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SUFFICIENT OPTIMALITY CONDITIONS FOR DIRICHLET
BOUNDARY CONTROL OF WAVE EQUATIONS

Andrzej Nowakowski

Abstract— We study optimal control problems for wave
equations (focusing on the multidimensional wave equation)
with control functions in the Dirichlet boundary conditions
under pointwise control (and we admit state - by assuming
weak hypotheses) constraints.

I. INTRODUCTION

The paper is devoted to study optimal control problems
for state-constrained wave equations with controls as well in
state equation as in Dirichlet boundary conditions. We study
problem (P) governed by multidimensional wave equation:

minimize J(x,u,v) = / L(t,2,x(1,2), u(t, 2))drdz

J[0,7]xQ

—&—/y;h(t,z,v(t,z))dtdz—l—/gl(x(T,z))dz

subject to
X (1,2) — Apx(t,2) = f(£,2,x(t,2),u(t,z)) a. e.on (0,T)xQ
x(0,2) =¢(0,2), x(0,z2) =y (0,z) on Q 8;
x(t,z) =v(t,z) on (0,T)xT (3)
u(t,z) €U a.e. on (0,T)xQ 4)
v(t,z2) €V on (0,T)xT 5)

where Q is a given bounded domain of R" with boundary
F=0Qof C2, £ =(0,T)xI, U CR™ and V C R are given
nonempty sets, V - closed; L, f:[0,T] x Qx Rx R™ — R,
l:R—R, h:[0,T]xQxR—R and @,y : R"! - R
are given functions, ¢(0,-) € L*(Q), y(0,") € H'(Q);
x:[0,T] xQ — R, x € W»2((0,T) x Q)N C([0,T];L*(Q))
and u: [0,T] x Q — R™, v:[0,T] xI' — R are Lebesgue
measurable functions in suitable sets. We assume that the
functions L, f, h,[ are lower semicontinuous in their domains
of definitions. Assuming the lower semicontinuity of theses
functions only we admit that state x may satisfy some
pointwise state constraints e.g. that x(z,z) € C for a.e. (¢,z) €
[0,T] x Q with C a closed set in R. We call a trio x(¢,z),
u(t,z), v(t,z) to be admissible if it satisfies (1)-(5) and
L(t,z,x(t,z),u(t,z)), h(t,z,v(t,z)) are summable; then the
corresponding trajectory x(z,z) is said to be admissible.
There are only a few results [15], [16] on boundary control
problems for the wave equation and/or for other partial differ-
ential equations of the hyperbolic type. Generally, hyperbolic
equations exhibit less regularity. This is why in that paper
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we assume that system (1)-(5) admits at least one solution
belonging to W22((0,T) x Q) NC([0,T];L*(Q)).

The aim of the paper is to present sufficient optimality
conditions for problem (P) in terms of dynamic programming
conditions directly. In literature, there is not work which
study problem (P) directly by a dynamic programming
method. The only results known to the author for parabolic
(also abstract case) (see e.g. [S], [6], [14] and literature
therein) treat problem (P) first as an abstract problem with an
abstract evolution equation (1) and then derive from abstract
Hamilton-Jacobi equations suitable sufficient optimality con-
ditions for problem (P). We would like to stress that the
problem with Dirichlet boundary control is rather difficult
to treat by abstract formulation of the problem as then the
abstract space of function on Q need to depend on control
also on dQ i.e. we need to consider the abstract space
depending on control. We refer the reader to [12] and their
bibliographies for more discussions on important differences
between parabolic and hyperbolic systems.

We propose almost a direct method to study (P) by a
dual dynamic programming approach following the method
described in [17] for one dimensional case and in [8] for
multidimensional case. We move all notions of a dynamic
programming to a dual space (the space of multipliers)
and then develop a dual dynamic approach together with a
dual Hamilton-Jacobi equation and as consequence sufficient
optimality conditions for (P). We also define an optimal dual
feedback control and we formulate sufficient conditions for
optimality in terms of it. Such approach allows us to weak
significantly the assumptions on the data. An approximate
minimum in terms of the dual dynamic programming is also
investigated.

II. ADUAL DYNAMIC PROGRAMMING

Let P C R"3 be a set of the variables (¢,z,p) = (¢,z,°,y),
(t,z) €[0,T] x Q, y* <0, y €R, and let ¢ = (*,c) € R?
be fixed. The constant ¢ is introduced because of practical
purpose only, in order to make easier calculations of some
relation stated below for concrete problems (see section
Example). We adopt the convention that cp = (coyo,cy)
for (¢,z,p) € P. Let X: P — R be such a function of the
variables (#,z,p) that for each admissible trajectory x(z,z)
there exists a function p(t,z) = (3°,y(t,2)), p € W22([0,T] x
Q)NC([0,T);L*(Q)), (t,z,p(t,z)) € P such that

x(t,z) = %(t,z,p(t,2)) for (t,2) €[0,T]xQ.  (6)

Now, let us introduce an auxiliary function V(z,z,p): P —
R being of C? such that the following two conditions are
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satisfied:

V(t,2,ep) = "¥Vyo (1,2,6p) + cyVi (1, 2,ep) = epV, (1,2,2p),

for (¢,z) € (0,T) x Q, (¢,z,¢cp) € P (7

V.V(t,z,ep)v(z) = Coyovzvyo (t,z,cp)v(2),
for (z,z) € [0,T] x 9Q, (¢,z,¢cp) € P. (8)

where v(-) is the exterior unit normal vector to dQ and
VV(t,z,p) means "V’ of the function z — V(¢,z,p). The
condition (7) is a generalization of transversality condition
known in classical mechanics as orthogonality of momentum
to the front of wave. The condition (8) is of same meaning
but taken on the boundary. Similarly as in classical dynamic
programming define at (¢,5(-)), where p(-) = (3°,3(-)) is
any function p € W>(Q), (t,2,p(z)) € P, (t,z) € [0,T] x Q,
a dual value function Sp by the formula

Sp (l,ﬁ()) = inf{_COyO f[t,T]XQL(Tvz7x(T>Z)7M(T7Z))deZ

=% [ 1 (x(T,2))dz —"3° f[t,T]xBQh(TvZvv(fvz))dfdz}

)

where the infimum is taken over all admissible trios x(7,-),
u(t,-), v(t,-), T € [t,T] such that

x(t,z) = X(t,z,p(z)) for z€Q (10)

%(t,z,p(z)) =v(t,z) for z€IQ (11)

i.e. whose trajectories start at (¢,%(¢,-,p(-)) and for which
there exists such a function p(7,z) = ,y(1,2)), p €
W22([t,T) x Q) N C([t, T):L*(Q)). (7.2,2p(7,2)) € P, that
x(t,z) = X(t1,z,¢p(t,z)) for (1,z) € (¢,T) x Q and

y(t,2) =F(z) for z€Q. (12)

Then, integrating (7) over Q, for any function p(-) =
(.50). B € W(Q), (1,2,5() € P, (1,2,¢p(z)) € P,
such that x(-,-) satisfying x(z,z) = %(t,z,p(z)) for z€Q,
is an admissible trajectory, we also have the equalities:
JaV(t,2,¢p(2))dz+ [0 V2V (t,2,2p(2))v(2)dz

= .—;fgf)(z)x(l,z,ﬁ(z»dz - SD (taﬁ()) )
wit

/g *5°Vyo (1,2,€p(2))dz

9 | V(2@ vz = =S (1.5 (). (13

and assuming

for (t,7) € (0,T) x Q, (t,z,¢p(z)) € P.
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Denote by the symbol A 4 the sum of the second partial
derivatives of the function 4 : P — R with respect to the
variable z;, i=1,...,n, i. e.
9h
Azh(taz7p) ::Zyzlaizz(tvzap)' (14)
It turns out that the function V (¢,z, p) being defined by (II),
(13) satisfies the second order partial differential system

Vtt(fyZ,EP) _AZV(I7Z7EP) +H(I,Z, —Vy(t,z,Ep)fp) =0,

(15)
(t,z) € (0,T) x Q,(,z,cp) € P,
V. V(t,z,¢p)v(z) + Hx(t,z,0p) =0,
(t,2) € (0,T) x dQ, (t,z,cp) € P
where
H(t,z,x,ép) = ®YOL(t,z,x,u(t,z, p)) (16)

+eyf(t,z,x,ult,z,p)), Hs(t,z,cp) = h(t,z,v(t,z,p))

and u(t,z,p), v(t,z,p) are optimal dual feedback controls,
respectively on (0,7) x Q and (0,7) x dQ, and the dual
second order partial differential system of multidimensional
dynamic programming (DSPDEMDP)

sup {Vn(t»ZvEP) - sz(tvzvfp) +COyOL(tvzv _V)f(taZvEp)u M)

+cyf(t,z,—Vy(t,z,ep),u) :u €U} =0, (17)
(t,2) € (0,T) x Q,(t,z,cp) € P
sup{V.V(t,z,cp)v(z) + ¥’ h(t,z,v) :v € V} =0,
(t,2) €(0,T) x 9Q, (t,z,¢p) € P. (18)

Let us note that the function %(¢,z,p) introduced at the
beginning of this section a little bit artificially in fact it is
defined by —V,(t,z,p), where V is a solution to (17), i.e.
knowing the set P and V, we are able to know the set X
where our original problem we need to consider.

III. A VERIFICATION THEOREM

The most important conclusion of a dynamic programming
is a verification theorem. We present it in a dual form
accordingly to our dual dynamic programming approach
described in the previous section.

Theorem Let X(z,2), u(t,z), (t,z) € (0,T) x Q, ¥(t,z),
(t,7) € (0,T) x dQ, be an admissible trio. Assume that
there exist ¢ = (c”,c) € R?> and a C? solution V(t,z,p) of
DSPDEMDP (17) on P such that (7), (8) hold. Let further
p(1,2) = (5°.5(1,2)). p € W?2([0,T] x Q) NC((0,T]:L*(Q)),
pEL?([0,T] x dQ), (t,z,¢p(t,z)) € P, be such a function that
x(t,z) = —Vy(t,2,¢p(t,z)) for (t,z) € (0,T) x Q. Suppose that
V(t,z,p) satisfies the boundary condition for (7,z,¢p) € P,

%’ / (d/dt)Vyo(T,z,ep)dz = coyo/ L(=Vy(T,z,cp))dz.
Ja e (19)
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Moreover, assume that

Vi (t,2,ep(t,2)) — AV (1,2,Ep(1,2))
+c%5°L(t,z,~V,(t,2,ep(t,2)), 1tz ))
+c¥(1,2) f (1,2, =Wy (t,2,ep(t,2)), u(t,z)) =0,
for (1,2) € (0,T) x Q, (V) V(t,2,0p(t,2))v ()
+c®Oh(t,2,9(t,2)) =0, for (1,z) € (0,T) x 2

Then X(z,z), u(t,z), (t,z) € (0,T) xQ, ¥(t,z), (t,z) € (0,T) x
dQ, is an optimal trio relative to all admissible trios x(z,z),
u(t,z), (t,2) € (0,T) x Q, v(t,2), (¢,2) € (0,T) x dQ, for
which there exists such a function p(t,z) = (7°,y(t,2)),
peW22([0,T] x Q)NC([0,T);L*(Q)), p € L*([0,T] x 9Q),
(t,z,ep(t,2)) € P, that x(t,z) = =V, (t,z,cp(t,z)) for (t,2) €
(0,T) xQ, v(t,z) = =V,(t,z,cp(t,z)) for (t,z) € (0,T) xIQ
and

(20)

¥(0,2) =
Proof: Let x(t,z),

¥(0,z) for z€ Q.

u(t,z), (t,z) € (0,T) x Q, v(t,z),
(t,2) € (0,T) x dQ, be an admissible trio for which there
exists such a function p(t,z) = (°,y(¢,2)), p € W>2([0,T] x
Q)NC([0,T;L*(RQ)), p € L*([0,T] x IQ), (t,z,¢p(t,z)) € P,
that x(¢,z) = —V,(¢,z,¢p(t,z)) for (1,z) € (0,T) x Q, v(t,z) =
—Vy(t,z,¢p(t,2)) for (r,z) € (0,T) x dQ and (21) is satisfied.
From transversality condition (7), (8), we obtain that for
(1,2) € (0,T) x Q,

Vit (t,z,Ep(t,z)) —AV(t,z,ep(t,z)) =
5 [ (¢ /dr?) Vo (1,2,2p(1,2)) = (A Vi (1.2,2p(1,)) |

+ey(t,2) [(d2/dr*) Vy (Az)Vy(hz,Ep(m)();i)
(since V is of C2, V,(t,z,ep(t,z)) = —x(t,z) and x €
W22([0,T] x Q) therefore, by (7 ), the above derivatives
make sense) and for (¢,z) € (0,T) x 0Q,
(VZ)V(t7Z75p(taZ))V(Z)
= (V) Vi (t1,2,8p(t,2))v(2).
Since x(t,z) = —V,(t,z,¢p(t,z)), for (t,z) € (0,T) x Q, (1)
shows that for (£,z) € (0,T) x
(@?/dr*) Vy(t,2,ep(t,2)) — (A:) Vi (t,2,2p(t,2) =
_f(t < (t Z,Cp([ Z)) (I,Z))
and boundary control (3) shows that for (z,z) € (0,T) x dQ,

2n

(t,z,ep(t,2)) —

(23)

(24)

—Vy(t,z,¢p(t,2)) = v(t,2).
We conclude from (22)-(24) that for (¢,z) € (0,T) x Q,

YO[(d?/dr*) Vi (t,2,2p(1,2)) — (A2) Vo (t,2,2p(1,2))

+L(t,2,—Vy (t z,ep(t,2)),u(t,2))] = Vu (t,2,p(t,2))

—AV(t,2,p(t,2)) + YL(t,2, =V, (1,2,ep(t,2)), u(t,2))
+ey(t,2) f(t.2,—Vy(t,2,¢p(t,2)),u(t,z)) (25)

and for (,z) €
O (Vo) Vio(t,2,8p(1,2))v(2) + 3h(t, 2,v(1,2))

(0,T) x 09,

WeB07.2

= (V) V(t,z,ep(t,2))v(z) + 5 h(t,z,v(t,z2)),
Hence, by (17) and (25), we infer that
O1(d?/di*) Vi (1,2,ep(1,2)) — (A:) Vi (1,2,2p(t,2)) (27)
+L(t,z,—Vy(t,z,ep(t,2)),u(t,z))] <0 for (t,z) € (0,T) x Q
and for (¢,z) € (0,T) x dQ
I (Vo) Vo(t,2,p(1,2))v(2) + "30h(1,2,v(1,2)) <O (28)
and finally, after integrating (27) that

030 d?/di*) Vo (t,z,eplt,
[ [(€1P) Vol zap(e.2)

— (divV,)Vio(t,z,cp(t,z))dtdz

(26)

< _C04) L([,Z,X(Z,Z),
[0,T]xQ

Similarly in the set (0,7) x dQ we have

u(t,z))drdz.(29)

% (Vo) Vyo(t,z,ep(t,2))v(z)dtdz
0,7]x0Q

0
< _coyo/ h(t,z,v(t,z))dtdz. (30)
[0,T]x9Q

Thus from (29), (30), ( 19), (21), and the Green formula it
follows that
050 /

—(d/dt)Vy(0,z,¢

W(T,z,ep(T,z2)))
cy(() 2))dz

—%° (/asz (Vo) Vi (t,z,coﬁ),cy(t,z))v(z)dz> dt

0.7]
< —coyo/ L(t,z,x(t,2),u(7,2))dtdz. (31)
[0,T]xQ
So by (31) and (30) we get
5 [ (/N Vi 0.2.¢%5 c5(0,2))dz

L(t,z,x(t,2),u(t,
[0,7]1xQ

—%° /Q 1(x(T,2))dz — 5"

In the same manner applying (20) and (25) we have for
(t,2) € (0,T) x Q

O3°1(d?/di?) Vyo (t,2,2p(1,2)) — (Ac) Vyo (1,2,2p (1, 2))

(#,2)] =0,

<%’ z))dtdz

h(t,z,v(t,2))dtdz. (32)
[0,7]x9Q

+L(t,z,—Vy(t,2,cp(t,2)), il
and for (7,z) € (0,T) x 9Q,
A5° (Vo) Vio(t,z,ep(t,2))v(2) +30h(t,2,9(t,2)) = 0.
Further we have

—c y‘)/ (d/dt)V,0(0,2,%°,c9(0,2))dz
=5 [ L), a)drdz
[0,T]xQ

—c%’ /Q 1(%(T,z))dz — °5° h(t,z,5(t,2))dtdz. (33)

[0,7]x9Q
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Combining (32) with (33) gives

Oﬁ’f[o 1)xa L(1,2,%(1,2),1(1,2) )drdz — 5"
—c% fo Tixa0h(t,z,9(t,2))dtdz <

—c% flo 1jxa L(t,2,x(1,2), u(t,2))dtdz
_C(H)fgz (x(T, ))dZ_COWf[o rixa0 h(t,2,v(t,2))dtdz,
(34)
which completes the proof. |
Remark The requirement in the theorem that V (¢,z, p)
is a C? solution of DSPDEMDP (17) on P such that (7),
(8) and (19) hold look very complicated and difficult to be
satisfied. However if we rewrite it to more nice form it is
not different much from known PDE systems. Thus let us
assume that = O put w =V, and rewrite (7) to the form

Vo= o5V — 5 Lsw (for Y < 0) then we get that V must
y c’y cvy
satisfy in P the following system of equations
1 cy
Vio = cOyO - —Coyo , (3%)
Vy=w,
‘/ft _AZV+H(taZ7_W7Ep) =0
with initial (end) condition
Vyo(T,Z,Ep) =0
and Neumann boundary condition
V:V(t,z,ep)v(z) + He(t,2,6p) =0,
(t,2) € (0,T) x 9, (t,z,cp) € P, (36)

where H and Hy are defined in the former section. If it
happens that both H and Hy are smooth enough functions
and n > 4 (dimension of Q) then the existence of continuous
and then smooth solutions for (35)-(36) can be obtained by
standard fixed point method (compare [16] and the smooth
case for Q = R" [18] , see also [13])

IV. AN OPTIMAL DUAL FEEDBACK CONTROL

It often occurs that for engineers and in practice a feedback
control is more important than a value function. It turns
out that dual dynamic programming approach allows also to
investigate a kind of feedback control which we name a dual
feedback control. Surprisingly it can have a better properties
than classical one - now our state equation depends only on
parameter and not additionally on state in feedback function,
which made the state equation difficult in order to solve.

Definition A pair of functions u = ii(t,z,p) from P of
the points (,z,p) = (t,2,y°,¥), (t,z) € (0,T) x Q, y* <0,
Y E€R, into U and (z,z,p) from a subset P of those points
(t,z,p) = (t,2,)°,y), (t,2) € (0,T) x 9Q, (t,z,p) € P, into
V is called a dual feedback control, if there is any solution
X(t,z,p), P, of the partial differential equation

:f(t,Z,i(t,Z,p),lZ(t,Z,p))

satisfying boundary condition

itt(tazap)fAZi(tvzvp) (37)

X(t,z,p) =7¥(t,z,p) on (0,T)xT,(t,z,p) € P

Jol(x(T,z))dz
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such that for each admissible trajectory x(¢,z),
[0,T] x Q, there exists such a function p(t,z) = (y°
peW22([0,T] x Q)NC([0,T];L*(Q)), p € L*([0,T] x 9Q),
(t,2,p(t,z)) € P, that (6) holds.

Definition A dual feedback control (u(z,z,p), v(t,z,p))
is called an optimal dual feedback control, if there exist a
function x(z,z,p), (t,z,p) € P, corresponding to #(t,z,p),
V(t,z,p)) as in Definition IV, and a function p(z,z) =
6°,5(10), 7 € W22(0,T] x Q) N C(0,TEIA(Q), j e
L2([0,T] x 9Q), (t,2,p(t,2)) € P, (t,z,¢p(t,z)) € P with ¢ =
(c%,¢), such that dual value function Sp (see (9)) is defined at
(t,p(t,-)) by u(t,z,p), v(7,z,p)) and corresponding to them
x(t,z,p), (t,2,p) €P, T€[1,T], i.e

(t,
y(t,2))
X

SD(tvﬁ(tv'))

%5’ u(t,2,p(7,2)))drdz

=—cy L(7,2,%(7,2,p(7,2)),
[1,T]1xQ
04)/

S I CER RS (CRNEE
[(,T]x9Q

and moreover there is V (¢, z, p) satisfying (7) and 8 for which

Vio satisfies the equality

—|—c0y0/

and V, satisfies

X(T,z,p(T,z)))dz

/Q ¥V, (t,2,ep(t,2))dz

o(t,z,ep(t,2))v(z)dz=—Sp (¢, (¢,"))

Vy(l,Z7Ep) = 7j(tazvp)

The next theorem is nothing more than the above verifica-
tion theorem formulated in terms of a dual feedback control.

Theorem Let (u(t,z,p), v(t,z,p)) be a dual feedback
control in P. Suppose that there exist ¢ = (c,¢) €
R?> and a C? solution V(t,z,p) of (17) on P such
that (7) and (19) hold. Let B(r,z) = (3°3(1,2)), P €
W22([0,T] x Q) N C([0,T];L*(Q)), p € L*([0,T] x 9Q),
(t,z,p(t,z)) € P, (t,2,cp(t,z)) € P, be such a function that
X(t,2) = x(1,2,p(t,2)), ult,z) = u(t,z,p(t,2)),(t,2) € (0, T) x
Q, ¥(t,z) =9(t,2,P(t,2)), (t,2) € (0,T) x dQ, is an admis-
sible trio, where X(¢,z,p), (¢,z,p) € P, is corresponding to
u(t,z,p) and v(z,z,p) as in Definition IV. Assume further
that Vy and Vjo satisfy:

Vy(tvzaEp) = —f(l,@p)

(t,2) €[0,T] x Q,(t,z,p) € P, (t,z,cp) € P,

5 [ Viote,z2p0.2)dz
—I—C(H)/ (/
= y / L(t z,x(t,z,P(t,2)),u(t,z,p(t,z)))dtdz
0.7]x0
5 [ 1T p(7,2) dz
Q

_ 050 / h(z,5,9(%,2,p(7,2)))dzds.
[1,T]x0Q

) Vilt, 2,50, ¢3(t,2))v (Z)dz) dt
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Then (u(t,z,p), v(t,z,p)) is an optimal dual feedback
control.

V. EXAMPLE

The example is linear but with control on the boundary so
it cannot be treated by any classical dynamic programming
approach. Moreover it is an applied example.

We shall consider a simply case of structural acoustic
system. Let Q = {(z1,22): =1 <71 <1, —1<z <1} be
the domain occupied by an acoustic medium (air). The
boundary S of the domain consists of two parts S; and
S>. The part S; corresponds to a thin wall (a shell) and
S> corresponds to a hard wall. An external acoustic eld,
through structural acoustic coupling, leads to high interior
sound pressure levels in Q . Piezoelectric elements (patches)
used to active control in order to reduce the sound pressure
levels in Q. Coupled problems for structural acoustic systems
were studied in a series of works, see [1]-[4], [10], [11] and
references therein. The acoustic dynamics is described by the
equation

X (£,2) — c3Ax(t,2) =0 in Q= (0,1) x Q. (33)

Here c(% is a positive constant and the pressure function ¢ in

the acoustic medium is defined by ¢ (¢,z) = pox; (¢,z) where
Po is the density of the acoustic medium in the ground state,
Po a positive constant. Let us put:

L(t,z,x,u) :==0
f(t7Z’x7u) = O

2
h(t,z,v) = (v—cos(r — %)Sin(ﬁzl)sin(zl—,o@))

1(x(+)) = po Jox(1,2)dz, ¢(0,z) =0

where (f,z,x,u) € [0,1] X QX RXR, n= 2, Y =
{(°y) €R?:)0<0, yeR}, c:= (%) ER* CpEY, s0
®>0,ceR, U=R, V=R. We have chosen the simplest

case of & in order one does not concentrate on technicalities
which are not related to the described dual method itself.
The Hamiltonian H : [0, 1] X QX RxY — R

H(t,z,x,cp) =0.
Therefore the first equation of DPDEMDP (17) has the form
Vi (2,2,6p) — AV (t,2,&p) =0 in Q= (0,1) x Q x R.

The solutions to (33), depending on {a;}, have the form

oo, 1
1,2) = ; t— = — —
x(t,2) j;ajcos(] 2)sm(2cojzl)sm(zcojzg)
1 1 1
+§ cos(t — g) sin(z—cozl ) sin(z—cozz).

We take into account only those solutions which belong
to W22((0,1) x Q)N C([0,1];L*(Q)). By controls on the
boundary we take just the functions

v :x’(O,l)XQQ .

WeB07.2

Our aim is to minimize the pressure level in Q and the cost
of activations of controls on the boundary i.e. we minimize
the functional

J(x,v) = po / x(1,2)dz+ / h(t,2,v(1,2))didz.
Q 0.1)x9Q

For solution to (??) we take

T 1 1
V(t,Z,Ep) = coyO Sin([ — E)Sin(TCOZI) Sin(TcOZZ) +Coyocyt

T 1 1
+(cy)* +tey — cycos(t — 5) sin(z—cozl ) sin(z—coa).
If we take ¢® =1, ¢ = 1/2, 3° = —1 then we easily check
that V from (??) satisfies transversality conditions (7), ( 8)
and boundary condition (19 ). Let us observe that

—Vy(t,Z,C_p(f,Z)) :)C(t,Z)
for y° = —1,

(¢ )——ZZa»cos( 't—E)sin(L' )sin(i’ )
y,z) = & J J ) ZC()JZl 2CO]Z2-
Let us take for v(z) the exterior unit normal vector to dQ

the vector
(1,0) for z=(—-1,z22), — 1<z <1,
V() = (1,0) for z=(1,22), —1 <z <1,
) (0,1) for z=(z1,-1), —1<z7 <1,
(0,1) for z=(z1,1), —1<z1 <1,

Then, taking into account (??) we see that
(V) V(t,z,cp(t,2))v(z) = 0, for (¢,2) € (0,1) x Q.
Therefore (V,)V(t,z,ép(t,2))v(z) + ¢Oh(t,z,7(t,2)) = 0,
for (¢,z) € (0,1) x dQ is realized for

v(t,z) = cos(t — g)sin(%zl) sin(LQ).

2c¢o 2¢o
Hence
X(t,2) = cos(r — E) sin(izl ) sin(izz).
2 26‘0 26‘0

VI. AN &-OPTIMIZATION

If we want to solve concrete problem (1)-(4) for particular
data then usually we are not able to solve it exactly espe-
cially the problem we consider is nonlinear. Therefore each
possibility to approximate our optimal problem (1)-(4) may
turn out very useful. Below we find a certain type of a such
approximation.

Definition Let £ >0 and ¢” > 0 be fixed. A function
Sep (t,p(t,-)) is called an € -dual value function, if

Sp (l,p(l, )) < Sep (l‘,p(l, ))
<Sp(t,p(1,-) —2ec’y Tvol (Q)

for any fixed 32 <O0.

Definition Let € > 0 and ¢ = (c°,¢) € R?, ¢ > 0 be fixed
and let V(t,z, p) be a given C? function such that ( 7)
and (19) hold. Let X¢(¢,2), ue(t,2), t € (0,T) x Q, Ve(t,2),
t € (0,7) x dQ, be an admissible trio and let p,(¢,z) =
(8,36 (1,2)), Pe € W2([0,T] x )N C([0, T|:L*(Q)), P, €
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L2([0,T] x 9Q), (t,z,cp,(t,z)) € P, be such a function that
e (1,2) = =V, (t,2,0P,(1,2)) for (t,z) € (0,T) x Q. The trio
Xe(1,2), ue(t,2), (£,2) € (0,T) x Q, ve(t,2), t € (0,T) X 9L,
is called an €-optimal trio if,

—c%5¢ L(t,2,%(1,2), e (1,2))dtdz
[0,T]xQ
—coyg/ l(fg(T,z)dz—coyg/ h(t,s,ve(t,z))dtds
Q [0,T]%9Q

<5 [ Ltz u)drd:
[0,T]xQ

—coys/l (T,z)dz—c ys/ h(t,s,v(t,z))dtds
[0,T]x9Q
—ec®¥Tvol (Q).

for all admissible trios x(¢,z), u(t,z), t € (0,T) X Q, v(¢,z),

€ (0,T) x dQ, for which there exists such a function
p(t,2) = (02,¥(t,2)), p € W*([0,T] x Q) NC([0, T]; L*(Q)),
p € L2([0,T] x 9Q), (t,z,¢p(t,z)) € P, that

x(t,2) = =Vy(t,2,ep(t,2)) for (1,2) € (0,T) x Q

and

¥(0,2) =5.(0,2) for z€Q

Similarly as The Verification Theorem one can prove the
following e-verification theorem

Theorem Let X¢(,2), Ue(t,2), (£,2) € (0,T) X Q, Ve(t,2),
t € (0,T) x dQ, be an admissible trio. Assume that there exist
£>0,c=(c)eR? ®>0,and a C? function V(t,z,p)
such that for (z,z,cp) € P:

Sup{‘ﬂ/lft(tvzazp) —A ﬁ(t ZaEp) —|—c0yOL(t,z,—Vy(t,z,fp),u)
+cyf(t,z,—Vy(t,z,cp),u) 1u € U} < —ec%,

Sup{V. 7 (1,2,6p)v(2) + <y0h(t,2,v) : v € V} < —ecy?,
(1,2) € (0,T) X A%, (t,2,p) € P

V(t,2,ep) =cpVy(1,2,ep), (1,2

VZV(t7Z75p)V(Z

for (t,7)

Let further pe(1,2) = (78,7 (1,2 ))

C0. THL(@). By € L2{[0.7] X 39, (1,2.24(0.2)) < P. be

such a function that Xe(t,z) = —Vy(t,2,cpe(t)) for (,2) €

(0,T) x Q. Suppose that V(t,z,p) satisfies the boundary
condition for (T,z,cp) € P,

cOyE/ (d/dt)V,o(T,z,cp)dz = ¢ yE/
Moreover, suppose that for almost all (¢,z) €

‘Zl(tvzaﬁe(t’z)v) _Azﬁ(tvza@e(taz))
+C0}4)8)L(tvza —Vy(ff,@a(faZ))yﬁs(th))
+Cy8(t,Z)f(t7Z, —Vy(t7Z,@g(l‘,Z)),ﬁg(t,Z)) Z 0’

)€ (0,T) xQ,(t,z,cp) € P,
) =YV Vo(t,z,ep)v(2),
€(0,T) x 9Q,(t,z,cp) € P.

. €W22([0,T] x Q)N

W (T,z,¢cp)) dz.

(0,T)xQ

WeB07.2

(V) V(1,2,pe(1,2))V(2) + *Veh(t,2,Ve(1,2)) > 0,

for almost all (¢,z) € (0,T) x dQ. Then X.(t,z), Ug(t,z),
(t,z) € (0,T) x Q, Ve(t,z), t € (0,T) x I, is an €-optimal
trio relative to all admissible trios x(t,z), u(t,z), (t,z) €
(0,T) x Q, v(t,z), t € (0,T) x dQ, for which there exists
such a function p(t,z) = (Y2,¥(¢,2)), p € W*2([0,T] x Q)N
C([0,T;L*(Q)), p € L*([0,T] x aQ), (t,z,¢p(t,z)) € P, that

x(t,2) = =Vy(t,2,2p(1,2)) for (1,2) € (0,T) x Q
is satisfied.
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