4) may be written in the following form:

oy (x, )

v - i (D“y(x,t)) cos(n, xx) = q(x,t), x€el,te(0,T), (3.14)

|ew|=0

where 0/0v_ is a normal derivative at I, directed towards the exterior of Q, and cos(n, xi) is
the kth direction cosine of n, with n being the normal at I' exterior to Q.
Then (3.4) can be written as:

1 dy

q(x,t) = ZI cs(x, Dy (x, t — ko)dks + v(x,t), x€T,te(0,T). (3.15)
s=1"7¢Cs

O

Remark 3.3. We will apply the indication g(x, t) appearing in (3.14) to prove the existence of
a unique solution for (3.1)—(3.5).

We will formulate sufficient conditions for the existence of a unique solution of the
mixed boundary value problem (3.1)-(3.5) for the cases where the boundary control v €
L2(Z).

For this purpose, we introduce the Sobolev space W1 (Q) [20, Vol. 2, page 6] defined
by:

Wel(Q) = 20, T; W*{aq, 21 (@) n W' (0, T, 12(@)), (3.16)
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which is a Hilbert space normed by

T 1/2
2 2
== [, [ 190t Do |

— 1/2
s 9 2
= f <Z%|D"’y|2+ a_]t/‘ >dxdt] (3.17)
| Q \ |a|=0

- = . loyp 1/2
= IQ aoly| +Zaa|D"‘y| + ﬁ‘ dxdt| , ag>0,

|a]=1
where the space W (0, T; L?(Q)) denotes the Sobolev space of order 1 of functions defined on
(0,T) and taking values in L2(Q) [20, Vol. 1].

The existence of a unique solution for the mixed initial-boundary value problem
(3.1)-(3.5) on the cylinder Q can be proved using a constructive method, that is, solving
at first equations (3.1)-(3.5) on the subcylinder Q; and in turn on Q, and so forth, until
the procedure covers the whole cylinder Q. In this way, the solution in the previous step
determines the next one.

For simplicity, we introduce the following notation:

E=((j-1)AjL), Qj=QxE;, Xj=TxE; forj=1,...,K, A =min{aj,c}. (3.18)

Making use of the results of [7, 20] we can prove that the following result holds.

Theorem 3.4. Let yo, @y, ¥o, v and u be given with yo € W*{a,,2}(Q), Oy € WeL(Qy), ¥y €
L2(%), v € L*(Z) and u € W=>7Y(Q). Then, there exists a unique solution y € W*=(Q) for
the mixed initial-boundary value problem (3.1)—(3.5). Moreover, y(-,j1) € W*{a,,2}(Q) for j=
1,...,K.

4. Problem Formulation-Optimization Theorems

Now, we formulate the optimal control problem for (3.1)-(3.5) in the context of the
Theorem 3.4, that is v € L?(X).

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

The performance functional is given by

I(v) =\ fQ [y(x,t;0) - zd]de dt+ A\, L(Nv)v drdt, (4.1)

where A; > 0, and Ay + Ay > 0, z4 is a given element in L*(Q); Nisa positive linear operator
on L%(X) into L%(Z).
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Control Contraints

We define the set of admissible controls U4 such that

U,q is closed, convex subset of U = L2 (2). (4.2)

Let y(x,t;v) denote the solution of the mixed initial-boundary value problem (3.1)-
(3.5) at (x,t) corresponding to a given control v € U,y. We note from Theorem 3.4 that for
any v € U,g the performance functional (4.1) is well-defined since (v) € W*1(Q) c L*(Q).

Making use of the Loins’s scheme we will derive the necessary and sufficient
conditions of optimality for the optimization problem (3.1)-(3.5), (4.1), (4.2). The solving
of the formulated optimal control problem is equivalent to seeking a v* € U,q such that

I(v*) < I(v), YveUyuy. (4.3)

From the Lion’s scheme [19, Theorem 1.3, page 10], it follows that for A, > 0 a unique
optimal control v* exists. Moreover, v* is characterized by the following condition:

I'(v*)(v-v*)>0, VYoveUu. (4.4)
For the performance functional of form (4.1) the relation (4.4) can be expressed as

M f (y(0*) = za) [y(v) — y(v*)]dx dt + )LZJ‘ Nv*(v-v")dldt >0, VYvel..  (45)
Q =

In order to simplify (4.5), we introduce the adjoint equation, and for every v € U,g,
we define the adjoint variable p = p(v) = p(x, t;v) as the solution of the equations:

-0 m pb;
gt(v) + A (t)p(v) + ; Li bi(x,t + hi)p(x,t + hi;v)dh; = i (y(v) - za), wo
(x,1) e Qx (0, T -A), h;e(a;b),
% +A Np) =M (y(v) —z4), (x,t) €Qx(T-A,T), (4.7)
px,T;v)=0, x€Q, (4.8)
plx,t;0) =0, (xt)eQx[T-A+L1T), (4.9)
I d,
%ﬁ,(;) (x,£) = Zl f cs(x,t+k)p(x, t+ ko;v)dks,  (x,8) €T x (0,T = A(T)), ks € (cs,ds),

(4.10)
%) =0, (xt) el x(T-AT),T), 4.11)

av,,;*
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where

ap(v*) (x’ t) - i (pr(v)) COS(Tl, xw)(x/ t)r

o o (4.12)

A (Hp(v) = i (-1)1"a, D**p(x, t).
|a|=0

As in the above section with change of variables, that is, with reversed sense of time.
that is, ' = T — ¢, for given z4 € L?(Q) and any v € L?(X), there exists a unique solution
p(v) € W*1(Q) for problem (4.6)—(4.11).

The existence of a unique solution for the problem (4.6)—(4.11) 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, the problem (4.6)—(4.11) can be solved backwards in time starting from t = T, that is,
first solving (4.6)—(4.11) on the subcylinder Qk and in turn on Qk-1, and so forth until the
procedure covers the whole cylinder Q x (0, T). For this purpose, we may apply Theorem 3.4
(with an obvious change of variables).

Hence, using Theorem 3.4, the following result can be proved.

Lemma 4.1. Let the hypothesis of Theorem 3.4 be satisfied. Then for given zy € L*(Q, R®) and any
v € L%(X), there exists a unique solution p(v) € W*1(Q) for the adjoint problem (4.6)—(4.11).

We simplify (4.5) using the adjoint equation (4.6)—(4.11). For this purpose denoting by
p(0) = p(x,0;,v) and p(T) = p(x,T; v), respectively, setting v = v* in (4.6)—(4.11), multiplying
both sides of (4.6) and (4.7) by y(v) — y(v*), then integrating over Q x (0,T — A) and Q x (T —
A, T), respectively and then adding both sides of (4.6), (4.11), we get

A IQ (y(v*) = za) [y (v) — y(v*)]dx dt

a *
:J <_ Péf : +°4*(t)’°(v*)> x [y(v) - y(v")]dxdt
Q
T-A m b
+ ,[0 IQ <Z’[ bi(x,t + hi)p(x,t + hi}v*)dhi> X [y(x, tv) - y(x, t;v*)] dx dt
i=1 7 ai
T
N *
= fo IQP(U )o; ly(@) —y ()] dx dt
T
+f f S (B)p(0") [y (v) —y(v7)]dx dt
0Je

m by T-A
+ZI f f (bi(x, t + hy)p(x, t + hi; v*)) x [y(x, 50) — y(x, ;0%)]dx dt dh;.
i=17ai /QJO
(4.13)
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Using (3.1), the first integral on the right-hand side of (4.13) can be written as:
' 9
J‘ f P(U*)& [y(v) - y(v*)]dx dt
0JQ
== '[Q p(0")At) (y(v) - y(v*))dx dt
m  eb; T
_Z,[ J f p(x, t;0")bi(x, t) x [y(x,t = hi;v) = y(x, t = hi;v*)]|dt dx dh;
i= a; QJO
-~ PO y0) - y(w)dxas
m  rb; T-h;
_ZJ‘ J f P(X,t’+hi}v*)bi(x,t’+h,~) X [y(x,t’;v) _y(x’tl;v*)]dt/dxdhi
i=1 Y ai JQ —h;
—~ [ e (v(0) - yeo)axa
m  rb; 0
S bt o ) = [y o) - y (et at dx
i=1 7 ai JQJ -h;
m  rb; T-A
_ZJ‘ J f p(xlt,—’_hi;v*)bi(x,t,‘i‘hi) X [y(x’t/,v) _y(x,t/;,v*)]dtldxdhi
i= a; YQJ0
m  rb; T-h;
_ZI J f p(x, t' + hi; 0" )bi(x, t' + hy) x [y(x,t;0) —y(x,t;0%)]dt dx dh;
o1 JaJoJ)T-A
| PO y0) - y(w)dxs
m  rb; 0
S bt oo ) x [y o) - y (et af dx
i=1 Y ai JQ —h;
m  rb; T-A
_ZI J f p(x,t' + hi; 0" )bi(x, ' + ) x [y(x,t;0) —y(x,t';0%)]dt dx dh;
i= a; YQJO

b; T
-2 f f f p(x, t;0)bi(x, t) x [y(x,t = hi;v) = y(x,t = hi;0*)|dt dx dh.
i= a; v QJT-A+h;
(4.14)

Using Green’s formula, the second integral on the right-hand side of (4.13) can be written as:
T
Jo J‘Q A (Hp(@*) [y(v) - y(v*)]dx dt

T
=j f P00 [y(0) - y(0)] dx dt
0/Q
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+ LT Lp(v*) (ay(v) _ ) >dr dt

aved aVJ

T ap(v*) )
B J‘o L oV [y(v) - y(v")]dr dt.

(4.15)

Using the boundary condition (3.2), one can transform the second integral on the right-hand
side of (4.15) into the form:

! o ( 0y dy(")
fo frp(v )< vy ovs >dth
I pds T
= ZI J‘ f P(x,t;v*)cs(x,t) X [y(x,t—ks;v) _y(x't_ks}v*)]drdtdks
= cs YI'/O
T
+f f p(v*) (v —v*)dl dt
0Jr
I rds Tk,
= ZI J‘ I p(x,t’ +ks;v*)c5(x’t' + ks) % [y(x,t’;v) —y(x,t’;v*)]dt’ drdks
= cs JT /) -k
T
+f f p(v*) (v —v*)dl dt
0Jr
I pds 0
- ZI J‘ f p(x,t' + ks;v*)cs (x,t + ks) x [y(x,t;0) —y(x, t';0")]dt dT dk
s=17¢ JIJ—ks
I rds T-A
+Z.[ f ,[ p(x,t +ks;v")es(x, ' + k) x [y(x, t50) - y(x, t;0%)]dt dT dks
—17¢c YIJO
L ds T—ks
" ZI f I p(x,t + ks v")es(x, + k) x [y (x,t;0) - y(x,t;07)] dt’ dT dk;
= Cs r -A
T
+f f p(v*) (v —v*)dl dt
0Jr

[ pds 0
-2 f f f p(x,t' + ks;v*)es (x,t' + ks) x [y (x,t;0) —y(x,t;0%)]dt dr dk,
s=17c¢cs JI/—ks

L ds T-A
+ Z fc fr 4[0 P(x,t’ + ks,‘v*)cs(x,t’ + ks) X []/(x,t';v) _ ]/(x,t','v*)]dt’ dl"dks
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§ T
+Zf f f p(x,Eo")es(x, 1) x [y(x,t = ks;0) = y(x,t — ks;0")] dt dT dks
s=1 —A+kg

+ J:)T fr p(v*)(v —v*)dr dt.

(4.16)
The last component in (4.15) can be rewritten as
0
f f p(© ) [y(v) - y(o")]dT dt
(4.17)
T-A
I i ap(v ) [y(v) - y(*) dl"dt+f f p(v ) [y(v) - y(v*)]dr dt.

Substituting (4.16) and (4.17) into (4.15) and then the results into (4.13), we obtain

b 660 = 20 o) -yl
T
=f f P<v*)<v—v*)dfdt—f p(@") A1) [y(0) - y(v")]dx dt
0JT Q
i 0
—Zj f f bi(x,t+ hi)p(x,t+ h;; v*) x [y(x,t;v) —y(X,f;U*)]dtdxdhi
= QJ-n
b; T-A
-2 f f f bi(x, t+ hi)p(x, t+ hi; 0%) x [y(x, o) — y(x, ;o) dt dx dhy
= QJo
[ p@)a0 o) -y axa
m T
_Z:‘f J' J'T L, PO % [yt = o) = y o = o)t
! 0
+Zf f f cs(x,t+ k)p(x, t+ ks 07) x [y(x,£0) - y(x,£;07)] dt dT dk,
Cs —ks

I pds T
—Zf f J. cs(x, b+ ks)p(x, t+ ks; 0%) x [y(x,t;0) — y(x, t;0")|dt dT dk
Cs 0

I ed, T
—ZI I f cs(x, Dp(x, 0%) x [y(x, t — ks;v) — y(x,t — kg; v*)]dt dT dk
s=1"¢s T-A+ks
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T-A *
—J‘ j op(’) x [y(x, t;0) = y(x, t;0*)]dt dT
av,,;*

IJ W) s 1y ) = y(x, o) dedr

T-A aVJ
: T-A
+ Z f J; —[0 bi(x,t + hi)p(x,t+ hi; 0*) x [y(x, t;0) — y(x, t;0)]|dt dx dh;.

(4.18)

Afterwards, using the facts that y(x,t,v) = y(x,t,v*) = ®y(x,t) for x € Q and t €
[-A,0) and y(x,t,v) = y(x,t,v*) = Wo(x,t) for x € I'and t € [-A,0), pla(x,t;v*) = 0 and
consequently plr(x,t;v*) =0fort € [T — A + A, T), we obtain

T
)tlf [y(v*) - Zd] X (y(v) - y(v*))dx dt = f f p(©*)(v-v*)dl dt. (4.19)
Q 0Jr
Substituting (4.19) into (4.5) gives
T
f f (p(©*) + LuNv*) (v —v*)dl dt > 0, Vv € Uyg. (4.20)
0oJr

The foregoing result is now summarized.

Theorem 4.2. For the problem (3.1)—(3.5), with the performance functional (4.1) with z4 € L*(Q)
and Ay > 0 and with constraints on controls (4.2), there exists a unique optimal control v* which
satisfies the maximum condition (4.20).

4.1. Mathematical Examples

Example 4.3. Consider now the particular case where U,q = U = L?>(X) (no constraints case).
Thus the maximum condition (4.20) is satisfied when

v* = —LN'p(v*). (4.21)

If N is the identity operator on L?(X), then from Lemma 4.1 it follows that v* € W*1(Q).

Example 4.4. We can also consider an analogous optimal control problem where the
performance functional is given by:

I(v) = 14 J; [y(x, t;0)|s - zd]sz dt+ ), IZ(NU)Udr dt, (4.22)

where z,; € L?(Z).
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From Theorem 3.4 and the Trace Theorem [20, Vol. 2, page 9], for each v € L?(X), there
exists a unique solution y(v) € W*(Q) with y|y € L2(Z). Thus, I(v) is well defined. Then,
the optimal control v* is characterized by:

A f (y(0)|s - za) [y(0)|s — y(v*)|g]dT dt + )LQJ‘ No*(v-0v*)dl'dt >0, VYoveUy.
b3 b3

(4.23)
We define the adjoint variable p = p(v*) = p(x, t; v*) as the solution of the equations:
- M + A (H)p(v*) + i fbi bi(x,t+ hy)p(x,t+ h;v")dh; =0
at P P o 1 7 1 P 7 1% 1 4
(x,t) eQx(0,T-A), h;e (a,b),
—0p(v*
g(tv ) + J*(t)P(U*) =0, (x/ t) € Qx (T -4, T)/
p(x,T;0") =0, x€Q,

(4.24)

plx, t;0") =0, (x,t)eQx[T-A+)\T),

op(v”)
bv,,,*

I pds
(x,t) = Z j cs(x, t+ ko)p(x, t + ks; v°)dks + A1 (yv*|s — z54),
s=1"YCs

(x,£) eI'x (0,T - A(T)), ks € (cs,ds),

op(v”)
avd*

(x,8) = li(y ()]s — zsa), (x,t) €T x(T-A(T),T).

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

Lemma 4.5. Let the hypothesis of Theorem 3.4 be satisfied. Then, for given zsy € L*(Z) and any
v € L%(X), there exists a unique solution p(v*) € W*1(Q) to the adjoint problem (4.24).

Using the adjoint equations (4.24)in this case, the condition (4.23) can also be written
in the following form:

T
.[ f (p(©*") + LuNv*) (v —v*)dl dt >0, Vv € Uyg. (4.25)
oJr

The following result is now summarized.

Theorem 4.6. For the problem (3.1)—(3.5) with the performance function (4.22) with zs4 € L*(Z)
and Ay > 0, and with constraint (4.2), and with adjoint equations (4.24), there exists a unique optimal
control v* which satisfies the maximum condition (4.25).
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Example 4.7 (u € L*(Q)). We can also consider an analogous optimal control problem where
the performance functional is given by:

I(u) =\ IQ [y(x, t;u) - zd]zdx dt+ ), IQ(Nu)udx dt, (4.26)

where z; € L?(Q).

From Theorem 3.4 and the Trace Theorem [20, Vol. 2, page 9], for each u € L%(Q), there
exists a unique solution y(u) € W*1(Q). Thus, I is well defined. Then, the optimal control
u* is characterized by:

)uJ‘ (y(u*) — za) [y(w) - y(u*)]|dx dt + AZJ Nu*(u—u)dxdt >0, Vu€U.. (4.27)
Q Q

We define the adjoint variable p = p(u*) = p(x, t; u*) as the solution of the equations:

apé ) e4*(t)pu)+2f bi(x,t + hi)p(x,t + h;u*)dh; = M (y(u*) - za),

(x/ t) € Q x (O/T - A)/ hi € (Lli, bi)/

apé ) +A Opwr) = (yW) —zq), (x,1) €Qx(T-A,T),

px,T;u") =0, x€Q,
(4.28)
ple,tu")=0, (x,t)eQx[T-A+LT),

ds
ap(” ) (x,1) = ZJ s (3t + ko)p(x, £ + ks u*)dks,
(x,1) €T x (0,T — A(T)), ks € (cs,ds),
O00) (520, (x,H)elx (T-AT),T).
av,,,*

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

Lemma 4.8. Let the hypothesis of Theorem 3.4 be satisfied. Then, for given z4 € L*(Q) and any
u € L%(Q), there exists a unique solution p(u*) € W(Q) to the adjoint problem (4.28).

Using the adjoint equations (4.28) in this case, the condition (4.27) can also be written in the
following form:

f (p(u*) + LoNu*) (u—u*)dxdt >0, Vu e Ugq. (4.29)
Q

The following result is now summarized.
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Theorem 4.9. For the problem (3.1)—(3.5) with the performance function (4.26) with z4 € L*(Q)
and Ay > 0, and with constraint (4.2), and with adjoint equations (4.28), there exists a unique optimal
control u* which satisfies the maximum condition (4.29).

Example 4.10. We can also consider an analogous optimal control problem where the
performance functional is given by:

I(u) =\ J; [yls(x, tu) - de]2d1“ dt+ A, J‘Q(Nu)u dx dt, (4.30)

where zs; € L*(Z).

From Theorem 3.4 and the Trace Theorem [20, Vol. 2, page 9], for each u € L?(Q), there
exists a unique solution y(u) € W (Q) with y|y € L?(Z). Thus, I is well defined. Then, the
optimal control u* is characterized by:

M f (y(u*) — zsa) [y(w) —y(u*)]dl dt + J\ZJ‘ Nu*(u—u)dxdt >0, YueU,. (4.31)
b3 Q

The above inequality can be simplified by introducing an adjoint equation, the form
of which is identical to (4.24). Then using Theorem 3.4 we can establish the existence of a
unique solution p = p(u*) = p(x, t;u*) € W*1(Q) for (4.24).

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

Lemma 4.11. Let the hypothesis of Theorem 3.4 be satisfied. Then, for given zsy € L*(2) and any
u € L%(Q), there exists a unique solution p(u*) € W(Q) to the adjoint problem (4.24)—(37).

Using the adjoint equations (4.24)—(37) in this case, the condition (4.31) can also be written
in the following form:

f (p(u*) + LoNu*)(u—u*)dxdt >0, VYueUgg. (4.32)
Q

The following result is now summarized.

Theorem 4.12. For the problem (3.1)—(3.5) with the performance function (4.30) with zsy € L*(X)
and Ay > 0, and with constraint (4.2), and with adjoint equations (4.24), there exists a unique optimal
control u* which satisfies the maximum condition (4.32).

5. Generalization

The optimal control problems presented here can be extended to certain different two cases.
Case 1: optimal control for 2 x 2 coupled infinite order parabolic systems with multiple time
delays. Case 2: optimal control for nxn coupled infinite order parabolic systems with multiple
time delays. Such extension can be applied to solving many control problems in mechanical
engineering.
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Case 1 (optimal control for 2 x 2 coupled infinite order parabolic systems with multiple time
delays). We can extend the discussions to study the optimal control for 2 x 2 coupled infinite
order parabolic systems with multiple time delays. We consider the case where v = (v;,v;) €
L2(X) x L?(3), the performance functional is given by [15, 16]:

I(v) = [1(v) + I(v) = 22: <)q j yl(x t,v) — zld] dxdt + )qf (Njv;)vidx dt> (5.1)
i=1

where zy = (214, Z24) € (L3(Q))".
The following results can now be proved.

Theorem 5.1. Let yo, ©o,¥o, v, and u be given with yo = (Yo, Yo2) € (W°°{aa,2}(£2))2, Y, =
(Wo1,Wo2) € (LA(%0), Do = (o1, Po) € (W=L(Q)’,0 = (v1,02) € (LX), and u =
(u1,up) € (W‘°°"1(Q))2. Then, there exists a unique solution y = (y1,y2) € (W‘°°'1(Q))2for the
following mixed initial-boundary value problem:

o 0 m_ b
2+ < 3 (-1)"a, D + 1> ZED) f iy Gt = hdh —ya = w,

|a|=0
in Q,h; € (a;i,b;),
5y2 lal , p2a . —
Z( 1), D* +1 y2+z bi(x, ) y2(x, t = hi)dhi + y1 = ua,
laf=0 a;
in Q,h; € (a;, b)),
yi(x, tiu) =D (x,t'), (x,t')eQx[-A,0),
yz(x, t,,' u) = (Dolz(x,t,), (x, tl) € Q x [—A,O), (52)
yl (x/ 0/ u) = y(),l/ X € Q/

ya(x,0,u) = yo2, X €Q,

b 1 ds
9y x,t) = ZI cs1(x, t)y1(x,t —ks)dks + vy, on Z, ks € (cs,ds),
avJ s=1"¢Cs

ayz

| pd,
< _ ZI c2(x, V) yo(x, t —kg)dks +v2, on X, ks € (cs,ds),
av# s=1"¢Cs

yi(x, tiu) =% (x,t), (x,t)elx[-A,0),
v (x, tsu) =®oo(x,t'), (x,t') el x[-A,0),
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where

2
7

y=y(x tu) = (y1 (x,t;u), y2(x, t;u)) € <W°°'1(Q)>

u=u(x,t) = (u1(x, 1), u2(x,£)) € <<W°°'1(Q)>I>2, (5.3)

v=0(x,1) = (01(x,0),0a(x, ) € (1)

Lemma 5.2. Let the hypothesis of Theorem 5.1 be satisfied. Then for given zg = (214, 224) € (LZ(Q))2
and any v = (v1,02) € (LZ(Z))Z, there exists a unique solution p(v) = (p1(v), p2(v)) € (W°°’1(Q))2
for the adjoint problem:

op1(0) < Dy p2a 41 N bib t+h t+h;;v)dh
- |%}(—) a2, D% + pl(v)+§ bt hopy et hio)dhi + pa()

=M (y1(v) —z1a), (x,1) €Qx(0,T-A), hi € (a;, by),

_aPZ(v) S _1\lal 2a & (" . . . .
5 +<|§0( 1)"a,D* +1 pz(v)+§Libl(x,t+hl)pz(x,t+hl,v)dhl p1(v)

Z)Ll(yz(’(])—ZZd), (x,t)EQx(O,T—A), hiE(ai,bi),

apéiv) + (i (-1)"q,D* + 1>p1(v) =M1 (v) —z14), (x,t)€Qx(T-A,T),
|a|=0

op2(v)
ot

+ <i (—1)|“|aaD2“ + 1>p2(v) =0 (12(v) — z24), (1) €Qx(T-A,T),

|a|=0
pi(x,T;v) =0, pa(x,T;v)=0, x€ Q,
pl(x/t;v)=0/ PZ(x;t}v)zo/ (x/t)EQX[T_A"-)L/T)/

0 B3 Lo
opx o) Zj Co1(x, 4 ko)pi(x, t + ko 0)dks,  (x,8) €T x (0,T - A), ks € (Cs,ds),
avd* s=1"Cs
op(x, ;o) G (-
v = J‘ co(x,t+ko)pa(x,t + ks;v)dks, (x,t) €I x(0,T - A), ks € (cs,ds),
4 s=1"YCs
op1(x,t) opa(x, t)
o P % (T - A(T),T).
=0, BED 0, (xh el x(T-AM),T)

(5.4)
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Theorem 5.3. The optimal control v* = v*(x,t) = (v](x,t),v5(x,t)) € (LZ(Z))2 is characterized by
the following maximum condition:

T
f J‘ ([p1(©*) + LaN1o7] (01 = 07) + [p2(0*) + LaNL©v3| (02 — v3) )dI dt > 0,
0 r (5.5)

Yo = (v, 7)) € <L2(Z)>2,

where p = p(x,t;v) = (p1(x,t;0), p2(x, t;0)) € (W""fl(Q))2 is the adjoint state.
The foregoing result is now summarized.

Theorem 5.4. For the problem (5.2) with the performance function (5.1) with zq = (214, z24) €
(LZ(Q))2 and Ay > 0, and with constraint: Uga is closed, convex subset of (LZ(Z))Z, and with
adjoint problem (5.4), then there exists a unique optimal control v* = v*(x,t) = (v](x,t),v5(x,t)) €
(LZ(Z'))2 which satisfies the maximum condition (5.5).

Case 2 (optimal control for (n xn) coupled infinite order parabolic systems with multiple time
delays). We will extend the discussion to (nxn) coupled infinite order parabolic systems. We
consider the case where v = (v1,vs,...,7,) € ((L3(Z))", the performance functional is given
by [15, 16]:

n

I(v) = Z()qf lyj(x, t;0) - zja] dxdt+)L2f (Njvj)vjdx dt> (5.6)

j=1

where zq = (214, 224, - .-, Zna) € (L*(Q))".
The following results can now be proved.

Theorem 5.5. Let yo, @9, ¥o, v, and u be given wzth yp Yp 1, Yp2r-- - Ypn) € WP{ay, 2}(2))",

= (g1, Do, ..., Pon) € (W*H(Qp))", (‘FO,L‘Po,z, W) € (L2(20)", v =
(Ul,’Uz,. .., Uy) € (L2(Zo))", and u = (ul,uz,...,un) € (W‘°°"1(Q))". Then, there exists a unique
solution y = (1,2, .-, Yn) € (W>1(Qo))" for the following mixed initial-boundary value problem:
forall j,j=1,2,...,none has

0

E)yt] +S(H)y;(x, t) +Zj bi(x,t)y;(x,t - h;)dh; = uj,
(x,t) €Qx(0,T), hi€ (aby),

yi(x,t) =@y (x,t") (x,t)eQx[-4,0),

yj(xr O) = yO,j(x)/ X € Qr
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(x,t) ZJ‘ cs(x, B)y;(x, t = ks)dks +vj,

(x,t) €T'x (0,T), ks€ (cs,ds),
yi(x,t) =%o,(x,t'), (xt)elx[-A,0),

(5.7)
where
y=y, tu) = (y(x ), ya(x, bu), ..., ya(x, u)) € <W°°'1(Q)> ,
u= u(xl t) = (ul (x/ t)/ uQ(x/ t)/ . '/un(xr t)) € <W_°O’_1 (Q))nl (58)
v=0(xt) = (01(x,1),02(x, ), ..., 00(x, 1)) € (L2(2)>".
The operator S(t) is an n x n matrix takes the form [15, 16, 18, 22]:
S(t)
[ 3 (-1)a,D +1 1 . 1 \
|a|=0
1 S (-1, D 41 - -1 (5.9)
_ lal=0 , ’
\ 1 1 C S (<D)lg D 1
la|=0 / nxn
that is
S(tyj(x) = D, (-D"a:D*y;(x) + 3 Byyj(x), Vij=12...,n (5.10)
|a|=0 r=1
where
B, = {1’ fizr (5.11)
-1, ifj<r.

Lemma 5.6. Let the hypothesis of Theorem 5.5 be satisfied. Then for given zq = (214, Z2d, - - -, Znd) €
(L*(Q))" and any v(x,t) = (vi(x,t),02(x,1t),...,00(x, 1)) € (L*(X))", there exists a unique
solution

p(v) =p(x,t0) = (pi(x, 50), p1(x, 50), ..., pu(x, t;0)) € <W°°'1(Q)>n, (5.12)



22 Journal of Applied Mathematics

for the adjoint problem: for all j,j=1,2,...,n, one has

ré))]t + 5*(t)p](7]) + ; J;_ b,»(x,t + hi)pj(x,t+ hi; ’U)dhi = )11 (]/](’U) - Z]'d),
(.X', t) € € x (O/T - A)r hi € (ai/ bi)/
opj(v) .
# + 8 (t)pi(0) = Ai(yi(©) - zja), (x,t) € Qx (T-A,T),
pi(x,T,v)=0, xe€Q,
plx,t;0)=0, (x,t)eQx[T-A+AT),
ap; (v) I ds
Pj
(x,t) = Z cs(x,t+ ks)pj(x,t + ks;v)dks, (x,t) €' x (0, T - A), ks € (cs,ds),
aV5* s=1+"¢Cs
O
Pi®) o0, (ot)eTx (T-AT),
OV
(5.13)
where
S (Bpj(x) = >, (-D)¥a,D*p;(x) + 3 Bypj(x), Vjj=12,...,n, (5.14)
|a|=0 r=1

B,; are the transpose of Bj;.

Theorem 5.7. The optimal control v* = v*(x,t) = (v](x,t),v5(x,t),...,v,(x,t)) € (L2(Z))" is
characterized by the following maximum condition:

D L [P @) + Njv| (v - v} )drdt 20, Vo =(v1,02,...,0) € Ua)",  (515)
j=1

where
p(0*) =p(x, t;0%) = (p1(x, 07), p1(x, 50%), ..., pu(x, t;0%)) € <W°°'1(Q)>n (5.16)

is the adjoint state.
The foregoing result is now summarized.

Theorem 5.8. For the problem (5.7) with the performance function (5.6) with zg =
(214, Z2d, - - Zna) € (L2(Q))" and X, > 0, and with constraint: Uy is closed, convex subset of
(L2(X))", and with adjoint equations (5.13), then there exists a unique optimal control v* = v*(x,t) =
(V] (x, t),v5(x,t),...,05(x,t)) € (L2(X))" which satisfies the maximum condition (5.15).
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In the case of performance functionals (4.1), (4.22), (4.26), (4.30), (5.1), and (5.6) with
A1 > 0 and A, = 0, the optimal control problem reduces to minimization of the functional on
a closed and convex subset in a Hilbert space. Then, the optimization problem is equivalent
to a quadratic programming one, which can be solved by the use of the well-known Gilbert
algorithm.

6. Conclusions

The optimization problem presented in the paper constitutes a generalization of the optimal
boundary control problem for second-order parabolic systems with Neumann boundary
condition involving constant time lag appearing in the state and in the boundary conditions
considered in [1, 5-9, 14-16, 18, 21, 32].

Moreover, the results obtained in this paper (Theorems 4.2, 4.6, 5.4, and 5.8) can be
treated as a generalization of the optimization theorems proved by [8-10]. Also the main
result of the paper contains necessary and sufficient conditions of optimality for (n x n)
infinite order parabolic systems with multiple time delays given in integral form both in the
state equation and in the Neumann boundary condition that give characterization of optimal
control (Theorem 5.8). But it is easily seen that obtaining analytical formulas for optimal
control are very difficult. This results from the fact that state equations (5.7), adjoint equations
(5.13), and maximum condition (5.15) are mutually connected that cause that the usage of
derived conditions is difficult. Therefore we must resign from the exact determination of the
optimal control and therefore we are forced to use approximation methods.

Also it is evident that by modifying:

(i) the boundary conditions, (Dirichlet, Neumann, mixed, etc.),
(ii) the nature of the control (distributed, boundary, etc.),

)
)
(iii) the nature of the observation (distributed, boundary, etc.),
(iv) the initial differential system,

)

(v) the time delays (constant time delays, time-varying delays, multiple time-varying
delays, time delays given in the integral form, etc.),

(vi) the number of variables (finite number of variables, infinite number of variables
systems, etc.),

(vii) the type of equation (elliptic, parabolic, hyperbolic, etc.),
(viii) the order of equation (second order, Schrodinger, infinite order, etc.),
(ix) the type of control ( optimal control problem, time-optimal control problem, etc.),
an infinity of variations on the above problems are possible to study with the
help of [19] and Dubovitskii-Milyutin formalisms [22-27]. Those problems need further

investigations and form tasks for future research. These ideas mentioned above will be
developed in forthcoming papers.

Acknowledgments

The research presented here was carried out within the research programme of the Taibah
University-Dean of Scientific Research under Project no. 806/1433. The author would like to
express his gratitude to the anonymous reviewers for their very valuable remarks.



24 Journal of Applied Mathematics

References

[1] A.Kowalewski, “Optimization of parabolic systems with deviating arguments,” International Journal
of Control, vol. 72, no. 11, pp. 947-959, 1999.

[2] P. K. C. Wang, “Optimal control of parabolic systems with boundary conditions involving time
delays,” SIAM Journal on Control and Optimization, vol. 13, pp. 274293, 1975.

[3] G. Knowles, “Time-optimal control of parabolic systems with boundary conditions involving time
delays,” Journal of Optimization Theory and Applications, vol. 25, no. 4, pp. 563-574, 1978.

[4] K.H.Wong, “Optimal control computation for parabolic systems with boundary conditions involving
time delays,” Journal of Optimization Theory and Applications, vol. 53, no. 3, pp. 475-507, 1987.

[5] A. Kowalewski, “Boundary control of distributed parabolic system with boundary condition
involving a time-varying lag,” International Journal of Control, vol. 48, no. 6, pp. 2233-2248, 1988.

[6] A.Kowalewski, “Optimal control of distributed parabolic systems involving time lags,” IMA Journal
of Mathematical Control and Information, vol. 7, no. 4, pp. 375-393, 1990.

[7] A.Kowalewski, “Optimal control of distributed parabolic systems with multiple time-varying lags,”
International Journal of Control, vol. 69, no. 3, pp. 361-381, 1998.

[8] A. Kowalewski, “Optimal control of distributed parabolic systems with multiple time delays given
in the integral form,” IMA Journal of Mathematical Control and Information, vol. 22, no. 2, pp. 149-170,
2005.

[9] A. Kowalewski, “Time-optimal control of infinite order hyperbolic systems with time delays,”
International Journal of Applied Mathematics and Computer Science, vol. 19, no. 4, pp. 597-608, 2009.

[10] A.Kowalewskiand J. T. Duda, “An optimization problem for time lag distributed parabolic systems,”
IMA Journal of Mathematical Control and Information, vol. 21, no. 1, pp. 15-31, 2004.

[11] A. Kowalewski and A. Krakowiak, “Time-optimal boundary control of an infinite order parabolic
system with time lags,” International Journal of Applied Mathematics and Computer Science, vol. 18, no. 2,
pp. 189-198, 2008.

[12] W. Kotarski, Some Problems of Optimal and Pareto Optimal Control for Distributed Parameter Systems, vol.
1668, Silesian University, Katowice, Poland, 1997.

[13] W. Kotarski, H. A. El-Saify, and G. M. Bahaa, “Optimal control of parabolic equation with an infinite
number of variables for non-standard functional and time delay,” IMA Journal of Mathematical Control
and Information, vol. 19, no. 4, pp. 461-476, 2002.

[14] W. Kotarski and G. M. Bahaa, “Optimality conditions for infinite order hyperbolic control problem
with non-standard functional and time delay,” Journal of Information & Optimization Sciences, vol. 28,
no. 3, pp. 315-334, 2007.

[15] H. A. El-Saify, “Optimal control of n x n parabolic system involving time lag,” IMA Journal of
Mathematical Control and Information, vol. 22, no. 3, pp. 240-250, 2005.

[16] H. A. El-Saify, “Optimal boundary control problem for n x n infinite-order parabolic lag system,” IMA
Journal of Mathematical Control and Information, vol. 23, no. 4, pp. 433-445, 2006.

[17] I. M. Gali, H. A. El-Saify, and S. A. El-Zahaby, “Distributed control of a system governed by Dirichlet
and Neumann problems for elliptic equations of infinite order,” in Functional-Differential Systems and
Related Topics, 111, pp. 83-87, Higher College Engineering, Zielona Géra, Poland, 1983.

[18] H. A. El-Saify and G. M. Bahaa, “Optimal control for n x n hyperbolic systems involving operators of
infinite order,” Mathematica Slovaca, vol. 52, no. 4, pp. 409-424, 2002.

[19] J.-L. Lions, Optimal Control of Systems Governed by Partial Differential Equations, Translated from the
French by S. K. Mitter. Die Grundlehren der mathematischen Wissenschaften, Band 170, Springer,
New York, NY, USA, 1971.

[20] J. L. Lions and E. Magenes, Non-Homogeneous Boundary Value Problem and Applications. I, Springer,
New York, NY, USA, 1972.

[21] W. Kotarski, H. A. El-Saify, and G. M. Bahaa, “Optimal control problem for a hyperbolic system with
mixed control-state constraints involving operator of infinite order,” International Journal of Pure and
Applied Mathematics, vol. 1, no. 3, pp. 241-254, 2002.

[22] G. M. Bahaa, “Quadratic Pareto optimal control of parabolic equation with state-control constraints
and an infinite number of variables,” IMA Journal of Mathematical Control and Information, vol. 20, no.
2, pp. 167-178, 2003.

[23] G. M. Bahaa, “Time-optimal control problem for parabolic equations with control constraints and
infinite number of variables,” IMA Journal of Mathematical Control and Information, vol. 22, no. 3, pp.
364-375, 2005.



Journal of Applied Mathematics 25

[24] G. M. Bahaa, “Time-optimal control problem for infinite order parabolic equations with control
constraints,” Differential Equations and Control Processes, no. 4, pp. 64-81, 2005.

[25] G. M. Bahaa, “Optimal control for cooperative parabolic systems governed by Schrodinger operator
with control constraints,” IMA Journal of Mathematical Control and Information, vol. 24, no. 1, pp. 1-12,
2007.

[26] G. M. Bahaa, “Quadratic Pareto optimal control for boundary infinite order parabolic equation with
state-control constraints,” Advanced Modeling and Optimization, vol. 9, no. 1, pp. 37-51, 2007.

[27] G. M. Bahaa, “Optimal control problems of parabolic equations with an infinite number of variables
and with equality constraints,” IMA Journal of Mathematical Control and Information, vol. 25, no. 1, pp.
37-48,2008.

[28] G. M. Bahaa and W. Kotarski, “Optimality conditions for n x n infinite-order parabolic coupled
systems with control constraints and general performance index,” IMA Journal of Mathematical Control
and Information, vol. 25, no. 1, pp. 49-57, 2008.

[29] Ju. A. Dubinskit, “Sobolev spaces of infinite order, and the behavior of the solutions of certain
boundary value problems when the order of the equation increases indefinitely,” vol. 98, no. 2, pp.
163-184, 1975 (Russian).

[30] Ju. A. Dubinskil, “Nontriviality of Sobolev spaces of infinite order in the case of the whole Euclidean
space and the torus,” vol. 100, no. 3, pp. 436—446, 1976 (Russian).

[31] J. A. Dubinskii, “Sobolev spaces of infinite order and differential equations. Mathematics and its
applications,” East European Series, vol. 3, p. 164, 1988.

[32] W. Kotarski and G. M. Bahaa, “Optimal control problem for infinite order hyperbolic system with
mixed control-state constraints,” European Journal of Control, vol. 11, no. 2, pp. 150-156, 2005.



-

Advances in

Operations Research

/
—
)

Advances in

DeC|S|on SC|ences

Mathematical Problems
in Engineering

Algebra

2

Journal of
Probability and Statistics

The Scientific
\(\(orld Journal

International Journal of

Combinatorics

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Hindawi

Submit your manuscripts at
http://www.hindawi.com

Journal of

Mathematics

Journal of

DISBJBLL alhematics

International Journal of

Stochastic Analysis

Journal of

Function Spaces

Abstract and
Applied Analysis

Journal of

Applied Mathematics

ol

w2 v (P
/

e

\jtl (1)@" W, E

International Journal of
Differential Equations

ces In

I\/lathémamcal Physics

Discrete Dynamics in
Nature and Society

Journal of

Optimization



