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term that minimizes the expected squared L? misfit between the state (i.e. so-
lution to the PDE) and a target function, subject to a regularization for well
posedness. For the numerical treatment of this risk-averse Optimal Control
Problem (OCP) we consider a Finite Element discretization of the underly-
ing PDE, a Monte Carlo sampling method, and gradient-type iterations to
obtain the approximate optimal control. We provide full error and complex-
ity analyses of the proposed numerical schemes. In particular we investigate
the complexity of a conjugate gradient method applied to the fully discretized
OCP (so called Sample Average Approximation), in which the Finite Element
discretization and Monte Carlo sample are chosen in advance and kept fixed
over the iterations. This is compared with a Stochastic Gradient method on
a fixed or varying Finite Element discretization, in which the expectation in
the computation of the steepest descent direction is approximated by Monte
Carlo estimators, independent across iterations, with small sample sizes. We
show in particular that the second strategy results in an improved computa-
tional complexity. The theoretical error estimates and complexity results are
confirmed by numerical experiments.
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1. INTRODUCTION

Many problems in engineering and science, e.g. shape optimization in aerody-
namics or heat transfer in thermal conduction problems, deal with optimization
problems constrained by partial differential equations (PDEs) [7, 13, 25| 27, [34].
Often, these types of problems are affected by uncertainties due to a lack of knowl-
edge, intrinsic variability in the system, or an imprecise manufacturing process.
These uncertainties could appear for instance in the material properties or bound-
ary conditions and are often described probabilistically in terms of random vari-
ables or random fields. Such Optimal Control Problems (OCPs) are sometimes also
referred to as problems of Optimization Under Uncertainty (OUU).

In this work we focus on the numerical approximation of the problem of con-
trolling the solution of an elliptic PDE with random coefficients by a distributed
unconstrained control. Specifically, the control acts as a deterministic volumetric
forcing term, so that the controlled solution is as close as possible to a given target
function. While there is a vast literature on the numerical approximation of PDE-
constrained optimal control problems in the deterministic case (see, e.g., [T, 27] and
the references therein), as well as on the numerical approximation of (uncontrolled)
PDEs with random coefficients (e.g. [3, 23, [35]), the analysis of PDE constrained
control problems under uncertainty is much more recent and incomplete, although
the topic has received increasing attention in the last few years.

The different frameworks of PDE-constrained OCPs under uncertainty consid-
ered in the literature can be roughly grouped in two categories.

In the first category, the control is random [11 6l 10 B2} 411 [46]. This situation
arises when the randomness in the PDE is observable hence an optimal control can
be built for each realization of the random system. The corresponding optimality
system might still be fully coupled in the random parameters, e.g. if the random
objective function also involves some statistics of the state variables (e.g. devia-
tion from the nominal response). The dependence on the random parameters is
typically approximated either by polynomial chaos expansions or sampling-based
Monte Carlo (MC) techniques. This is, for example, considered in [32] where the
authors prove analytic dependence of the control on the random parameters and
study its best N-term polynomial chaos approximation for a linear parabolic PDE-
constrained OCP. In [I0] the authors combine a stochastic collocation method with
a Finite Element (FE) based reduced basis method to alleviate the computational
effort. The works [6], [41] 46] address the case of a fully coupled optimality system
discretized by either Galerkin or collocation approaches and propose different meth-
ods, such as sequential quadratic programming or block diagonal preconditioning,
to solve the coupled system efficiently. Sampling-based Monte Carlo and Multilevel
Monte Carlo approaches are considered in [I] instead, where the case of random
coefficients with limited spatial regularity is addressed.

In the second category, the control is deterministic [2} 9], 22] 28] 29, B0, 47]. This
situation arises when randomness in the system is not observable at the time of
designing the control, so that the latter should be robust in the sense that it min-
imizes the risk of obtaining a solution which leads to high values of the objective
function. The precise notion of a risk is problem dependent and thus has to be
modeled appropriately. In this context, risk typically refers to a suitable statistical
measure of the objective function to be minimized, such as those involving expec-
tations, expectations plus variances, a quantile, or a conditional expectation above
a quantile (so called Conditional Value at Risk, CVaR [40]). The corresponding
OCP often leads to a fully coupled optimality system of equations in the random
parameters. It is noteworthy that the idea of minimizing a risk to obtain a solution
with favorable properties goes back to the origins of robust optimization [45].
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Numerical methods for OCPs of the second category typically depend on the
choice of the risk measure. For example, in [2] the authors consider a risk measure
based on the mean and variance of a scalar objective function and they use second
order Taylor expansions combined with randomized estimators to reduce the com-
putational effort. The work [47] contains a study of a risk measure that involves
the expected squared L? misfit between the state and a target function, with an
additional penalty term involving the squared L? deviation of the state form its
mean value. The authors propose a gradient type method in which the expecta-
tion of the gradient is computed by a Multilevel Monte Carlo method. In [9], the
authors also consider a similar risk measure and propose a reduced basis method
on the space of controls to significantly reduce the computational effort. A more
general class of risk measures (including the CVaR) for OCPs has been consid-
ered in [31], where also the corresponding optimality system of PDEs are derived.
The subsequent work [29] introduces a trust-region (Newton) conjugate gradient
algorithm combined with an adaptive sparse grid collocation as PDE discretization
in the stochastic space for the numerical treatment of these more general OCPs.
For the robust OCP with the CVaR as risk measure the study [30] introduces
derivative-based optimization methods that are build upon introducing smooth ap-
proximations to the CVaR. Finally, in [22] the authors consider a boundary OCP
where the deterministic control appears as a Neumann boundary condition.

In this work, we follow the second modeling category and consider a similar risk
averse OCP as in [9, 47] which consists in minimizing the expected squared L? misfit
between the state and a given target function as objective function, additionally
equipped with an L? regularization on the (deterministic) control. For this setting
we consider numerical gradient based methods, either deterministic or stochastic,
where adjoint calculus is used to represent the gradient of the objective function.
Both the primal problem and the adjoint problem are discretized by finite elements
and Monte Carlo estimators are used to approximate expectations defining the risk
measure. The reason for studying sampling-based Monte Carlo approximations
instead of polynomial chaos type methods is to develop methods that can potentially
handle many random parameters and possibly rough random coefficients.

Our main contribution is to provide a full error and complexity analysis for
the considered gradient based methods, accounting for the three sources of errors,
namely, the Finite Element approximation, the statistical Monte Carlo error, and
the error due to the finite number of gradient based iterations.

We note that other error analyses have been presented before, such as [I0] for
the case of a random control with a discretization in the physical space by Finite
Elements and in probability by a stochastic collocation, as well as [22] for the case
of a deterministic boundary control that minimizes a quadratic risk measure, using
a Finite Element discretization both in physical space and in probability. Finally
we mention the recent work [24] where the authors consider as a risk measure the
same expected quadratic loss function as in this work and study a quasi-Monte
Carlo approximation (i.e., a deterministic quadrature in the probability space) of
the expected loss which may offer a further complexity improvement, provided that
the system’s state equation is sufficient regular with respect to the uncertain pa-
rameters. In contrast, here we focus on the subtle interplay of Finite Element
discretization errors, Monte Carlo sampling errors and different numerical opti-
mization techniques in the context of general-purpose methods.

The first method that we consider is a gradient based method (e.g. conjugate
gradient) on a fully discretized version of the OCP (so called Sample Average
Approximation — SAA), in which the Finite Element discretization and the Monte
Carlo sample are chosen initially and kept fixed over the iterations. If N is the
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sample size of the Monte Carlo estimator, this method entails the solution of N
state and N adjoint problems at each iteration of the gradient method, which could
be troublesome if a small tolerance is required, entailing a very large N and small
Finite Element mesh size.

We then turn to stochastic gradient methods in which the gradient is re-sampled
independently at each iteration and the Finite Element mesh size can be refined
along the iterations. At each iteration this corresponds to taking an independent
Monte Carlo estimator with only one realization (N = 1) or a very small, fixed
sample size (N = N) independently of the required tolerance, with possibly a
finer Finite Element mesh. We follow, in particular, the Robbins—Monro strategy
[37, 139, 42] of reducing progressively the step-size to achieve convergence of the Sto-
chastic Gradient iterations. These Stochastic Gradient (SG) techniques have been
extensively applied to machine learning problems [I4] [16, 19, [33], but have not yet
been used much for PDE-constrained optimization under uncertainty. Here, we
show that a Stochastic Gradient method improves the complexity of the conjugate
gradient (or equivalent) method applied to the fully discretized OCP by a logarith-
mic factor. Although the computational gain is not dramatic, we see potential in
this approach as only one state problem and one adjoint problem have to be solved
at every iteration of the gradient method. Moreover, we believe that the whole
construction is more amenable to an adaptive version, which, in combination with
an appropriate error estimator, allows for a self-controlling algorithm. We leave
this for future work, but mention the related recent work [20] on mesh refinement
approaches in the context of a stochastic gradient method for PDE-constrained
OCPs subject to uncertainties.

The rest of the paper is organized as follows. In Section [2] we introduce the
optimal control problem under uncertainty and recall its well posedness as well as
the corresponding optimality conditions. In Sections [3] [ and [5] we then intro-
duce the Finite Element discretization, the Monte Carlo approximation, and the
gradient based methods, respectively, including their full error analysis. In particu-
lar, Theorem [2|in Section [5| provides an error bound for the conjugate gradient (or
equivalent) method applied to the fully discrete OCP, whereas Corollary gives the
corresponding computational complexity. In Section [f] we analyze the Stochastic
Gradient method with fixed finite element discretization over the iterations (with
error bound given in Theorem [3| and the corresponding complexity result in Corol-
lary , whereas in Section [7| we analyze the Stochastic Gradient version in which
the Finite Element mesh is refined over the iterations (the main result being stated
in Theorem 5| and Corollary . In Section [8] we discuss a 2D test problem and
confirm numerically the theoretical error bounds and complexities derived in the
preceding Sections. Finally, in Section [J] we draw some conclusions.

2. PROBLEM SETTING

We start introducing the state problem that will be part of the OCP discussed in
the following. Specifically, we consider the problem of finding the solution y: D x
I' — R of the elliptic random PDE

(1) { —div(a(z,w)Vy(z,w)) o(z,w), xeD, wel,

ylz,w) = 0, re€dD, wel,

where D C R™ is open and bounded, denoting the physical domain, (I', F, P) is a
complete probability space, and w € IT'is an elementary random event. The diffusion
coefficient a is an almost surely (a.s.) continuous and positive random field on D,
and ¢ is a possibly stochastic source term (which could include a deterministic
control term).



Before addressing the optimal control problem related to the random PDE , we
will first recall the well posedness results for . We begin by recalling some usual
functional spaces needed for the analysis that follows. Let LP(D), 1 < p < 400,
denote the space of p-Lebesgue integrable functions. Throughout this work, we
will denote by || - || = | - |l2(py the L?(D)-norm induced by the inner product
(f,9) = [, fgdx for any f,g € L*(D). Furthermore, we introduce the Sobolev
spaces

HY(D)={y € L*(D), 0,ye€L*D), i=1,...,n}
and
Hy(D) ={y € H'(D), ylop =0},

on which a Poincaré inequality holds: 3C, > 0 : |jy|| < Cp||Vyl, Vy € H}(D).
We use the equivalent H'-norm on the space Hg(D) defined by ||yl g1 (py = IVl
for any y € H}(D), and we denote by H~*(D) = (H{ (D))" the topological dual
of H}(D). For r € N we further recall the subspace H"(D) of L?*(D) composed
of functions with all weak partial derivatives up to order r in L?(D) with norm
llyll zr-(py and semi-norm |y|gr(py given by

2 2

olely olely

2 2

1yl () = Z o and  |y|5r(p) = Z S ;
loe|<r L2(D) |oe|=r L2(D)

respectively, where & = (ay, ..., a,) € N" is a multi-index. Finally, we introduce

the Bochner spaces LP(I', V), which are formal extensions of Lebesgue spaces LP(T"),
for functions with values in a separable Hilbert space V as

LP(T, V) = {y =V vy measurable,/ ly(w)|5dP(w) < +oo} ,
r
1
equipped with the norm [|y||z»rvy = (Jp ly(w)[5dP(w))?; see, e.g., [I8] for de-
tails.
As it is common for the well posedness of the elliptic PDE , we assume that
the diffusion coefficient a in is uniformly elliptic.

Assumption 1. The diffusion coefficient a € L (D x T') is bounded and bounded
away from zero a.e. in D x T, i.e.

3 Gmin, Gmax € R such that 0 < apin < a(z,w) < amax  a.e.in D x I

Now we are in the position to recall the well posedness of the random PDE ,
which is a standard result, see e.g. [4, [35].

Lemma 1 (Well posedness of (T])). Let Assumption hold. If ¢ € L*(T', H~1(D)),
then problem admits a unique solution y € L?(T', H} (D)) s.t.
1

||?J(':W)HH3(D) < ||<Z5(',W)||H71(D) for a.e. wel

Amin

1

and ||yl 20, mp (D)) < 9l 22,111 (DY)-

min
Finally, as we will occasionally need H?2-regularity in the following Sections,

we also introduce the following sufficient conditions on the domain D and on the
gradient of a.

Assumption 2. The domain D C R™ is polygonal convex and the random field a
is such that a(-,w) € C**(D) for a.e. w € T with esssup,, [|a(-,w)||co1(p) < co.

Then, using standard regularity arguments for elliptic PDESs, one can prove the
following result [I8], 21].



Lemma 2. Let Assumptions 1] and [ hold. If ¢ € L*(T',L*(D)), then problem
has a unique solution y € L?(T', H*(D)). Moreover there exists a constant C,
independent of ¢, such that

lyllz2r,m22(p)) < CllollL2(r,z2(D))-

We are now ready to introduce the optimal control problem linked with the PDE
(1)), which we will study in the rest of the paper.

2.1. Optimal Control Problem. We define the state problem for the OCP as
the elliptic PDE , by specializing its right hand side to:

—div(a(z,w)Vy(z,w)) = g(z)+u(x), reD, werl,
(2) { yy(Lw) = g, r€edD, wel,

with source term g € L?(D) and control u € L?(D). Hereafter, we use the notation
U = L?(D) to denote the set of all admissible (deterministic) control functions,
and Y = H{}(D) to denote the state space of solutions to (2)). To emphasize the
dependence of the solution of the PDE on the control function and on a particular
realization a(-,w) of the random field, we will use the notation y,(u). When the
particular realization of a is not relevant, or when no confusion arises, we will also
simply write y(u) from times. In this work, we focus on the objective functional

B
2
where z4 is a given target function which we would like the state y,(u) to ap-
proach as close as possible, in a mean-square-error sense. The coefficient 5 > 0 is
a constant of the problem that models the price of energy, i.e. how expensive it is
to add some energy in the control u in order to decrease the first distance term
E [[|yw(u) — za[|?]. The ultimate goal then is the unconstrained OCP, of determin-
ing the optimal control u, so that

(4) uy € argminJ(u), s.t. y,(u) €Y solves a.s.
uclU

() T =Elfww)] with () = 5 le(w) - =l + 5l

As we aim at minimizing the objective functional J, we will use the theory of
optimization and calculus of variations. Specifically, we introduce the optimality
condition for the OCP (4]), in the sense that the optimal control u, satisfies

(5) (VJ(uy),v) =0 YveUl.

Here, V.J(u) denotes the L?(D)-functional representation of the Gateaux derivative
of J at u € U, namely

Y du € L*(D).

/ VJ(u)du dz = lim J(u+ edu) — J(u)
D

e—0 €

Existence and uniqueness results for the OCP (4) can be obtained as a particular
case of the more general results in, e.g., the work [3I]. We state the result in the
next Lemma, without proof.

Lemma 3. Suppose Assumption |1 holds. Then the OCP admits a unique
control u, € U. Moreover

(6) VJ(u) = Bu+ Elp,(u)],

where p,(u) = p is the solution of the adjoint problem (a.s. inT')

(7) —div(a(-,w)Vp(-,w)) = y(-,w) — Zd in Da
p('a w) = 0 on 3D
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One can derive a similar expression as (@ for the gradient of the functional f
for a.e. w € I, namely: Vf(u,w) = Bu + p,(u). Consequently, in the setting of
problem , we have

VJ(u) = VE[f(u,w)] = E[Vf(u,w)].

For notational convenience, we introduce the weak formulation of the state problem
(2), which reads

(8)  find y,(u) €Y s.t. by (yw(u),v) = {(g+u,v) YveY for a.e. w €T,

where b, (y,v) := [, a(-,w)VyVodz. Similarly, the weak form of the adjoint prob-
lem reads:

(9) find py,(u) € Y s.t. by (v, py(w)) = (v, yu(u) —2zq) Yo €Y forae wel.
We can thus rewrite the OCP equivalently as:

minger J(w) = 3E[|y (u) — zal|*] + 5}l
(10) st yw(u) €Y  solves
bo(Yo(u),v) =(g+u,v) YveY  forae wel.

3. FINITE ELEMENT APPROXIMATION IN PHYSICAL SPACE

In this section we introduce the semi-discrete OCP obtained by approximating
the underlying PDE by a Finite Element (FE) method and recall an a-priori error
bound on the optimal control. Let us denote by {71, }n>0 a family of regular triangu-
lations of D. Furthermore, let Y be the space of continuous piece-wise polynomial
functions of degree r over 75, that vanish on 9D, ie. Y" = {y € C°(D) : y|x €
P.(K) VK € m,ylop =0} CY = H(D). Finally, we set U" = Y". We can then
reformulate as a finite dimensional OCP in the FE space:

mingnepn J" (") = FE[yl (u") = zal?] + 5llu"|?
(11) s.t. y"(uh) € Y" and
bo (yh(uh), o) = (u + g,v") Vot € YP  forae. weT.

Remark 1. The choice U" = Y" is natural for this problem. In fact, one could
consider the OCP in which the PDE is discretized in Y", whereas the controlu € U
is mot discretized. It is not difficult to show that the optimal control for such OCP
is actually finite dimensional and belongs to Y", thus leading to the equivalent

formulation .

For the discrete OCP (11)) we have analogous well-posedness and optimality
results as those stated in Lemma [3] for the continuous problem.

Lemma 4. The discrete OCP admits a unique solution u? € U" and VJ"
can be characterized as

(12) VI (u") = pu + E[pl (u")]
where pl (u™) is the solution of the FE adjoint problem
find p(u") € Y s.t. by (0", pl(u")) = (Wl (u") = 24,0") WM € Y

Notice, in particular, that, since U" = Y it follows that E[p"(u")] € U" for
any u" € U", hence VJ"(u") = pul + E[p" (uh)] € U".

Following similar arguments as in [27, Thms. 3.4, 3.5] and using the optimality
condition and the weak form of the state and adjoint problems, we can prove the
following.



Lemma 5. Let u, be the optimal control solution of problem and denote by
ul the solution of the discrete OCP . Then it holds that

(13)

3 1 1 . 1 L

g =4 SElly (w) —y" ()] < ﬁE[HP(U*)—ph(u*)||2]+§E[||y(u*)—y} (w)l?],
where, p"(uy) = Pl (uy) is such that

(14) b (0", Pl (uy)) = (0", yo(uy) — zg) Vo € Y for ae. wel.

Moreover, there exists a constant C > 0 independent of h such that

(15)  [lue — w1 + Efly(u) — y" (@)1?] + h*Ellly(u.) — y" (@) |7
< C{E[Ip(us) — 5" () [IP) + Ellly(us) — y" (w)l?] + R2Ellly(us) — y" (w151}
Proof. The result in the deterministic case is detailed in [27, Thms. 3.4, 3.5]. We

can thus write the inequalities and for almost every realization w € T,
and then take the expectation to conclude. O

The FE error ||u, — u”|| on the optimal control is thus completely determined
by the FE approximation properties of the state and adjoint problems. The next
result also follows by standard arguments (see e.g. [27]) and shows that, for smooth
data, the L? error ||u, — u”| on the optimal control converges at rate O(h"+1).

Lemma 6. Let Assumptions hold and suppose that y(u,),p(uy) € L*(T, H™1(D)).
Then we have
(16) e — wll* + Efly(us) — y" @)IP] + h*Ellly(us) — o (ul) 7]

< OBy (w) 1] + Ellpo () 71}

In view of the analysis that will be presented later, we state a Lipschitz and
a strong convexity result for the functional f(u,w) for a.e. w € T, as well as its
discrete version f"(u",w) := L||yf(u) — z4||> + 5|ju"||2. Proofs of these results can
be found in [36].

Lemma 7 (Lipschitz condition). For the elliptic problem and f(u,w) as in
it holds that:

(17) IV f(ur,w) = Vf(ug,w)|| < Ll|jug —uz|| VYui,uz € U and a.e. w € T,

4
with L = B + azc—?, where C, 1is the Poincaré constant. For the corresponding

Finite Element apl];roximation leading to the same inequality holds with the
same constant:

[Vl w) = Vit (ul,w)|| < L|juf —ul|| Vub,ul € UM and ae. w € T
Lemma 8 (Strong Convexity). For the elliptic problem and f(u,w) as in
it holds that

l
(18) §\|u1—uQ||2 <(Vf(ur,w)—Vf(ug,w),us —uz) Yuj,us € U anda.e weTl,

with | = 28. The same estimate holds for the corresponding Finite Element ap-
proximation that yields , namely:

l
§||u? —ul|]? <Vl w) = VIl w), b —ub) val ub € UM and ae. w €T
8



4. APPROXIMATION IN PROBABILITY

In this section we consider the semi-discrete (i.e., approximation in probability
only) optimal control problem obtained by replacing the exact expectation E[]
in by a suitable quadrature formula E [[]. Specifically, for a random variable
X:T >R, w— X(w), let E[X] = Zfil ¢; X (w;) be a quadrature formula, where
(; denote the quadrature weights and w; € I' the quadrature points. The semi-
discrete problem then reads:

mingew J(w) = 1E{l|y (u) = 2al|?] + §lul?
(19) st. Yo, (u) €Y and
bu; (Yo, (0),v) = (g +u,v) YveVY i=1,...,N.

The quadrature formula E [-] could either be based on deterministic quadrature
points or randomly distributed points leading, in this case, to a Monte Carlo type
approximation. In the following, we detail the case of a Monte Carlo type quad-
rature, whereas the case of a deterministic Gaussian-type quadrature is addressed
in Appendix [A] It is noteworthy that, although we present the results only for the
semi-discrete problem (i.e., continuous in space, discrete in probability) for the sake
of notation, they extend straightforwardly to the fully discrete problem in probabil-
ity and physical space. Indeed, the fully discrete problem is obtained by replacing
the (spatial) functions and corresponding functions spaces in by their finite
dimensional Finite Element approximations.

In the case of a Monte Carlo (MC) approximation, the quadrature formula reads
EEC[X] = % ZfilX(wi), where @ = {w;}Y, is a collection of independent
and identically distributed (i.i.d.) points drawn randomly on I' according to the
probability measure P. We recall that the use of MC type approximations might
be advantageous over a quadrature/collocation approach in cases where the state
and adjoint solutions are rough or highly oscillatory, which is, for example, the
case when af(-,-) is a rough random field and/or has a short correlation length.
Moreover, the Monte Carlo quadrature formula has always positive weights, which
is an important feature to guarantee that the approximate functional J preserves the
strong convexity property. We stress that, when using a Monte Carlo quadrature
formula, the optimal control 7, is a stochastic function since it depends on the N
i.i.d. random points & = {w;};. The next theorem gives an error bound on the
approximate optimal control of the OCP .

Theorem 1. Let u, be the optimal control of problem (19) with E= EI\Z/?IC and u,
be the exact optimal control of the continuous problem (10). Then we have

B2 ~ w. ) + Elly(u.) - v@)I) < 55 Ellp(@ )P

Proof. The two optimality conditions for OCPs and read

B
2

(20) (VJ(uy),v) =0, and (VJyc(uy),v) =0 YveU

respectively, where VJyco(uy) = Su. + Eﬁc[p(a*)] and p(U.) = p,(Uy) denotes
the solution of the adjoint problem

b (0, P (Un)) = (0, Yo (Uy) —2q) YV EY forae wel.

Choosing v = U, — u, in and subtracting the two optimality conditions, we
obtain:

(Blur — ) + Elp(us)] — Efelp(@,)], @ — u,) =0,



which implies
(21) Bllue — i |® =(Elp(u,)] — Efelp(u,)], @ — u.)
I? C? ~ ~
+ (Eprelp(us)] = Expolp(us)], e — us).
The first term on the right hand side of can be bounded as

o

(Elp(u)] — Bfrelp(us)], @ — u) < %IIE[p(U*)] ~ Efrelp(u)]l” + ’

2

([t — U*H2 .
To bound the second term, we first notice that for any i =1,..., N
(e = s P, (1) = Doy (U)) = by (Yoo, () = Yoo, () Puo, (Ux) = P (1))
= (Yoo (W) = Yoo, (U )5 Yoo, (W) — Yo, ()
= _||ywi (u*) — Yo, (a*)HQ )
which leads to
~ o o ~ o ~
(@ — ww, Bolp(ua)] = Exgelp(@)]) = —Exzellly(u) — y(@)|] -
Finally we take the expectation of with respect to (w.r.t.) the random sample

W = {w;}¥, and exploit the fact that the Monte Carlo estimator is unbiased, that
is IE[EP/[C[X]] = E[X] for any random variable X € L!(T"). We thus find

Briin ~ 1 ~ _

SElE — wdl® + Ellly(u.) — y(@)|] < 35 PUER ()] - Efjolp(@.)|?]

_ IE 1 S u E[p(u)]|?
= 35 [”N;pw(u*)— [p(@o)]I]

1 1
— ﬁE[ﬁ ; 1Pw, (@) — Elp(a,)]|1?)
11 N ~
= 55 wElIp(@) - Elp(@.)]|1?]
11 ~
< 55 ElIn@IR.
which concludes the proof. U

Theorem [I] shows that the semi-discrete optimal control u, converges at the
usual MC rate of 1/+/N in the root mean squared sense, with the constant being
proportional to y/E[||p(ts)||?].

5. NUMERICAL SOLUTION OF THE FULLY DISCRETE PROBLEM

Now we focus on a class of optimization methods to approximate the fully discrete
minimization problem obtained by using the Monte Carlo estimator to approximate
the expectation in and a FE approximation of the state and adjoint equations,
as discussed in the previous two sections. That is, here we consider the fully discrete

OCP:
mingeon Jare (") = §Eiollub(u”) = zal?) + 5 [[u|”
(22) st. gyl (uh)eY" and
bwi(yzi(uh)vvh): <g+uhavh> Vol eyh’ i=1,...,N.
The N constraints in can be written in algebraic form as
Aiyi =g+ Mu,

where u € R is the vector of the N, degrees of freedom corresponding to the

control u? € U", y; € RV" is the vector of degrees of freedom corresponding to the

finite element state solution yﬁ (uh) € Y, M € RN»*Nn is the FE mass matrix, and
10



A; € RN»xNe g the FE stiffness matrix corresponding to the diffusion coefficient
a(-,w;). Defining the block matrices and vectors

Aq M In,
A= , M= , 1= :
AN M Ith
y1 P1
gy=1|:1, p=1|:1], g=Ilg, Za = lzg,
YN PN

where the p; solve the adjoint systems A?'p; = My, — z4, the optimality condition
for reads SMu + % Zil Mp; = 0, which leads to the coupled linear system

A 0 | -M1|[3g i
(23) ~M| AT | 0 = =
0 |17M | NpMm | LY 0

By eliminating the state and adjoint unknowns, this can be recast into a linear
system in the control variable only

(24) Gu=x,

with G = NSM + 1T MATMAT M1 and x = 1" MA~T (Z; — MA'g).
System can, for example, be solved by an iterative method such as gradient
or conjugate gradient type methods. At each iteration, a matrix-vector multiplica-
tion will involve the solution of N state and N adjoint equations, resulting in 2V
PDE solves per iteration. Both iterative solvers are examples of solution schemes

that offer an exponential convergence in the number of iterations. Alternative to
the formulation (24]) one could rewrite system (23)) in the form

7 _,
= [] , with @ = [y] ,
7 u

which could be solved, e.g. by GMRES or MINRES iterative methods. In the next
Theorem [2| we analyze the complexity of the fully discrete problem in terms of com-
putational work needed to achieve a given tolerance. Instead of particularizing the
result to one specific iterative solver, we make the assumption that an exponentially
convergent iterative solver is employed. More precisely:

.
w

P

C | BT
B| 0

(25)

Assumption 3. Let u" be the exact solution to . Furthermore, let a? denote
the approximate solution to the OCP obtained after j iterations of the iterative
solver used to solve . We assume that the chosen iterative solver satisfies

(26) Ellla; —al|’] < Cre™”, VjeN,
for some constants Cy,p > 0 that are independent of h and N.

This assumption is sound since the condition number of the matrix G in (24))
can be bounded uniformly in h and N and scales as $~'. Similarly, the system
can be optimally preconditioned, so that the exponential convergence rate does not
depend on the discretization parameters.

Based on Assumption [3| concerning the iterative solver, we now provide an error
bound for the approximate solution ﬂ;ﬂ as a function of all discretization parameters
j,h, and N.

11



Theorem 2. Let u, be the solution of the optimal control problem . Moreover,
let 17? be the j-th iteration of a linear solver applied to and suppose that the
solver satisfies Assumption[3 Then under the assumptions of Lemmal6, there exist
constants C1,Cs, C3 > 0 independent of h and N such that

. C
(27) E[a} —u®] < Cre™ + 2 + Cah® 2.

Proof. The global error can be decomposed as follows:
E[|[a} — w’] < 3E[|a] — @} |*] +3E[lfa — u|?] +3 E[[lul — u.?].

linear solver MC FE error

The first term E[||ﬂ? — @"||?] quantifies the convergence of the finite dimensional
optimization algorithm, which is exponential w.r.t. the iteration number thanks to
the hypotheses.

The second term E[||a? — u”||?] accounts for the standard MC error and can be
controlled as in Theorem [1] (applied to the FE approximation) leading to

~ 1 ~
Effla? — ui|] < WE[Ilp(uﬁ)lﬂ

Finally, the term E[||u” — u,||?] can be controlled by the result in Lemma@ namely
by

= wall? < C (Bl () [Frra] + Ellpo (wa) [ ]) 72,
so that the claim follows. O

We conclude this Section by analyzing the computational complexity of solving
the fully discrete OCP , or equivalently , using an exponentially convergent
iterative solver. We assume that the state and adjoint problems, using a triangu-
lation with mesh size h, can be solved in computational time Cj; = O(h™™7).
Here, v € [1,3] is a parameter representing the efficiency of the linear solver used
(e.g. v = 3 for a direct solver and 7 = 1 up to a logarithm factor for an optimal
multigrid solver), while n is the dimension of the physical space. Hence the overall
computational work W of j gradient iterations is proportional to W ~ 2Njh™"7.

Corollary 1. In order to achieve a given tolerance O(tol), i.e. to guarantee that
IE[H{Z;L — uy||?] < tol?, the total required computational work W is bounded by

W < tol =277 | log(tol)|.

Proof. To achieve a tolerance O(tol), we can equidistribute the precision tol? over
the three terms in . This leads to the choices:

Jmaz == — log(tol), h =~ tolﬁ7 N ~ tol 2.

Hence the total cost for computing a solution ﬂg‘mw that achieves the required
tolerance is W ~ 2N jpach ™™ = tol 27771 |log(tol)| as claimed. O

6. STOCHASTIC GRADIENT WITH FIXED MESH SIZE.

In the previous Section, we have considered an approach to approximately solve
the OCP in which the Monte Carlo sample size N is fixed a-priori, based
on accuracy requirements, the sample is generate once and for all, and then the
coupled system is solved by an iterative scheme, each iteration involving the
solution of NV primal and N adjoint problems.

As an alternative, in this section we consider an approach based on stochastic
optimization ideas. Specifically, we will use randomized methods known in the
literature as Stochastic Approximation (SA) or Stochastic Gradient (SG) [16], [38,
39, [44] [45]. At the basis of these methods is a steepest decent algorithm to tackle

12



the optimization problem. For example, the classic version of such a method, the
so-called Robbins—Monro method, works as follows. Within the steepest descent
algorithm the exact gradient VJ = VE[f] = E[V f] is replaced by a single evalua-
tion Vf(-,w;), where the random variable w; is re-sampled independently at each
iteration of the steepest-descent method:

(28) Ujt1 = U; — Tij(Uj, OJj).
Here, 7; is the step-size of the algorithm (also called learning rate) and decreases
as 1/j, over the iterations, in the usual approach.

Alternatively, the single evaluation V f(-, w;) can be replaced by a sample average

over N; ii.d. realizations (so called mini-batches [12, 15, (I7]) at every iteration,
which are drawn independently of the previous iterations. More precisely, let 075 =

(wj(-l), . ,wJ(-Nj)) ~ P®N;i then we define the recursion as
o
(29) ujr = uj = T Erio[V [ (ug,0));
> : ;
where EVio[Vf(u,-)] = NL] SN Vf(u7w§1)) is the usual Monte Carlo estimator

using a sample of size N; at iteration j. Notice that the Robbins—-Monro method
is a special case of this scheme, namely with N; = 1 for all j. In what follows,
we investigate optimal choices of the sequences {7;}; and {N;};, and the overall
computational complexity of the corresponding algorithm. We first analyze the
convergence of the Stochastic Gradient algorithm when applied to the OPC
in the continuous setting, i.e. with no Finite Element discretization. The proof
of the next theorem follows closely the general one in [45] Sect. 5.9], although here
we do not assume uniform boundedness of E[||V f(u, -)||?] with respect to u, nor do
we project the control u onto a bounded set at each iteration, which leads to slight
technical modifications. For the sake of completeness, we give the full proof of the
theorem.

Theorem 3. Let u, be the solution of the continuous OCP and denote by u;
the j-th iterate of . Then it holds that

2 o, 277 2
(30) Efllujr = wll”] < ¢jBllluy — wlI*] + 5~ E[|Vf (us, )],

J

with ¢; == 1 —1;1 + L? (1 + N%_)TJ-Z and L, the convexity and Lipschitz constants
defined in Lemmas[8 and [, respectively.
Proof. Using inequalities (17) and , we can derive a recursive formula to con-
trol the error between successive iterations. Let us introduce the filtration F; =
o{wh, k < j—1}, ie. the sigma algebra generated by all random variables used
up to iteration j — 1. Notice that u; is measurable with respect to F;. Moreover,

we introduce the notation E [-|F;] to denote conditional expectation with respect
to such filtration. Using the fact that E[V f(u.,-)] = 0, we have:

o
Ujr1 — Ux = Uj — Uy — T EN [V (ug, )] + TE[V f(uy, )]
o)
= uj — uy — TE [V f(uj, ) F;] + TEV f (us, )] + 75 (E [V f(ug, )| F;] = Eyie[V(ug,)])
= Uj — Uy — TjTl — TjTQ,
o)
with 71 := E [V f(uj, )| F;]|=E[V f(us, )] and Tz := B[V f(ug, )] =E [V f(uy, )| F;].
Hence,
i1 — well® =lluy — wi|? + 77 [ Tu | + 77| T2 1?
— 275 (u; — ue, Ty) — 275 (uy — s, To) + 277 (11, T).

13



Concerning the terms containing 77, we find:
T3] = [1E [V f (uj, )| F5] = EIV f(u, )]
= [E[Vf(uj,) = Vf(uw, )| F5] 12

:/D(]E[Vf(uj,-)—Vf(u*7')|]:j])2dx

< /DE [‘Vf(ujv ) - vf(u*v )|2|FJ} dz
= E [IVf(uj,-) — V (s, )|?1 5]
< L°E [Jluy — u.|*|F5]

where we have used Jensen’s inequality for conditional expectation: ¢(E [X|F;]) <
E [¢(X)|F;] for ¢ convex; see, e.g., [48]. Taking now the full expectation yields:

E[|T1]") < L°E [E [[luj — w.|*|F;]] = L*El[luj — u.|*] ,

and

E[(uj —us, T)] = E[{u; — s, E[Vf(uy,-) = Vf(us, )| F5])]
= E[E[{u; — ue, VF(uj,-) = Vf(us, )| F5]]
>E [IE [é|u] - u*||2|.7-"j” [Strong Convexity (L8]
= Sl — )

We now focus on the term T, and notice that it can be written as

Ty = ]\lfji (Vf(uj7 ) E[Vf(uj,-)| ) ZYZ’

with Y; = V f(uj, ") — E[Vf(u;,-)|F;]. We have then

E[|T:]*] =E /D(;iif) :El/ NQZYYz

J =1

_E|:/ NzZEme

J dl=1

Observe that, conditional upon Fj, the random variables Y;, i = 1,...,N;, are
mutually independent and have zero mean, i.e. E[Y;|F;] =0 and E[Y;Y;|F;] =0
when i # j. Therefore it follows that

1
S {/D YRy

J i=1

. [/D ﬁ E[(V/ (uj,) = E[V S (u5,)|1F]) 1 5] d;z:]

<e[[ 3 E[VI)R 5] 0]

1
7, E LIV 0l7)

< B (195w, ) ~ VI + V7w )l?)  [Lipschits condition (T7)
212 2

< 3 Bl — el + B IV (s )]

14



Finally, we have that

El(uj — ux, T2)] = ]EUEK = U, T2) | F5]]
[<uy Uy, E[T5|F5))]

*ZE — uy, E[Yi|F5])]

=0,

and, similarly, ]E[<T17T2>} = E[]E [<T1,T2>|]:]H = E[<T1,E [T2|]:]]>] = 0, which con-
cludes the proof. O

We now consider the FE version of :

oF
(31) ujpy = uf = B[V () w)]
with &} = (w§1), e ,w}Nj)) and focus on the particular setting (;, N;) = (10/4, N).

Theorem 4. Suppose that the assumptions of Lemma@ hold and let ug-l denote the
j-th iterate of with 7o > 1/1, 7; = % and Nj = N, Vj. Then we have

(32) Elllu} — u.|?] < Dij~" + Do,
for suitable constants D1, Dy > 0 independent of j and h.

Proof. It follows from Theorem |3|that the factor ¢; in for the particular case
of (75, Nj) = (70/J, N) becomes:

l 212 2
o=1-2 B (12
J

N

Next we use the recursive formula and set, as in Section [3, u” to be the

exact optimal control for the FE problem defined in . We emphasize that

has no approximation in the probability space. Setting a; = IE[Hu;‘ —ul||?]
2

and B; = 2%IFL‘[||V]‘(1LQ, 9[12], from applied to the sequence of Finite Element

solutions {u?}j>0 we find

aj+1 <cjaj + B
<¢jcj_1a5-1 + ¢ B-1 + B

S..
(33) (f[ )a1+2@ H
i=1 =1 l=i+1
=HKj =B;

For the first term «;, computing its logarithm, we have,
J

J
tog(s;) = > log(1 — 24+ 2 Z‘TOZ 22,

i=1

where we have set M = 7§ L2(1 + ) Thus

=M
log(rj) < —7ollogj + M', with M' = 27’
L g

15



and k; S 4~ ™! For the second term B; in we have:

‘ J J J 272 2
5= 5 ]] cmz% I1 (1—%[+T3€f ), with S:%E[HVf(uf,w)Hz].

For the term K;; we can proceed as before

J T()l M
log(Kij) = > log(1— -tz

k=it+1
J
Tol M
< — il
<2 (-% +%)
k=i+1
. . 1 1
< —1pl(log(j +1) —log(i+ 1)) + M <Z — j> 7
which shows that
; —Tol(; Tol 1 1
Ky <(@G+1)™(+1) " exp (M (-—=]]).
g J

It follows that

M\ < M
B < (j+1)"™ exp (_j> ZS@'W*Q exp (z>
N i=1 N ,

<1 <exp(M)

J
< Sexp(M)(j + 1) Y2 <,

i=1

for 79 > 1/I. Eventually, we obtain the following upper bound, for two constants
D3 > 0 and D4 > 0 independent of h and j:

(34) Clj+1 S ng_T(’lal + D4j_1.
From the condition 79 > %, we conclude that

(35) ajy1 < Dij

with D; possibly depending in [|uff — u”

||. Finally splitting the error as
Eflfuj — ul’] < 2E[lluf —ul[|*] + 2E[[lu} — u.]?],

and using in Corollary [1| to bound the second term, the claim follows. O

Algorithm 1| contains a detailed pseudo-code description of the SG method
with a fixed FE mesh size h applied to the OCP .
16



Data:
Given a desired tolerance tol, choose % < T0, Jmaz = tol ™2, and h ~ tol w1
initialization:

u=0;

for j=1,..., Jmas do

(4)

sample N realizations a;’ =a -,w§i)), i=1,...,N, of the random field;

—~

solve N state problems — y(ay), u), i=1,..., N, using FE on mesh h;
solve N adjoint problems — p(ay)7 u), i=1,..., N, using FE on
mesh h; B
VI =pBu+ L p(af u)
UT N 2j=1P; U
U=1u— TJ—?VJ
end

Algorithm 1: Stochastic Gradient algorithm with fixed mesh size.

We conclude this section by analyzing the complexity of the method described
in Algorithm

Corollary 2. To achieve a given tolerance O(tol) in a root mean squared sense,
i.e. to guarantee that ]E[||u;I —u||?] < tol?, the total required computational work
W is bounded by

W < tol =275,
Here, we recall that the state and adjoint problems can be solved, using a triangu-
lation with mesh size h, in computational time Cj, = O(h™™7), v € [1, 3], and r is
the degree of the polynomial FE space.

Proof. To achieve a tolerance O(tol?) for the error E[ju — u,[|?], we can equidis-
tribute the precision tol? over the two terms in . This leads to the choice:

Jmaz > tol ™2, h o~ tol 7 |

The cost for solving one deterministic PDE with the FE method is proportional to
h~™. Hence the total cost for computing a solution ué‘ that achieves the required
tolerance is

W ~ 2Njh~"" = O(tol =2~ 71),

as claimed. O

Remark 2. We have investigated also other choices for (t;, N;) in the SG method

(31). However, among the cases considered, we have found that (7;, N;) = (TJ—O,W)

leads to the best complexity. For example we have studied the SG with step-size

7 = 70/4, ol > 1 and increasing the MC sample size as N; ~ =1 across
iterations. With this choice the estimate in becomes
(36) aji1 < Dyj~ ™" log(j) ,

which leads to the choice jmaz = tol = 7ot | log(tol)|% and a final complexity

J
W a2y IR 0 250 Y = O(tol ~2T 7 | log(tol ),
i=1
which is analogous to that of the full optimization algorithm discussed in Section[5]
The proof of the bound is detailed in Appendim@for completeness.

Remark 3. In general convex stochastic optimization problems, the constant | may

be challenging to estimate in practice, which makes it difficult to fulfill the condition

70 > 1/1. To bypass this difficulty, one could consider the so-called Averaged Sto-

chastic Gradient method [74)] instead, in which the step size T; = 70/5", n € (0,1),
17



MC with linear solver | SG - Variable step-size | SG - Variable step-size and N;

T; = T0 TjZT()/j Tj:T()/j
N ~ tol~2 N;,=N N; = jroi-1
h =~ tol 7+ h =~ tol 7+ h =~ tol 7+
Jmaz = — log(tol) Jmaz ~ tol 2 Jmaz = tol ™ 7ot | log(tol)|%ol
W < tol =27 771 | log(tol)| W < tol 27771 W < tol =27 771 | log(tol)|
TABLE 1. Complexity analysis overview for different optimization
methods

is chosen with Nj = N and the averaged control % 25:1 u; is considered. The anal-
ysis of this alternative method is postponed to a future work. We remark, however,
that in our setting the constant [ is directly related to the reqularization parameter,
namely | = 203, so the need for averaging the control is not so compelling.

Table [1I| summarizes the complexity results for the SG method in both the fixed
sample size and increasing sample size regimes, as well as the complexity of a linear
solver (e.g. CQG) applied to the fully discretized OCP. There, the total work (W)
to achieve a given tolerance (tol) is presented. We see from the table that the SG
version with fixed sample size N (second column) improves the complexity only
by a logarithmic factor compared to the MC method in conjunction with a linear
solver for the optimization problem (first column). The advantage we see in this
SG version compared to the MC method with linear solver is that we do not have to
fix the sample size N in advance and can, instead, simply monitor the convergence
of the SG iterations until a prescribed tolerance is reached. However, in Algorithm
we do have to choose the FE mesh size in advance. It is therefore natural to look
at a further variation of the SG algorithm in which the FE mesh is refined during
the iterations until a prescribed tolerance is reached. This is detailed in the next
Section.

7. STOCHASTIC GRADIENT WITH VARIABLE MESH SIZE

In this section, we discus a variant of the stochastic gradient (SG) method that
also refines the FE mesh size across iterations of the steepest decent optimization
routine. That is, the new mesh size h; is now depending on the current iteration j.
Here we study only sequences of nested meshes of size h; = 2740) with £ : N — N
being a non-decreasing function. The complete SG procedure with decreasing FE
mesh size then reads:

. . & .
(37) W = = 1Byl V M (),
with &} = (wj(-l), e ,wJ(-Nj)). Notice that if non-nested meshes are used across the

iterations, a projection operator has to be added in (37)) to transfer information
from one mesh to another. We first derive a recurrence formula for the error in the

spirit of .

Theorem 5. Let uhfll be the approzimated control obtained from the SG with
variable mesh size and uy the exact control for the continuous optimal prob-
lem . Then, under the assumptions of Lemma@ we have:
h; 1
(38) Efflu;iy —uel®
_ 477 2.1
h;j T
< Bl — uslP)+ BT ()] + 7y (0 + o)+ 7) OB,
J J
18



where ¢; = 1 — %l + TJ-2L2 (2 + Nl), I and L are the convexity constant and the
J

Lipschitz constant of f, resp., and C' > 0 is a constant that depends on the H™+1-
seminorm of y(uy) and p(uy).

Proof. Subtracting the optimal continuous control u, from both sides of the recur-
rence formula , we get

W~ =l - 7 ES [V (7, )] £ B[V (us, )]
+7,E {thj (ul?, ')|fj:| + TE[V f (uy, -)]
w4y (B ()]~ E [V 01 F))
73 (B [V @l )| = Bl 5 @l 1) + 75 (BIY flus ) = V7 s )
Then setting, similar as in the proof of Theorem [3]
Ty = B[V (), ) 5] — BV (un,0))
Ty = B[V Wl ) B [Vl ) 7]
Ty := B[V f(us,) = V" (us, )],
we can rewrite the last equality as

hy h;
= =u? —uy — 1T — 1T + 1T

Ujtl j

h .
We compute the mean of the squared norm of u; fll — Uy A8

(39) Elluyiy — wel®) = Elllu}’ — w.l?) + T7E[|T1|°] + 7B T[] + 77 E[| T3]
— 2 E[(u) — u,, T1)] — 20 E[(u)’ — wy, To)] + 275 E[(u)’ — u,, T3)]
+ 277E[(Th, T»)] — 277 E[(Ty, Ts)] — 2r7E[(T}, T5)] -
Next, we bound each of these ten terms on the right-hand side. First, the term
72E[[|T1?] can be bounded as in the proof of Theorem [3|leading to:
TE(IT ) < 7 L3 Ellluj’ — wa ),

with Ly, being the Lipschitz constant for the function f hi_ which is bounded by L
(see Lemma [7)). For the term TJ-QIE[HT3||2], we find,

TIE(|T3]*) = 2 B[V f (e, ) = V™ (us, )]
= 77 [Elp(u.) — p" (w)]l®
< T7E[llp(u.) — p (w)|?]

< 277E[|[p(u.) — B (un)|*] + 277 B[P (ur) — p" (w)|?]
< QCTngHp(u*)|§{7\+1]h2r+2 + QCTngHy(u*)|%{7.+1]h2r+2 [using Lemma [6]
< 2770 (y(us), () h>7 2.

Next, for 77E[[|T2[|?] we use the same steps as in Theorem [3{ to find

7L

T Lh- hs 27‘2
— B luy? = u?| + LEVF (us, )P
w, B[l = ] + [V )]

T E[| T2 <

19



The second term of the right hand side can be further bounded uniformly w.r.t. h;
as

E[|VF" (e, %] < 2E[IV " (s, ) = V. f (e, )1?] + 2E[| V f (s, ) 17)
< AC(y(un), plun) b2 + 2E[[[V f (u, )[17],

where we have used the same steps as for T3 to bound E[||V £ (uy, -) — V f (ux, -) ||?]-
Finally, for the cross terms we have

27, E[(u}

P )] = 20l — u B[V ) = V£ (e, )| 55 )

= 20B[E [(u}’ — wa, V"5 (0, ) = V1" () |55 ]
> leIE[Hu?j —u,]|?], [using Strong convexity]
and as in Theorem 9,
2, E[(u) — u,, Tp)] = 2r7E[(T1, T)] = 277E[(T3, T3)] = 0.
Moreover
2Bl — uy, Ty)] < 275 Bl — a2+ 2P BT
< 27, TR — )+ T Oy ), plu )R,
and finally

272E((T1, T5)] < 72E[||T1|%) + 72E[| T5
hy; "
< 7203 Bllluy’ — w?) + 2r2C(y(w,), plu))h? 2.

Putting everything together, we finally obtain , as claimed. O

A natural choice to tune the parameters 7;, N; and h; would be to set, guided
by the usual Robbins-Monro theory, 7; = 79/, N; = N and balancing all terms
on right hand side of . This leads to the following.

Theorem 6. Suppose that the assumptions of Lemma hold and let u?j denote the
j-th iterate of the SG method with variable mesh size (37)). For the particular choice

(15, Nj, hj) = (10/5, N, ho2~D), with £(5) = F;ﬁfg , and assuming 79 > 1/, we

have:

hj .
(40) Eflluj’ — ) < Fij~"
for a suitable constant Fy independent of j.

Proof. With the choice of 7;, N; and £(j) in the statement of the theorem, the two
472 - . . .

last terms B[]V fi, (u, *) %] and 47; (7;(1+ N%)+%)C’h?7+2 in the inequality (38)

have the same order O(j~2). Then, we apply the same reasoning as in Theorem

to conclude the proof. O
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Algorithm [2| details the SG Robbins—Monro method with variable mesh size
applied to the OCP .

Data:

Given a desired tolerance tol, choose 19 > %, ho and jmasz =~ tol ™2

initialization:

u=20

for j =1,....jmas do

update mesh size to h = hﬁ‘ré%g
sample N realizations a;i) = a(-,w](i)), i=1,..., N, of the random field
solve N state problems — y(a§-i), u), i=1,...,N, on mesh h
solve N adjoint problems — p(ay), u), i=1,...,N, on mesh h
VJ = Bu —&—j Zf\[:l p(agi), u)
uU=u— T]—QVJ
end

Algorithm 2: Stochastic Gradient algorithm with variable mesh size.
Concerning the complexity of the Algorithm [2| one can derive the following
complexity result.

Corollary 3. With the choice (15, N, ,h;) = (10/4, N, ho2=¢0)) as in Theorem@
in order to achieve a given tolerance O(tol) in a root mean squared sense, i.e. to

guarantee that E[||u§” — uy||?] < tol?, the total required computational work W is
bounded by:

W < tol ™27
Proof. To guarantee that the mean squared error tolerance is met, in view of The-

orem |§| it suffices to ensure that tol?> < j.-1  which holds for j,,4. ~ tol=2. Then
the total work required is bounded by

jmllm j7naw
W= oNn,™ =2N Y oI

p=1 p=1

Inppy o~ lnap
2r4+2 1 — 2r42

But since [ + 1, one can bound:

Jmaz Jmaz
w<oN Y o (B1) <omny Y
p=1 p=1
< o177 2r 4+ 2

jmaz 1 #12+1 .
2r 4+ 2+ ny (7 +1)

AS jimaz ~ tol =2, we finally bound the computational work by
W < tol =27 71,

O

Notice that the asymptotic complexity remains the same as for the Stochastic
Gradient algorithm with fixed mesh size (31)); cf. Corollary However, as the
SG method with variable mesh size uses computations on coarser meshes for the
first few iterations, we nonetheless expect a practical improvement due to reduc-
ing the proportionality constant. We will assess such improvement by numerical
experimentation in the next Section.
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N

(A) Structured mesh triangulation with (B) Target function zq for the optimal
h =273, control problem.

FIGURE 1. Mesh and target function zg4.

8. NUMERICAL RESULTS

In this section we verify the assertions of Theorems [2] [ and [0} as well as
the computational complexity derived in the corresponding Corollaries [T} [2 and
Specifically, we illustrate the order of convergence for the three versions of the
iterative optimization method presented in Sections [5] [6] and [7] respectively. For
this purpose, we consider problem in the domain D = (0,1)? with ¢ = 1 and
the random diffusion coefficient

(41) a(xy,22,€) =1+ exp (var (& cos(1.1mx1) + &5 cos(1.2mxq)
+&3sin(1.3mxe) + &asin(1l.47mz,))) ,

with (z1,22) € D, var = exp(—1.125) and &€ = (&1, ...,&4) with & “r U(-1,1)).
Figure [2| shows three typical realizations of the random field. The target function
zq has been chosen as z4(z1,22) = sin(mzy)sin(rzs) (see Fig. [I|[b) and we have
taken 3 = 10~% in the objective function J(u) in (3). For the FE approximation,
we have considered a structured triangular grid of size h (see Fig. @) where each
side of the domain D is divided into 1/h sub-intervals and used piece-wise linear
finite elements (i.e. » = 1). All computations have been performed using the FE
library Freefem++[26]. This relatively simple setting, with only 4 uniform random
variables, has been chosen to be able to compute an accurate reference solution by
a stochastic collocation method on a fine FE mesh.

Reference solution. To compute a reference solution of problem , we use a full
tensorized Gauss-Legendre (GL) quadrature formula with 9 points in each direction
(i.e. with a total number of knots N = 9%) and a fine triangulation with h = 277;
see, e.g., references [8), [43] and Appendix [A] for estimates of the quadrature error.
As this approximated problem with fixed Gauss nodes is now deterministic, we
have used a stopping condition based on the norm of the gradient, and have chosen
the conjugate gradient (CG) algorithm applied on the linear system as the
iterative optimization scheme. In Figure [3| we show the optimal control obtained
after j = 16 iterations when the stopping criterion ||E8,L979’9) [VJ(u)]]| <1078 was
met, where u? is the j-th CG iterate and E= E(%ﬁa,w)) denote the tensor Gaussian
quadrature used in to approximate the true expectation. The L?-norm of the
final control using this Gaussian quadrature is [|@=7; *|| = 16.4128.
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IsoValue. IsoValue

IsoVawe

(A) & = 0.0327973 (B) & = 0.370554 (c) & = —0.943052

&2 = 0.10508 &2 = 0.0682218 &2 = 0.968895
&3 =0.141335 &3 = 0.667794 &3 = —0.656957
&4 = 0.905369 &4 = —0.421315 &4 = —0.997339

FIGURE 2. Three realizations of the diffusion random field .

optimal control
IsoValue

101169

FIGURE 3. Optimal control reference solution computed with h =
278 on tensorized Gauss-Legendre quadrature formula with N = 9%
nodes.

8.1. Conjugate gradient on fully discretized OCP. We investigate here the
convergence of the method described in Section [5} with the particular choice of the
CG method applied to the linear system as iterative solver. We recall the error
bound in the case of piece-wise linear FE (i.e. r = 1):
(42) IE[||17;’ —ul]?] < Cre ™ + NC—2 + C3h? .
MC

For each tolerance tol, using formula , we compute the optimal mesh size h =
h(tol), the optimal sample size in the MC approximation Ny;c = Nase(tol), and,
finally, the minimum number of iterations required in the iterative optimization
method, j = j(tol). To optimally balance the error contributions in , we need
further to estimate the constants C7, Cy, C3, p. This is detailed hereafter.
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FIGURE 4. L2-error on the optimal control of the fully discretized
OCP with mesh size h = 272 and increasing MC sample size Njsc.
Mean and std of the error estimated by sample averages over 10
independent realizations.

e In order to estimate the constant Cs, we used the same finest mesh as
the one used to compute our reference solution, namely h = 279, and ran
the CG method up to 20 iterations on the linear system discretized
by Monte Carlo with a sample of increasing size Njy;c = 2°,2%, ... ,210,
For every sample size Ny we repeated the simulation 10 times (with 10
independent MC samples) and averaged the final L?(D) error on the con-
trol. We numerically found Cs & 0.430527. Figure [4 presents these results,
where the mean and standard deviation (std) of the L? error have been
approximated by sample averages using the 10 independent realizations.

e To estimate the constant Cj3, we have discretized the OCP by a Gauss-
ian quadrature with N = 2% knots (2 Gauss-Legendre points per random
variable) and a sequence of decreasing mesh sizes h = 271 ...,27%. The
optimal control has been computed by sufficiently many CG iterations and
the error estimated with respect to a reference solution with h = 279 and
the same Gaussian quadrature with N = 2% knots. We found C5 = 436.516.
Figureshows the convergence of the error on the control (in the L?-norm),
versus the discretization parameter h. We observe a convergence rate of h?,
which is consistent with the theoretical result in .

e To estimate the constants C; and p, we have discretized the OCP by a
Gaussian quadrature with N = 5% tensorized Gauss-Legendre knots and
h = 27°. We have run the CG algorithm and recorded the L? error on the
control, computed with respect to a converged solution, over the iterations.
We found p = 4.941 and C; = 17.9140.
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FIGURE 5. L?-error on the optimal control of the fully discrete
OCP with N = 2* Gauss-Legendre quadrature knots and decreas-
ing mesh sizes.

Figure [6] shows the computational complexity of the considered method, i.e. the
fully discretized OPC solved by the CG algorithm, with optimally chosen parame-
ters Nyc, b, and j. Here we plot the mean L? error on the optimal control versus
the computational cost model W = 2Nj¢j( — 1)? (which assumes an optimal
linear algebra solver with v = 1 for the FE discretized PDE). The mean error and
its standard deviation have been estimated by repeating the whole procedure 20
times. The observed slope is consistent with our theoretical result W ~ tol=3 up
to logarithmic terms.

8.2. Stochastic Gradient with fixed mesh size. We implement here the Sto-
chastic Gradient method described in Section |§| using N = 1 samples at each itera-
tion (recall that the complexity does not depend on N) and learning rate T = jl—"w,
with 7o = % We have first assessed the convergence of the SG iterations on the FE
discretized OCP ((11)), using a mesh size h = 27%. The reference solution was com-
puted using the same FE mesh size, a Gaussian quadrature with N = 5% knots to
approximate the expectation and CG iterations up to convergence. Figure[7] clearly
shows the —= convergence rate of the SG algorithm w.r.t. the iteration counter j,
as predicted by Theorem

We have then studied the complexity of the SG Algorithm (where the error is
computed with respect to the solution of the continuous OCP ([10])). For conve-
nience, we recall the error bound :

Ellul — u.|?] < Dyj~" + Dyh® 2.
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FIGURE 6. Mean relative L2-error on the optimal control versus
the computational work model W = ZNMcj(% —1)2 for the fully
discretized OPC solved by the CG algorithm (with optimally cho-
sen parameters Nys¢, h, j). Mean and standard deviation of the
error estimated over 20 repetitions.

To optimally balance the two error contributions, we have estimated the constants
Dy and Doy as described next.

e The constant D; can be inferred from the results in Figure [ A least
squares fit of the mean L? error versus the iteration counter j gives Dy ~
2.143.

e The constant D> is the same as the constant C3 in , hence we kept the
same estimate Dy = 436.5.

With these constants estimated, for a given required tolerance tol we can estimate
the correct number of SG iterations j(tol) and mesh size h(tol) to fulfill the accuracy
requirement. Figure |8 shows the estimated mean L? error, using SG Algorithm
as a function of the computational cost model W = 2j(% —1)2. The slope is the
one predicted in Corollary [2| (with 7 = 1 and v = 1), namely W < tol 3.

8.3. Stochastic Gradient with variable mesh size. We present here the results
for the Stochastic Gradient method described in Sectionwith N =1 and learning
rate 7; = %, with 79 = % The mesh refinement strategy over the iterations is
the one described in Algorithm [2] with hg = 274

The rational behind this choice of hg is the following: from we have that

hjii1 h;
Bl — wlP] < B[l — w, | + MC + FE
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2
where the Monte Carlo error behaves asymptotically for j — oo as MC = 4%H‘E[HVf(u*, II2] ~
%gC'g with Cy ~ 0.43 estimated in Section and the Finite Element error be-

haves as FE = 47; (Tj(l + %) + %)Cgh?r+2 ~ wc&,hé, with C5 ~ 436.5
estimated in Section [8.1] Equilibrating the two error contributions MC and FE,
leads to an hg of the order of the chosen one .

We have run the algorithm for j,,4, = 10000 iterations, and repeated the simu-
lation 100 times to estimate the mean error and its standard deviation.

Figure EI shows the mean L? error computed with respect to the same reference
solution described at the beginning of this section, versus the iteration counter.
Figure shows, instead, the mean L? error at iteration j versus the computa-
tional cost model W; = 7 _, 2(h—1k — 1)2, as well as one particular realization of
the algorithm. In both plots, the observed convergence rate of the mean error is
consistent with the results in Theorem [ and Corollary [3] resp. In Figure [I0] we
have also added, for comparison purposes, the complexity results of the other two
methods, namely CG on the fully discretized OCP and SG on the semi-discretized
OCP, with optimal choices of discretization parameters. It is clear from this plot
that all methods perform very similarly for the problem at hand.

9. CONCLUSIONS

In this work, we have analyzed and compared the complexity of three gradient
based methods for the numerical solution of a risk-averse optimal control prob-
lem involving an elliptic PDE with random coefficients, where a Finite Element
discretization is used to approximate the underlying PDEs and a Monte Carlo
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FIGURE 8. Mean relative L? error on the optimal control versus
the computational work model W = 2j(% —1)2 for the SG Algo-
rithm (1] (with optimally chosen parameters j and h). Mean and
standard deviation of the error estimated over 20 repetitions.

sampling is used to approximate the expectation in the risk measure. The first ver-
sion considered is when the OCP is discretized upfront, using a fixed finite element
mesh and a fixed Monte Carlo sample, and then solved by an efficient iterative
method such as a Conjugate Gradient. The second version is a Stochastic Gradient
method in which the finite element discretization is still kept fixed over the itera-
tions, but the expectation in the objective function is re-sampled independently at
each iteration, with a small (fixed) sample size. Finally, the third version is again
a Stochastic Gradient method, but now with successively refined FE meshes over
the iterations. We have shown in particular, that the stochastic gradient methods
improve the computational complexity by log factors, compared to applying the
CG (or equivalent) linear solver to the fully discretized OCP. Our complexity anal-
ysis is based on a-priori error estimates and a-priori choices for the FE mesh size,
the Monte Carlo sample size, and the gradient iterations to obtain a prescribed
tolerance.

In addition to the improved complexity, another benefit of the stochastic gradient
methods is that they are more amenable to adaptive versions, in which, e.g., the
mesh size and possibly the Monte Carlo sample size are refined over the iterations
based on suitable a-posteriori error indicators. The study of such adaptive versions
is postponed to future work.

Another interesting direction for future work is the extension of stochastic gra-
dient methods to more general risk measures. For example, we mention that Sto-
chastic Gradient methods have been already used in combination with the CVaR
risk measure [5], although not in the context of PDE-constrained optimal control
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problems. One way of introducing more general risk mesures in our context could
be to consider the objective functional

1 B
3w = [ o(wwi@) - 2a(o))ds + 5 Jul?.
D
In this work we have focuced on the “mean-squared” risk measure o(-) = E[(-)?]
but this could be replaced by any other coherent and more risk averse measure.

ACKNOWLEDGMENTS

The authors have received support from the Center for ADvanced MOdeling Sci-
ence (CADMOS). The third author also acknowledges funding from the European
Union’s Horizon 2020 research and innovation programme under grant agreement
N. 800898, project ExaQUte — EXAscale Quantification of Uncertainties for Tech-
nology and Science Simulation, as well as from the Swiss National Science Founda-
tion under the Project n. 172678 “Uncertainty Quantifi-cation techniques for PDE
constrained optimization and random evolution equations”.

APPENDIX A. REFERENCE SOLUTION BY STOCHASTIC COLLOCATION

In this appendix, we briefly describe the computation of the reference solution
used in the numerical result of Section [§] which is based on a stochastic colloca-
tion method on a tensor grid of Gauss Legendre points. Moreover, we provide an
error estimate for such an approximation based on stochastic collocation. While
the numerical example in Section [8| only depends on 4 random variables, here we
show that the stochastic collocation approximation is exponentially convergent and
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putational work W. Upper error bar corresponds to 3 standard
deviations. For the latter method, also one particular realization
is shown.

that a highly accurate solution can be obtained with a moderate number of col-
location points; recall that 9% points were used in the numerical experiments. We
suppose that quadrature to approximate the expectation is not random, but uses
deterministic points &, for 7 = 1,..., N. The estimated optimal control u is then
deterministic as well. The following theorem then provides an error bound.

Theorem 7. Denoting by uy, the optimal control solution of the exact problem
and by U the solution of the semi-discrete collocation problem using a
deterministic quadrature formula E as approzimation for E, we have

(43) g\lﬂ = ue® + Ellly(u) —y(@]*) < %IIE[p(ﬂ)] - Elp(@)]|*.

Proof. The expressions of the gradient of J and J are given by VJ(uy) = Bus +
E[p(us)], VJ(u) = pu + E[p(u)], respectively, and the corresponding optimality
conditions read

(44) (VJ(ur),0) =0, (VJ(@),0) =0, VveU.
Then choosing v = U — u, in , and combining both we find

(B(u, — @) +E[p(u,)] — Elp(@)],@ — u,) =0,



that is,

(45) Bllu. —al* = (E[p(u.)] — E[p(@)] + El[p(@)] - E[p(@)], 7 — u.).

In order to bound the first part of the error in ([{d5), (E[p(u.)] — E[p(@)], @ — u.),
we can write for any w € €

(U — e, P (1) = Do (1)) = beo (Yoo (@) — Yoo (1), P () — Doy (W)
= (Yoo (Ux) = Yoo (W), Yoo (W) — Yoo (1))
= — [y (us) — yo (@)

Then, taking expectation, we find
(Elp(u.)] = E[p(@)], @ — u.) = —E[|ly(u.) — y(@)][°].

For the second contribution, (E[p(@)]—E[p(@)], i—u, ), Cauchy-Schwarz and Young’s
inequalities yield

~

I 1~ 1 I e ~
(Elp(w)] — Elp(u)], u — uy) < %HE[;D(U)] — Ep@)]|* + g\lu —u,)?,
from which the claim follows. O

The quantification of the quadrature error E[p(@)] — E[p(@)], i.e., the right hand
side in , heavily depends on the smoothness of the adjoint function in the sto-
chastic variables. The numerical example considered in Section [§ has a diffusion
coefficient that is a particular version of the more general class of diffusion coeffi-
cients of the form

(l“f —G'O +Zf€zz )

with ag > 0 a.e. in D, [|bs|p(py = 1, Zi:l Vi < essinfzep ap(z), and & ~
U([-1,1]) ii.d. uniform random variables. We denote by & = (&1, - ,&m) the
corresponding random vector. Hence, in this case the probability space (I', F, P) is
I =[-1,1]M F = B(T) the Borel o-algebra on I, and P(d¢) = @M, dgi the uniform
product measure on I'. Moreover, as & ~ U([—1,1]) here, we chose as a quadrature
formula the tensor Gaussian quadrature built on Gauss-Legendre quadrature points.
In particular, we consider a tensor grid with ¢; points in the i-th variable and denote

the corresponding quadrature by EqGLH, where ¢ = (g1, -+, qu) € NM is a multi-
index.
To any vector of indexes (k1,...,kn) € {1, ,q1} x -+ x{1,--- ,qum} we asso-

ciate the global index
k=k + q (ks — 1)+Q1QQ(]€3— D+...,
and we denote by yy the point yx = [Y1.k, 5 Y2,ks» s UM kns ] € I'. We also introduce,
for each n =1,2,..., N, the Lagrange basis {l, ; }?;1 of the space P,
ln’j € PQn—l(F’n)7 ln,j(yn,k:) = §jk7 Jak = 17"'aqn7

where 4, is the Kronecker symbol, and P,_1(I') C L*(T) is the span of tensor
product polynomialb with degree at most ¢ —1 = (¢ — 1,...,qp — 1), that is,
(D) =@M, P,,_1(T;). Hence the dimension of P,_; is N, = [, ¢;- Finally
we set l(y) = HnN:1 L ger (Yn)-
For any continuous function g : I' = R we introduce the Gauss Legendre quad-
rature formula E(?L[ | approximating the integral [, g(y) dy as

q
(46) E(?L[g] = Zwkg(yk), WE = H W,y Wk, = / lin (y) dy .
k=1 n=1 Tn
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We now analyze the error introduced by the quadrature formula. The first step
is to investigate the smoothness of the map £ — p(u, ). For this, it is convenient
to extend the state and adjoint problems to the complex domain. To do so, with
slight abuse of notation let

M
a(z,z) = ag(x) + Z VAizibi(z)

with z = (21, -+, zpr) € CM and let
Uy ={z € CM : Re(a(z,2)) >0 ae. in D}

We consider the state and adjoint problems extended to the complex domain: Vz €
Up find y(-,2) € H}(D;C) such that

(47) /D a(w, 2)Vy(x, ) Vo(z)dz = /D (@) + g(@))o(z)dz Vv € HA(D;C)

and find p(-, 2) € H}(D;C) s.t.

(48) / a(z, z2)Vp(z, z)Vu(z)de = / (y(z,2) — za(z))v(z)dr Vv € HY(D;C) .
D D

It is well known that problem and are well posed in Uy. Let now ¥ C Uy
be

M
Qo
Y= E(CNZ Ailzi| < e

(e 3 VAl < 55
with @i = essinfyep ag(z). The next Lemma states that both z — y(-, z) and
z + p(-, z) are holomorphic functions in Uy with uniform bounds on ¥. The result
for z — y(+, 2) is well known and can be found in reference [I1] for example, so that
we only give the proof for z — p(-, z).

Lemma 9. Both functions z — y(-,z) and z — p(-, z) are holomorphic on Uy, and
both have a uniform bound on X, in the sense that

llg + all
(49) max [ly(, 2)ll g < Cp=——
man
and
|| zall 3 llg +all
50 a . <C C .
(50) max (- 2) gy < Op 0+ O

Proof. Tt is well known (see e.g. [11]) that the function z — y(+, z) is holomorphic on
Uy with bound . This property translates to the adjoint function z — p(+, 2) €
H}(D; C) which is holomorphic in Uy as well with bound

||y(~, Z) — Zd”
. < o
magcllp(,2)ln < Cpmage =2
L lzall

Amin Z€X Amin
<cplzdl | cglotal

Amin min

O

Based on the last regularity result and following [3], we can state the following
error estimate for the quadrature error.
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Theorem 8. Denoting by U the solution of the semi-discrete (in probability) optimal
control problem with E = EfL[-] and p(u) the corresponding adjoint function,
there exist C > 0 and {ry,--- ,rp} independent of q s.t.

IE[p(@)] - Eg* [p(@)]]|* < CZ@ s

with g, the number of points used in the quadrature in direction n.

APPENDIX B. PROOF FOR INCREASING MONTE CARLO SAMPLING IN SG

Here we detail the proof of the bound in Remark [2| In that case the factor
¢j in becomes

2 Ol :1—70l 7—02
_1—T]l+L2(1+N])TJ—1— ,+L2(1+2jl )72

for 7; = 19/j and N; ~ 471 with 790 — 1 > 0. We use the recursive formula
and set, as before, u” to be the exact optimal control for the FE problem defined in
. We emphasize that has no approximation in probability space. Setting

2
a; = E[||lu}f —u}||?] and 8; = %]E[HVf(uf,w)Hz], we have from applied to the

sequence of FE solutions {u/};5¢ that

aj1 <cja; + B
<c¢jcj—1aj-1 + ¢Bi—1 + B

S..
J
(51) <(II¢ )mz@ 1 «
i=1 =1 l=i+1
=R =B;

For the first term x;, computing its logarithm, we have

/

J Tol M’ J J
log(r;) SZlog(l—T—i—i—z) SZ Z ;

=1 i=1

where we have set M’ = 372L? as we have 1 — 7yl < 0 and thus j1~7! < 1 for every
7 > 1. Therefore

o0 M/
log(k;) < —7ollogj+ M", with M" = ZZT

i=1

and r; < j7™L For the second term B; in we have

J J J I 372L2
Bj:; H o < ZS/Z—TOI 1 H (1_2 722 )7

k=it1 i=1 k=i+1

=Kij
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with S" = 272E[||V f(u?, w)||?]. For the term K;; we find that

J
ol M’
log(Kij) = Y log (1 - % + k2>

k=i+1
J /
Tol M
<> (-7 )
k=i+1

IN

—7ol(log(j + 1) — log(i + 1)) + M’ <1 - ;) 7

which shows that
1 1
Kij < (G+1)7™ i + 1) exp <M’ ( — >> .
i
It follows that
M M
By < (j+1) ™ exp (—) ST 4 1)l exp <)
, 1
\ ,1=1 \ ,
<1 <exp(M’)

J
< S exp(M)(G+ 1) (i 4+ 1) S5 og(4),
i=1
for 79 > 1/1. Eventually, we obtained the following upper bound for two constants
Ds >0 and Dy > 0:

(52) aj+1 < Dsj~™lay + Dyj~ ™ log(y).
We conclude that
(53) ajr1 < Dyj~ ™ log(j),

. Finally, splitting the error as

with D, possibly depending on |juff —u
Ef||uf — wl|*] < 2E[[lu] — "] + 2E[luf — u.]|*]
and using to bound the second term, the claim follows.
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