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Abstract. In this paper we consider a class of semilinear stochastic partial differential
equations with nonhomogeneous boundary conditions including noise and (boundary) con-
trol. The system is formulated as an abstract evolution equation in a suitable Hilbert space.
We prove existence and regularity of mild solutions. We consider Bolza problem and prove
existence of optimal controls for two classes of admissible controls, one being the class of
Gi-adapted measurable stochastic processes with values in a weakly compact subset of a suit-
able Hilbert space, and the other being the class weak star measurable G;-adapted signed

Borel measures containing point controls (or Dirac measures) as a special case.

1. INTRODUCTION

In recent years intensive research has been carried out in the area of nec-
essary conditions of optimality for stochastic systems of finite and some for
infinite dimensions along the line of the Pontryagin minimum principle [1-2],
[9,11,13,14,18]. See also the extensive references given therein. In [2] we con-
sider semi-linear neutral stochastic evolution equations with controls in the
drift and the diffusion operators and present necessary conditions of optimal-
ity. In [11] Duncan and Pasic-Duncan consider linear stochastic differential
equations on Hilbert spaces with exponential-quadratic cost functionals giving
differential operator Ricatti equations. They present also several interesting
examples from initial boundary value problems. Fuhrman, Hu and Tessitore
[13] present maximum principle for a class of stochastic partial differential
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equations subject to finite dimensional Brownian motion with controls ap-
pearing in the drift and the diffusion coefficients. The cost functional is of
Bolza type. Fuhrman et. al. consider regular controls and they develop
second order necessary conditions. In [14] Hu and Peng develop some fun-
damental results on the question of existence and uniqueness of solutions for
a large class of backward stochastic evolution equations (BSDE) on Hilbert
spaces. In [18] Zhou develops necessary conditions of optimality (maximum
principle) for a very general class of linear non-degenerate (strictly elliptic)
second order partial differential equations on a d-dimensional space with all
the coefficients containing control. Except [11], the above mentioned papers do
not consider boundary value problems which arise so naturally in all physical
problems. For example, see [9] where Clason, Kaltenbacher, and Veljovic use
boundary controls for Westervelt-Kuznetsov equation arising in acoustic and
vibration problems. In [7] boundary controls were considered and left point
controls as an open problem. Here we consider both boundary controls and
point controls.

Most of the papers mentioned above develop necessary conditions of op-
timality. Very often the question of existence of optimal policies are either
ignored or taken for granted. Necessary conditions without existence may
turn out to be vacuous. Here in this paper we concentrate on this question
using regular as well as relaxed controls. We consider a general class of sto-
chastic semilinear initial boundary value problems with noise appearing both
in the interior of the spatial domain as well as on some part of its boundary.
The control is exercised on the remaining part of the boundary. The nonlinear
drift and the diffusion coefficients (operators) are allowed to contain differen-
tial expressions. In other words, these operators map from a smaller space
to a larger one and therefore not bounded in the state space. Using the the-
ory of analytic semigroups, we reformulate the stochastic partial differential
equation (SPDE) as a stochastic evolution equation on a Hilbert space with
the boundary noise term including the boundary control containing the same
unbounded operator. The author is not aware of any work in the literature
where noise appears both in the interior and a part of the boundary with con-
trols appearing in the complementary part of the boundary. This is one of the
motivations of this paper. The second motivation comes from the necessity of
allowing nonlinearities which are unbounded on the state space. Further, we
consider partially observed regular controls (measurable stochastic processes
adapted to a subsigma algebra) and prove existence of optimal controls. We
also consider weak star adapted Borel measures as controls (Borel measure
valued random processes) and again prove existence of optimal controls.
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The paper is organized as follows. In section 2, we present the mathematical
model of the system and reformulate this as an abstract stochastic evolution
equation on Hilbert space. In section 3, after basic assumptions are introduced,
we prove the existence and regularity of mild solutions. Existence of optimal
control is proved in section 4 giving two results, one for regular controls,
and the other for measure valued controls containing point controls (Dirac
measures). For illustration, the paper is concluded with some examples and
certain comments on open problems.

2. SYSTEM MODEL WITH DISTRIBUTED AND BOUNDARY FORCES

Large class of dynamic systems arising in physical sciences and engineering
can be described by the following class of partial differential equations:

Op/0t+ Ap = f(t,&, ) +0(t, &, 0)Valt,§), (t,§) € IxX,
(Bo)(t,€) = W(t,8), (t,€) €1 x 0%y,
(Bo)(t,€) = wp(t, &), (t,€) € I x 0%, (2.1)
@(075) = 900(5)7 5 € 27
subject to distributed and boundary noise {Vy, V;} defined on the domain
3 C R™ and part of its boundary 93, respectively. The control is applied on
the boundary 9%, while the full boundary 9% is given by the union 0%, U903,

of the two disjoint parts 9%, and 0%.. The domain X is an open bounded set
with smooth boundary and I = [0,7] is an interval. The operator A is

(Ap)(€) = D as(€)D’, (2.2)
l6]<2m
on ¥, with multi index 6 = {6;}7,, |0] = >, 6;, 0; € Nop = {0,1,2,---}.
The boundary operator B is also a partial differential operator of order at
most 2m — 1, given by
B(p: {BJ?J pry 1’2’... 7/,fn}’
Bip)©)= > bOD’e, e, (23)
[9]<m;<2m—1
where ¥ = {U;}1,, |9 = > ¥, ¥9; € No, i@ = 1,2,---,n. The nonlinear
operators {f,o} are defined shortly. For nonhomogeneous boundary condi-
tions one needs the trace theorem which states that under sufficient smooth-

ness conditions on the boundary 9% and the coefficients {by, || < 2m — 1},
the boundary operator B|xera is an isomorphism of ng(Z) /KerB on to

Y(0%) = HTzlwgm*mrlﬂ(&Z) called the trace space. Thus it has a bounded

(right) inverse denoted by R = (B|xera) . For details on this topic the reader
is referred to [4, pp.59-63] and [15,Vol.1, Theorem 5.4, p.165, Theorem 6.6,
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p.177]. We denote by R,, the restriction of the operator R to the space Y (9%,,)
and R, the restriction of R to the space Y (9%.). Then, under fairly general as-
sumptions on the coefficients {ag, by} and the principal part of A and smooth-
ness of the boundary 93, one can prove that the negative of the operator
A = Alger() with domain given by

D(A) = { € Ly(%) : Av € Ly(S) & By = 0}

generates an analytic semigroup {S(¢),¢ > 0} on the Hilbert space £ = La(X).
For details see [4, p.60] and [5, p.85, Theorems 3.2.8 A-D]. Using this semi-
group the (nonhomogeneous boundary value problem) system (2.1) can be
formulated as an integral equation on the Hilbert space F,

o(t) = S(t)pot / S(t —7)f (7, (r))dr+ / S(t — m)o(r, o(r)Va(r)dr
0 0
+/0 AS(t—T)’Ran(T)dT—l-/O AS(t — T)Reup(T)dr, (2.4)

for £ > 0. Note that the unbounded operator —A, that generates the semi-
group S(t),t > 0, also appears in the integral equation (2.4). This integral
equation is our starting point and using this equation we construct a rigor-
ous model for the stochastic initial boundary value problem. First, we define
the admissible controls. For o € (0,1] introduce the family of trace spaces

Ya(0%,) = [1}%, Wgam_mj_l/z(ﬁi‘c) and let U be a closed bounded convex
subset of the trace space Y,(9%.). For admissible controls we choose U,q =
Lo(1,U) C Lo(1,Y,(0%.)). For a rigorous mathematical model of the noise
processes we consider the complete filtered probability space (2, F, Fi>0, P)
where F;>o9 C F is a nondecreasing family of subsigma algebras of the sigma
algebra F and P is the probability measure on €). Let ¥y be any open subset of
the set 3 and denote by H the Hilbert space La(Xg). Let Wy = {Wy(t),t > 0}
with P{W;(0) = 0} = 1, denote an Fs-adapted H-valued Brownian motion
with V; being its distributional derivative. Similarly, let W, = {W,(¢),t > 0}
with P{IW},(0) = 0} = 1, denote an F;-adapted Brownian motion taking val-
ues from the vector space Y, (9%,) =[]/, W;am_mrl/Q(@En) with distribu-
tional derivative Vj. Using this formalism we can write the stochastic integral
equation (2.4) in the canonical form as follows

z(t) = S(t)xo—}—/o S(t —T)f(T,$(T))dT+/(] St —71)o(r,z(T))dWy(T)

+/0 AS(t — T)RpdWy(1) + /0 AS(t — T)Reup(T)dT, (2.5)
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for t > 0, where g = xg. For detailed proof leading to the above results and
more on nonhomogeneous nonlinear boundary value problems see [4, Chapter
3, p-59] and [5, Example 3.2.8, p.85].

Before we can proceed with the analysis of the integral equation (2.5) we
must introduce a family of suitable vector spaces. We have already noted that
the operator

B/Ker(A) € iso(ng(E)/Ker(B), Y (0%)).
For o € [0, 1], let us introduce the following interpolation spaces
X, = W™()/Ker(B) and Y, = [T, W, ™2 (95),
Note that for 0 < a < g <1,
W3™(8)/Ker(B) = X1 — X5 Xq = Xo C E

and

m
I, W, 08) = Y e Y oo Ya o Yo = [ W, (02).

j=1
Clearly, for each o € (0,1], the operator B/Ker(A) € iso(Xq,Y,). Hence it
has a continuous inverse, (B/Ker(A))™! = R € L(Y,, Xa). The state space
for the Brownian motion W3 can then be chosen as any of the interpolation
spaces Y, with o € (0, 1] in the sense that, for any ¢ > 0 and y* € Y. (the
dual of Y,), we have

P{W(1), 4 )yva vzl < oo} =1

and (Wy(t),y")v,,v: is an Fi-adapted real valued Gaussian random process
with mean zero and variance t(Qpy*,y*) with @, being a positive nuclear
operator from Y to Y.

3. BASIC ASSUMPTIONS AND SYSTEM ANALYSIS

Now we are prepared to introduce the basic assumptions. In order to study
control problems involving the system (2.5) we must now define the drift and
the diffusion operators {f,o} including the semigroup generator. For any
v € [0,1] define the family of Hilbert spaces £, = {x € E : A’z € E}
equipped with the graph norm topology given by

|z|, = AV 2|k

Since A is a closed operator its fractional powers are also closed and hence
with respect to the given norm topology these are Banach spaces. Clearly, for
0 <v < a <1, we have the continuous embeddings

[D(A)|=E1 - Ey—E,—~E=FE—FE_,—FE_,—E_.
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The spaces with negative indices are defined as the completion of E with
respect to the norm topology |z|, = |A™"z|g for all » > 0 (see assumption
(A1) below). In addition to these spaces we have the family of fractional
(quotient) Sobolev spaces given by

X, = W3*™(%)/KerB for a € (0,1].

Recall that fractional Sobolev spaces as well as Sobolev spaces with negative

exponents are generally constructed by use of the theory of Fourier transform
[15, p.30, Vol.1].

Basic Assumptions:
(A1) —A is the infinitesimal generator of an analytic semigroup S(t),t > 0,
on the Hilbert space E satisfying

sup{|| S(t) lzp),t € [} < M < <.

Without loss of generality we may assume that 0 € p(A), the resolvent set of A.
If not, one can choose a large enough positive number ¢ such that 0 € p(cI+ A)
and absorb it in the drift.

(A2) There exists v € [0,1/2) such that f : I x E, — E and it is measurable
in the first argument and continuous with respect to the second. Further,
there exists a constant K # 0 such that

[f(t o) < K2{1+lelL Y, |f(ter) = f(te2)fy < K2 {ler — eal }

for all e,e1,e2 € By and t € 1.

(A3) The incremental covariance of the Brownian motion W, denoted by
Qa € L] (H) (is positive nuclear). For v € [0,1/2), the diffusion o : I x B, —»
L(H, E) is measurable in the first argument and continuous with respect to
the second, and there exists a constant K¢, # 0 such that for all (¢,e) € I x E,
and e, e2 € E,,

’U(t,€)|éd < K%d{l + ’e‘QEV}7 ‘0—<t7 61) - U<t7 62)‘22(1 < Kéd{’€1 - 62’2E,y}

where |U|2Qd = tr(cQqo™).
(A4) The indices {a, v} satisfy 0 <y < 1/2and y+1/2 < a < 1.

Remark 3.1. The assumptions (A2) and (A3) are much more relaxed com-
pared to the standard growth and Lipschitz assumptions for {f,o} over the
same space E. Our assumptions admit {f,o} containing differential expres-
sions. For example, let F : [ x E — F and v € (0,1) and define f(t,x) =
F(t,Az). Then f : I x E;, — FE and if F' admits linear growth then

[f(t,2)|E = |F(t, Az} < K2(1+|AV2[f) = K*(1+ |2f, ).
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For a more specific example, let v = 1/2 and the map F be given by an
expression of the form F(t,&, DPp(€),|3| < m) where F: I x X x RN — R
with N = card{|f| < m} for B8 = (61,82, - ,Bn), Bi > 0.

For proof of the existence, uniqueness and regularity properties of solutions
of the integral equation (2.5) we must introduce the appropriate spaces where
they may reside. Let BS (I, E,) denote the vector space of E, valued Fi-
adapted random processes having square integrable norms (with respect to
the measure P) which are bounded on I. Furnished with the norm topology,

Iz 5o (1,6,)= (sup{Ela(t)[%, .t € I})

B¢ (I,E,) is a closed subspace of the Banach space L& (I, L2(S2, Ey)) and
hence it is a Banach space. For admissible controls, let G;, ¢t > 0, denote a
nondecreasing family of sub-sigma algebras of the current of sigma algebras
Fi,t > 0. Let U be a weakly compact convex subset of the trace space Y3(0X,)
for any [ satisfying 1 > 8 > « > y+41/2. For admissible controls we choose the
set Upq = L5(I1,U) C L5(1,Ys(0%.)) which consists of Gi-adapted U-valued
random processes with square integrable norms. With this preparation we
prove the following existence result.

1/2
9

Theorem 3.2. Consider the integral equation (2.5) modeling the controlled
initial boundary problem (2.1). Suppose the assumptions (Al)-(A4) hold with
the coefficients of the differential operator satisfying {ag,|0| = 2m} € C(X)N
Loo(X) and {ag,|0] < 2m — 1} € Lo(X). Further, suppose that the state
space for the Brownian motion Wy is H with incremental covariance opera-
tor Qq € LT (H), and that for Wy, is the space Yo for any o € (1/2,1] with
incremental covariance operator @y € ET(Y;,YQ). Then, for every Fy mea-
surable E. valued random variable xo € Lo(S2, ES), and control u € Uyq, the
integral equation has a unique solution x € B (I, Ey). Further the solution
has a continuous modification.

Proof. Consider the operator F' defined by, for ¢ > 0,
t
(Fx)(t) = S(t)zo+ / St —7)f(r,z(1))dr
0
t
—|—/ S(t—1)o(r,z(1))dWy(T)
0

+ /0 AS(t — T)RadWi (1) + /0 AS(t — T)Reu(r)dr, (3.1)

for any fixed v € U,q and any E, valued initial state xg having finite second
moment, that is, E|:z:o|2E7 < o0. Thus the question of existence of a solution
of the integral equation (2.5) is equivalent to the question of existence of a
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fixed point of the operator F, that is an x € BZ (I, E,) so that = Fz. Since
both Wy and W, are Fi-adapted and z(t),t € I, is F; -adapted and u(t) is
Gi(C Fi)-adapted, we conclude that (Fz)(t) is Fr-adapted. We prove that
F: B (I,E,) — B%(I,E,). Let z € B (I, E,) with 2(0) = zy P-a.s. For
convenience of presentation, we let {z1, 29, 23, 24, 25} denote the first, second,
third, fourth and the fifth term on the right hand side of the expression (3.1).
Since S(t),t > 0, is an analytic semigroup we know that A“S(¢) is a bounded
operator in F for all ¢ > 0. Hence for any o > 0 there exists a positive constant
Cq such that || A*S(t) ||z(p)< Co/t® for t > 0. Throughout the presentation
we use C, to represent this bound. Considering first {z1, 22, 23}, it follows
from straightforward computation using assumptions (A1)-(A44) that

Elz1()[, = E[Az(t)[E = ElAYS(t)zo|E = EIS(1)ATzol%
< MPE|AVzol}; = MPElzol},, Vitel (3.2)

For the second term, we have
t
Bloo()f}, = ElA"2f} =B [ ATS(— )f(s.a(s)dsl}
0

< {T"Y0 —27)}(CWK)2/0 (1 —i—E\x(s)\%y)ds

< AT/(1 - 29)H(C, K)? (1 + sup Ela(s)l%,), (3.3)

0<s<t

for all ¢ € I. For the third term, we have
¢
Elz(1)[E, = ElA72(0)[; = E!/ AVS(t = s)a(s, x(s))dWa(s) %
0
¢
= E/ tr(AYS(t — s)o(s,2(s))Qqao* (s, 2(s))S*(t — s)(AY)")ds
0

= t v —s)o(s. z(s))%  ds
—EALAS@ Jo(s,2(s))[3, d

< [(KQ.Cy)* /(1 = 29) T *7(1 + oigEtEu(S)'%”)’ tel (3-4)

Clearly, by assumption (A4) the expressions on the righthand side of both
(3.3) and (3.4) are finite. Considering the fourth term we have

t
Eles(t)[3, = BIA 24(1)[3 = Ey/o ATAS(t — $)RudWi(5)%. (3.5)

By our assumption all the coefficients {ag, |0| < 2m} C Loo(X) and therefore
X, C E, for any « € [0,1]. Since R,, € L(Y,(0%,), X,) and A% : E, — E,
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we have A*R,, € L(Y,(0%,), E). Thus the identity (3.5) is equivalent to the
following identity

Elzi(t)lp, = ElA7z(t)E
t
_ / ATAIOS (1 — 5) ACR AW (5) 2. (3.6)
0
Hence, it follows from the assumption (A4) that

t
Elz(t)f, < /OII ATTTS(t = 5) |2 () tr(A*RaQp(ARy)") ds

IN

t
/0 | A0St — 8) 2 || (A°Ry) |13, ds

(CF o/ 2(a=7) = DT AR, (I3, (3.7)

N

for t € I, where C14+—, is the generic constant mentioned above, that is,
(|A"S(t)|z(py < Cp/t", for 0 <7 < 00).

Similarly, one can verify that

t
E|5(t)[3, = B|A725(t)[% = | / A At — ) AR ou(s)dsl:
2
E( / | A08( = 8) [l e |A°Reu(s >|Eds>

</ | AM=eS(t —s) ||%(E) ds) (E/ |AaRcU(S)|QEd5>

( Cl” « 1)T2<a M- ( /\AaRcu( )\Eds> tel. (3.8)

a_ —

IA

IN

Note that for any u € U,q the expression on the righthand side of the above
inequality is finite. Using the bounds (3.2),(3.3),(3.4),(3.7) and (3.8), it is easy
to see that Fz € B% (I, E,) for every x € B% (I, E,). Next we show that F
has a unique fixed point in B% (I, E,). Define the interval Iz = [0, 7] for any
T > 0 finite. We show that, for T sufficiently small, F' is a contraction in
the Banach space B% (Ir, E,). Taking any pair of elements z,y € B% (Ir, E,)
satisfying 2(0) = y(0) = xo, and using the same basic assumptions one can
easily verify that there exists a constant n(7T), dependent on T, such that

E|(Fz)(t) - (Fy)®)|E, < n(T) 0<§g§<T{|w(8)—y(S)\%w} (3.9)

where

(1) = {(CLK)*T/(1 = 2v) + (CyKq,)* /(1 = 2¢9)} T . (3.10)
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Clearly, it follows from (3.9) that

| Fz = Fy e (rp,2.) < V0(T) | 2=y e, (17,5, -

By assumption (A4), 0 < < (1/2). Thus 7 is a continuous increasing function
of T starting from 7(0) = 0. Hence for T' = T} > 0, sufficiently small, n(77) < 1
and therefore F is a contraction on the Banach space BS (Ir,, E) and hence by
Banach fixed point theorem F' has a unique fixed point in B (I, E5). Since
the interval I is compact, it can be covered by a finite number of intervals of
suitable length on each of which F' is a contraction. Thus we conclude that F’
has a unique fixed point in BZ (I, E5). Hence for each given initial state and
control, the integral equation (2.5) has a unique solution. That the solution has
a continuous modification follows from the well known factorization technique
due to Da Prato and Zabczyk [10]. This completes the proof. O

For any fixed Fy measurable random variable xg € Lo(2, E), let x(u) €
B (I, E,) denote the solution of the integral equation (2.5) corresponding
to the control v € U,q. Then we have the following result as a corollary of
Theorem 3.2.

Corollary 3.3. Suppose the assumptions of Theorem 3.2 hold with the ad-
missible controls Uyq. Then the solution set Z = {x(u),u € Uyq} is a bounded
subset of BS (I, E).

Proof. For any u € Uqq, let x(u) € B (I, E,) denote the unique solution of
equation (2.5). Then, following similar procedure as in the proof of Theorem
3.2, one can establish the following inequality

Elz(u)(t)[3, <o +cz/ Blx(u)(s)[3, ds, (3.11)
0
where
1= 2 {APBlnf}, + (€10 (1 - 2720
+[(Kq,Cy)? /(1 = 29T
HCE, o/ (2(a =) = DT AR, |3,

02
(5 72Dl qup (|| AReu H%%(IXQE))}

2 —79) -1 wEUy
and

e = 2H[(C K P /(1 = 20T 4 (K, Cy)?/ (1 — 227},
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Since U,q = L§(I,U) with U a bounded subset of Y,(90%.), and A*R. is a
bounded operator from Y3 to Yz_o(9%.) C E, we have

sup || A"Rcu H%g(IxQ,E) < o0

UEULq
It is clear from our assumptions (A1l)-(A3) that the Lipschitz and growth
properties of f and o are uniform with respect to the control. Hence the
constants {c1,co} are independent of control, and therefore it follows from
Gronwall inequality that

sup{[| (v) ||Be, (1,5,): u € Uaa} < crexpeaT < oo,

Hence the set {z(u),u € Uyq} is a bounded subset of BE (I, Ey). This com-
pletes the proof. O

4. EXISTENCE OF OPTIMAL CONTROL

For study of optimal controls we need the continuity of the map u — =,
that is, the control to solution map. This is crucial in the proof of existence of
optimal controls. Since continuity is critically dependent on the topology, we
must mention the topologies used for the control space and the solution space.
For the solution space we have the norm topology on BZ (I, E,) as seen in
section 3. So we must consider an admissible topology for the control space.
Let Gi,t > 0, denote a nondecreasing family of sub-sigma algebras of the
current of sigma algebras F;,t > 0. Since U is a closed bounded convex subset
of the trace space Y3(X.) which is a Hilbert space, it is weakly compact and
convex for any [ satisfying 1 > 8 > o > v + 1/2. For admissible controls we
consider the set Uy,q = L§(I,U) C L§(I,Y3(0%.)) which consist of G;-adapted
U-valued random processes with square integrable norms. Let A denote the
Lebesgue measure on I and A X P the product measure on the sigma algebra
of subsets of the set I x €. Let u denote the restriction of the product measure
A X P on the sigma algebra of G;-predictable subsets of the set I x Q denoted
by P. We furnish U,; with the topology of weak convergence in U for p almost
all (t,w) € I x Q. In other words a generalized sequence u™ — u° in this
topology if and only if for any v* € Y;(0%), the dual of Y3(0%,),

< v u"(t) >—< v, u(t) >

p almost everywhere. Since U is a weakly compact subset of a separable
Hilbert space Y3(0X.) it follows from a well known theorem [Dunford 12,
Theorem V.6.8, p.434] that the weak topology is metrizable with a metric,
say, d. Using this metric topology we may define a metric topology for U,q as
follows. For any pair u,v € U,y define

D(u,v) = p{(t,w) € I x Q:d(u(t,w),v(t,w)) # 0}.
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Clearly, this is simply the measure of the sets in P on which u differs from wv.
Thus we set u = v if and only if D(u,v) = 0. The reader can easily verify that
D satisfies all the axioms of a metric space. We denote this metric topology

by 7p.
Now we present a result on continuity of the control to solution map.

Theorem 4.1. Consider the control system (2.5) corresponding to any con-
trol u € U,q which is equipped with the metric topology Tp, and suppose the
assumptions of Theorem 3.2 hold and that, for each 6 € (0,1], the injection
Ey — FE is compact. Then the control to solution map v — x is continu-
ous with respect to the Tp topology on Uyq and the strong (norm) topology on
B (I, E,).

Proof. Let u™ € Uyg be a generalized sequence and suppose u” —2 u°. Let
{a",2°} € B (I, E,) with, 2"(0) = 2°(0) = 0, denote the solutions of
the integral equation (2.5) corresponding to the controls {u™, u®} respectively.

We show that 2" — x° in B& (I, E,). Clearly it follows from equation (2.5)
corresponding to the controls {u", u°} that

" (t) —2°(t) = /0 S(t—s)(f(s,2"™(s)) — f(s,2°)) ds
+/0 S(t—s)(o(s,2"(s)) — o(s,2°)) dWq(s)
+/0 AS(t — s)Re(u"(s) —u(s))ds, tel. (4.1)

Following similar computations as in the proof of Theorem 3.2, we use (4.1)
to derive the following inequality

E[a" () — 2°(t)|F,

t
<an(t) [ Bla"(s) —a"(s) p, ds
t2(a_7)_1 ! Ao n o 2d
+42W—7)—1E/0 [ARe(u™(s) —u’(s))|pds, (4.2)
where

n(t) = {((CLK)2/(1 = 29) P07 + ((Cy K, )/ (1 — 297},

By assumption (A4) the expression on the righthand side of the inequality
(4.2) is well defined for all ¢ > 0. It follows from the above inequality that for
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any nonnegative T' < co we have

| " —x° ||23g0(1T,E7)
<4dn(T)T || 2" — 2° ||QBgO(IT,E7)
AT o [ seR °(5))[%d 4.3
e 7B [ MR ) )bl (43
Recall that the function 7 given by the expression (3.10) is a nondecreasing

continuous function of its argument satisfying 7(0) = 0. Thus we can choose
T = T sufficiently small so that 4n(77)T; < 1. For such a choice of T' we have

(1= 4n(T)T1) || 2™ — 2° I

(IT17E’Y)
I [ R (s) s (4
< E/ AR (u"(s) — u°(s))|%ds. 4.4
2a-7-1)"Jo F
Now if we show that
T

ILm E/ | AR (u"(s) — u(s))|%ds = 0, (4.5)

n o0 O

then we will have proved the continuity as stated in the Theorem for the time
interval I, = [0,71]. We prove this after we have shown that this process can
be extended to cover any given closed bounded interval I = [0, T)]. Consider-
ing once again the integral equation (2.5) starting from time 77 corresponding
to controls {u",u°} and subtracting one from the other we have

a™(t) —2°(t) = S(t—T)(«"(T1) - 2°(T1))

+ . S(t— S)(f(s,x"(s)) — f(s,xo)) ds

t
+ [ St—s)(o(s,z™(s)) — a(s,z°)) dWq(s)
Ty
t
+ [ AS(t — s)Re(u"(s) —u(s))ds, (4.6)
T
for all t > Ty. Clearly, it follows from the assumption (A1) applied to the first
term on the righthand side of (4.6) that for all ¢t > T} and t € I,

E[S(t - Th)(a"(Th) — 2°(T)[, = E[AS(E - T1)("(T1) - 2°(Th)|E
< M?E|z"(Ty) — 2°(Th)|%, -

By virtue of the continuity result for the interval [0,77] and the fact that the
processes {z",x°} have continuous modifications, it follows from the above
inequality that as n — oo,

E|AYS(t — Ty)(z"(Ty) — 2°(T1)|% — 0
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for any ¢ > T7. Thus for the next interval, we can ignore the first term on the
righthand side of (4.6). Then following the same procedure as for the interval
[0, T1], we arrive at the following expression

sup Elz"(s) — 2°(s)[,

Ty<s<t
<dn(t—Ti)(t —T1) sup Elz"(s) —a°(s)|p,
T <s<t
t
+4E| [ A8 (t — 5) AR (u"(s) — u(s)ds|%. (4.7)

T1
Clearly, we can choose t = Ty > Tj such that 4n(T» — 11)(T5 — T1) < 1. Then
it follows from (4.7) that

(1 —dn(Ty = TW)(To — Th)) || 2™ — 2° || pa_(i1y,10), B2,)

(TQ—Tl)Q(a_’Y)_l o a n — () %ds
S e TR ) - s @9

Thus, again it boils down to the question of convergence of the integral

T
E / AR (u"(5) — u())ods —> 0.
T

So it suffices to prove this for the whole interval I = Iy = [0,7]. For conve-
nience of reference let us denote this expression by Z,,

7, =E /[ AR (u"(s) — u®(s))[ds. (4.9)

Recall that the map R, is the restriction of the map R to Y3(0%.) and that
Re: Yg(@Zc) — Xlg

for any 5 € (0,1]. For o, 8 € [0,1], with 5 > «, the operator A* : X3 —
X3—_q, and therefore the composition map AR, : Yg(9%X.) — Xpg_q. In the
proof of Theorem 3.2 we noted that Xz_, C Eg_,. Since by assumption the
embedding Es_, — E is compact, and the topology 7p is equivalent to weak
convergence p-a.e, we conclude that

AR (u"(s) —u°(s)) == 0in E p — a.e.
Further, since the set U is bounded, and || A*Rc ||£(v,ox.),£)< 00, there
exists a finite positive number b such that
sup{|A“R.v|g,v € U} <b.

Thus by Lebesgue (bounded) convergence theorem we have lim,, . Z, = 0.
This proves the continuity as stated. O
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Remark 4.2. The topology used is weak convergence p almost everywhere.
Given the topology on B% (I, E,), it does not seem possible to relax this
topology further.

Control Problem: Now we consider the control problem. For the cost or
payoff functional, we choose the Bolza problem,

J(u) = E{ /I 0, 2(8), ut))dt + @(a:(T))} —inf, (4.10)

where x € BZ (I, E,) is the solution of the integral equation (2.5) (mild so-
lution of the controlled version of system (2.1)) corresponding to the control
u € Uyq. The objective is to find a control u® € U,q that minimizes the func-
tional J. The first problem we consider is the question of existence of such
controls.

Theorem 4.3. Consider the system (2.1), equivalently, the integral equation
(2.5) with the cost functional given by (4.10). Suppose the assumptions of
Theorem 4.1 hold and the function £ : I x E, x U — R is Borel measurable
in all the variables and lower semicontinuous in (xz,u) € E, x U with respect
to the norm topology on E. and weak topology on U for almost allt € I. The
function ® is lower semi continuous on E., and further there exists a finite
positive number C' such that

et 2, )l < C{L+ |2l }, [@(2)] S CU+JafR,), ¥ (t2,§) €I x ExU.
Then there exists an optimal control for the problem (4.10).

Proof. Since the set of admissible controls U,4 is compact in the 7p topology, it
suffices to prove that u — J(u) is lower semicontinuous in this topology. Let
u®, a € D, be a net that converges in the 7p topology to u® € U,q4. Let {x*, 2°}
denote the solutions corresponding to the controls {u®, u°} respectively. Then
by Theorem 4.1, z® —*+ 2° in B& (I, E,) as u® ~2 u°. Hence, along a subnet
if necessary, x(t) — z°(t) in E. almost surely for all ¢ € I. Thus, for almost
all t € I, it follows from our assumption on lower semicontinuity of ¢ that

0(t,z°(t),u’(t)) < Lm (¢, z*(t),u(t)), u a.e. (4.11)

By our assumption we have |€(t, z%(t),u®(t))] < C{1 + |x°‘(t)|2EW} w a.e, and
by Corollary 3.3, the solution set is bounded and therefore there exists an
Fir-adapted nonnegative integrable process L(t),t € I, so that

sup {W(t,wa(t),ua(t))l, (¢, xo(t),uo(t))\} < L(1).

aceD
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Hence, by generalized Fatou’s Lemma we conclude that
E/E(t,a:o(t),uo(t)) dt < limE/E(t, x(t),u(t)) dt. (4.12)
I T

Since @ is also lower semicontinuous on E. and by Theorem 4.1, 2%(T) —
z°(T) in E,-P-a.s it follows from the growth property of ® that Fatou’s lemma
holds and we have

E6(:°(T) < limEd(?(T).

Thus we have proved that each component of the functional J given by (4.10)
is lower semicontinuous with respect to the 7p topology and hence J itself is
lower semicontinuous in this topology. Since U, 4 is compact in this topology, J
attains its minimum on U,4. Hence an optimal control exists. This completes
the proof. O

5. CONTROL BY BOREL MEASURES ON THE BOUNDARY

Point controls or Dirac measures as controls are special cases of Borel mea-
sures [16]. In Theorem 4.1 we considered controls which are G;-adapted mea-
surable random processes with values in U C Yg(2.). Here in this section we
want to consider controls which take values in the space of Borel measures
M(0X,). The possibility of such extension depends on the embedability of
M(0%,) C Y3(0%,) for some j satisfying 1 > 3 > a. If no such f exists,
the extension is not possible because we must satisfy the requirement that
R € iso(Ys(0%), X). This is due to Sobolev embedding theorem. Indeed, for
each j € {1,2,---,m} suppose (m; + 1/2) — 2m > (n — 1)/2. Then by a
Sobolev embedding theorem, ngf“/”‘”m(az) — (C;(0%) where C;(0%)
denotes the space of continuous bounded functions on 93. Let M;(0X) de-
note the space of Borel measures on 9% representing the dual of C;(9%). As
a corollary of this result we have the following diagram,

Wy AT 9 s 05(0%)
s 1 * (5.1)
wEom=mit2) g5y o M (0%),

where — denotes continuous and dense embedding and the | * denotes the
map that assigns the topological dual of the space behind the arrow. Define
the space of vector measures M, (0%.) = II7"; M;(9%,). Clearly, the predual
of this space is given by Cy,(0%.) = IIT,C;(9%,). It follows from Riesz rep-
resentation theorem that a continuous linear functional ¢ on Cp,(0%,.) is given



Boundary and point controls for stochastic partial differential equations 655

0@) = Lu(p) = /8 YO = /6 <Pl ulde) >
2 c

for some p € M,,. Note that this space contains Dirac measures (or point
measures) as special case. For example, let {(,,r = 1,2---k} be a set of
distinct points in OX. and define the measure 1;(d¢) = ZI::1 el d¢, (d§) where
d¢, is the Dirac measure concentrated at ¢, and w) € R. Then

k. m
Lulp) = ZZW?@;‘(Q% for ¢ € Cpp(9%,).

r=1j=1

Returning to control problem, we choose any (weak star) closed bounded
(bounded in variation norm) subset I of M, (9%). The boundary controls are
then the weak star measurable G;-adapted random processes defined on I and
taking values in the space of vector measures I' C M,,(0%). By Alaoglu’s
theorem, I' is weak star compact and so also is the set L% (I,I") = U,q chosen
as the set of admissible controls. Since 9%, is a closed bounded subset of 9%,
and C,,(0X.) is a separable Banach space, again we can introduce a metric
topology on L% (I,T") precisely as in section 4. Here we use Theorem V.1.1
[12, p.426] and define the metric on I" by

o0

d(u,v) = Y (1/2")5 J':‘fj("@)n; ff(“;i)' for u,v €T, (5.2)

n=1

where u(p) = |, os, P(mu(dn) and {¢,} is any dense sequence from the unit
ball of C,,(0%.). Using this metric we define the metric D, on U,, precisely
as in section 4 giving

D, (u,v) = p{(t,w) € I x Q: d(u(t,w),v(t,w)) # 0}, (5.3)

where the measure p is the restriction of the product measure dt x dP on
the sigma algebra of predictable sets P of the set I x ) with respect to the
current of sigma algebras G;,t > 0. We denote this metric topology by 7p, In

this case, by convergence of the net u® 2% 40 we mean weak star convergence
u a.e. Instead of repeating the proofs, we simply state that Theorem 4.1,
asserting continuity of the control to solution map u — =z, remains valid
with 7p replaced by 7p,. Similarly, Theorem 4.3, asserting the existence of an
optimal control, remains valid with the metric topology 7p, replacing 7p.

Remark 5.1. In order to compute the optimal controls one needs necessary
conditions of optimality, see [1,2,6,7]. We leave this problem for future work.
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5.1. Two Examples:

(E1) Euler Plate Equation: This example is intended to illustrate the
possibility of using Borel measures (including point measures) as controls on
the boundary. Consider the stochastically perturbed Euler plate equation in
a bounded domain ¥ C R? as follows:

Yer + AQ?J — pAy;
=F(t,&y, Ay, ) + G(t, &, y)N  for (t,§) e I x X (5.4)

with nonhomogeneous boundary conditions given by

Bi(y,ye)los = Z Bro(€)Dy + Z 1.0(6) D%y,

|0]<3 lo]<1
= u,(t,€) eI x 9%, (5.5)
Bo(yy)los = D Bao(©D Y+ > 120(€) Dy
lo]<3 lo]<1
= ug, (t,€) eI x 9% (5.6)

and initial conditions given by

y(0,£) = yl(é)v yt(O,ﬁ) = y2(£)7 el (57)

Defining X = (v, yt)/ we can rewrite the above equation as a first order equa-
tion as follows

0X/0t + AX = f(X) + g(X)N (5.8)

_ (0 -1 _ 0 _ 0
where A = <A2 —pA)’ f(X) = (F(Xl,X2)> and g(X) = <G(X1,X2)>'
Using the above notation the boundary conditions are given by

Bi(X)los = Y. Be©D°X1+ > %6(§)DXs

16/<m, o<1
= wj, (t,€) elxdx (5.9)

for 7 = 1,2. We choose the energy space for the state space. This is given by
the Hilbert space

E=H*XZ)NHy(X) x Ly(D)

equipped with the scalar product (X,Y)r = (AX1, AY7)+ (X2, Y2)1,(x). Here
the first term represents the elastic potential energy and the second the ki-
netic energy. Because of the particular structure of the nonlinear operators
containing spatial derivatives of order no more than 2 and the time derivative
of order no more than 1, we can take v = 0 and take E, = Ey = E as the state
space. Now we proceed to formulate this as an ordinary differential equation
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on the Hilbert space E. Denote z(t) = X (¢,:) € E and define the operator A
by

D(A)={X € E: AX € Ly(%) & B(X) =0}

and set Ap = Agp for ¢ € D(A). Similarly, define B by B = B|gera with
Ker(A) ={X € E: AX = 0}. Considering N as the distributional derivative
of Ly (X)-valued Wiener process on a complete probability space we can rewrite
equation (5.8) as a stochastic differential equation on £

dx + Azxdt = f(x)dt + g(x)dW, (5.10)

subject to the boundary condition B(z) = u. Using the well known decomposi-
tion given by the expression 3.4 [4, p.60], the solution = admits a decomposition
given by = = x1 + xo with 21 € KerB and 9 € Ker(A). Using this fact, we
can rewrite equation (5.10) and the Boundary condition Bx = Bz = u in one
single equation as follows:

dry + Azypdt = —dzo+ f(z)dt + g(x)dW,
= —d(Ru) + f(z)dt + g(x)dW,

where R = (B|gera)”t = B! is the Dirichlet map solving the elliptic prob-
lem: AX = 0,B(X) = u giving X = Ru. It follows from a result of Chen
and Triggiani [8, Proposition 3.1, p24| that, due to the presence of structural
damping provided by the term pA, the operator A generates a stable analytic
semigroup S(t),t > 0, in E. Hence the (mild) solution of this equation is given
by the solution of the integral equation

z(t) = S(t)xo —I—/O S(t— s)f(x(s))ds+/o S(t—s)g(z(s))dW (s)

t
—I—/ AS(t — s)Rusds, tel.
0

For point controls on the boundary (the edges), it is necessary that the diagram
(5.1) holds. Let us verify this. For plate equation we have n =2, m = 2, and
(from the boundary conditions) m; = m; = mg = 3, and dim(9X) = 1. Thus
for B < 3/4, for example, f = 0.7, we have m; + (1/2) —2mf > (n —1)/2 is
satisfied. So by Sobolev embedding theorem we have Wz(mj /226 "(0%) —
C;(0%) and therefore the embedding diagram (5.1) holds. Thus Borel mea-
sures supported on 9%, including linear combination of Dirac measures (point
measures) on it, are admissible as controls. In this case the cost functional
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(4.10) is given by
J(u) = E{ /Ixazf(t,x(t),f)ut(df)dt+<I)($(T))}
_ E{/Ie(t,x(t),ut)dt+q>(x(T))} (5.11)

with w € U, = L (1,T), where I' C M3(0X). The proof of existence of
optimal controls in this case is identical to that of Theorem 4.3.

(E2) Kuramoto-Sivashinsky Equation: In the preceding example we did
not need the full power of Theorem 3.2 since both f and g are bounded non-
linear operators in the energy space which is the state space. On the contrary,
in this example as seen later, the drift is a bounded nonlinear operator from
a smaller space to a larger one. Therefore we need the full power of Theorem
3.2. Here we wish to consider control problems for the well known Kuramoto-
Sivashinsky like equation in one dimension given by

O + aA%v + bAv = h(v, Dv) 4+ g(€)no(t), ¢ €L =(0,1), (5.12)
Bv=u for £ €9¥={0,1} (5.13)

with the boundary operator B given by

(Biv)(§) = Bov(§), (Bav)(§) = Brv(§) + B2Dyv(€) (5.14)

for £ € 0% with By, B1, B3 # 0. Here we have used D* to denote the spatial de-
rivative of order k and D, the derivative at the point £ € 03 along the normal
pointing outward of the boundary. The control u(t,€) = (ui(t,§), ua(t, €))
for £ € 03. The coefficients {a, b} are real positive and those of the boundary
operator B are assumed to be nonzero. The function h : R? — R is contin-
uous with respect to its arguments, g € L2(X) and ng is the standard white
noise. Note that for @ > 0 the operator aA? is dissipative while for b > 0 the
operator bA is accretive or anti-dissipative. Define the differential operator A
by Ay = aA?p + bAp. Then define the operator A by setting

D(A)={p € E: Ap € E & ¢loy = Dyploy =0} = H' N Hf.

We show that under these assumptions the operator — A generates an analytic
semigroup on the Hilbert space E = Lo(X). Indeed, by simple integration by
parts one can easily verify that

(Ap. @) + (b/2¢)|plf; = (a — be/2)|AlE (5.15)
for all e satisfying 0 < € < 2a/b and all ¢ € D(A). Choosing ¢ = a/b we obtain

(Ap, ) + (0 /2a)l¢|% > (a/2)| Al (5.16)
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For every ¢ € D(A) it follows form elementary computation (or Poincaré
inequality) that there exists a positive constant ¢ such that |p|p < c|Ag|g.
From the above inequalities we obtain the following resolvent inequality

(A +A) " pm) < N
where rg = (a? — b%c¢?)/2ac?. Note that the destabilizing influence of the anti-
dissipative term is very well reflected in the resolvent inequality. From now
on we use the same symbol A to denote the closed extension of A in E as
an unbounded operator. One can easily verify that the operator A is self
adjoint on the Hilbert space E but not positive. It is clear from the inequality
(5.16) or (5.17) that for B > ((b*c® — a?)/2ac?), the operator Ag = (BI + A)
is an unbounded positive self adjoint operator in E. Then it follows from
(5.17) that the resolvent of the operator Ag satisfies the inequality [(A +
Ag) sy < 1/A, for A > 0. Since Ag is closed and densely defined it follows
from Hille-Yosida theorem that —Ag generates a Cy-semigroup Ss(t),t > 0, of
contractions on E. With this modification, we can rewrite the system (5.12) as
an ordinary differential equation on the Hilbert space E in the abstract form

(d/dt)v + Agv = f(v) + W (5.18)

, YA> -1 (5.17)

where f(v) = Bv + h(v, Dv) and W = gng is the space time white noise. Let
C' denote the field of complex numbers. Then, for A € C given by A = v + it
with v > 0, one can easily verify that

(AL + Ag)p, )| = |7l ol

and hence |(M + Ag)p| > |7||¢|g for all ¢ € D(A) = D(Ag). From this we
obtain
(AL + Ag)Hem) < 1/I7]

for all ReA > 0 and 7 # 0. Thus it follows from Hille’s characterization of
analytic semigroups [5, Theorem 3.2.7, p.82] see also [Pazy, 17, Theorem 5.2,
p.61] that —Ag generates an analytic semigroup Sg(t),t > 0 in E. As a result,
—A it self generates an analytic semigroup S(t) = Ss(t)e’. Then the mild
solution of equation (5.18) with homogeneous boundary condition Bv = 0 is
given by the solution of the integral equation

v(t):Sg(t)vo—i-/O Sg(t—s)f(v(s))ds—i—/o Sp(t—s)dWw  (5.19)

in the Hilbert space E, = D(A") for a suitable v € [0,1] that admits f
containing first partial of the state. Since Ag is positive self adjoint with
compact resolvent, it follows from spectral theory that fractional powers of

Apg are well defined and that A}J,/ s equivalent to the operator given by the
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spatial derivative D. Thus, for this example, v = (1/4) is suitable. Suppose f
satisfies the following growth and Lipschitz conditions

(F1) : [f(v)l < K*(1+ [v[E + | DolE),
(F2) 2 |f(v) = f(w)lf < K*(Jo — w[f; + [Dv — Dw|E)
for some K # 0. Using the continuous embedding £, — E, with embedding

constant ¢, it is easy to verify that the above inequalities are equivalent to the
following ones

(F1): |[f ()|l < C* (1 + [ulf,),
(F2) : |f(v) = f(w)|f < C* (v — wlf,),
where C? = K2(1 + ¢2). Considering the stochastic term

t
2(0) = [ Sp(t = )aw (o),
0
it is easy to verify that
t
B Z()[ = BIZOf, < lolb | 1475500 = 9)lEmds < 2Cafpe 2

Hence Z € BE (I, E,). Thus, by Theorem 3.2 of section 3, the integral equation
(5.19) has a unique solution in BZ (I, E,). Hence the differential equation
(5.12) with Bv = 0 has a mild solution.

(E2-A) Point Controls: For this (homogeneous) boundary problem, we may
consider distributed controls, in particular, point controls or more generally
signed Borel measures as controls. Let Xg be a closed subset of ¥ and consider
the space of Borel measures M(%y). Let F' € C(Xo, E) be an E-valued con-
tinuous function satisfying sup{|F (§)|g,& € o} < oo. Consider the controlled
version of equation (5.18) in the form

(d/dt)v + Agv = f(v) + Fus + W, v(0) = vg (5.20)
where Fu = on F(&u(dg) for u € M(Xp). The corresponding integral equa-
tion is given by

v(t) = Sg(t)vo—i-/o Sa(t—s)f(v(s))ds

t t
+/ Sa(t — s)Fusds + / Sa(t — s)dW. (5.21)
0 0

For admissible controls, one may choose a bounded (in variation norm) wx-
closed subset My C M(Xy) and take U,q = L% (I, My) C Lo (I, M(Xp)).
Note that by L% (I, My) we mean the class of My-valued stochastic processes
adapted in the weak star sense to the family of sub-sigma algebras G, t > 0,
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of the current of sigma algebras F;,¢t > 0. For any u € Uy, again it follows
from Theorem 3.2 that equation (5.21) has a unique solution in B (I, E,) and
therefore the evolution equation (5.20) has a unique mild solution. The pay-
off functional for this control problem is a modified version of the expression
(4.10) given by

Ju) = E{/Ié(t,x(t),ut)dt—l—@(x(T))}
_ E{ /] Xzoz(t,x(t),g)ut(dg)dH@(x(T))}. (5.22)

As in Theorem 4.1, the map v — «x is continuous with respect to a similar
metric topology D,(f, ) determined by the metric p given by

o, v) = ;(1/271)1 j‘f‘(j&)n; f(f(”;i)‘, for p,ve M(Zo)  (5.23)

where {p,} is a dense subset of the unit ball in C'(3g). The fact that p is
a metric follows from Theorem V.1.1 [12, p.426] of Dunford and Schwartz.
Under the same assumptions (see Theorem 4.3), with weak topology replaced
by weak star topology, existence of an optimal control for the problem (5.22)
follows from Theorem 4.3.

(E2-B): Since X = (0,1) C R, and, for y = 1/4, E, = H' and H' — C(%),
the boundary controls are point controls and so it is covered in (E2-A).
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