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STRONG RATES OF CONVERGENCE FOR A SPACE-TIME
DISCRETIZATION OF THE BACKWARD STOCHASTIC HEAT
EQUATION, AND OF A LINEAR-QUADRATIC CONTROL
PROBLEM FOR THE STOCHASTIC HEAT EQUATION*

ANDREAS PROHL! AND YANQING WANG?**

Abstract. We verify strong rates of convergence for a time-implicit, finite-element based space-time
discretization of the backward stochastic heat equation, and the forward-backward stochastic heat
equation from stochastic optimal control. The fully discrete version of the forward-backward stochastic
heat equation is then used within a gradient descent algorithm to approximately solve the linear-
quadratic control problem for the stochastic heat equation driven by additive noise. This work is
thus giving a theoretical foundation for the computational findings in Dunst and Prohl, STAM J. Sci.
Comput. 38 (2016) A2725-A2755.
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1. INTRODUCTION

Let D C R? be a bounded domain with C2 boundary, T > 0, and a (deterministic) function X = {X(¢); t €
[0,T]} € C([0,T); H} N H?) be given. Our goal is to numerically approximate the L?-valued, F-adapted control
process U* = {U*(t); t € [0,T]} on the filtered probability space (2, F,F,P) that minimizes the functional
(a =0)

1 T ~ ~
JO) = 5E[ [ (1K) = ROIE: + 1U()12:) de-+ ] X(T) = K(7) s (11)
subject to the (controlled forward) stochastic heat equation (SPDE, for short)

(1.2)

{ dX(t) = [AX(t) + U(t)] dt + o(t)dW(t) Vit e[0,T],
X(0) = Xo,

*This work is supported in part by the National Natural Science Foundation of China (11801467, 11701470), and the Chongging
Natural Science Foundation (cstc2018jcyjAX0148).

Keywords and phrases: Strong error estimate with rates, backward stochastic heat equation, stochastic linear quadratic problem,
forward-backward stochastic heat equation.

1 Mathematisches Institut, Universitét Tiibingen, Auf der Morgenstelle 10, 72076 Tiibingen, Germany.
2 School of Mathematics and Statistics, Southwest University, Chongqing 400715, PR China.

** Corresponding author: yqwang@amss.ac.cn

© The authors. Published by EDP Sciences, SMAI 2021

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/cocv/2021052
https://www.esaim-cocv.org
mailto:yqwang@amss.ac.cn
https://creativecommons.org/licenses/by/4.0

2 A. PROHL AND Y. WANG

which is supplemented by homogeneous Dirichlet boundary conditions. Here W = {W (¢); t € [0,T]} is an
R™-valued Wiener process, and Xy € Hy NH?, and let o = {(01(t),02(t),...,0m(t)); t € [0,T]}, with o; €
L (0,T; L2(Q; Hy N H?)) for ¢ = 1,2,...,m. For every U € L2(Q; L*(0,T;1L?)), there exists a unique H-
valued mild/weak solution X = X (U) € LZ(Q;C([0,T];1L?) N L*(0,T;H})) in (1.2) (see e.g. [26]), and also a
unique minimizer (X*, U*) € L(Q; C([0,T];1L?) N L?(0,T;H§) x L2(0,T;1L?)) of the stochastic optimal control
problem: ‘minimize (1.1) subject to (1.2)’ can be deduced—which we below refer to as SLQ (see e.g. [5]).

We consider problem SLQ as a prototype example of a (linear-quadratic) stochastic optimal control problem
involving a stochastic PDE, for which corresponding numerical analyses so far are rare in the existing literature;
see e.g. [15, 35]. This is in contrast to the deterministic counterpart problem LQ which involves a linear PDE,
where optimal rates of convergence are available for (finite-element based) space-time discretization of related
optimality conditions (see e.g. [20, 27-29, 32]), which may then be used as part of a gradient descent algorithm
with step size control [21] to approximate the minimizing tuple (X*, U*), which here consists of deterministic
state and control functions. If compared to problem LQ, problem SLQ owns some distinctive characters and
additional difficulties caused by the driving Wiener process in the SPDE (1.2), which make the generalization
of the numerical results for the deterministic control problem to SLQ a non-trivial task. For example, a crucial
difficulty consists in solving the adjoint equation in the context of SLQ, which here is a backward stochastic
PDE (BSPDE, for short) of the form

{ dY (1) = [AY(£) + [X(t) — X(®)]] dt + Z(t) dW (1) Yt € [0,T], L3)

Y(T) = —a(X(T) - X(T)),

having a unique solution tuple (Y, Z) € L2(Q; C([0, T); H§) N L2(0, T; Hy NH?)) x LZ(Q; L2(0,T; HY)); of. [14].
The adjoint variable Y is then related to the optimal control by Pontryagin’s maximum principle, which in the
case of problem SLQ is

0=U*(t)—-Y(t) Vte(0,T). (1.4)

The combination of equations (1.2), (1.3), and (1.4) then uniquely determines the optimal process tuple (X*, U*)
of problem SLQ.

Both, the numerical discretization and related analysis of SLQ governed by SPDEs are non-trivial. In this
work, we apply Pontryagin’s maximum principle to discretize problem SLQ. There exists related works to
approximate optimal control problems driven by SDE systems; see, e.g., [1, 2, 19]; however, to the best of the
authors’ knowledge, works on discretization of SLQ with SPDEs constraints so-far are rare. In [15], a scheme
to numerically solve (a slightly different) problem is given, which combines a proper selection of involved
finite element spaces with an implicit Euler method for temporal discretization to inherit relevant stability
properties of the limiting system, with a least squares Monte-Carlo method, in combination with a stochastic
gradient method, which is based on the (discretization of) optimality system (1.2), (1.3), and (1.4). The scheme
was implemented in [15] for a problem that uses a two-dimensional bounded domain D, and comprehensive
computational studies are reported, among which evidence is given for

a) strong convergence order % for the iterates of both, the temporal discretization of BSPDE, and SLQ
(with the parameter 7 > 0),

b) optimal strong convergence order for the iterates of both, the spatial discretization of BSPDE, and SLQ
(with the parameter h > 0), depending on the spatial L.2- or H'-norm, in which the error is considered.

By evidence, a convergence rate as stated in a) may be expected from the literature on backward stochastic
(ordinary) differential equations (BSDEs, for short), where the dimension of the involved state spaces is fized; see

g [39], and the discussion below. In the present setting of BSPDE and SLQ, however, where solutions take
values in (infinite dimensional) Hilbert spaces, the related dimensions in a (finite-element based) discretization
depend on the inverse of the discretization parameter h > 0, and a naive transfer of results from [39] would
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result in error estimates which couple temporal and spatial discretization parameters—which severely restricts
the wanted flexibility of spatio-temporal meshes to resolve relevant multiscale solution features. In this work, we
use Malliavin calculus and variational analysis as technical tools to exploit inherent stability properties of time-
implicit finite-element based discretizations to validate strong error estimates for (the space-time discretization
of) both problems, where both discretization parameters enter additively, and no coupling terms arise. As
such, this work is meant to give a first theoretical guidance on the design and analysis of numerical methods
for problems BSPDE and SLQ, as well as an explanation for the computational findings in [15]—where no
couplings of discretization parameters (7, h) were observed, thus allowing for general quasiuniform triangulations
of D for example, in the computational studies for (slightly different version of) BSPDE and SLQ); see also
Section 4 below.

Conceptually, we start our work below with the numerical analysis of BSPDE, which is the crucial building
block for the (numerical analysis of the) optimality conditions (1.2), (1.3), and (1.4) for SLQ, which is then
considered afterwards. There is a rich body of literature on numerical schemes for BSDEs; see e.g. [3, 6,
9, 11, 16, 18, 22, 33, 37, 39, 41], and the references therein. In contrast, the convergence analysis of space-
time discretizations of BSPDE is only a recent research subject, and available results are rare: we are only
aware of the works [34, 35], where a first error analysis for an (abstract) time-space discretization based on
the implicit Euler method for the above BSPDE (1.3) is proposed, where the error depends on the ratio of
temporal discretization and Galerkin parameters; see our discussion above. In [15], the authors derive rates
of convergence for a conforming finite element semi-discretization, and discuss its actual implementation. The
proofs in [15] use simple variational arguments, resting on improved regularity properties of the variational
solution, It6’s formula, and approximation results for the finite element method. However, the interplay of
spatial and temporal discretization errors was left open in [15], in particular the relevant question regarding
unconditional convergence rates (which were discussed above), which allow discretization parameters w.r.t. time
and space to independently tend to zero, and general quasiuniform space-time meshes.

A stability and strong error analysis for the spatial semi-discretization (2.14) already exists in the literature
(cf. Sect. 2.3 of a summary); however, the role of an additional temporal discretization of (2.14) was not theoret-
ically accessible in [15]; see again our discussion above. In Section 3, we fill this gap by using Malliavin calculus
for the (finite-element type) solutions (Y4, Zp,) of (2.14) to derive estimates for its increments in relevant norms,
such as the uniform estimate (see Lem. 3.2)

supE[|1Z0(1) - Zu(s) 2] < Ol 5] (15)

One key tool to validate this estimate for the solution (Y3, Zp) of (2.14) is the observation that Zj, is the Malliavin
derivative of Y}, and the Malliavin derivative of (Y, Z5) also satisfies a BSPDE (see Lem. 2.2); another tool is
the auxiliary equation (3.7), which allows to subsequently study of temporal discretization effects on the first,
and the second solution component of the solutions (Y3, Zp,) of (2.14). We use this again in Section 4 for the
study the space-time discretization effects for FBSPDE; cf. (4.32).

The second goal in this work is addressed in Section 4, where strong error estimates for a space-time dis-
cretization (4.15)—(4.16) of the coupled forward-backward SPDE (1.2)-(1.3) (FBSPDE for short) are shown:
its derivation starts (cf. Sect. 4.1) with the error analysis of a spatial semi-discretization (4.5)—(4.7) of the
optimality system FBSPDE of optimization problem SLQ, where our main result are optimal error estimates
in Theorem 4.1. Conceptionally, its proof first deduces estimates for the (discrete) optimal control (see (i) in
Thm. 4.1) via the use of the (strictly convex, differentiable) reduced functional 7, in (4.8), in particular, the
representation of its derivative in (4.9), and stability properties (uniformly in k) of the spatial discretizations of
the forward, and the adjoint/backward problem (see Sect. 3) in the given context of finite elements. Once (i) of
Theorem 4.1 is settled, the estimates (ii) and (iil) now essentially follow from Section 3. Section 4.2 then focuses
on the error due to (additional) temporal discretization of (4.5)—(4.7) in the form (4.15)—(4.16), which—as for
the BSPDE case—, is much more intricate: the key tools to validate the main result here (i.e., Thm. 4.3) are
a representation of the derivative of the reduced functional 7, in (4.26) via (4.15), together with stability and
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convergence estimates from Section 3 to show (i) in Theorem 4.3. Statements (ii) and (iii) in Theorem 4.3 then
follow from the results in Section 3 by separately considering the (space-time) discretization of the forward,
and the adjoint/backward equation, and using Theorem 3.5, in particular. The results of Section 4 therefore
establish optimal rates of convergence for the minimizer of the space-time discrete optimization problem SLQy,
(see (4.13)—(4.14)) towards the minimizer of SLQ.

We remark that even for numerical methods of coupled forward-backward stochastic differential (ordinary)
equations (SDEs, for short), the convergence analysis is non-trivial, and to obtain rates of convergence, usually
assumptions such as small time intervals [0,7] are needed (see e.g. [4]). In the present setting, the results in
Section 4 extend available ones (c¢f. [15]) in the literature in several aspects: the obtained strong convergence
rates for the used finite element based space-time discretization (4.15) hold for arbitrary times T—and is not
only a semi-discretization in space where optimal rates are obtained in [15] for small times T via a contraction
argument.

To solve a BSPDE computationally requires huge computational resources (see [15]), and it is even more
computationally demanding (in terms of computational storage requirements and computational times) to solve
the coupled FBSPDE. Consequently, an alternative numerical strategy to the space-time discretization (4.15)—
(4.16) of FBSPDE which couples the forward and the backward part is needed in practice. While a simple
fixed-point method on the level of optimality conditions to accomplish this goal is known to converge only for
small times T' > 0 (cf. [4, 15]), the construction of a decoupled system should be based on the fully discretized
problem SLQj,, (4.13)—(4.14), where convergence of a gradient descent method exploits its character as a
minimization problem, and allows for computational decouplings; we refer to Section 5 for details of this iterative
scheme, and its convergence, which is the final goal in this work.

The rest of this paper is organized as follows. In Section 2, we introduce notations, and review relevant
properties of the problems BSPDE (2.10) and FBSPDE considered in this work. In Section 3, we prove
strong error estimates for a space-time discretization of BSPDE. By virtue of the obtained error estimates, in
Section 4, we prove a convergence rate for a space-time discretization of FBSPDE, which is related to problem
SLQ. Convergence of the related iterative gradient descent method towards the minimizer U* of SLQ is shown
in Section 5.

2. PRELIMINARIES

2.1. Notation—involved processes and the finite element method

Let (K, (-, -)K) be a separable Hilbert space. By ||+ ||z resp. (-, )Lz, we denote the norm resp. the scalar product
in Lebesgue space L.? := L?(D). The norm in sobolev space Hj := Hy(D), H? := H*(D) is denoted by | - ||,
|| - ||z respectively. Let (2, F,F,P) be a complete filtered probability space, where F = {F; };¢[0, 1) is the filtration
generated by the R™-valued Wiener process W, which is augmented by all the P-null sets. Below, we set m = 1 for
simplicity. The space of all F-adapted processes X : Q x [0,T] — K satisfying E[fOT | X (t)]|Z dt] < oo is denoted
by L2(Q; L?(0,T;K)); the space of all F-adapted processes X : Q x [0, 7] — K satisfying E[sup;epo, 7y 1 X (1) 2] <
oo is denoted by L2(€%; C([0,T];K)).

We partition the bounded domain D C R? wia a regular triangulation 7; into elements K with maximum
mesh size h := max{diam(K) : K € T}, and consider spaces

Vi={¢peHj: ¢| ePi(K) VYK €eT,}, Vi i={pel?: ¢| €Po(K) VKeT},

where IP;(K) denotes the space of polynomials of degree i (i = 0, 1). The L2-projection H% L2 = Vﬁl is defined
by (L€ — &, ¢p)z = 0 for all ¢y, € Vi. We define the discrete Laplacean Ay : Vi — Vi by (—Apén, dn)Le =

(th, V¢h)]}ﬂ for all fh, th S V}ll.
We use approximation estimates for the projection II}, and an inverse estimate (cf. [8]) to conclude that

[ARITEll: < OVl V€€ HgNH?, (2.1)
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since

[ALITENE . = —(VITLE — €], VARITLE) , — (VE, VARITLLE)L
< Ch|| V€2 [[VARITLE L2 + (AL, ARILLE)
< C(IV€ L2 + | AE]lL2) |ARTTLE || -

We denote by I, = {t,})_, C [0,7] a time mesh with maximum step size 7 := max{t,4; —t, : n =
0,1,...,N — 1}, and A, W = W(t,,) — W(tn—1) for all n = 1,...,N. For simplicity, we choose a uniform
partition, i.e. 7 = T/N and 7 < 1. The results in this work still hold for general partitions.

2.2. The stochastic heat equation—strong convergence rates for a space-time
discretization

To obtain a convergence rate for the space-time discretization of (1.2), we assume that X, € Hj NH?, that
U e LE(Q; L*(0,T;Hp)), and o € Lg°(0,T; L?(Q; Hi NH?)). Under the above assumptions, SPDE (1.2) admits
a unique strong solution X € LZ(Q; C([0, T]; HY) N L?(0, T; Hi N H?)), see e.g. [13, 26, 40], such that

T T
B[ swp X%+ [ X0t < CE[IXol, + [ U@ ] (22)
te[0,T) 0 0 0 0

where C' = C(D,T) > 0, which satisfies the following weak form P-a.s. for all ¢ € [0, T

(X(6). ), — (Xo. Sz + / (VX (5).V6),5 — (U(5), 0),] ds
0 (2.3)

:/0 (0(s),0) . AW (s) V¢ eHy.

A finite element discretization of (2.3) then reads: For all t € [0, T, find X, € LZ(€%;C([0,T;V})) such that
P-a.s. and for all times ¢ € [0, 7]

(Xh(t)7¢h>]L2 - (XOa(bh)]LQ +/0 [(VXh(S)’v¢h)]L2 - (U(S)a¢h)L2] ds

. (2.4)
~ [ o) aw(s)  onevi.
0
Equation (2.4) may be recast into the following SDE system,
dXp(t) = [ApXp(t) + IU@)]dt + Hpo(t) dW () V¢ e[0,T], 25)
X4 (0) =11} X . '

Thanks to this equivalence, we do not distinguish between SPDE,, (2.4) and SDE (2.5) throughout this paper.
The derivation of a strong error estimate is standard, and uses the improved (spatial) regularity properties
of the strong variational solution,

sup E[||X5(t) — X (£)]2:] +E[/ IV [Xn(t) — X(0)]]I7. dt] < COh?. (2.6)
te[0,T7] 0
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We now consider a time-implicit discretization of (2.4) on a partition I, of [0, T]. The problem then reads: For
every 0 <n < N — 1, find a solution X" € L% » (€;V}) such that P-a.s.

(X}?"rl - X}T’ ¢h)]L2 + T[(VX}ZL+17 VQZ)h)]L2 - (U(tn)a ¢h)]L2] = (U(tn)a ¢h)L2A7l+1W7 (27)

where A, W := W(t,11) — W(t,). The verification of the error estimate (see [36])

N
Jmax E[|Xu(ta) = XFI2] + 7 S E[|V[Xa(ta) - X [2.] < €7 (2.8)
- n=1

rests on stability properties of the implicit Euler, as well as the bound

N—-1 tnt1
> [ EIx0 - Xy ae < 7. 29)

which requires additional regularity properties of involved data, i.e.,

N=1 t,q
> [T EIUO - U1 + o) — o] i < 7.

and the H'-stability of the L2-projection II} ; cf. [7, 10].

2.3. The backward stochastic heat equation—a finite element based spatial
discretization

Let Yy € L3 (€ Hj) and f € LE(Q; L?(0,T;1L%)). A strong solution to the backward stochastic heat equation

{ dY'(t) = [-AY () + f(t)]dt + Z(t)dW (t) V't € [0,T], (2.10)

Y(T) = Yr

is a pair of square integrable F-adapted processes (Y,Z) € L2Z(€;C([0,T];H}) N LE(0,T;Hy N H?)) x
L2 (0, T; H(l)), and there exists a constant C' = C'(D,T) > 0 such that

T T
E[ sup [V(0)IZ,] +E| / 1Y (©)lZ: +12(1)|, dt] < C[E|IYrl2, +E / 1F @I ) (2.11)
t€[0,T) 0 0

The existence of a strong solution to (2.10), as well as its uniqueness are shown in [14]. Obviously, (Y, Z) satisfies
the following variational form P-a.s. for all times ¢ € [0, T

T
(YTa d))lLQ - (Y(t)7 ¢)]L2 - / [(VY(S)7 vd))]LQ + (f(s)z ¢)L2] ds
¢ (2.12)

:/t (Z(s),6),. AW (s) V¢ eH.

We now consider a finite element discretization of the BSPDE (2.10). Let Y7, € L%, (€;V}) be an approx-
imation of Y7. The problem BSPDE,, then reads: Find (Y3, Z;) € L2(€;C([0,T); V},)) x LA(€; L2(0,T;V}))



CONVERGENCE RATES OF DISCRETIZATION FOR SLQ PROBLEM 7

such that P-a.s. for all ¢ € [0, 7]

T
(Vi )iz — (Ya(t), én), o — /t [(VY0(5), V) o + (F(5), 601 ] ds (2.13)
T
= /t (Zn(s), ¢n) . AW (s) Vo €V}

Equation (2.13) is equivalent to the following BSDE:

{ AYi(t) = [ARYa(t) + I f(1)]dt + Zu(t) AW () Vit € (0,77, (2.14)

Yu(T) = Yr, .

Based on this equivalence, we do not distinguish BSPDE,, (2.13) and BSDE (2.14) throughout this paper. The
existence and uniqueness of a solution tuple (Y}, Z;) e.g. follows from Theorem 2.1 of [17]. Moreover, there
exists C' = C(f,T) > 0 such that

T T
33}UWMMH+EU|mmuw@+wmmﬁM4smqvnM@+/|ﬂw@w;(mm
telo, 0 0

cf. Lemma 3.1 of [15].—The following result is taken from Theorem 3.2 of [15], whose proof exploits the bounds
(2.11).

Theorem 2.1. Let Y € L% (G HY), Yru € L% (4 V}). Let (Y, Z) be the solution to (2.12), and (Yy, Zy)
solve (2.13). There exists C = C(Yr, f,T) > 0 such that

t$%mwm—mwﬁdﬁwévaw—mww;+zw—mwﬁm4

< C(E[IIYr — Yrulf] +h%).
Choosing Y7, = IT} Y7 thus leads to an error estimate for the spatial semi-discretization (2.14).

2.4. Temporal discretization of the backward stochastic heat equation—the role of the
Malliavin derivative

The numerical analysis of a temporal discretization of (2.14) requires Malliavin calculus to bound temporal
increments E[[|Z),(t) — Z5,(s)||?2] uniformly in h in terms of |t — s|, where s,t € [0,T]. We therefore recall the
definition of the Malliavin derivative of processes, and the crucial connection between the Malliavin derivative
of Y}, and Zj, from (2.14). For further details, we refer to [17, 31].

Let us recall that Fr = o{W(¢);0 <t < T}, and that K denotes a separable Hilbert space. We define the
1t6 isometry W : L*(0,T;R) — L% (4 R) by

T
W@zﬁgmmwy

For £ € N, we denote by C° (R*) the space of all smooth functions s : R — R such that s and all of its partial
derivatives have polynomial growth. Let P be the set of R-valued random variables of the form

F= S(W(}h),,W(h[)) (216)
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for some s € C’;"(RE), ¢eN, and g1,...,9¢ € L*(0,T;R). To any F € P we define its R-valued Malliavin
derivative DF := {DgF; 0 < 6 < T} process via

4
DoF = 37 S (W (g0) o W(a1))gi(0).

In general, we can define the k-th iterated derivative of F' by D¥F = D(D*~'F), for any k € N.
Now we extend the derivative operator to K-valued variables. For any k € N, and u in the set of K-valued
variables:

PK:{u:zn:Fjgbj:FjGP,gbjEK,nEN},

j=1

we can define the k-th iterated derivative of u by

Dku: ZDij ®¢j.

j=1
For p > 1, we define the norm || - ||z, via
k 1
- 3
[ullp = (E{HUH% + Z HDJ“H(Lz(o,T;R))@@KD ’
j=1
Then D*P(K) is the completion of Px under the norm || - || p-

We may now express Z;, in BSDE (2.14) in terms of the Malliavin derivative of Y.

Lemma 2.2 ([17], Prop. 5.3). Suppose that Yz, € DV(L?), f € L2(; L*(0,T;1L2)), and

T T T
E[/ | Do Y12 o] +]E[/ / D6 (1) 22 28] < oo
0 o Jo
Let (Yy, Zn) be the solution to BSDE (2.14). Then
(Y, Zn) € L3(; C([0, T]); DV*(L2)) x L*(0, T;DV2(L?)))
and its Malliavin derivative (DgYy,, Do Zy) solves

T
Dy, (t) — DgY3(T) + / —ApDgYy,(s) + 11} Dy f(5) ds
t

T 2.17
:-/ DoZn(s)dW(s) 0<0<t<T), (2.17)
t

DYy (t) = Do Zp(t) =0 0<t<f<T.

Moreover, {D:Y},(t): 0 <t <T} is a version of {Zp(t): 0 <t <T}.
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3. STRONG RATES OF CONVERGENCE FOR A SPACE-TIME DISCRETIZATION
oF THE BSPDE (2.10)

In this section, we introduce the temporal discretization scheme (3.6) to approximate the solution (Y3, Z,)
to the BSPDE), (2.14) by a finite sequence {(Y;*, Z7")}N_! on a mesh I,. The main results are Theorems 3.5
and 3.7 in Section 3.2. Their derivation crucially hinges on the time regularity of the solution (Y}, Z;,) to (2.14),
and a related uniform bound w.r.t. the mesh parameter A > 0, which is provided in the subsequent Section 3.1.

3.1. Uniform bounds for temporal increments of the solution (Y, Zp) to (2.14)

We start with the derivation of uniform estimates for Y; which control its temporal increments. We note
again that all involved generic constants C' > 0 do not depend on h.

Lemma 3.1. Suppose that Yr ), € LffT (G HY), fe L2 (Q; L?(0,T; Hé)), I, is a temporal partition of [0,T)]. Let
(Yy, Zr) be the solution to (2.14). Then

(i)
= bt 2 2 T 2
SB[ [ N0 - Yalta) I ] < OTE[I¥raly + / 1F @I )
n=0 tn
(i) Assume further supy,o E[||ApY74]132] < 0o. Then
N—-1 tnt1 T
S [ IV 040 - Ya(ta) I dt] < OTE[IAnYealls + (V¥ + [ 101 0.
n=0 tn

(iii) Assume further suph>0E[||AhYT7hHIQH%] < oo and f € L2( L*(0,T; H NH?)). Then

N-1 tn+1 T
SB[ [ 180 (VA0 - Ya(ta)) [ ] < OTE [ A0Vl + / 1F @O at] -
n=0 tn

Here, the constant C' > 0 only depends on Y, f and T

Proof. We only prove (i). The other statements can be proved in a similar vein.
By BSDE (2.14), we get

N—-1 T

tn+1
SB[ [ IYale) - Vi) ] < O [ 1AM + IHLFOI + | Zn(O]s ]
t 0

n=0 n

Applying 1to’s formula for [|Yy||2. and [|[VY, |2, in (2.14), we find that

T T
B [ 120018 @t < CB[Vealis + [ Imrol .
T T
B[ [ 1aolE ae] < CE[19vnalls + [ ImbrolEs 0.

Then (i) can be deduced by the above estimates. O
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Lemma 3.2. Suppose that Y7, € DV2(HJ), and f € LE(Q; L*(0,T;1L?)) satisfy

sup E[HDtYT,hHﬁé] + sup sup E[||DgDYrlif.] < C,

0<t<T 0<O<T 0<t<T
T T
sup E{/ | D f(7)]I22 dT] + sup sup E{/ | Do Ds f(7)|I22 dT} <C,
o<t<T LJ¢ 0<0<T0<t<T LJovi

and for any s,t € [0,T] with s < t,
T
E[|| (D¢ — Ds) Yrulifa] + E[/t 1(Dy = Dy) f(7)|[Ez d7| < Clt = 5] (3.1)

Then, it holds that
E[l|Z0(t) = Zn(s)f=] < Clt — s|.

Proof. By Lemma 2.2, we know that Z,(¢t) = DY (t) for all 0 <t < T, and therefore, for 0 < s <t < T,
1
§]E[||Zh(t) — Zn(s)|If2] S E[DYn(t) — DYn(t)lI72] + E[|DsYa(t) — DsYa(s)|22] - (3.2)

In what follows, we estimate the two terms on the right-hand side of (3.2) independently.

Step 1. Fix two 0 < 0 < 6; <t < T and define §g = Dy, — Dy,. By (2.17), we have the BSDE
T T
59Yh(t) - 59Yh(T) + / [—Ah(SgYh(S) + H}L(ng(s)] ds = —/ 59Zh(5) dW(S) Vit e [91,T} . (33)
t t
[t0’s formula and Poincaré’s inequality lead to

T
E[[|50Yn(6)12:] +/ E[|V65Yi(s) |22 + 16021 (s)|12] ds
t

T
< E|[65Y3() 22 +/t [0 (3)]2 ]

Taking 6 = s and 6; =t and using (3.1) then lead to

T
B[IDYA() = Dah(@)1E] <E[I (D= D) YVarlts + [ (D= Do) FlEsdr] < Cle=sl. (39
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Step 2. By (2.17), 1td’s isometry together with Poincaré’s inequality,
E[HDSYh(t) - DsYh(S)H%‘?]

—E [H/: [~ ARD Yy (1) + LD, f(r)] dr + /St Dy Z(r) aw (7).

T t
§2|t—5\/ E[||AhDSYh(T)||?LQ+||H,11Dsf(7)|\ﬁz}dT+2/ E[||DsZn(7)|22] dr

(3.5)
T
<Clt~ s|E[IV DD + [ IHAD.F ()]s ar]
) T
+Clt—s| sup sup ]E{HDthYT,hHEz +/ | Do Dy f(7)]|22 dT} :
0<0<T 0<t<T ovi
Inserting (3.5) and (3.4) into (3.2) then settles the proof of the lemma. O

Remark 3.3. In Lemma 3.2, we derive the Malliavin differentiability of the solution to BSPDE,, (2.14), i.e.,
the spatial discretization for BSPDE (2.10). Indeed, the Malliavin differentiability of solution to (2.10) can
also be verified; see e.g. Proposition 3.2 of [12].

3.2. A time-implicit space-time discretization of the BSPDE (2.10)

We use a time implicit discretization on the mesh I, to approximate BSPDE; (2.14); we refer to it as
BSPDE;,, ., and the discretization reads as follows: For every 0 <n < N —1, find (Yh", Z,’j) € L%—t (Q; V,ll X V,ll)
such that !

[ — 78,V =E[Y R, ] - I f(t,)
1
Zip = BV AnaWIR, ], (36)

YN =Yr,.

We introduce an auxiliary BSDE for the convergence analysis of (3.6), which, in particular, uses a
time-continuous diffusion term:

{ AY4(t) = [~ ApYy W+ T f(r(t)] dt + Zi(8) AW () Vit € [0,T), 51)
Yiu(T)=Yrn,
where m(-), and 7(-) are defined as follows: For n = 0,1,...,N — 1 and t € [t,,tn41), We set w(t) = n and

7(t) = ty.
Lemma 3.4. Let {(Y*, Z)N-) solve (3.6), and (Y, Zy) solve (3.7). For all0 <n < N —1,

n=

_ 1 tng1
Y =Yu(tn), Zy = ;]E[/ Z(s)ds ]:tn} )
t

n

Proof. The first identity is immediate; the second follows from multiplication of (3.7) with the admissible
f:"“ 1dW (s), and application of conditional expectation E[-|Fy, ]. O

We may now prove a strong error estimate for the first component of (Y3, Z;) that solves (2.14); its proof
uses the auxiliary BSDE (3.7), and the relation of its solution at time-grid points to iterates {(Y;", Z@)} =)
from (3.6) thanks to Lemma 3.4.
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Theorem 3.5. Suppose that Yr, € L% (Q;HG), ApYr, € L (12), f € LE(Q; L2(0,T;HJ)) as well as

N-1 T
> [ Rl - sl < or.
n=0 7 tn

Let (Yn, Zy) solve (2.14), and {(Y}", Z) YY) solve (3.6). There exists a constant C = (Yrp, f,T) > 0 such that

N-—1
o5, Bl (00) = Y] + 7 3 B{IV () - Y1) IEs] < O (3.8)

Proof. Consider (Y,,Z}) from (3.7), and define {e,}=}', where each e, = Yj(t,) — Yi(t,) is a V}-valued
random variable. Subtracting (3.7) from (2.14) yields P-a.s.

n—enn = [ Aends= [ Ma[¥ate) < Yilt)] - THIF(6) — )] ds -

- [ (2 = Zuts) aw ).

n

Fixing one realization w € (2, testing with the admissible e, (w) € V}, using binomial formula, and then taking
expectation, and Poincare’s and Young’s inequality lead to

tnt1
SE[lenlls — lensall +llen = ensallts +2 [ [Venl ds]

tn

SE[/ IO ¥) = Ve [+ 17) — F(ea) s ds] (3.10)

n

1 bnta 9 9 T 2
+5E[[ Vel + llen — entlifs ds| + ZE[llensll2]
t

n

Subsequently, the discrete Gronwall inequality leads to

Jmax B[] <o 3 8] / )~ Valt I+ 176) — FIRds] . @)

n=0

Then, summing up over all steps of (3.10) yields

N—-1 tn
S E[ [ I9enlas]
n=0 tn
(3.12)

N-1

N— tnt1
<73 Effenti e Z_: [/ 1V [Ya(s) = Ya(ta)] 72 + 1£(s) = F(tn) 122 ds] .

Then, (3.11), (3.12) together with Lemma 3.1 (ii), and Lemma 3.4 lead to the desired estimate. O
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By Theorems 2.1, 3.5 and Lemma 3.1 (i), we thus get the following convergence rate for the approximation
{Y;"}N_, of the first solution component Y to (2.12) via the space-time discretization scheme (3.6),

max E[JY (ta) = 7] + Z/W IV (Y (1) = Y 2] dt < C (7 + h2) . (3.13)

0<n

Remark 3.6. If the drift term of (2.10) is —AY (¢, x) + f(t, x,Y(t, x)), where f is a Lipschitz nonlinearity, we
may apply a similar procedure to get the above convergence rate. However, the above strategy is not clear to
be successful if Z appears as well in the drift term.

We now derive estimates for the approximation {Z}' 7]:’;01 of the second solution component Z to (2.12),
which uses the characterization Zy(t) = D;Yx(t), and (2.17).

Theorem 3.7. Let (Y, Zy) solve (2.13), where data satisfy the assumptions in Lemma 3.1 (i), Lemma 3.2,
as well as

tnt1 )
Z / E[1(t) — S(ta)|] de < Or.
Let {(Y;", ZP)YNZL solve (3.6). There exists a constant C' = (Yr, f,T) > 0 such that
tnt1
> [ ez -z ar< cr.

The proof begins with an estimate for Z; — Z}, which exploits time regularity properties of the solution
(Yn, Zp,) in stronger norms; ¢f. Lemma 3.1, (ii). Moreover, the following technical result is needed; see also [35].

Lemma 3.8. For any ¢ € L2(0,T;K) and 0 < s <t < T, define

0o = tiS]EU:@(T)dﬂfs].

For any € € L% (Q;K) there holds

E[/: () — ¢0||H2‘<dr} < E[/: lle(r) ffllidf] :

Proof. Let {¢;}22, be an orthonormal basis of K, and II,, be the projection from K to span{¢; : i =1,2,...,n}.
For any n € Z, one has
t

B[ le(r) - el ar] > 5[ [ 1Mot - €)1 o]

=E|[ [ 1L ((7) = o) I + a0 — ) +2(TLa ((7) = o), (0o — £)), A7

=E[ [ [0a(p(r) - o) I + [T (00 — )l d7]

sl [ e el in-0), ]



14 A. PROHL AND Y. WANG

Since, o and £ are Fg-measurable, the last term vanishes, i.e.,

#[e{([[ ot o[ martorpr it -0), 7]

:E[(E{/:nngomdf—E[/:HW(T)dT } S},Hn(goo—f))K]:O.

Therefore,

B[ lo(r) - elar] > /HH ~ ol as] + B[ [ 1Moo - O o]
> [ [ It goo>||Kdr}.

By letting n 1 oo, we may therefore conclude

t t t
B[ [ o) - pollzdr] = tim B[ [ 11, (o) - o) [ a] <E[ [ lotr) el ar]
which completes the proof. O

Proof of Theorem 3.7. Step 1. Claim: theres exists a constant C, which is independent of h, 7, such that

E[/OT 1Z4(s) — Zn(s)]|2% ds} <Cr. (3.14)

We recall the definition of {en}ivz_ol in the proof of Theorem 3.5, as well as equation (3.9), which we recast
into the form

trnt1

(1 —7Ap)e, + [Zh(s) (s)] AW (s)

tn

P / T AR(S) — Yi(tn) — TR((s) — £(t0))] ds.

n

Taking squares and afterwards expectations on both sides, by binomial formula, It6 isometry, and Young’s
inequality, we arrive at

2
)

tnit .
—E[I(t - ranenle+ [ 1Zn(s) - Zu(o)lEs ds

n

E[H(n — TAR)en|?s + H /tt"“ Zn(8) — Zn(s) AW (s)

<04 DE[JenmlZe 4 (1 ) [ | AR[Y(S) = Yi(ta)] — TEL(s) — (0], ds]
4T

n



CONVERGENCE RATES OF DISCRETIZATION FOR SLQ PROBLEM 15

Note that [|[(1 — 7Ap)es||22 = |len]|Zz + 27(|Ven |2, + 72| Apen |22, Summation over 0 < n < N — 1 then leads
to
N-1 T
E[leolls + 27 3 IVenlls + [ 1Z(s) = Z4(s) s ]
n=0

<r Z E[llentall:] +2 Z E[/ AR [Yals) - Yat)] — T F(s) — £t as] .

By the discrete version of Gronwall’s inequality, and Lemma 3.1, (iii), the right-hand side is bounded by C'r.
Hence, (3.14) is proved.

Step 2. We use the triangle inequality, Lemma 3.4 and Lemma 3.8 with £ = Z,(7(t)) , as well as Lemma 3.2,
to deduce

n+1 9
ZE/ 12n(t) — 231 ]

n=0 tr
n+1
g2§j/’ E[|Za(t) ~ Za(®)R2 + |[Zs 2]
N-1 tni1
<2§;/ E[31Z0(t) — Za ()12 + 201 Z0(t) — Zu(ta) |22]
n=0 v tn
<Cr.
That completes the proof. O

4. STRONG RATES OF CONVERGENCE FOR A SPACE-TIME DISCRETIZATION
oF SLQ

In this part, we discretize the original problem SLQ within two steps, starting with its semi-discretization
in space (which is referred to as SLQy,), which is then followed by a discretization in space and time (which is
referred to as SLQy,). Our goal is to prove strong convergence rates in both cases. By e.g. [25], problem SLQ
is uniquely solvable, and its solution (X*, U*) may be characterized by the following FBSPDE with the unique
solution (X*,Y, Z, U*),

AX*(t) = [AX*(t) + U*(t)] dt +o(t)dW ()  Vte (0,T),
dY (t) = [FAY (1) + [X*(t) = X(@)]] dt + Z(t) dW (1) Vt e (0,T), (4.1)
X*(0) = Xo, Y(T)=—a(X*(T) - X(T)),

with the condition
U —Y =0. (4.2)
We remark that by (4.1)1, X* may be written as X* = S(U*), where

S Li( L%(0,T; L)) — Lg (€ C([0, T); Hy) N L*(0, T; H?))
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is the bounded ‘control-to-state’ map. Moreover, we introduce the reduced functional
J LA L2(0,T51%) =R wvia  JU)=J(S(U),U),

where 7 is defined in (1.1). The first component of the solution to equation (4.1) may be written as Y = T(X*),
where T

T : La (@ C([0, T|; L%)) — L3(; C([0, T); Hg) N L*(0,T; Hy N H?))

which is also bounded. For every U € L(Q; L?(0,T;1L?)), the Fréchet derivative Df(U) is also a bounded
operator on L2 (Q; L2(0,T; L2)) and takes the form

DIU)=U-T(SU)). (4.3)

4.1. Problem SLQj: Semi-discretization in space

We begin with a spatial semi-discretization SLQ; of the problem SLQ stated in the introduction, which
reads: Find an optimal pair (X}, U;) € L2(Q; C([0,T); V}) x L?(0,T;VY)) that minimizes the functional (o > 0)

1 T ~ ~
T (Xn,Un) = 3E [/0 10 () = X (D)2 + |Un ()22 dt + | Xp(T) — X(T)|2 (4.4)
subject to the equation

{ dXp(t) = [ApXn(t) + T UL (E)] At + 1o (6) AW () Vi€ [0,T], (4.5)

X, (0) =TI X, .

The existence of a unique optimal pair (X}, U;) follows from [38], as well as its characterization via Pontryagin’s
maximum principle, i.e.,

0=U;t) -1V, (t) Vte(0,T), (4.6)

where the adjoint (Y3, Z,) € L2(€;C([0,T];V})) x L2(Q; L?(0,T;V})) solves the BSPDE,,

{ AYi(t) = [~ARYa(t) + (X () — L X ()] dt + Zu(£) AW () Vi€ [0,T], n

Yil(T) = —a(X;(T) - ILX(T)).

In [15], optimal error estimates have been obtained for (X}, Y, Z) with the help of a fixed point argument—
which crucially exploits T" > 0 to be sufficiently small. The goal in this section is to derive corresponding
estimates for (X}, Uy, Yy, Zp,) for arbitrary T > 0 via a variational argument which exploits properties of the
reduced functional J = J(u) that is now defined: once an estimate for fOTE[HU*(s) — Uy (s)||?2] ds has been
obtained, we use the convergence analysis from Section 3 to derive estimates for X* — X}, as well as Y — Y},
and Z — Zh.

By the unique solvability property of (4.5), we associate to this equation the bounded solution operator

S+ L (Q; L(0,T5 V) — L (2:C([0, T V},))
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which allows to introduce the reduced functional
T L3 L2(0, V) =R, wvia  Jn(Us) = T (Sk(Us), Uy), (4.8)

where J is defined in (1.1). The first solution component to equation (4.7) may be written as Y}, = T, (X}),
where

Ti: LE(C([0,T]; V) — LE(2: C(10,T]; V3)) -

For every U, € L2(%; L*(0,T;VY)), the Fréchet derivative DJ,(Uy) is a bounded operator (uniformly in k) on
L2(Q; L*(0,T;VY)) at Uy, and has the form

DIw(Up) = Uy, — I T (Sh(Un)) - (4.9)

Let Uy, € L2 (Q; L2(0,T; V%)) be arbitrary; it is due to the quadratic structure of the reduced functional (4.8)
that

]E{(D2fh(Uh)Rh,Rh)L2(07T;L2)} >E[|RullZz0r02] VR € LE(Q L0, T;V})) .
As a consequence, on putting R, = Uy — IIU*,

BT} ~ T80 320.r02)) < E[(D2F (00U~ TU), Vg = T80") 1o s |

N R (4.10)
=E [(Djh(U;;)a UZ - HgU*)Lz(O’T;Lz) - (Djh(H?LU*)’ UZ - H?LU*)L2(O’T;]L2):| :
Note that Djh(U,’;) =0 by (4.6), as well as DJ(U*) = 0 by (4.2), such that the last line equals
- E[(DJ(U*)’ Ui = T0U7) oo ey — (PIWRU7), Uy = HgU*)Li‘(o,T;m]
7 077 * 0 77* 7 077 * 077 .
+E{(DJ(HhU ), Up = T0U%) Lo pgey — (DIR(IRU*), Uyy = TRU )Lz(o’mz)] (4.11)

=T1+4+1I.

We use (4.3) to bound I as follows,

_ * O7r* O7r* . * * 0 77*
IJE[(U U™ + T(SAIU*)) — T(S(U)), Uj — TIU )Lz(o,mz)}

* * 1/2 * * 1/2
< ((]E[”U - HE)LU ||i2(O,T;]Lz)]) + Ia) (]E[HUh - H?‘LU ||%2(0,T;]L2)]) y

where I2 = E[|T(S(U*) — S(H%U*))||2L2(O7T;L2)]. By Poincaré’s inequality, and a stability bound (see also
(2.11)) for the backward stochastic heat equation (2.10), as well as for the stochastic heat equation (2.3) (see
also (2.2)),

Iz < CE[|(S(U7) = SALUN)T)|E + IS(U") = SMRU) 720,72

\ . (4.12)
< CE[|U* = TRU* (720, 7512)) -
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By optimality condition (4.2), and the regularity properties of the solution to BSPDE (2.10), we know that
already U* € LZ(Q; C([0, T]; HY) N L?(0, T; HE NH?)); as a consequence, the right-hand side of (4.12) may be
bounded by Ch?.

We use the representation (4.9) and properties of the projection H% to bound I via

1T =E[(T(SM5U")) = 0T (Si(TU*), Uy, H?LU*)L2(07T;L2)]

1/2
< I, % (E[HUh - H(f)LU H%?(O,T;LZ)D )
where 112 :=E[||T(S(IIU*)) — Tp (Sn(IIU*)) ||%2(0}Tﬂ_2)] We split 112 into two terms

113, = E[|T(SARU™) = T (Su(MRU) 720,712
and 113, = E[|T(Su(IU")) = Ta(Sw@U)) 220702 -

In order to bound IT7 ;, we use stability properties for BSPDE (2.10), in combination with the error estimate
(2.6) for (2.5) to conclude

112, < CEISMU) - Su U2 10)] < OO

In order to bound 113,2, we use the error estimate in Theorem 2.1 for BSPDE (2.10), in combination with
stability properties of (2.5), and again the error estimate (2.6) for (2.5) to find

* * 2
2, < C(E[HS(HgU )(T) = Su(IU)(T)|[2,] + hz) < OR?.
We now insert these estimates into (4.11) resp. (4.10) to obtain the bound
E[|U; = TU*(|72(0 7:12)] < Ch®.

By arguing as below (4.12), this settles part (i) of the following

Theorem 4.1. Let (X*,Y,Z,U*) be the solution to problem SLQ, and (X, Yy, Zy,U}) be the solution to
problem SLQy,. There exists C = C(Xo,T) > 0 such that

o B[ 1070 - vl < o,

T
(i) sup E[IX"(t) - Xj(0)[2:] + / E[IX*(t) - X{(Ol%] dt < Cn?:
o<t<T 0

T
(iif) OE?ET]E[IIY(t) — Ya(t)IIE:] +A E[IY (1) = Ya(®)llzs + 12(8) — Zn(®)]If=] dt < Ch*.

Proof. Since U* € LZ(Q; L*(0,T;H})), and (i), the first estimate of (ii) can be deduced as (2.6). Assertion (iii)
now follows accordingly as Theorem 2.1, thanks to (ii). O

4.2. Problem SLQj: Discretization in space and time

In this part, we provide the temporal discretization of problem SLQj; which was analyzed in Section 4.1.
For this purpose, we use a mesh I, covering [0,7], and consider processes (Xpn,Up,) € Xpr X Upr C
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L2(Q; L2(0,T;V})) x LE(; L2(0,T5VY)), where

Xpr o= {X € Lg( L*(0,T;Vy)) : X() = X(tn), Vt € [tn,tys1), n=0,1,..., N -1},
Upr :={U € LE( L?(0,T;V})) : U(t) =Ul(tn), Vt € [tn,tpt1), n=0,1,..., N -1},

and for any X € X, U € Uy,

N 1/2 N-1 1/2
1X I, = (7 S EIXEIE]) s 100, = (7 3 E[UIE])
n=1 n=0

Problem SLQy,- then reads as follows: Find an optimal pair (X;_, U} ) € Xpr x Uy, which minimizes the cost
functional

1 ~ 1 o ~
T (X, Unr) = 510 = X1, + 5 1Unr 3, + SE[IXr(T) = X(D):] (4.13)

subject to the difference equation

(4.14)

Xnr(tni1) — Xnr(tn) = 7[ApXnr (tng1) + TEUn- (80)] + po(tn) Api W n=0,1,-+- N — 1,
Xin-(0) = I X,

where A, 1 W = W(t,y1) — W(t,). The following result states Pontryagin’s maximum principle for problem
SLQj},, which is later used to verify convergence rates for the solution to problem SLQj, towards the solution
to SLQ.

Theorem 4.2. Problem SLQy, admits a unique minimizer (X U} ) € Xpr x Upr, which is (part of) the
unique solution
* * 2
(XhT7YhT7 Uh-,—) € [th] X Upr

to the following forward-backward difference equation for 0 <n < N —1,

[0 = ARG (tnr) = X5 (t) + TILUR (80) + 0,0 (t0) A W
[ — 7AuYor(tn) = E [YhT(th) — (X (tns1) — I X (tn41)) |ftn} ; (4.15)

X;i (0) =T,Xo,  Yir(T) = —a(X; (T) = X(T)),
together with
Ui (ty) =Y, (t,) =0  n=0,1,...,N —1. (4.16)

By (4.16), we can see that U} is cadlag, and then U} € Uy.. Inserting (4.16) into (4.15); leads to a coupled

N N—1 N-1 L
problem for ({XhT(th)}n:O ) {YhT(tn)}n:O ), where (4.15), is similar to (3.6). Note that no Z-component
appears explicitly in (4.15)a, where the conditional expectation is used to compute the Y-component. It is in
particular due to the need to compute conditional expectations in (4.15)s that the optimality system (4.15)—
(4.16) is still not amenable to an actual implementation, but serves as a key step towards a practical method

which approximately solves SLQj,,—which is proposed and studied in Section 5.

Proof. We divide the proof into three steps.
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Step 1. Let Ag := (1 — TAh)il. For any Uy, € Uy, by equation (4.15)1, we have
th(tn) = AO [Xh'r(tnfl) + TH}LUhT(tnfl) + H}lg(tnfl)AnW] .

Hence, by iteration we arrive at

n—1 n
Xnr(tn) = Ag Xnr(0) + 7Y AU, (8) + > AT o (t 1) AW
§=0 j=1

= (FH%LXO)(tn) + (LUh'r)(tn) + f(tn) .

Here, I : V}L — Xpr and L : Uy, — Xp are bounded operators. Below, we use the abbreviations

~

[T} Xo = TTEXo(T),  LUp, := (LU, )(T), = f(T).

Claim: For any ¢ € X7, and any n € L% (Q;V}),
L¢=-10Y,, L'n=-I0Y;,

where (Y, Zy) solves the following backward stochastic difference equation:

Yoltus1) — Yo(t) = 7[~AnYo(tn) + E(tns)] + /tt"“ Zo®)dW(E) n=01,...,N—1

n

Yo(tn) = Yo(T) =0,

and (Y1, Z1) solves

Proof of Claim: The existence and the uniqueness of solutions to (4.21) are obvious. Note that
Yo(t;) = E[AoYo(tj+1) — TAoE (tj41) | F2, ]
With the similar procedure as that in (4.17), we conclude from (4.22) and (4.21)a,

N
Yolt)) = B[4} Yo(tn)|F,] ~E[r Y. A5E(t)| R |
k=j+1

—-E|[r i ATE(t)|F |

k=j+1

(4.17)

(4.18)

(4.19)

(4.20)

(4.21)

(4.22)

(4.23)
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Let Uy, € Uy, be arbitrary. By the definition of L, (4.23) and the fact that Ay is self-adjoint, we can calculate
that

N N n—1
T ZE[((LUhT)(tn)vg(tn))Lz} = TZE[(TZ Ag_jH}LUhT(tj)vg(tn))Lz}
n—1 - j=0
N-1
=7 > E|(TUn (1), Z Agt)| 7)) -
j=0 n=j+1

Since the second argument is V}-valued, we may skip the projection operator in the first argument, and may
continue instead

N-1 N
=7 Y E[(Un(t) IRE[r > ATt F]) |-
7=0 k=j+1
Because of (4.23), the latter equals
N-1
TZ]E Uh'r HOYO( )) ]u
7=0

which is the first part of the claim. .
The remaining part can be deduced from the fact that Y3 (¢;) = —E[Aév_]n‘]-}j] for j=0,1,...,N —1, and
the following calculation:

N-1

N—j
E[(LUnr,m),.) = E[(r FOA Unr (t),m) ]

N-1 )

=7y E[(I,Un-(t;), E[A) |7, ]) ] (4.24)
7=0
N-1

=73 E[(Un-(t;),~Y1(t;)).]  YVUnr € Ups.
j=0

Step 2. By (4.18) and (4.19), we can rewrite J,(Xpr, Up,) as follows:

jT(Xh‘ra Uh‘r)
1 ~ ~
= 5 |:||Xh’r - HTX”QL%(Q;LQ(O,T;H_P)) + ”UhTHQL%(Q;L"’(O,T;]LQ)) + OZ”X}”-(T) — X(T)”QLz}-T(Q,]LQ)}
1 ~ ~
=3 [(FH;XO + LUnr + f = o XTI Xo + LUnr + f =T X) o 0 10 ey,
+(Unr, Unr) L2(;22(0,7:12))

+a(fH%LX0 + EUh‘r + ]/C\_ X(T)’fH}LXO + EU}LT + J/C\_ *)FEV(T>)L2JT (SZ;]L2):| )
T
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where I1. X (t) = X (t,), for t € [tn,tns1), n=0,1,..., N — 1. Rearranging terms then leads to

[ []1 +L*L+al* L] Uhr, UhT)Lg(Q;H(O,T;V))

[L*T + oL*T|, Xo + L* f + aL*f — L*I, X — aL*X(T), UhT)ng(Q;m(O’T;W

(

2(

{(FH}LXO +f — XTI Xo + f = TLX) o g )
o

FHileXvO + f - X(T)7 FH}lz)(o + f - X(T))Lng(Q;]LZ)}}

N)M—l + + +l\.’2\>—‘

|:(mUh-r; UhT)L%(Q;LQ(O’T;L2)) + 2(5(H}11X0a fa )’Z)a UhT)Lf(Q;L%O,T;]Lz)) + m(H}lLXm fv X)} .
Since M =1 + L*L + aL*L is positive definite, there exists a unique U € Uy, such that

NU;:, + HIT, X, £, X) =0
Therefore, for any Uy, € Uy, such that Uy, # Uy,
T Xnr, Unr) = T2 (Xpr, Upy)
= (met‘r + ﬁ(H}lLX()? [ )~()7 Unr — U;:T)L%(Q;LQ(O,T;LQ))
(m(Uhr —Uhr), Unr — UZT)LF?(Q;Lz(O,T;Lz))

2
( (Unr = U;), Upr — UZT)LS(Q;L2(O,T§]L2))

Ow\»—* +

>

)

which means that U} is the unique optimal control, and (X, U} ) is the unique optimal pair.
Step 3. By the definition of 9, $, L*, L*, and properties (4.20) and (4.18), we can get

0 =N}, + HTLXo, £, X)
= Up, + L* (T} Xo + LU}, + f — X) 4+ aL*(TIL Xo + LU}, + f — X(T))
= Upr = R [Yo (5 X5 = X) + Y1 (5 a(XG(T) = X(T)))]
= U;:T - HgyhT ’
which is (4.16). This completes the proof. O

We are now ready to verify strong rates of convergence for the solution to SLQy; it is as in Section 4.1 that
the reduced cost functional J, : Up, — R is used, which is defined via

jh‘r(Uh‘r) =Jr (ShT(UhT)7 Uh-r) )

where Sy, : U — Xp,- is the solution operator to the forward equation (4.15);. Moreover, we use the solution
operator T, : X — Xj,, for the first solution component of the backward equation (4.15)s.

Theorem 4.3. Suppose that X (0) € H{ NH?, and

n+l ~ ~
2/ E[lo(t) = o)l ] + [ K0 - Kt)|% + [|K0) - Xtwsn)|adt <Cr. (4.25)
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Let (X}, Y, Zy,U}) be the solution to problem SLQy,, and (X}, Yy.,Us.) be the solution to problem SLQy,,.
There exists C = C(Xo,T) > 0 such that

N-1 thit
@ SB[ 100 - ol o] <o

=0
N
(i) max B[1XG () — X (t0)]1:] +E[rzl||xh t) = Xio ()13 | < O

k=
N—

(i) max E[IYi(te) = Yar () [2:] +1E[T > A Yhf(tk)nHl] <cCr.

,_.

(e}

Proof. We divide the proof into three steps.
Step 1. We follow the argumentation in the proof of Theorem 4.1. For every Uy, Rp € Uy, the first Fréchet
derivative DJp,, (U, ), and the second Fréchet derivative D27}, (Uy,) satisfy

Dth (Uh7'> - UhT - H%ﬂz‘r (Shr (Uhr)) 5
E[<D2L7hT(UhT)RhT7 RhT)LQ(OﬁT;L2)} > E[HR}WH%Z(O,T;IL?)] .

(4.26)
Define the (piecewise constant) operator I1; : L2(€; C(0,T;V9)) — Uy, by
H.,-Uh(t) = Uh(tn) Vte [tn,tn+1) n=0,1,...,.N—1.

By putting Ry, = U, — I, U} in (4.26), and applying the fact Dj\hT(U;fT) = th(U;) = 0, we see that

E[|Us; = U5 220, 702)]
< E[(Dth(U;;T)a U;:q— - HTU;)LZ(O’T;LQ) - (Dth(HTU;:)a U;;-r - HTU;;)Lz(O’T;]LQ)}
_ E[(th(U;) — DIW(ILU), Upy = TLUL) 1 (MM} (4.27)

E[(DIn(1U3) = DJor (U3), Upiy = TeU3) o gy |-

Therefore,
E(|Uz, — TLU; 1720 102 (4.28)
< 2E[|DIn(UR) = DIn(L-Up)lZ20,702)) + 2E[IDIL(L-Uy) = DInr (LU Z20,702)]
=:2I' +2II".

We use (4.9) and (4.6), and stability properties of the projection II9 to bound I’ as follows,

— B[V - 1,07 + D75 (Sh007)) ~ I (S0 (U)o |

(4.29)
< QE[HU; - HTU;:”2L2(O,T;]L2) +[|Ta (Sn(1:UR)) = T (Sn(Uy) )HL2(OT]L2)}
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By stability properties of solutions to BSPDE,, (2.14), and the discretization (2.5) of BSPDE, we obtain

E (|70 (Sn(00-03)) = Ta(SnUi) 320,705
< CE[[|($1(U3) = SWILUD) @), + 181(U3) = SwIL-U7) 20 | (4.30)

* * 12
< CNUL = -UR 22 (902 (0.7,02)) -
By the optimality condition (4.6), estimate (2.15), and Theorem 4.1 (i) we have

* *(12
”Uh - HTUh HL%(Q;LQ(O,T;Hﬁ))

N—1 tht1 t N
<c kzo /t /t E[7|~AnYa(s) + (Xi(9) ~ IGE () |2 + 1Za(s)]%] dsas (4.31)

T =~ 2 2
< 0r [ B[l - i) + (X)) + 1R ds

<Cr.

Next, we turn to I1’, for which we use the representations (4.9), (4.26) and the stability property of I19 to
conclude

17 = E[|[I 75 (Sk (L U3)) = 105 Tar (Shr (T U)) [0 )
< 2B | 70 (Su (0, U7)) = T (Snr (U)o s

+ || 70 (Snr (T1:UF)) = Thr (Shr (TL-UR)
=2 (I, + I1,,,) -

2
L2(0,T;L2)

In order to bound I}, ;, we use stability properties for SPDE}, (2.5), BSPDE,, (4.7), in combination with the
error estimate (2.8) for (2.5) to conclude

11,y < CE[|[(Su(IL,Uf;) = Sir (I U)) (T)lIgz + IS (IL-UR) = Spr (ILUp) 32 0,7:02)) < O

To bound I1, ,, it is easy to see

Y585 Snr (TL-U7)) = Vit Snr (TL-U7)) 2 ]

N-1 tn41
m,<2y IE{ /
n=0 n

t

+ QTOggNE[\IYh(tn;ShT(HTU,:» — Y (Snr (TLU)|122].
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By (4.9), Lemma 3.1 (i), stable property of (4.15);, we can get

N-—-1 tntl )
B[ VA0S 010 U7) — Yt S (LU I
n=0
< 7 (B[181 (U))@)) + 1R D)IE + 180 (LU s s 0.y + 1K o)

Cr
<Cr (||X0HH1 +IX(T H]IQ-]Ié + ||U||i§(Q;L2(0,T;H(1))) + ||YhH%§(Q;L2(O,T;Hé)) + HX”%?(&T;]L?))
Cr

IN

Utilizing Theorem 3.5 for BSPDE,, (2.14) with I, f = S, (I, U;) — 11}, X and (4.25), we can find that

max B[V (tn; Sur (I1-U5)) = Y5 (Spr (T U3) 1£2]

<CIEZ/

< Cr[ogﬁx E[||VXhr (tn; Shr (ILUy) Hm +E/ (| VII} X ( Hiz dt}

n+1

[V [V (55 Snr (TLU2)) = Yilts Sne (LU £ + 1K (5) = X (1) 22 ]

tnl

+ CE Z/t 1% (s) — X (t) 22 ds]

<Cr.

Here, we apply the representation of X, (4.18), the fact X € L?(0,T; H}), and condition (4.25).
Now we insert above estimates into (4.28) to obtain assertion (i).

Step 2. For all k =0,1,..., N, we define ek = X/ (t;) — X}, (tx). Subtracting (4.14) from (4.5) leads to

et — ek = TAREST + T UG (t) — Upty ()] + / h I [o(s) — o (te)] AW (s)

ty

+ / (Bl (s) — X ()] + LU G5) = U () ds.

123

k+1

Testing with e'y" ", and using binomial formula, Poincaré’s inequality, independence, and absorption lead to

-
E[llex ™ 1122 = ek 2> + *II K = ekliEe] + E[IVeR 1]
2

)

1U3(s) = Ui (B)|2= ds]

< CrE[|[U; (tx) — Up, (tx) 2] + CE [H/t " M o(s) — o(t)] AW (s)

th+1

<om[ [ IV - X )] I o] + o] [

tr tr
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By taking the sum over all 0 < k <n and 0 < k < N — 1, and noting that ¢ = 0, we find that

N

Jmax Ellex (2] + > rE[||VekliE:]
n=1

N-1

<C S E[r|Uit) - Uin e+ [ (loo) - ot
k=0 tk
+ IV IXG () = X (b)) 122 + 105 (5) = Us (1) 2 ) ds] -

By (4.28), the first term on the right-hand side is bounded by C7. We use It6 isometry for the second term,
and Holder regularity in time of o to bound it equally. Adopting the method in (4.31), we can bound the third
term by CT(||AhX;(O)||H%2 + HVH}LU;;(t)”i;(Q;H(O,T;M)) + ”‘T(t)||2L§(Q;L2(0,T;H2)))' We use (4.31) to bound the

last term by C7. That is assertion (ii).
Step 3. Firstly, we introduce an auxiliary BSDE
Yr(tn-i-l) - YT(tn) = T[ - AhYT(tn) + [Xzf(tn-i-l) - H%L)?(tn-i-l)]]
tnt1
+/ Z,(4)dW(t) n=0,1,...,N—1, (4.32)
tn

YT(T) = 70‘(X;;7'(T) - H}LX(T))

It is easy to see that Y; = Y},,. Define e} = Y}, (¢,) — Y7 (tn), n =0,1,..., N. With the same argument as that
in the proof of Theorem 3.5, we can deduce

N

Jmax, E[le 2] + 3 rE[|[Vey |7
n=1

tha1 ~ ~
<C Z/ E[[IV [Ya(s) = Ya(t)]lIE2 + X5 () — Xiir (thsa)IE2 + 11X (s) — X (tra)[22] ds
tr
Applying Lemma 3.1 (ii), the first integral term is bounded by

T
CT[HAhXh( )2 + | ARTTLX (T)] 12 +/O E[IVX5 @O + IVIGX5 @) + ITLU; #)]1E-] dt] :

It remains to estimate the second integral term, which is bounded by

lt1

c Z / E[[|1X5(s) = X5 () IE2 + 115 (ber1) — X (trga) 2] ds

T
< Cr[IVXLO) 2 + / B 07 ()12 + |90 ()] ]
* _ * 2
—&—Cog}gangE[HXh(tk) Xii, (t)lIE2]

<Cr.

Assertion (iii) now follows from the above three statements and conditions on X, o, X. O
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Remark 4.4. In this work, we apply implicit Euler method to solve BSPDE,, (2.14) and (4.7). In the literature,
some higher order schemes exist for the simulation of BSDEs of fized, finite dimension; see, e.g., [9, 37, 41].
These schemes are also candidates to solve problem SLQ, and this is a meaningful research topic.

Remark 4.5. Error analysis in this section can be trivially transferred to some generalized SLQ problems. For
example, the cost functional and controlled equation could be

T ~
T(X,U) :%E[/O /D (ax (D)X (t,2) — X(t,0)? + ap(t, )|U(t, 2)[2) dadt

(4.33)
+ [ a@IX(@0) - (T da]
D

and

dX(t,z) = [-LX(t,z) + U(t, )] dt + o(t,z) dW(t) (t,z)€[0,T] x D,

X(t,z) = (t,x) € (0,T) x 9D,

X(0,2) = Xo(x) zeD,
where LX = _Z:'i,j:1 %(aij(m)%) + c(x)X, (a;;) is symmetric and uniformly elliptic, ax, ay, «, ¢ are

positive bounded functions, and ay > § > 0. Besides, based on Pontryagin’s maximum principle, the spatio-
temporal discretization strategy for problem SLQ can also be utilized to general stochastic optimal control
problems with stochastic parabolic equations constraints.

5. THE GRADIENT DESCENT METHOD TO SOLVE SLQ,

By Theorem 4.2, solving minimization problem SLQ, is equivalent to solving the system of coupled forward-
backward difference equations (4.15) and (4.16). We may exploit the variational character of problem SLQj,
to construct a gradient descent method SLQ%;T&d where approximate iterates of the optimal control U, in the
Hilbert space Uy, are obtained; see also [23, 30].

f)

T

Algorithm 5.1. (SLQE™) Let U'” € Uy, and fix & > 0. For any ¢ € No, update U\

. € Uy, as follows:

1. Compute X,(fT) € Xpr by

1= rANX ) (tni1) = X (t0) + 7TEU () + o (tn) Ap s W n=0,1,...,N =1,
x900) =11} X, .

2. Use Xf(f;) € Xy, to compute Y,ff) € Xpr via

(1= 780 (1) = B [V t40) = 7 (X (b 1) ~ T X (10 11)) |7 |
n=0,1,....,.N—1,

YTy = —a(X(T) - I X(T

O1) = —a(x{ (1) - TLX(T))

T

3. Compute the update U}(fjl) € Uy, via

41 o 1, ¢
le(z'r+ ) = Ul'(L ) - g(UfE,T - H?Lyh(‘r)) :
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Note that Steps 1 and 2 are now decoupled: the first step requires to solve a space-time discretization (2.7)
of SPDE (2.3), while the second requires to solve the space-time discretization (3.6); of the BSPDE (4.1),.
We refer to related works on how to approximate conditional expectations [3, 6, 18, 24, 33]; a similar method

to SLQ%:,ad to solve problem SLQj, has been proposed in [15]. For general optimal control problem, to reduce
computation cost, one can adopt stochastic gradient descent methods; see e.g. [1].

Remark 5.2. In [24], based on variational method, a finite transposition method for solving BSPDEs like
(4.1)5 is proposed, which avoids the computation of conditional expectations via Monte-Carlo simulation; see
[24] for further details.

We want to show convergence of SLQ%’F:‘d for k > 0 sufficiently large and ¢ T co. For this purpose, we recall
the notations Spr, Thr, Jpr introduced in Section 4.2. For this purpose, we first recall Lipschitz continuity of
DTy since

D2:7\h7-(UhT) = (]1 + L*L + OZE*E)UhT 5
where operators L, L are defined in (4.18), we find K := |1+ L*L + QE*EHE(UM;UhT)v such that

||D:7\h7' (U&‘r) - Dth (U}ff) ||Uh7 < K HU}%T - U’%THU;“. .

Indeed, noting that ||(1 — 7Ax)~ ||£(V1 w1y < 1, we conclude

N n—1 )
||LUh-r||§ghT ZTIE HLUhT n ”ILZ ZT]E[HTZ _TAh)il]n_j HilehT(tj)H]I%?} < TQHUhTHI%;LT’
n=1 n=1 7=0
and
N-1 N )
”LUhTHL2 QL) = [HT [ —7an)] JHiUhr(tj)HLz] < T||Unr|f5,. -
§j=0
Hence

K =|1+L'L+aLl L], w,) < 1+al + T2

Since SLQ%;aCl is the gradient descent method for SLQy,,, we have the following result.

Theorem 5.3. Suppose that kK > K. Let {Uh teen, C Upr be generated by SLQ,g:d, and Uy solve SLQy,r.
Then

0 *
26U = Upi |13,
6 b
l * 0 *
109 — vy |3, < (1 - 7) o —uz 2, =12,....

Tnr(UD) = G0 (UF) <

Proof. We know that Dj;” is Lipschitz continuous with constant K > 0. Also, fth is strongly convex. Hence,
the gradient descent method in abstract form is the following iteration (see Algorithm 5.1, Step 3.)

1 _ -~
Uit — g - ;DJhT(U}f)), (=0,1,2-- . (5.1)
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By the proof of Theorem 4.2, we have obtained the following facts:

DI (US) = U — 0 Thr (S0 (ULY))
10 Thr (Shr (UL2)) = —L* (T} X + LU + f — X) — oL* (T, X, + LU + F — X(T)),

where L, L,T, T, f are defined in (4.18) and (4.19). Via (4.20), we have that II9 7y, (ShT(U,S?)) is just Yh(ﬁ), the
solution of Step 2 in Algorithm 5.1. Therefore, (5.1) is consistent with the gradient descent method SLQ%rTad.

The desired error estimates now follow by standard estimates for the gradient descent method (see e.g. [30],
Thm. 1.2.4). O
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