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Abstract. A linear-quadratic control problem with a finite time horizon for some infinite-
dimensional controlled stochastic differential equations driven by a fractional Gaussian noise is for-
mulated and solved. The feedback form of the optimal control and the optimal cost are given
explicitly. The optimal control is the sum of the well-known linear feedback control for the associ-
ated deterministic linear-quadratic control problem and a suitable prediction of the adjoint optimal
system response to the future noise. The covariance of the noise as well as the control operator in the
system equation can in general be unbounded, so the results can also be applied where the noise or
the control are on the boundary of the domain or at discrete points in the domain. Some examples
of controlled stochastic partial differential equations are given.
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1. Introduction. The linear-quadratic Gaussian (LQG) control problem for the
control of a finite-dimensional linear stochastic system with a Brownian motion (white
Gaussian noise) and a quadratic cost functional of the state and the control (e.g., [13])
is the most well-known and basic solvable stochastic control problem for stochastic
systems with continuous sample paths. Similarly, the LQG control of an infinite-
dimensional linear stochastic system with a Brownian motion and a quadratic cost
functional of the state and the control is the most well-known and basic solvable
stochastic control problem for infinite-dimensional stochastic systems with continuous
sample paths.

The noise or perturbations of a system are typically modeled by a Brownian
motion because such a process is Gauss—Markov and has independent increments.
However, empirical data from many physical phenomena suggest that Brownian mo-
tion is often inappropriate to use in the mathematical models of these phenomena. A
family of processes that has empirical evidence of wide physical applicability is the
collection of fractional Brownian motions. Fractional Brownian motions are a family
of Gaussian processes that were defined by Kolmogorov [20] in his study of turbu-
lence. While this family of processes includes Brownian motion, it also includes other
processes that describe behavior that is bursty or has a long-range dependence. These
other processes are neither Markov nor semimartingales. The first empirical evidence
of the usefulness of these latter processes was provided by Hurst [15] in his statistical
analysis of rainfall along the Nile River. Subsequently empirical justifications for mod-
eling with fractional Brownian motions have been noted for a wide variety of physical

*Received by the editors April 19, 2011; accepted for publication (in revised form) November 1,
2011; published electronically February 28, 2012. This research was supported by NSF grants DMS
0808139 and DMS 1108884, AFOSR grant FA9550-09-1-0554, ARO grant W911NF-10-1-0248, and
GACR grants P201/10/0752 and MSM 0021620839.

http://www.siam.org/journals/sicon/50-1/83141.html

TDepartment of Mathematics, University of Kansas, Lawrence, KS 66045 (duncan@math.ku.edu,
bozanna@math.ku.edu).

fFaculty of Mathematics and Physics, Charles University in Prague, Prague, Czech Republic
(maslow@karlin.mff.cuni.cz).

507

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/10/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

508 T. E. DUNCAN, B. MASLOWSKI, AND B. PASIK-DUNCAN

phenomena, such as economic data, flicker noise in electronic devices, turbulence,
Internet traffic, biology, and medicine.

The study of the solutions of stochastic equations in an infinite-dimensional space
with a (cylindrical) fractional Brownian motion (for example, stochastic partial differ-
ential equations) has been relatively limited. For the Hurst parameter H € (1/2,1),
linear and semilinear equations with an additive fractional Gaussian noise (the formal
derivative of a fractional Brownian motion) are considered in [3, 10, 11, 14, 25]. Ran-
dom dynamical systems described by such stochastic equations and their fixed points
are studied in [23]. A pathwise (or nonprobabilistic) approach is used in [22, 24, 27]
to study a parabolic equation with a fractional Gaussian noise where the stochastic
term is a nonlinear function of the solution. Strong solutions of bilinear evolution
equations with a fractional Brownian motion are obtained in [5, 9], and the same type
of equation is studied in [28], where a fractional Feynman-Kac formula is obtained.
A stochastic wave equation with a fractional Gaussian noise is considered in [1], and
a stochastic heat equation with a multiparameter fractional Gaussian noise is studied
in [16, 17].

The control problems for stochastic equations driven by fractional noise have
been studied only recently (cf. [19], where a one-dimensional problem is investigated,
and [6, 7, 8], where a multidimensional problem is investigated) and no results seem
to be available for infinite-dimensional systems (e.g., stochastic partial differential
equations) that are considered in this paper.

It should be noted that the control problem solved in this paper is not a straight-
forward generalization of the corresponding finite-dimensional problem. Although
the controlled equation has the same formal form as in finite dimensions, the op-
erators here are in general unbounded and only densely defined, which means that
the stochastic differentials here are only formal and the solutions must be defined
in a generalized (mild) sense. Furthermore, the corresponding Riccati equation and
an auxiliary nonautonomous deterministic equation (4.5) are only formal and mild
solutions are required for these equations. This major difficulty occurs because the
results are required to be applicable to stochastic partial differential equations where
the operator in the drift term is unbounded, and if boundary control and noise are
considered, then the operators in the diffusion and the control terms are also un-
bounded operators. These unbounded operators and the noise which may include a
white noise in the space variable means that there are basic questions even with the
existence and the regularity of the solutions. The conditions imposed in this paper
are balanced so that the formulation can include families of linear stochastic par-
tial differential equations but can still be mathematically tractable. An Ito formula,
which is usually the basic technical tool in controlled stochastic diffusion problems, is
not available here. Even for the approximating systems, because of technical difficul-
ties with the infinite-dimensional fractional Brownian motions an Ito formula is not
available. Instead, polygonal approximations of the noise and Yosida approximations
of the operators are used to obtain the desired basic equality (4.51). Furthermore,
the auxiliary equation (4.5) does not seem to satisfy any standard theory for two-
parameter evolution operators so its required properties are proved here. It should
also be mentioned that the corresponding theory of backward stochastic differential
equations in infinite dimensions has not been developed, so the approach used in the
one-dimensional problem in [19] cannot be used.

This paper consists of five sections. Section 2 contains some preliminaries, nota-
tion, and conditions that are assumed throughout the paper. In section 3 the existence
and uniqueness of the optimal control is proved by a classical method of minimization
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of a quadratic cost functional (e.g., [30]). The main result is contained in section 4,
where (under slightly more restrictive assumptions than in sections 2 and 3) the form
of the feedback control is described and the optimal cost is given. In contrast to
the Markov case, the feedback control contains a suitable prediction of the adjoint
optimal system response to the future noise. Three examples are given in section 5:
a controlled stochastic heat equation, a controlled stochastic wave equation, and a
deterministic equation with boundary control and/or noise.

2. Preliminaries. Let U,V , and 2 denote real, separable Hilbert spaces and
consider the state equation

(2.1) dX (t) = (AX(t) + Bu(t))dt + CdB" (1),
X(0)=x€ 52,

in the space 5, where t > 0, A : Dy C S — S is a linear (in general) un-
bounded operator that is the infinitesimal generator of a strongly continuous semi-
group (S(t),t > 0), and (Bt > 0) is a cylindrical fractional Brownian motion on
the space V' and is defined on a filtered probability space (2, .7, (F(t))t>0,P), that
is,

(2.2) BH(t) = iei\//\_iﬁi(t), t>0,

where {e;,7 € N} is a complete orthonormal basis in V', (5;(t),7 € N, ¢ > 0) is a family
of (stochastically) independent, real-valued, standard fractional Brownian motions
with the Hurst parameter H € (3,1) fixed and A; > 0, (A;,i € N) is a bounded
sequence in Ry . The linear operators B and C' and the family of admissible controls
% are specified subsequently. It can be assumed that the filtration (F(t),t > 0)
satisfies the so-called usual conditions (e.g., [18]). For the control problem here it is
natural to assume that (% (¢),t > 0) is the P-completion of (¢(B(s),s < t),t > 0).

The incremental covariance @ of (B (t),t > 0) is defined by
(2.3) @en = Apen, n €N,

It is not required that @ is a trace class operator on V', so the series in (2.2) may diverge
in the space V; cf. [5] and [11] for the basic theory of fractional Brownian motions
and stochastic integrals driven by fractional Brownian motions that is relevant in the
present case.

In this paper the following notation is used. If Y, Z are Hilbert spaces, then let
(-,")y and |- |y denote the inner product and norm on the space Y, let £ (Y, Z) and
25(Y, Z) denote the spaces of bounded linear and Hilbert—Schmidt operators from Y
to Z, respectively, and let Z(Y) = Z(Y,Y) and £ (Y) = £4(Y,Y).

In a latter part of this paper it is assumed that the semigroup (S(t),t > 0) is
analytic. In that case there exists B > 0 such that A := A — BI is a strictly negative

operator. Let D%, o > 0 be the domain of the fractional power (—A)® equipped with
the norm |z|pq := |(—~A)*z| 4 (and similarly DS., | - |pg, for the adjoint A*).
Some assumptions are given now:
(A1) One of the following two conditions is satisfied for B and C in (2.1):
(a) Be LU, ), C € L(V,), where U = (U, (-, ")u, | |lu) (the state space of

controls) is a Hilbert space.
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(b) (S(t),t = 0) is an analytic semigroup and there are constants o € (0,1) and
B € (0,1] such that B € £(U, DS and C € £(V,D571).

Note that in the case (Al)(b), B and C may be unbounded as operators U — ¢
and V' — €, respectively, but the formulation requires the semigroup (S(t),t > 0)
to be analytic.

For the family of admissible controls, %, the following assumption is introduced:

(A2) w € % = L% = L%((0,T) x Q;U), where p > L, p > 2, is fiwzed and
L. denotes the closed linear subspace of all (F (t))-progressively measurable
processes in LP((0,T) x Q;U). If B € LU, ), then p can be chosen to
satisfy only p > 2.

Clearly, if B € Z(U,5) or if a > 1/2, then it is appropriate to take p = 2
because it is not reasonable to reduce the space of controls. However, if & < 1/2, then
the operator B is too singular and it is necessary to restrict the space of controls so
that the solution to the controlled equation is well defined.

The following condition is used for the stochastic convolution integral (that occurs
in the variation of constants formula for the controlled system (2.1)) to be well defined.

(A3) There exist some Ty > 0 and n > 0 such that

To To - -
/ / 7‘_178_17|S(T)CQ1/2|$2(V7%)|S(8)CQ1/2|$2(V)%)¢H(T—S)d7'd8 < 00,
o Jo

where ¢ (r) == H(2H — 1)|r|?7 2.
Remark 2.1. (a) By (A3), the stochastic convolution integral with respect to the
cylindrical fractional Brownian motion (B}, ¢ > 0),

(2.4) Z(t) = /OtS(t—r)C’dBH(r), te0,7),

is a well-defined Gaussian process with sample paths in C([0,T], #) (cf. [5]).

(b) Tt easily follows (e.g., [5]) that the condition (A3) is satisfied if the mapping
t — t715,CQY? belongs to L (0,T; %(V, ). If QY2 € £(V) (which corre-
sponds to the case when (B (t),t > 0) is a V-valued stochastic process) and (A2)
holds, then the assumption (A3) is satisfied if

(2.5) B>1-H.

It follows that for T'> 0,7 > 0

’ —n S1/2\% ’ —n # A1/2( %
/0 EIS(ECOY21, ot < / IS )| OV21, 1

< t ' 76#
X cons . t(1—5+77)/H

and the final integral on the far right of the inequalities is finite for n > 0 sufficiently
small, such that H% <1.

The solution to (2.1) is defined in the mild sense, that is, for ¢ € [0,7] by the
formula

(2.6) X(t) = S(t)z + /0 t S(t — r)Bu(r)dr + Z(t),

where (Z(t),t > 0) is given in (2.4). Note that (X,t € [0,T]) is a well-defined .72-
valued and s#-continuous process, which follows immediately from Remark 2.1(a).

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/10/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

LINEAR-QUADRATIC CONTROL FOR STOCHASTIC EQUATIONS 511

Consider (2.1) with feedback controls of the form u(t) = K (¢)X (t) + h(t), where
(X (t),t > 0) satisfies the equation for ¢ € [0, T

(2.7) dX(t) = (AX(t) + B(K ()X (t) + h(t)))dt + CdB™ (),
Xo=x € %,

h € % and K € C([0,T),£(,U)) (where Cs([0,T),£(Y,X)) is the space of
strongly continuous .Z (Y, X )-valued operators, where Y and Z are Banach spaces).
The (mild) solution to (2.7) is defined in the usual way by the mild formula for
t 10,7,

(2.8) X(@t)=5t)z+ /0 S(t—r)B(K(r)X(r) 4+ h(r))dr + Z(t)

(which coincides with (2.6) for u(t) = K(¢)X(t) + h(t)). Since the mapping (¢, z) —
f(t,z) := K(t)z is continuous as a map [0,7] x ¢ — U and f(¢,-) is Lipschitz
for each t € [0,T], it is easy to see that (2.8) has a pathwise unique J#-continuous
solution.

The cost functional is defined as

1 T
(2.9) J(x,u) :=§E/O ({Q@X(s), X(s))e + (Ru(s), u(s))v)ds
+ %]E(GX(T),X(T»%

for x € # and u € U, where ), R, and G are linear operators satisfying
(Ad) Q.G e X)), Q>0,G>0, Re Z(U), R>0, Q,G, and R are self-
adjoint.
The problem is to minimize the cost functional J(z,u), that is,

(2.10) J(x) = inf J(z,u),

and (for a given x € ) to find an optimal control & € % that achieves the infimum

in (2.10), that is, J(z,a) = J(z).

3. Existence and uniqueness of the optimal control. In this section a
proof is given of the existence of an optimal control in the family of controls % = L;
under the general assumptions (A1)—(A4), which are assumed to hold throughout this
section. Furthermore, a proof is given of pathwise uniqueness of the optimal system
(where uniqueness is in the space L7;).

The mild solution (2.6) can be rewritten as

(3.1) X(-) = (S2)() + Lu(-) + 2(-),
(3.2) X(T) = S(T)z + L(T)u+ Z(T),

where x € S, uw € U, Z = (Z(t),t € [0,T]) is the stochastic convolution integral
defined by (2.4), and the linear operators L and Ly are given by

(3.3) Lu(t) = / "S(t — 1) Bu(r)dr, t € [0.7],
OT
(3.4) Lru=L(T)u:= /0 S(T — r)Bu(r)dr,
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and

(3.5) (Sz)(t) := S(t)z.

Let LL(X) := LL((0,T) x Q; X) for any ¢ > 1 and a separable Hilbert space X, and
let L% (€2; X) denote the linear subspace of L9(£); X) consisting of all .#p-measurable
elements.

LEMMA 3.1. If (A1)—(A3) are satisfied, then the following four statements are
satisfied:

() Le L(LU), L5 (),

(i) L(T) € L(L;(U), L% (Q; ),

(i) S € L (A, L2(0,T,.0)),

(iv) Z € L% (), Zr € L% (% 52).

Proof. The statement (iii) is obvious and the statement (iv) follows from [5] (in
fact, Z has an J#-continuous version; cf. Remark 2.1). By the analyticity of the
semigroup (S(¢),t > 0), (A1), and (A2), the inequalities

(36)  |Lu(t / 1S(t - 1) Bu(r)| edr < / 1S(t — 1) Blaw.se, - [ur)ludr

/ <o [ ) ([ o)

< CT|U|LP(O,t7U)7 te [Oa T]v

N

are satisfied for some constants ¢, cr depending only on T, where ¢ = ﬁ and ¢
satisfies (1 — a)g < 1. Now, (i) and (ii) follow directly. If (Al)(a) is satisfied, then (i)
and (ii) follow directly. O

It will be useful to characterize explicitly the adjoint operators L* € £ (L% (),
L% (U)) and Ly € L(L% (% 5¢), L%(U)), where ¢ = g

LeEMMA 3.2. If (A1)—~(A3) are satisfied, then the following two equalities are
satisfied:

T
(3.7) L*¢(t) = E[/t B*S*(r — t)ﬁ(r)er?(t)] , € L% (),

for almost all t € [0,T] and
(38)  Lyn(t) = BS'(T — OEWF W), ¢ € [0.T), 5 € (7).
Proof. For an arbitrary u € L', (U) and & € LZ(H)

(3.9) E/()T<Lu(-)(t),§(t)>%odt - IE/OT </0tS(t - T)Bu(r)dr,f(t)>%dt.

By (3.6) the sample paths r — S(t — r)Bu(r) are in L?(0,T, #); thus
T
IE/ (Lu(-)(t), £()) sedt = / / (t — r)Bu(r), &(t)) spdrdt
—E/ / S(t = 1) Bu(r), £(t)) s didr = E / / ), B*S*(t — r)e(t)) v dtdr
:E/O (u(r),/ B*S*(t — r)&(t)dt)ydr,

T
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where it is used that |B*S*(t — 7)| ¢,y < const. (t —r)'=* for all t,r € (0,T),
t > r. Clearly

(3.10) E/OT <u(7“),/TT B*s*(t—r)g(t)dt>Udr

- IE/OT <u(r),E[/TT B S (t - r)g(t)dtL%} >Udr,

so it follows that
T
(3.11) Le(r) = E[/ BS*(t - r)g(t)dﬂgz(r)], re (0,7,

for £ € LR (). If € € L% (), then the proof of (3.7) can be completed by a suitable
passage to the limit. Choosing a sequence (§,,,n € N) with elements in L% (7¢), such
that &, — & in L% (), €] < €], it follows that

’ en(t _ qa
< C/T mdt =Ip_(pn)(r),

T
/ BS*(t — r)(€n(t) — £(t))dt

U

where ¢, (t) = |£,(t) — £(t)| s and I$_ is a Riemann—Liouville fractional integral of
order a. Thus, by some well-known properties of I$_ (cf., e.g., [26])

/

Hence (possibly, for a subsequence) it follows that

2 T
dr < const. / 2 (r)dr — 0, n — oc.
U 0

T
/ B*S*(t — r)(€n(t) — £(t))dt

(3.12) / " Bt et / " Bt - eyt

for almost all r € [0,T] P-a.s. and (3.7) is obtained by (3.11) and the Lebesgue
dominated convergence theorem. Similarly, for v € L (U), n € L% (Q; ),

(3.13)

T T
E(Lpu,n)nw = E</ S(T — r)Bu(r)dr, 77> = IE/ (u(r), B*S*(T — r)n)ydr
0 o 0
T
= IE/ (u(r), B*S*(T — r)E[n|Z (r)))udr,
0
noting that |B*S*(T — )| ¢,y < const. (' =)=, r € (0,T). Hence (3.8) follows
for n € L(Q, ). For arbitrary n € L% (€, %), choose a sequence (1, € N) of
elements in L% (Q, #) such that 5, — 1 in L%(Q, ). Then 7, = E[n,|.#(T)] —
7 := E[n|#(T)] in L*(Q, 5#). Hence

T T
* Qrk ~ ~ C -

as n — 0o because ¢ < 2 and (1 —a)g < 1 by the choice of p = 17 in (A2), and (3.8)
follows. O
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Now rewrite the cost functional J(x,u) in terms of the operators L, Ly, and S to
obtain

1 ~
(3.15) J(z,u) = §{|Rl/2u|§§w) +1QV2(Sz + Lu+ 2)|72 ()
+|GY2(S(T)a + Lru+ Z(T)[3 2 0.00)}

for x € #, u € U. Therefore, denoting by (-, -),,, the duality between L% (U) and
L7 (U), it follows by completion of squares that

1
(3.16) J(z,u) = §{<Ru,u>q,p + (L*QLy, u)qp + (LPGLru, u) g p}
+ <L*Q§$7u>q7p +(L*QZ,u)qp + (LTGST,u) g p + (LG ZT, 1) g
1 = *
+ §{<QZ, Z) 12 (o) + 260Q5%, Z) 12 () + (STG ST, ) 000
+{GZr, Zr) 12 (0.0) T 26GST%, Z1) 12 (0,0 }

1
= §<Nu,u>q7p + (@, u>q,p + ¥ (),

where N € Z(L%(U), L% (U)), ®x € LL(U), ¥(x) € R,

(3.17) Nu:= Ru+ L*"QLu+ L5GLru,
(3.18) ®z = L*QSz + L*QZ + L-GS(T) + LAGZ(T),
and

1 o *

+{GZr, Zr) 12 (0.0) + 26GSTT, Z1) 12 (0, 70) }-

Now we fomulate the main result of this section. If the spaces 77°,V, and U are finite
dimensional and p = ¢ = 2 the result is well known (cf. [30]).
THEOREM 3.3. If (A1)—(A4), then the following three statements are valid:
(i) N € L(L5U),L%{U)), where ¢ = 25, N = N* is self-adjoint (i.e.,
(Nu,v)qp = (U, N*0)p ¢ = (u, NV)p ¢ for u,v € L(U)NLL(U), and N > 0,
i.e., (Nu,u)qp >0 forue L (U).
(ii) For any initial value © € J, there exists a (unique) optimal control for the
problem (2.1)—(2.9) if and only if there exists a (unique) optimal controlu € U
such that

(3.20) Na+ ¢z =0.

(iii) If @ is an optimal control for the problem (2.1)—(2.9), the optimal cost is

(3.21) J(z) = J(z,q) = —%(@x, Wgp + U(z),

where ® and U are given by (3.18) and (3.19), respectively.
Proof. From the properties of the operators L and L established in Lemma 3.2 it
easily follows that N € .Z(L";(U), L% (U)) (note that p > ¢q), and the self-adjointness
and nonnegativity of N follow immediately from its form (3.17). To prove (ii), initially
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assume that (for a fixed z € ) u € % = L, (U) is an optimal control. Then the
directional derivative Dy, J(z,u) at the point @ in any direction h € L (U) must be
zero, and using the equality (3.16) it follows that

(3.22) D1, 8) = S (N Ry + (N, 8)q,) + (82, ) =0,

which, by the self-adjointness of IV, yields

(3.23) DiJ(,1) = (N, h)gp + (B2, h) g, = 0, h € LL(U),

and (3.20) follows. Conversely, if (3.20) is satisfied for arbitrary u € % it follows that

(3.24)

J(x,u) — J(x,u) = J(z,a+u—1u)— J(z,a)
1 1
= §<N(ﬁ+u—a),u+u—a>q,p +(Pz, 0 +u—ugp — §<Na,ﬁ>q,p —(Dx, U)q,p
1 1
= 5<N11+cI)oc,u—a>q,,,+ =

2<N(u—ﬂ),u—@>q7p =0

by (3.20) and nonnegativity of N; hence @ € U is optimal. The third statement (iii)
follows immediately from the second statement (ii). O

There is also a feedback form for the optimal control. Assume that (3.20) is
satisfied. Then the following equality is satisfied:

(3.25) O = (Nu+®z) = (R+ L*QL + LxGLp)u+ L*QSz + L*QZ
+ LEG(S(T)z + Z(T)) = R+ L*Q(Sz + Lu+ 2)
+ L5G(S(T)x + Lru+ Z(T)) = Ru+ L*QX" + LLGX"(T),

where X% satisfies (2.1) with u = @. It can be easily checked (similarly as in (3.6))
that X* € LP(Q,C([0,T],.)). Using the form of the operators L* and L% from
Lemma 3.2 the following corollary is obtained.

COROLLARY 3.4. Let (Al)—(A4) be satisfied, let x € F be given, and let there
exist an optimal control 4 for the problem (2.1)~(2.9) (or equivalently let there exist
a solution @ to (3.20)). Then the following equality is satisfied:

T
(3.26) Ra(t) = — /t B*S*(r — ) QE[X™(r)|Z (t)|dr — B*S*(T — )GE[X"(T)|.Z ()]

for each t € [0,T).

Remark 3.5. (i) A simple sufficient condition for the (unique) solvability of (3.20)
may be given if p = ¢ = 2 (which is a natural choice if & > 3 in the assumption (Al)).
If the operator R € Z(U) is uniformly positive (R > ~I for some v > 0), then by
(3.17) the inequality

(Nu,w) 2 v > 9ulfs ), v € L%(U)

is satisfied and it follows that N has a bounded inverse, N~ € £ (L% (U)). Therefore,
for each z € 4, (3.20) has a unique solution

(3.27) =Nz,
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which is the optimal control. In this case, (3.26) yields the feedback form of the
optimal control for ¢ € [0,T],
(3.28)

T _ _
a(t) = —R™ </t B*S*(r — )QE[X"(r)|Z (t)]dr + B*S*(T — t)GE[X“(T)|9(t)]).

(ii) If, moreover, the spaces %, U, and V are finite-dimensional, proceeding as in
(3.25) it can be easily seen that

(3.29) Nu+ ®x = Ru— B*p, u € L%(U),

where p satisfies the backward stochastic equation

(3.30) dp(t) = (—A*p(t) + QX (t))dt + q(t)dB™ (t), t € [0, T],
p(T) = GX(T).

This equation has a solution
T
(3.31) p(t) = /t S*(r — OE(QX (r)|Z (¢))dr + S*(T — t)E|[GX (T)|.Z (t)],

Hence for the optimal control @ (satisfying Nua + ®x = Ru — B*p = 0) the same
expression as in (3.28) is obtained. In the general infinite-dimensional case (with
unbounded A, B, and C) the corresponding theory of equations of the form (3.30)
has not yet been developed. Nonetheless, the solution for the backward stochastic
differential equation is obtained directly from (3.28) by computing the operators L*
and L7.

4. Optimal feedback control. The expression (3.28) for the optimal control in
section 3 is not very satisfactory, because the control is not expressed directly in terms
of the optimal solution. In this section an optimal control is described in the feedback
form u; = K(t) X[ + ¢(t), where ¢ is a functional of X. The hypotheses (A1)—-(A4)
are restricted somewhat. In addition, the following assumption is introduced.

(A5) The following three conditions are satisfied:
(a) TrQ < co.
(b) B2 a>1—H, where a, 8 are defined in (A1)(b).
(c) R has a bounded inverse, that is, R™* € L (U), and G € L(A#,D'\.).

The condition (A5)(a) implies that (Bf,t > 0) is a “genuine” V-valued frac-
tional Brownian motion, not merely a cylindrical fractional Brownian motion. The
inequality 8 > a means, roughly speaking, that the diffusion operator C'is not “more
unbounded” than the control operator B.

The formal Riccati equation in this case is

(4.1) V=AV+VA-VBR 'B'V +Q,
V(0) =G,
which does not include the noise linear operator C, so the well-known deterministic
result for this case (e.g., [12]) can be used. Let ¥+ ={V € L(),V =V*;V > 0}.
THEOREM 4.1. If (Al), (A4), and (AD) are satisfied, then for an arbitrary
Vo eXTNL(H, D}L‘ZO‘) there exists a unique operator-valued function V € Cs(]0,T],

LA, D)) N Cs([0,T), =) (Cs(:) denotes strongly continuous) such that
(4.2)

V(t) =S"(t)VoS(t) + /Ot S*(t —s)(Q — (B*V(s))*R™'B*V (s)S(t — s)ds, t € [0,T),
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or (equivalently)
(4.3)

%(V(t)%ybf = (V(t)z, Ay) e +(Az, V(6)y) e +(Q, y)ow—(R™ BV (t)z, BV (t)y)u

forallt € (0,T), x,y € Da, and V(0) = Vp.

The mapping V satisfying (4.2) (or equivalently, (4.3)) is called the mild (or weak)
solution to (4.1) with Vj = G. Let

(4.4) B(t) := V(t)BR™'B*.
By the fact that V € Cs([0,T], £ (5, D >%)) and V = V* on # there is a unique
extension of V' (denoted again by V) such that V € C4([0,T], (D% ", 5#)); hence
B € C4([0,T), L(D.*, ).

For ¢t > s consider the differential equation
(4.5) g(t) = A*y(t) — B(t)y(t),

y(s) =x € H.

The following technical lemma states the existence and some properties of the evolu-
tion operator used to solve (4.5).

LEMMA 4.2. If (A1), (A4), and (A5)(c) are satisfied, then for each s € [0,T],

x € D%, there ewists a unique mild solution y(t) = U(t,s)z to (4.5), that is, a
D}Ll:a-valued function y satisfying

(4.6) y(t) = S*(t —s)x +/ S*(t — r)B(r)y(r)dr, t € [s,T),

such that for each s € [0,T], the solution is continuous, that is, y € C([s, T, D}QO‘).
The collection (U(t,s), t > s; t,s € [0,T]) is a strongly continuous family of
evolution operators as maps A — £ (DY.*), where

A={(t,s)eRY; 0<s<t<T}

(and A is the closure of A), that is, for each convergent sequence (tn,sn) — (to, o)
in A and each x € D2 there is convergence U(ty, sp)x — Ulty, so)z in L (D.%).
Furthermore,

(U(t,s), t>s; t,s €[0,T))

can be uniquely extended to a strongly continuous family of evolution operators as maps
A — L(,DY.*) (denoted again by U(t,s)) and for a constant ¢ > 0 (independent
of (t,s) € A) there is the inequality

c
(47) |U(t, S)|$(%,Di‘;a) < m, (t, S) S A.

Proof. Given x € D.% and s € [0,T) by a standard fixed point argument as
follows, (4.6) has a unique solution in C([s, T], D}.®). Since
(4.8)
> . . 71 . *
Bl zpise ey S VIOl zps-1 ey - 1Blew.ps— - IR 2wy - 1B 2pse 0
<e te(s,T],
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for some constant ¢, defining
t
(4.9) O(y)(t) :==8"(t—s)z+ / S*(t — r)B(r)y(r)dr, t € [s,T],

for y € O([s,T], D}.*) =: X, it follows that ® maps X into itself. Moreover,
t
(@10) (B0 ~ )0 < [ 157 =B () — )y edr

t
k
< [ o) = () edr

—r
for some k > 0; hence

|P(y1) — P(y2)|x < Crlyr — y2|x

for y1,y2 € X, where Cr — 04 as T'— s — 0+. Thus, ® is a contraction on X for
T — s sufficiently small. For larger T' this result can be extended by subdividing the
interval [s, T into smaller subintervals and iterating the solution.

Hence it follows that U(t,s) is a well-defined linear operator on D> for each
(t,s) € A, and it is also clear that (U(t,s), (t,s) € A) is a family of evolution
operators. Furthermore,

t
(4.11) |U(¢, s)a:|D;a < cl|x|D;a + /S |S*(t — T)B(r)|$(D;a)|U(r, 8)$|D;ad7‘

for all (¢,s) € A and some constant ¢; > 0. Hence

t
(4.12) Ut )| g pizey < 1 +/5 1% (6 = 1) o e

: |§(7’)|$(D1—a ) (T, 5)|$(D}4:")dr

ra
and for the mapping h(t) := |U(t,s)| g Dl by the analyticity of the semigroup
(S*(t),t 2 0)

h(r) x

(4.13) h(t) < c1+c2 /t 0 dr, (t,s) € A,

t—r)l-o

for some independent constants ci,co > 0. By the generalized Gronwall lemma it
follows that

(414) W) = 10( )| ey S s 125

where c3 does not depend on (t,s) € A. The strong continuity of the family (U(t, s),
(t,s) € A) in the norms mapping A — £ (D!-®) is now a simple consequence of the
uniform estimate (4.14) and the mild formula (4.6).

It remains to verify the behavior of the evolution family (U(t, s)) in the norm of
L(A, DY), For x € DY, it follows that similarly as in (4.12),

calz| e -
(4.15) Ul < G2+ 18" =

(4.16) - |B(r)| 2oz ey U 8)2] pioadr
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for (t,s) € A. Since D'. is dense in J# there is the inequality

(417) g(t) < (t—cﬁ + CE}/Sv %dr, t > S,

where g(t) = |U(t,s)|$(%)Dz_*a), t>s, s €[0,7), and ¢5 is a constant. By the
generalized Gronwall lemma it follows that

(4.18) (t)<074+c /t dr (t,s) € A
| R e A I (SO
where the constants ¢4 and cg are independent of (¢,s) € A, and (4.7) easily follows.
The strong continuity of (U(t, s)) in the norm .# (7, D}.%) on A is easily obtained
by (4.6) and (4.7). O

Subsequently let P(t) = V(1" —t), where V is the mild solution to (4.1) with
Vo = G and Up(s,t) = U(T —t,T — s) for (s,t) € A and consider the function ¢
defined by stochastic integral

T
(4.19) o(t) = /t Up(s,t)P(s)CdB™ (s)

for t € [0,T]. This expression for ¢ plays an important role in the formulation of the
main result.

LEMMA 4.3. If (A1), (A3)—(A5) are satisfied, then the process ¢ given by (4.19)
is a well-defined centered Gaussian process in LP(Q x (0,T), D42%).

Proof. By (4.7) for an independent constant ¢ > 0

(4.20) |UP(57t)P(S)C@1/2|$2(V7Di\:a) <|Up(s,0)l (e, 0127

‘ |P(5)|g(D3*1,%) ‘ |O|z(V,D3*1) ‘ |@1/2|$2(V)

c

< EDEG (s,t) € A,
and since o > 1 — H it follows that
(4.21) Up(t)P()CQY? € L7 ((t,T), Z(U, D))

for each t € [0,7T), so the stochastic integral (4.10) is well defined for each ¢ (cf.
Remark 2.1(b)) as a D}, “-valued random variable. Next it is shown that the process
t — ftT Up(s,t)P(s)CdB*(s) is mean-square left continuous in D'.*. Choosing
0 < h<t<T it follows that

T T 2
(4.22) E‘/t Up(s,t)P(s)CdBH(s)—/h Up(s, h)P(s)CdB" (s) i
t " 2
gz(E /h Up(s, h)P(s)CdB (s) b

T
+E‘/ (Un(s,1) — Up(s, b)) P(s)CdB (s)

2 >
11—«
Dl

= 2([1 + Ig)
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By (4.20) there is the inequality

t 1 2H
(4.23) I < ( . |UP(57h)P(s)CQ1/2|§2(V,D;I*a))

since 1_70‘ < 1. Let (ej) be a complete orthonormal basis in V'; then the following
inequality is satisfied:

T 1 2H
2 b ([ 060 - Unm)PECQ I, )

T, ~ A\ 2H
- </ <Z [(Up(s,t) — Up(s, h))P(s)CQ"?e; 2Dl—a> ds) X
t = e
By the strong continuity of U(s, -) established in Lemma 4.2 it follows that

(4.25) |(Up(s,t) — Up(s, h))P(s)CQY%¢;| —0ash—t—

2
Dl
for each s >t and ¢ € N. Furthermore, by (4.20)

(4.26)  |(Up(s,t) — Up(s, h))P(s)CQ e

DL

< 2(|UP(83 t)P(S)O@1/2ei|2D;:ﬂ + |UP(57 h)P(S)Cél/zei@)i‘:a)

< 2(|UP(Sat)|92g(‘;f7D};*a) ' |P(S)|92¥(sz1)%) ' |O|;(V,Dz71) : |@1/26i|%/
+ |UP(S,h)|92¥(%7D};*a) . |P(S)|;(Dz,1)%) . |C|;(V,Di71) . |Q1/2€i|2)

~ 1 1 2
<Ml (s * o)

2k A1/2, 12

< (O Q" e
for a constant K > 0, which gives the convergence of the integrand in the integral on
the right-hand side (r.h.s.) of (4.24), so together with (4.25) it follows that I — 0
as h — t—. Hence the stochastic integral (4.10) is left-continuous in the mean-square
and thus has a measurable version which is a Gaussian process in LP(0, T, D=®) (cf.
[2, Proposition 3.6]). O

Note that the solution of the controlled equation is well defined by the mild
formula (2.6) even if the control u € ¥ := LP([0,T] x Q,U) is not adapted. Using the
operator-valued mapping P and the process ¢ the following result for a nonadapted
control is obtained. It may be of independent interest but it also is used later to prove
a corresponding result for adapted controls.

THEOREM 4.4. Let (A1)—(A5) be satisfied, let x € & and u € X be arbitrary, let
@ be given by (4.19), and let (X(¢), t = 0) be the solution of the controlled equation
(2.1). Let v = LP([0,T] x Q,U) be the linear space of nonadapted controls. The
optimal control © € ¥ for the control problem (2.1)~(2.9) with the family of controls
U replaced by ¥V is

(4.27) o(t) = —R'B*(P(t)X (1) + ¢(t)),
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where (X (t),t € [0,T7]) is the solution of the controlled equation (2.1) with u = v. The
optimal cost J is

(4.28) J(x) =

1 L (T
3 (PO.)e =58 [ R B (o) s

T s _
—l—/o /0 Tr[C*P(s)Up(s,7)CQ|p (r, s)drds

= S(PO)z, 7).

T T T
_ % /O / / T’I"(Rle* UP(T, S)P(T)Oéc*P(q)U; (q’ S)RilB)
S S . . i
¢u(r — q)dgdrds + / / Tr[C*P(s)Up(s,7)CQlow (r — s)drds.
0 0

To prove Theorem 4.4 some approximations to the state and the noise processes
are useful. For A > 3, let R(\) = AR(\, A), where R(\,A) = (M — A)~! is the
resolvent of the operator A. For ¢t > s consider the equations
(4.29) y(t) = Ay(t) — Ba(t)y(?),

y(s) =z e H

for s € [0, T], where By(t) := V(t)BAR~'B} and By = R(\)B. From the properties of
the Yosida approximations it follows that for each A > 3, By € Z(U, #’) and By — B
in the strong operator topology of Z(U, D% ') as A — +00. As in Lemma 4.2 it
follows that there exists an evolution operator (Ux(t,s),s > 0,t > s) corresponding
to (4.29) in the same way as (U(t,s),s > 0,t > s) corresponding to (4.5). Moreover,
Ux(t,s) — Ult,s), as A\ — oo, strongly in Z(, D\.*) for each 0 < s < t < T.
Now set Upa(s,t) = Ux(T —t,T — s) and define the family of processes, (¢a(t),t €
[0, 7], 2> 3),

T
(4.30) oa(t) == / Up.(s,t)P(s)CdB" (s).
t
It is easy to verify that

(4.31) ©Or — P

as A — oo in L2((0,T) x Q; DL-®). Similarly, define a controlled process X satisfying
the equation

(4.32) dX\(t) = (AXx(t) + Bau(t))dt + R(\)CdB (t), t € (0,T],
X)\(O) =T\ = R()\)CC,

which is trivially uniquely solvable and it follows that as A — oo
(4.33) X\ — X in L2((0,T) x Q,.5) and X\(T) — X (T) in L*(Q, ).

The next step consists in approximating the fractional Brownian motion (B (t),t >
0) by a sequence of continuous, piecewise linear processes. Recall that

(4.34) BH(t) = Zei\/)\_iﬁi(t)
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and for (i,n) € N?let B}, denote the real-valued process such that B}, (t}') = \/Tﬁ-(t”)
th = JT ,j=0,...,n, and By, is linear and continuous on the intervals [t7,t7, ], j
0 ,n—1. Furthermore, for almost all ¢ and each (i,n) € N? let b (t) := ‘9 - B! (t) for
te [0, TI\Uj— {t§")} (so b, is a piecewise constant process) and by, (t) := Zi:l b (t)e;
For each fixed A > [ consider the sequence of random differential equations for
€1[0,T]

(435) X)\,n(t) = AX)\7n(t) + B)\’U,(t) + R(/\)Cbn(t)a
XA)H(O) =T,
and
(4.36) Pan(t) + (A" = P()BAR™' B} )pan(t) + P(H)R(\)Cby (t) = 0,
(p)\)n(T) = 0.

Both of the equations have unique mild solutions for each n € N and A > /3 and for
t € (0,T) that can be expressed as

(4.37) Xon(t) =S(t)xx + /0 S(t —r)Byu(r)dr + /0 St —r)R(A)Cby,(r)dr
and
(4.38) oan(t / Up(s,t)P(s)R(N)Cby(s)ds,

respectively. Now it is easy to see that as n — oo

(4.39) Xan = X, @an = ©a

in L2((0,T) x Q;5#) and L?((0,T) x Q, D}.®), respectively, and
(4.40) Xon(T) = X\(T)

in L2(Q; 7). (For the passage to the limit in the stochastic integral use integration
by parts or a special case of the result of [29] on Wong—Zakai approximations for
multiple fractional Brownian integrals.)

LEMMA 4.5. Under the assumptions given in the above theorem, the following
equality is satisfied:

T
(4.41) lim lim E /O (O (t), RO (£)) et

A—00 n—r00

T prs
:,/0 /0 Tr[C*P(s)Ub(s,7)CQlow (r — s)drds.
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Proof. The following equalities are satisfied.

T
E/ (on(t), RONC (1)) 1

(4.42) =E / < / Up(s,t)P )(/\)Cbn(s)ds,R()\)Cbn(t)> dt

A

:E/ /S<O*R*(A1)P(s)U;§7A(s,t)R(A)Cbn(t),bn(Smdtds
0 0

T s o0 | |
:E/O /O 'Zl<C*R*(/\)P(S)U}*D7A(S,t)R()\)Cei,ej>Vb;(t)bzl(3)dtdS.

A result of C. Tudor and M. Tudor (Theorem 3.1 in [29]) is used in the verification
of (4.41). Specifically, Theorem 3.1 in [29] verifies that for N € N

TL*)OO

(4.43) lim IE/ / D {C*R*(N)P(5)Up (s, t)R(N)Cey, €5) v bl ()b, (s)dtds
,j=1

—IEZ/ / C*R*(N)P(s)Up A (5, ) RN Cei, e5)v v/ AiXjdB (t) 0 dB7 (s),

i,j=1

where the symbol o denotes the Stratonovich integral. The only assumptions for
this theorem are that the integrand is continuous and symmetric. The symmetric
property follows by symmetrizing the integrand above. The trace class property of
the incremental covariance @ allows (4.43) to be satisfied for N = +oo0.

Let h);(s,t) = (C*R*(A)P(s)Up (s, t)R(A\)CQe;, ¢;)v and use the relation be-
tween the Stratonovich and the Skorokhod integrals [5] to rewrite the expression on
the r.h.s. of (4.43) as

(4.44) E Z/ / h(s,t)dBi (t) o dB (s)

i,j=1

—Z( / | st )dﬂj(8)>
+ZE / / ( / B (s t)dﬂ%t)) or(r — s)drds,

where ¢ (r —s) = H(2H — 1)|r — 5|2 and D, denotes the Malliavin (or path)
derivative operator for the fractional Brownian motion (cf. [9]). The first term on the
r.h.s. of (4.44) is zero, while the second can be rewritten as

T s
(4.45) /o /Ozhz?\i(sar)(bH(T—S)deS
TZ s i
_ /0 /O Tr[C* R (A P(s)Upx (5, ) ROV C Q65 (1 — s)drds.

It remains to pass to the limit as A — +oo. Note that for an arbitrary family
(Mx(s,t),t = 0,8 > t) of operators from Z(V), A > 3, (r,t) € [0,s] x [0,T],
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such that My(r,t) — M(r,t) as A — oo in the strong operator norm of £ (V)
and |My(r,t)| ¢y < @(r,t) for each pair (r,t), and for an integrable function ¢
on [0, s] x [0,T] it follows by the Lebesgue dominated convergence theorem that there
is convergence for any sequence so

T s T s
/ / Tr[Mx(r,s)Q)drds — / / Tr[M(r, s)Q]drds
o Jo o Jo
as A — oco. This convergence is satisfied for
Mx(r,s) = C*R* (M) P(s)Up A(s, ) R(A)C

by the above mentioned properties of the operators (Upx(s,r),r > 0,s > r) and

(R(A), A = B) because

|M)\(7“, S)L?(V) < |C*|$(D}4:B,V) . |P(S)|$(%)D}4:a) : |UP7)\(87 r)lf(jf,D;:ﬁ)
(here it is used that a < 5 by (A5)(b)). Therefore, letting A — oo in (4.45), (4.41) is
obtained. 0

Proof of Theorem 4.4. Fix n € N and X > B; let J,, a(zx,u) denote the cost for
the approximate system that is expressed as

1 T
Jna(@,u) = B (/0 (QXxn(s), Xan(s))or + <RU(8)aU(8)>U)dS>

E(GX 0 (T), Xan(T)) se0.

N =

+

From (4.39) and (4.40) and the convergence of this resulting family of limits as A — oo
it follows that

(4.46) lim lim J,(za,u) =J(z,u), v €, ue .

A—00 Nn—r00

Assume initially that the process u € ¥ has the sample paths (P-a.s.) in C*([0,T],U)
(so there exists a strong solution to (4.35)). By taking the differentials of the processes
((P#)Xan(t), Xan(t)) e, t € [0,T]) and (pan(t),t € [0,T]) for fixed A > fandn € N
and integrating these differential expressions it follows that

(4.47)  Jpa(wr,u) — %(P(O)Cfx, x) e — E{oan(0), 22)

1 T —1 p=*
§E/ {(Ru(s),u(s))U + (P(s)BR™"B*P(s)Xxn(8), Xan(8))se
0
+2(R'ByP(5)Xan(5), Bioan(s))u + 2(Bxgan(s), u(s))u
+ 2pan(s), R()\)Cbn(s)bf}ds

T
= 5B [ IR 3 (Bu(s) + BiP(5)Xon (o) + Bioan ()l
0

+ 2(pan(s), R()\)Cbn(s»%}ds

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 09/10/14 to 129.237.46.100. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journals/ojsa.php

LINEAR-QUADRATIC CONTROL FOR STOCHASTIC EQUATIONS 525

or equivalently

1
(4.48) Ina(za,u) — §<P(0)33/\7$A>% —E{pxrn(0), 22) ¢
1 T _1 * * 2
= 5E | {IRF(Ru(s) + BIP(s) Xnn(9) + Bioan(s))
~ IR B5oan ()} fds + Myn + Na,
where

1 T
My, = —§1E/ (P(s)(BAR™'B5 — BR™'B*)P(5) X, 1(5), XnA(5)) #ds
0
and

T
Nyp = IE/O (Pan(s), RN)Cby(5)) seds.

For A > B, all the operators in (4.48) are bounded on their respective spaces, so by
(4.39) and (4.40) it follows that

(4.49)

L (P(0)ex, 22) o — Elr(0), 22)

nh_)rrgo Joa(zr,u) — 5(

T
= 58 [ {1t u(e) + BiP@Xa(0) + Biea ) — 1B Bioa(s) } s

+ lm (Mxn + Nan).
n— oo

Now consider A — co. Use the convergence By — B in the strong operator topology
of Z(U,D") (and the equiboundedness of |B,| 2, szl)) and the convergence in
(4.31) and (4.33). It follows that

(450) J(x,u) — 5 (PO)z, 2} — E(p(0), 7).

T
=3B [ IR (Ruts) + BPG)X () + B o)t~ 1R B (o)l f ds

+ lim lim Ny,

A—00 n—r00

and by Lemma 4.5 ( E¢(0) = 0) the following equality is obtained:
(4.51)

() — %(P(O)x,xbf

T
- %E/O [IRY(u(s) + R~ B P(s)X () + R B"p(s))[} — [RB*o(s)[% } ds

T s B
—I—/O /0 Tr[C*P(s)Up(s,r)CQ|ou(r — s)drds.

If the sample paths of (u(t),t > 0) € ¥ are not smooth the same equality can be
obtained by approximating an arbitrary u € ¥ by a sequence (u,,n € N) of piecewise
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smooth processes in the norm of LP((0,T) x Q,U) and passing to the limit directly in
(4.56) (the corresponding sequence of controlled processes (X"(¢),t € [0,T],n € N) =
(Xun(t),t € [0,T],n € N) then converges to the limiting process in L?((0,T) x ; 5)).

From the expression (4.51) for J it is clear that the optimal control in ¥ is
(4.27). Note that the control v = v and the corresponding optimal solution to
the controlled equation are well defined because R~!B*p € ¥ and R™'B*P(-) €
Cy([0,T],Z2(,U)) (ctf. the remark following (2.8)). 0

Using the equality (4.51) the main result stated below can be proved.

THEOREM 4.6. If (A1)-(A5) are satisfied, then there exists a unique optimal
control (u(t),t € [0,T]) in % for the control problem (2.1)—(2.9) that is given by

(4.52) a(t) = —R™'B*P(t)X (t) — R™'B*(t)

and

(4.53)
¥(t) = E[p(t)|.F(¢)]

= / U (D (LD (0 P)C)) (5)ABY (s),
0

where t € [0,T], uq(s) = s*I for s >0 and a € R, Up is the fundamental solution for

dX(t) = (A— BR™'B*P(t))X(t), and I denotes the left-sided fractional Riemann—
Liouville integral for o € (0,1),

1

(1)) = s / (A — 5)*Lh(A)dA

(and the left-sided fractional derivative for a € (—1,0)), s € (0,t), h € L*([0,],
LU, ), a>0, and T is the (Euler) Gamma function. The optimal cost is

_ T
(4.54) T(x) = J(w, ) = %(P(O)x,xbf _ %]E /O (R B () ds

T s
—I—/O /OTr[C*P(s)UjS(s,r)CQMH(r—s)drds
= S(PO)r, 7).
T s s
(455) [ [ et p@ats.a)én o - dpads

T s B
—I—/O /0 Tr[C*P(s)Up(s,7)CQ|pp(r — s)drds,

where E[p(t)|Z (t)] = [5 n(t, s)dB™ (s); cf. (4.53).

Proof. The process (¢(t),t € [0,T]) is not (Z#(t))-adapted and therefore does not
belong to % . Let II denote the orthogonal projection of the space L?((0,T)x Q,U) =
L%(U) on its closed linear subspace L% (U) and let II* := I —1II be the complementary
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orthogonal projection. By the proof of Theorem 4.4 for any = € 7, u € L% (U)
(4.56)

T
T, ) — 5(PO)z,2) 0 = %]E/O {IR~4(Ru(s) + B'P(s)X(s) + TIB*o(s)

+ IR B () — R B e(s)lf Jds

T s
—|—/ / Tr[C*P(s)Up(s,7)CQlow (r — s)drds.
o Jo
Clearly the r.h.s. of (4.56) is minimized if u is chosen to satisfy
u(t) =u(t) = —R™'B*P(t)X (t) — IR™'B*p(t),

and since the orthogonal projection II is conditional expectation with respect to
(Z(t),t €[0,T]), it follows that

(4.57) u(t) =a(t) = —R™'B*P(t)X(t) — R™'B*y(t).

The stochastic integral form of the prediction in (4.53) follows from [4]. The process
(R71B*y(t),t € [0,T]) is Gaussian, belongs to LP((0,T) x ,U), and is progressively
measurable. Therefore it belongs to % = L, (U). It easily follows (as in the proof
of Theorem 4.4) that the optimal solution with the feedback control (@(t),t € [0,T1])
defined by (4.47) is well defined and @(t),t € [0,7] belongs to % and is therefore
the optimal control. The formula (4.54) for the optimal cost is now obtained by
substituting the optimal control into (4.56). O

Remark 4.7. While it is assumed that H > %, the optimal control given in
Theorem 4.6 is also valid for the well-known case of H = % (i.e., the case when
(BH(t),t > 0) is a V-valued Wiener process). Then by the independent increments

of (B (t),t > 0) it follows that

P(t) = Elp(t)]

/ Up(s,t)P(s)CdBY?(s )1 =0

so the optimal control is 4(t) = —R™'B*P(t)X(t). To demonstrate the analogous
correspondence for the optimal cost, it is necessary to verify (4.44), which for H = 5
is

(4.58) ]EZ/ /h (5, )dB (1) o dBI (1)

7,j=1

T
_ Z/ B2 (s, )ds _/O TrC* R (V) P(s)R(\)C O] ds.

Proceeding as in the remaining part of the proof of Lemma 4.5, this family of integrals
can be shown to converge to

/T Tr[C* P(s)CQ)ds
0

as A — oo. Summarizing, the well-known expression for the optimal cost is obtained:

1 T -
J(z) = J(z,u) = §<P(O)x,x>3go +/0 Tr[C*P(s)CQ]ds
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5. Examples.
Ezxample 5.1. Consider the controlled stochastic heat equation

(1) 0 t,€) = By(t,€) +u(t, &) + 0(t,6)

for (¢,€) € Ry x D with the initial condition and Dirichlet boundary conditions

(5.2) u(0,8) = z(¢)
for £ € D and
(5.3) U|R+><8D = 0,

where D C R is a bounded domain with a smooth boundary, u is the control, and
7 is a noise process that is the formal time derivative of a space-dependent fractional
Brownian motion. To provide a precise meaning to (5.1)—(5.3), the parabolic system
is rewritten as an infinite-dimensional stochastic differential equation

(5.4) dX (t) = AX (t)dt + u(t)dt + dBH (t)

for t > 0 in the space /# = L?(D), where A = A|D0m(A) generates an analytic
semigroup (S(t),t > 0) on # with Dom(A) = H%(D)N H(D), U =V = 5, and
the noise 1 is modeled as the formal derivative (dBH /dt)(t), where (B (t),t > 0)
is a cylindrical fractional Brownian motion in V with covariance Q € Z(V). If
Q2 ¢ Z5(V'), which corresponds to the case where the fractional Brownian motion
in (5.4) has a trace class covariance, then it follows from [11] that the condition (A3)
is satisfied and there is an J#-continuous solution to (5.4). The condition (Al) (in
the version (a)) is obviously satisfied since B = C' = I and % = L% (U) can be chosen
to verify (A2). If the cost functional has the form (2.9) with an arbitrary choice of
operators @, R, and G satisfying (A4) with the above choice of the spaces 5 and U
and such that R has a bounded inverse on U, all the results of the previous sections
can be applied to find the unique optimal control.

If it is only assumed that Q € Z(U) so that (BY(t),t > 0) is only a cylindrical
fractional Brownian motion, then it follows by well-known estimates on the Green
function for dz/dt = Az that

(5.5) 1S(t)] o) < ™"

for t € (0,7], ¢ > 0, and d is the dimension of the underlying space. It follows from
[11] that if

d
5.6 - < H,
(5.6) :
then the condition (A3) is satisfied. All other assumptions are verified as above except
(A5)(a). Hence the existence and the uniqueness of the optimal control as stated in
section 2, including the form of the optimal control (3.28), are available.
Ezxample 5.2. Consider a stochastic wave equation formally described as

0%y -
(5.7) ﬁ(ﬁf) = Ay(t,€) + B(u(t))(€) +n(t,§)
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for (¢,€) € Ry x D, where D and 7 satisfy the conditions in the previous example
and the control operator B belongs to .2 (U, L?(D)), U being an arbitrary control
(Hilbert) space. The initial and boundary conditions are

6.9 W 0.6 =),
(5.9) 10,6) = 23(6),
(5.10) y(1.6) =0

for £ € D and (t,£) € Ry x 9D, respectively. The corresponding infinite-dimensional
stochastic differential equation is

(5.11) dX (t) = AX(t)dt + Bu(t)dt + dB" (1),
X(0) =z =(x1,22)

with the following choice of operators and spaces: let A = Alpgy(a), Dom(A) =
H}(D)Nn HY(D), Dom(A) = Dom(A) x Dom((—A)'/?), and

(5.12) A:(X é)

It is well known that A generates a strongly continuous semigroup in the space J¢ =
Dom(—A)'/2 x L?(D). Let (B¥(t),t > 0) be a fractional Brownian motion on #

with the covariance
~ 0 0
Q - < 0 QZ > 9

where Qé/ % is a Hilbert-Schmidt operator on L2(D). The control operator B is defined

as
0 0
»=(0 5)
and clearly B € £ (U, 7). The space of controls is chosen as % = L% (U). It follows
from [11] that all the conditions (A1)(a), (A2)—(Ab) are satisfied (if it is assumed that
the operators from the cost functional satisfy (A4) and R has a bounded inverse).

Thus the theorems of the previous two sections can be applied.
Example 5.3. Consider the heat equation with boundary noise and control

0
(5.13) a_?i(t’@ = Ay(t,€)
for (¢,€) € Ry x D with the initial condition
y(0,8) = =(8)
for £ € D and the boundary conditions that are either of Dirichlet type
(5.14) y(t,§)|r, xop = u(t, &) +n(t, )
or of Neumann type
Ay

for (¢t,€) € Ry x 9D, where 0/0v is a normal derivative, D is a bounded domain in
R? with smooth boundary 0D, u is the control, and 7 is a noise process on 9D.
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Let A = Alpom(a), where Dom(A) = Hj(D) N H?(D) for the Dirichlet boundary
condition (5.14) of Dom(A) = {p € H?(D) : dp/dv = 0 on D} for the Neumann
boundary conditions (5.15). In both cases, A is the generator of an analytic semigroup
on s = L?(D). The fractional Brownian motion (B (t),t > 0) is defined on V =
L?(0D) and the covariance Q is assumed to be trace class. If the underlying space
dimension is d = 1, then V' = R2, so this is no restriction. The semigroup (S(t),t > 0)
is exponentially stable for the Dirichlet boundary conditions where B = 0 suffices and
for the Neumann boundary conditions where B <0is arbitrary. The operator IV,
which is called the Dirichlet map for (5.14) or the Neumann map for (5.15), is defined

as follows: Ng = —h, where h satisfies the elliptic equation
(5.16) (A —B0Hh =0,
(5.17) hlap =g

for the Neumann problem and analogously for the Dirichlet problem. The operator
N satisfies N € Z(V, D%) if

1

5.18 -

(5.18) a< 1
for the Dirichlet boundary conditions or

3

1 -

(5.19) a<y

for the Neumann boundary conditions. It is well known how to derive the equation

(5.20) dX (t) = AX (t)dt + Bu(t)dt + CdB" (t)
X(0) ==,

where U = V, C = B is defined as the composition AN , and A is an isometric
extension of the operator A, and in this case B € (U, DS ') with the above choice
of a (and f = ) in the respective cases (cf., e.g., [21]). Now it follows that the
condition (A1)(b) is verified, and the condition (A2) is verified, e.g., with p = 2 in the
Neumann case and arbitrary p > 4 in the Dirichlet case. The condition (A3) for the
stochastic integral is verified in [11]: for the Dirichlet case (A3) is satisfied if H > 3/4
and in the Neumann case there is no restriction on the Hurst parameter H (because
throughout the paper it is assumed that H > 1/2). Hence if the operators in the
cost functional satisfy the conditions (A4) and (A5) with the above choice of spaces,
using a and (8 above, all statements of the previous two sections can be applied to
the present case.

In a similar way the problem with boundary control and distributed noise can be
solved. The dual case (boundary noise and distributed control) does not satisfy the
condition (A5)(b).
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