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BILINEAR OPTIMAL CONTROL OF AN
ADVECTION-REACTION-DIFFUSION SYSTEM

ROLAND GLOWINSKI, YONGCUN SONG, XITAOMING YUAN, AND HANGRUI YUE

To the memory of J. L. Lions (1928-2001) who suggested investigating problems like (BCP) below.

ABSTRACT. We consider the bilinear optimal control of an advection-reaction-diffusion system,
where the control arises as the velocity field in the advection term. Such a problem is generally
challenging from both theoretical analysis and algorithmic design perspectives mainly because the
state variable depends nonlinearly on the control variable and an additional divergence-free con-
straint on the control is coupled together with the state equation. Mathematically, the proof of the
existence of optimal solutions is delicate, and up to now, only some results are known for a few
special cases where additional restrictions are imposed on the space dimension and the regularity of
the control. We prove the existence of optimal controls and derive the first-order optimality condi-
tions in general settings without any extra assumption. Computationally, the well-known conjugate
gradient (CG) method can be applied conceptually. However, due to the additional divergence-free
constraint on the control variable and the nonlinear relation between the state and control vari-
ables, it is challenging to compute the gradient and the optimal stepsize at each CG iteration, and
thus nontrivial to implement the CG method. To address these issues, we advocate a fast inner
preconditioned CG method to ensure the divergence-free constraint and an efficient inexactness
strategy to determine an appropriate stepsize. An easily implementable nested CG method is thus
proposed for solving such a complicated problem. For the numerical discretization, we combine
finite difference methods for the time discretization and finite element methods for the space dis-
cretization. Efficiency of the proposed nested CG method is promisingly validated by the results of
some preliminary numerical experiments.

1. INTRODUCTION

1.1. Background and Motivation. The optimal control of distributed parameter systems has
important applications in various scientific areas, such as physics, chemistry, engineering, medicine,
and finance. We refer to, e.g. [12, 13, 14, 22, 26, 28], for a few references. In a typical mathematical
model of a controlled distributed parameter system, either boundary or internal locally distributed
controls are usually used; these controls have localized support and are called additive controls
because they arise in the model equations as additive terms. Optimal control problems with additive
controls have received a significant attention in past decades following the pioneering work of J. L.
Lions [22], and many mathematical and computational tools have been developed, see e.g., [12, 13,
14, 23, 27, 29]. However, it is worth noting that additive controls describe the effect of external
added sources or forces and they do not change the principal intrinsic properties of the controlled
system. Hence, they are not suitable to deal with processes whose principal intrinsic properties
should be changed by some control actions. For instance, if we aim at changing the reaction rate in
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some chain reaction-type processes from biomedical, nuclear, and chemical applications, additive
controls amount to controlling the chain reaction by adding into or withdrawing out of a certain
amount of the reactants, which is not realistic. To address this issue, a natural idea is to use
certain catalysts or smart materials to control the systems, which can be mathematically modeled
by optimal control problems with bilinear controls. We refer to [19] for more detailed discussions.

Bilinear controls, also known as multiplicative controls, enter the model as coefficients of the
corresponding partial differential equations (PDEs). These bilinear controls can change some main
physical characteristics of the system under investigation, such as a natural frequency response
of a beam or the rate of a chemical reaction. In the literature, bilinear controls of distributed
parameter systems have become an increasingly popular topic and bilinear optimal control problems
constrained by various PDEs, such as elliptic equations [20], convection-diffusion equations [3],
parabolic equations [18], the Schrédinger equation [16] and the Fokker-Planck equation [7], have
been widely studied both mathematically and computationally.

In particular, bilinear controls play a crucial role in optimal control problems modeled by
advection-reaction-diffusion systems. On one hand, the control can be the coefficient of the diffusion
or the reaction term. For instance, a system controlled by the so-called catalysts that can accelerate
or slow down various chemical or biological reactions can be modeled by a bilinear optimal control
problem for an advection-reaction-diffusion equation where the control arises as the coefficient of
the reaction term [18]; this kind of bilinear optimal control problems have been studied in e.g.,
[3, 4, 18, 19]. On the other hand, the systems can also be controlled by the velocity field in the
advection term, which captures important applications in e.g., bioremediation [15], environmental
remediation process [21], and mixing enhancement of different fluids [24]. We note that there is
a very limited research being done on the velocity field controlled bilinear optimal control prob-
lems; and only some special one-dimensional space cases have been studied in [15, 17, 21] for the
existence of an optimal control and the derivation of first-order optimality conditions. To the best
of our knowledge, no work has been done yet to develop efficient numerical methods for solving
multi-dimensional bilinear optimal control problems controlled by the velocity field in the advec-
tion term. All these facts motivate us to study bilinear optimal control problems constrained by an
advection-reaction-diffusion equation, where the control enters into the model as the velocity field
in the advection term. Actually, investigating this kind of problems was suggested to one of us (R.
Glowinski), in the late 1990’s, by J. L. Lions (1928-2001).

1.2. Model. Let  be a bounded domain of R? with d > 1 and let I" be its boundary. We consider
the following bilinear optimal control problem:

BCP we
( ) {J(u)<J(U),Vv€Z/I,
with the objective functional J defined by

1
(1.1) J(v) = 2// |v|2da:dt—|—O;1// |y_yd’2d$dt+o;2/ y(T) — yr|*da,
Q Q Q

and y = y(t; v) the solution of the following advection-reaction-diffusion equation

Y Wyt Vytay =/ W Q

(1.2) y=g on %,

y(0) = ¢.

Above and below, Q@ = Qx (0,7) and ¥ =T'x(0,7) with 0 < T < 400; a1 > 0,9 > 0, a1 + a3 > 0;
the target functions y4 and yr are given in L?(Q) and L?((2), respectively; the diffusion coefficient
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v > 0 and the reaction coefficient ay are assumed to be constants; the functions f € L*(Q),
g € L*(0,T; H/*(")) and ¢ € L*(Q). The set U of the admissible controls is defined by

U = {vv e [L*(Q)4, V- -v =0}

Clearly, the control variable v arises in (BCP) as a flow velocity field in the advection term of (1.2),
and the divergence-free constraint V-v = 0 implies that the flow is incompressible. One can control
the system by changing the flow velocity v in order that y and y(7T') are good approximations to y4
and yr, respectively.

1.3. Difficulties and Goals. In this paper, we intend to study the bilinear optimal control prob-
lem (BCP) in the general case of d > 2 both mathematically and computationally. Precisely, we
first study the well-posedness of (1.2), the existence of an optimal control u, and its first-order
optimality condition. Then, computationally, we propose an efficient and relatively easy to im-
plement numerical method to solve (BCP). For this purpose, we advocate combining a conjugate
gradient (CG) method with a finite difference method (for the time discretization) and a finite
element method (for the space discretization) for the numerical solution of (BCP). Although these
numerical approaches have been well developed in the literature, it is nontrivial to implement them
to solve (BCP) as discussed below, due to the complicated problem settings.

1.3.1. Difficulties in Algorithmic Design. Conceptually, a CG method for solving (BCP) can be
easily derived following [14]. However, CG algorithms are challenging to implement numerically for
the following reasons: 1). The state y depends non-linearly on the control v despite the fact that
the state equation (1.2) is linear. 2). The additional divergence-free constraint on the control v,
ie., V-v =0, is coupled together with the state equation (1.2).

To be more precise, the fact that the state y is a nonlinear function of the control v makes the
optimality system a nonlinear problem. Hence, seeking a suitable stepsize in each CG iteration
requires solving an optimization problem and it can not be as easily computed as in the linear case
[14]. Note that commonly used line search strategies are too expensive to employ in our settings
because they require evaluating the objective functional value J(v) repeatedly and every evaluation
of J(v) entails solving the state equation (1.2). The same concern on the computational cost also
applies when the Newton method is employed to solve the corresponding optimization problem
for finding a stepsize. To tackle this issue, we propose an efficient inexact stepsize strategy which
requires solving only one additional linear parabolic problem and is cheap to implement as shown
in Section 3.

Furthermore, due to the divergence-free constraint V - v = 0, an extra projection onto the
admissible set U/ is required to compute the first-order differential of J at each CG iteration in
order that all iterates of the CG method are feasible. Generally, this projection subproblem has
no closed-form solution and has to be solved iteratively. Here, we introduce a Lagrange multiplier
associated with the constraint V- v = 0, then the computation of the first-order differential D.J(v)
of J at v is equivalent to solving a Stokes type problem. Inspired by [9], we advocate employing a
preconditioned CG method, which operates on the space of the Lagrange multiplier, to solve the
resulting Stokes type problem. With an appropriately chosen preconditioner, a fast convergence
of the resulting preconditioned CG method can be expected in practice (and indeed, has been
observed).

1.3.2. Difficulties in Numerical Discretization. For the numerical discretization of (BCP), we note
that if an implicit finite difference scheme is used for the time discretization of the state equation
(1.2), a stationary advection-reaction-diffusion equation should be solved at each time step. To
solve this stationary advection-reaction-diffusion equation, it is well known that standard finite
element techniques may lead to strongly oscillatory solutions unless the mesh-size is sufficiently
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small with respect to the ratio between v and ||v||. In the context of optimal control problems,
to overcome such difficulties, different stabilized finite element methods have been proposed and
analyzed, see e.g., [1, 6]. Different from the above references, we implement the time discretization
by a semi-implicit finite difference method for simplicity, namely, we use explicit advection and
reaction terms and treat the diffusion term implicitly. Consequently, only a simple linear elliptic
equation is required to be solved at each time step. We then implement the space discretization
of the resulting elliptic equation at each time step by a standard piecewise linear finite element
method and the resulting linear system is very easy to solve.

Moreover, we recall that the divergence-free constraint V-v = 0 leads to a projection subproblem,
which is equivalent to a Stokes type problem, at each iteration of the CG algorithm. As discussed
in [8], to discretize a Stokes type problem, direct applications of standard finite element methods
always lead to an ill-posed discrete problem. To overcome this difficulty, one can use different types
of element approximations for pressure and velocity. Inspired by [8, 9], we employ the Bercovier-
Pironneau finite element pair [2] (also known as P;-P; iso P, finite element) to approximate the
control v and the Lagrange multiplier associated with the divergence-free constraint. More con-
cretely, we approximate the Lagrange multiplier by a piecewise linear finite element space which is
twice coarser than the one for the control v. In this way, the discrete problem is well-posed and
can be solved by a preconditioned CG method. As a byproduct of the above discretization, the
total number of degrees of freedom of the discrete Lagrange multiplier is only ﬁ of the number
of the discrete control. Hence, the inner preconditioned CG method is implemented in a lower-
dimensional space than that of the state equation (1.2), implying a computational cost reduction.
With the above mentioned discretization schemes, we can relatively easily obtain the fully discrete
version of (BCP) and derive the discrete analogue of our proposed nested CG method.

1.4. Organization. An outline of this paper is as follows. In Section 2, we prove the existence of
optimal controls for (BCP) and derive the associated first-order optimality conditions. An easily
implementable nested CG method is proposed in Section 3 for solving (BCP) numerically. In
Section 4, we discuss the numerical discretization of (BCP) by finite difference and finite element
methods. Some preliminary numerical results are reported in Section 5 to validate the efficiency of
our proposed numerical approach. Finally, some conclusions are drawn in Section 6.

2. EXISTENCE OF OPTIMAL CONTROLS AND FIRST-ORDER OPTIMALITY CONDITIONS

In this section, first we present some notation and known results from the literature that will be
used in later analysis. Then, we prove the existence of optimal controls for (BCP) and derive the
associated first-order optimality conditions. Without loss of generality, we assume that f = 0 and
g =0in (1.2) for convenience.

2.1. Preliminaries. Throughout, we denote by L*(Q2) and H*(€2) the usual Sobolev spaces for any
s > 0. The space H(Q2) denotes the completion of C§°(Q2) in H*(12), where C5°(£2) denotes the
space of all infinitely differentiable functions over 2 with a compact support in Q. In addition, we
shall also use the following vector-valued function spaces:

L(Q) = LX),
L%, () :={veL*Q),V-v=0in Q}.

Let X be a Banach space with a norm || - || x, then the space L?(0,T; X) consists of all measurable
functions z : (0,7) — X satisfying

1
T 2
lell e == (/O IIZ(t)H?th> < oo
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With the above notation, it is clear that the admissible set U can be denoted as U := L?(0, T} Lflw(Q))
Moreover, the space W (0, T) consists of all functions z € L?(0, T; H}(f2)) such that % € L?(0,T; H~1())
exists in a weak sense, i.e.

0
W(0,T) := {zlz € L*(0,T: H} (), 5 € L*(0.T: H™ ()},
where H=(Q)(= Hg(Q)’) is the dual space of H}(€).
Next, we summarize some known results for the advection-reaction-diffusion equation (1.2) in
the literature for the convenience of further analysis.
The variational formulation of the state equation (1.2) reads: find y € W(0,T) such that y(0) = ¢

and Vz € L(0,T; H} (Q)),

T
(2.1) / <6y,z> dt—I—Z/// Vy-Vzd:vdt—l—// v-Vyzd:L‘dt+ao// yzdxdt = 0,
o \9t [ H-1q .m0 Q Q Q

where (-, '>H—1(Q),H3(Q) denotes the duality pairing between H~1(Q2) and HZ (). The existence and

uniqueness of the solution y € W(0,7) to problem (2.1) can be proved by standard arguments
relying on the Lax-Milgram theorem, we refer to [22] for the details. Moreover, we can define
the control-to-state operator S : & — W (0,7T), which maps v to y = S(v). Then, the objective
functional J in (BCP) can be reformulated as

// (vo[2da dt+a1/ S(v ydy2dxdt+‘;2/Q|S<v)(:r)—yT2dx,

and the nonlinearity of the solution operator S implies that (BCP) is nonconvex.
For the solution y € W(0,T"), we have the following estimates.

Lemma 2.1. Let v € L?(0,T; L2, (), then the solution y € W(0,T) of the state equation (1.2)
satisfies the following estimate:

t t
(2.2) Iyl + 20 /0 Iy ()12 s + 2a0 /0 ly(8) 220y ds = 161220,

Proof. We first multiply the state equation (1.2) by y(t), then applying the Green’s formula in
space yields

1d
(2.3) S IOl ai0) = VIO a0y — aollv O
The desired result (2.2) can be directly obtained by integrating (2.3) over [0, t]. O

Above estimate implies that
(2.4) y is bounded in L*(0,T; H3 ().
On the other hand,
dy
ot
and the right hand side is bounded in L?(0,T; H~(£2)). Hence,

=vV3y —v - Vy — agy,

(2.5) g‘z is bounded in L*(0,T; H1()).

Furthermore, since V - v = 0, it is clear that

// v-Vyzdrdt = / Vy-(vz)dzdt = // yV-(vz)dzdt = // y(v-Vz)dzdt, ¥z € L*(0,T; H (Q)).
Q Q
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Hence, the variational formulation (2.1) can be equivalently written as:“ find y € W(0,T) such
that y(0) = ¢ and Vz € L*(0,T; H}(2)),

/ <8y > dt + u// Vy - Vzdzdt — // (v - Vz)ydzdt + ag // yzdxdt = 0.
0o \0Ot’ H-1(Q),HE () Q Q Q

2.2. Existence of Optimal Controls. With above preparations, we prove in this subsection the
existence of optimal controls for (BCP). For this purpose, we first show that the objective functional
J is weakly lower semi-continuous.

Lemma 2.2. The objective functional J given by (1.1) is weakly lower semi-continuous. That is,
if a sequence {v,} converges weakly to v in L?(0,T; L2, (Q)), we have
J(v) < liminfJ(v,).
n—oo

Proof. Let {v,} be a sequence that converges weakly to o in L*(0,7; L2, () and y,, := y(x, t; vy,)
the solution of the following variational problem: find y, € W(0,T) such that y,(0) = ¢ and
v € L2(0,T: HY(%),

(2:6)

/ <8y” > dt +v // Vyn - Vedrdt — // (vp, - V2)ypdadt + ag // Ynzdrdt = 0.
o \ Ot’ H-1(Q),H} () Q Q Q

Moreover, it follows from (2.4) and (2.5) that there exists a subsequence of {y,}, still denoted by
{yn} for convenience, such that

Yn — 7 weakly in L?(0,T; Hy(Q2)),
and

OYn oy 2
5 B weakly in L2(0,T; H'(Q)).

Since 2 is bounded, it follows directly from the compactness property (also known as Rellich’s
Theorem) that

Yn — 7 strongly in L*(0,T; L*(Q)).
Taking v, — © weakly in L?(0,T; L2, ()) into account, we can pass the limit in (2.6) and derive
that §(0) = ¢ and Vz € L%(0,T; H}(2)),

/ <6y > dt + V// Vi - Vzdzxdt — // (v - Vz)ydzdt + ag // yzdxdt = 0,
0 \ot' /)y Q Q Q

which implies that ¢ is the solution of the state equation (1.2) associated with v.
Since any norm of a Banach space is weakly lower semi-continuous, we have that

hnﬁ_l}OI‘}fJ(’Un)

_lirginf< / ]vn\dedt—l— // [Yn, — Yl dxdt+/\yn yT\Zd:J:>
1

2// rvr2dxdt+// 17— yal dwdt+/y<T>—yTr dz
2 /Jo 2 /o 2 Jq

—J(v)

We thus obtain that the objective functional J is weakly lower semi-continuous and complete the
proof. O

Now, we are in a position to prove the existence of an optimal solution u to (BCP).
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Theorem 2.3. There exists at least one optimal control w € U = L*(0,T; L3, (Q)) such that
J(u) < J(v),Yv e U.
Proof. We first observe that J(v) > 0,Vv € U, then the infimum of J(v) exists and we denote it as

ot g
j=inf (v),

and there is a minimizing sequence {v,} C U such that
lim J(v,) = j.
n—oo

This fact, together with %anH%z(O’T;sz(Q)) < J(vy), implies that {v,} is bounded in L?(0,T; L2, (92)).
Hence, there exists a subsequence, still denoted by {vy,}, that converges weakly to w in L*(0,T; L%, (2)).

It follows from Lemma 2.2 that J is weakly lower semi-continuous and we thus have
J(u) < liminfJ(vy,) = J.
n—oo
Since u € U, we must have J(u) = j, and w is therefore an optimal control. O

We note that the uniqueness of optimal control u cannot be guaranteed and only a local optimal
solution can be pursued because the objective functional J is nonconvex due to the nonlinear
relationship between the state y and the control v.

2.3. First-order Optimality Conditions. Let DJ(v) be the first-order differential of J at v and
u an optimal control of (BCP). It is clear that the first-order optimality condition of (BCP) reads

DJ(u) = 0.

In the sequel of this subsection, we discuss the computation of DJ(v), which will play an important
role in subsequent sections.

To compute DJ(v), we employ a formal perturbation analysis as in [14]. First, let dv € U be a
perturbation of v € U, we clearly have

(2.7) 5J(v) = / /Q DJ(v) - Svdadt,
and also
(28) 8J(v) = / /Q v - Svdedt + / /Q (y — ya)dydadt + s /Q (y(T) — yr)oy(T)dz,

in which dy is the solution of

)
aaty—VV25y+5'v~Vy+v-V5y+a06y:O in @,

(2.9) dy=0 on X,
oy(0) = 0.
Consider now a function p defined over Q (the closure of Q); and assume that p is a differentiable

function of x and ¢. Multiplying both sides of the first equation in (2.9) by p and integrating over
(), we obtain

// pgéydxdt — 1/// pV26ydadt + // o0v - Vypdxdt + // v - Viypdxdt + ag // pdydxdt = 0.
Q ot Q Q Q Q
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Integration by parts in time and application of Green’s formula in space yield

/ p(T)oy(T )dﬂﬁ—/ 0)6y(0 dx+// ———VVQ —v- Vp—I—aop](Syd:L‘dt

/ ov - Vypdxdt—u// 853/ ——5 dxdt+// poyv - ndxdt = 0.

where n is the unit outward normal vector at T'.
Next, let us assume that the function p is the solution to the following adjoint system

8 .
_aiz — vV —v-Vp+agp = ai(y —yg) in Q,

(2.11) p=0 on X,
p(T) = c2(y(T) — yr)-
It follows from (2.8), (2.9), (2.10) and (2.11) that

// v — pVy) - dvdxdt.

(2.10)

which, together with (2.7), implies that
DJ(v) elU,

(2.12) //Q DJ(v) - zdwdt = //Q(v — pVy) - zdzdt,Vz € U.

From the discussion above, the first-order optimality condition of (BCP) can be summarized as
follows.

Theorem 2.4. Let uw € U be a solution of (BCP). Then, it satisfies the following optimality
condition

// (u — pVy) - zdxdt = 0,Vz € U,
Q

where y and p are obtained from w via the solutions of the following two parabolic equations:

r%—vVvaLu-Veraoy:f in Q,
(state equation) y=g ony,
y(0) = ¢,
and
_g]t? —vVPp—u-Vp+ap=oi(y —yq) inQ,
(adjoint equation) p=0 on X,
p(T) = as(y(T) — yr).

3. AN IMPLEMENTABLE NESTED CONJUGATE GRADIENT METHOD

In this section, we discuss the application of a CG strategy to solve (BCP). In particular, we
elaborate on the computation of the gradient and the stepsize at each CG iteration, and thus obtain
an easily implementable algorithm.
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3.1. A Generic Conjugate Gradient Method for (BCP). Conceptually, implementing the
CG method to (BCP), we readily obtain the following algorithm:
(a) Given u® € U.
(b) Compute g° = DJ(u®). If DJ(u’) = 0, then u = u°; otherwise set w® = g°.
For k > 0, u* g* and w* being known, the last two different from 0, one computes
uFt gFt1 and wkt! as follows:
(c) Compute the stepsize py by solving the following optimization problem

(3 1) Pk € R,
' J(u* — ppw®) < J(uF — pwh),vp e R.
(d) Update u**! and g**!, respectively, by
w = — et
and
g"t = DJ(uF).
If DJ(u**1) =0, take u = u**1; otherwise,

(e) Compute
[lo 1g*+ Pdadt
B fo \gF|?dxdt

B

and then update
whtl = ghtl 4 Bk,
Do k+1 — k and return to (c).

The above iterative method looks very simple, but practically, the implementation of the CG
method (a)-(e) for the solution of (BCP) is nontrivial. In particular, it is numerically challenging
to compute DJ(v), Vv € U and py, as illustrated below. We shall discuss how to address these two
issues in the following part of this section.

3.2. Computation of DJ(v). It is clear that the implementation of the generic CG method (a)—
(e) for the solution of (BCP) requires the knowledge of D.J(v) for various v € U, and this has been
conceptually provided in (2.12). However, it is numerically challenging to compute D.J(v) by (2.12)
due to the restriction V- D.J(v) = 0 which ensures that all iterates u* of the CG method meet the
additional divergence-free constraint V - u* = 0. In this subsection, we show that equation (2.12)
can be reformulated as a saddle point problem by introducing a Lagrange multiplier associated with
the constraint V- DJ(v) = 0. Then, a preconditioned CG method is proposed to solve this saddle
point problem.
We first note that equation (2.12) can be equivalently reformulated as

(v)(t) €,

DJ
(32) = v — - Zaxr z
/Q DI()(t) - zdi = /Q (0(t) — p(t) Vy(t)) - 2z, Yz € S,

where

S={z|z € [L*(Q)],V -z =0}.
Clearly, problem (3.2) is a particular case of

gESs,

(3:3) / g - zdx = / f-zdx,Vz €S,
Q Q
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with f given in [L2(Q)]4.
Introducing a Lagrange multiplier A € H}(£2) associated with the constraint V -z = 0, it is clear
that problem (3.3) is equivalent to the following saddle point problem

(9, A) € [L*())7 x Hy(9),
(3.4) /Qg czdxr = /Qf - zdx —I—/Q)\V - zdx,Vz € [LQ(Q)]d,

/ V - gqdx = 0,VYq € Hy (),
Q

which is actually a Stokes type problem.

In order to solve problem (3.4), we advocate a CG method inspired from [9, 10]. For this purpose,
one has to specify the inner product to be used over Hg (). As discussed in [9], the usual L?-inner
product, namely, {q,¢'} — fQ qq'dx leads to a CG method with poor convergence properties.
Indeed, using some arguments similar to those in [8, 9], we can show that the saddle point problem
(3.4) can be reformulated as a linear variational problem in terms of the Lagrange multiplier A.
The corresponding coefficient matrix after space discretization with mesh size h has a condition
number of the order of h~2, which is ill-conditioned especially for small h and makes the CG method
converges fairly slow. Hence, preconditioning is necessary for solving problem (3.4). As suggested
in [9], we choose —V -V as a preconditioner for problem (3.4), and the corresponding preconditioned
CG method operates in the space Hg () equipped with the inner product {q,q'} — JoVaq-Vq'dx
and the associated norm ||q||H5(Q) = (/g \Vq|?dx)'/?,Yq,q' € H}(Q). The resulting algorithm reads
as:

G1 Choose \ € H}(Q).

G2 Solve o ) ;
g’ € [L7(Q),
/go-zdar:/f-zda:—l—/ MV - zdz,Vz € [L*(Q)]4,
Q Q Q
and
r’ € Hy(Q),
/ Vvr?. Vqdr = / V - ¢%dzx,Vq € H}(Q).
Q Q
If Jo [Vr°Pdz < toly, take A = A\’ and g = g°; otherwise set w" = 7°. For k > 0,

max{1, [, [VA?[2dz}

e, g r¥ and wF being known with the last two different from 0, we compute \¥+1, ghtt pF+l

and if necessary w*t1, as follows:
G3 Solve . ) ;
g° € [L7(Q)]°,
/ G~ - zdx = / whV - zdz,Vz € [L*(Q)]4,
Q Q
and

€ Hy (%),

/ka~quac = / V- g*qdz,¥q € HL(Q),
Q Q

and compute the stepsize via

- fQ |Vrk\2d:c

 fo ViR Vukda

Nk
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G4 Update M\*, g* and r* via

)\k+1 _ )\k o nkwk’ngrl _ gk _ nkgk7 and T,k+1 — Tk . nkfk-

It Jo IVr* T 2da
max{l,fQ [VrO|2dz}

G5 Compute

< toly, take A = N1 and g = g**!; otherwise,

- fﬂ’vrk-‘rl‘de
F fQ|V7‘k|2daz ’

and update w” via

k+1 _ kel

w + vkwk.

Do k+1 — k and return to G3.

Clearly, one only needs to solve two simple linear equations at each iteration of the preconditioned
CG algorithm (G1)-(G5), which implies that the algorithm is easy and cheap to implement. More-
over, due to the well-chosen preconditioner —V - V, one can expect the above preconditioned CG
algorithm to have a fast convergence; this will be validated by the numerical experiments reported
in Section 5.

3.3. Computation of the Stepsize p;. Another crucial step to implement the CG method (a)—
(e) is the computation of the stepsize pg. It is the solution of the optimization problem (3.1) which
is numerically expensive to be solved exactly or up to a high accuracy. For instance, to solve (3.1),
one may consider the Newton method applied to the solution of

Hi(px) =0,
where
Hi(p) = J(u* — pw").
The Newton method requires the second-order derivative H; (p) which can be computed via an
iterated adjoint technique requiring the solution of four parabolic problems per Newton’s iteration.
Hence, the implementation of the Newton method is numerically expensive.

The high computational load for solving (3.1) motivates us to implement certain stepsize rule
to determine an approximation of p;. Here, we advocate the following procedure to compute an
approximate stepsize py.

For a given w* € U, we replace the state y = S(u* — pw¥) in the objective functional J(u* — pw*)
by

S(u®) — pS' (uF)wh,
which is indeed the linearization of the mapping p — S(u* — pw*) at p = 0. We thus obtain the
following quadratic approximation of H(p):

(3.5)
1 k k2 a1 k k 2 @2 k k 2
Qulp) =5 [ [ " —pwfdedt + = [ | |y* = pz" —yal dwdt + == | |y*(T) = pz*(T) = yr[*dz,
Q Q Q
where y* = S(u¥) is the solution of the state equation (1.2) associated with u”, and ¥ = S'(u”*)w*
satisfies the following linear parabolic problem
92 2 k k k k k k .
W—VVZ +w" - Vy"+u”-Vz" +apz" =0 in @,
(3.6) =0 on >,

ZF(0) = 0.
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Then, it is easy to show that the equation @ (p) = 0 admits a unique solution

B fo g* - whdzdt
N S Wk Pdzdt + on [ [, [2F2dzdt + s [o |25(T)[?dz’

(3.7) Pk

and we take pj, which is clearly an approximation of pi, as the stepsize in each CG iteration.
Altogether, with the stepsize given by (3.7), every iteration of the resulting CG algorithm requires
solving only three parabolic problems, namely, the state equation (1.2) forward in time and the
associated adjoint equation (2.11) backward in time for the computation of g, and to solving the
linearized parabolic equation (3.6) forward in time for the stepsize pi. For comparison, if the Newton
method is employed to compute the stepsize pi by solving (3.1), at least siz parabolic problems are
required to be solved at each iteration of the CG method, which is much more expensive numerically.

Remark 3.1. To find an appropriate stepsize, a natural idea is to employ some line search strategies,
such as the backtracking strategy based on the Armijo—Goldstein condition or the Wolf condition,
see e.g., [25]. It is worth noting that these line search strategies require the evaluation of J(v)
repeatedly, which is numerically expensive because every evaluation of J(v) for a given v requires
solving the state equation (1.2). Moreover, we have implemented the CG method for solving (BCP)
with various line search strategies and observed from the numerical results that line search strategies
always lead to tiny stepsizes making extremely slow the convergence of the CG method.

3.4. A Nested CG Method for Solving (BCP). Following Sections 3.2 and 3.3, we advocate
the following nested CG method for solving (BCP):

I. Given u’ € U.
IT. Compute 3° and p" by solving the state equation (1.2) and the adjoint equation (2.11)
corresponding to u’. Then, for a.e. t € (0,T), solve

g°(t) €8,

/ 9O(t) - zd — / (W0(t) — () V4O (1)) - zd, ¥ € S,
Q Q

by the preconditioned CG algorithm (G1)-(G5); and set w® = g°.

For k > 0, u* g* and w* being known, the last two different from 0, one computes
uFt gFt1l and wkt! as follows:

ITI. Compute the stepsize py by (3.7).
IV. Update u**! by

k+1 k k

u" T =u" — prw”.

Compute y**! and p**! by solving the state equation (1.2) and the adjoint equation (2.11)

corresponding to w**1; and for a.e. t € (0,T), solve

g" () €s,

/ngﬂ(t) czdx = /Q(ukﬂ(t) — P O)VYETL(t)) - zdz,Vz €S,
by the preconditioned CG algorithm (G1)—(G5).

[fy 1t Pt

Jlglg T a% _ o k1.
1T, [P e < tol, take u = u"7; else

If
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V. Compute
[l |g"t Pdwat

o = T lgFPdadi
Do k+1 — k and return to III.

’ and wk+1 — gk+1 +ﬁkwk

4. SPACE AND TIME DISCRETIZATIONS

In this section, we discuss first the numerical discretization of the bilinear optimal control problem
(BCP). We achieve the time discretization by a semi-implicit finite difference method and the space
discretization by a piecewise linear finite element method. Then, we discuss an implementable
nested CG method for solving the fully discrete bilinear optimal control problem.

4.1. Time Discretization of (BCP). First, we define a time discretization step At by At = T'/N,
with N a positive integer. Then, we approximate the control space U = L?(0,T;S) by Ut := (S)V;
and equip U2t with the following inner product

N
(vaw)At = AtZ/ Uy wpdr, Yv = {'Un}’r]:]:h w = {wn}nNzl € Z/{Ata
n=1"%

and the norm

1
N 2
[v][ar = (AtZ/ |vn|2d:c> . Yo ={v, N eyt
n=1"%
Then, (BCP) is approximated by the following semi-discrete bilinear control problem (BCP)A%:
uAt c Z/{At
{JAt(uAt) < JAw), Yo = {v, 1Y, e UA,

where the cost functional J2* is defined by

N N
1
T ) = ALY [ foalde + AT [y - yiPde + 2 | Jyy — yrlda,
2 n=1 Q 2 n=1 Q 2 Q

with {y,}2_; the solution of the following semi-discrete state equation: yo = ¢; then for n =
1,..., N, with y,_1 being known, we obtain y, from the solution of the following linear elliptic
problem:

(BCP)~!

— Y1 .
(4.1) % — VY 4+ V- Vot + aoyn—1 = fr in Q,
y’I’L - gn on F

Remark 4.1. For simplicity, we have chosen a one-step semi-explicit scheme to discretize system
(1.2). This scheme is first-order accurate and reasonably robust, once combined to an appropri-
ate space discretization. The application of second-order accurate time discretization schemes to
optimal control problems has been discussed in e.g., [5].

Remark 4.2. At each step of scheme (4.1), we only need to solve a simple linear elliptic problem to
obtain y,, from y,_1, and there is no particular difficulty in solving such a problem.

The existence of a solution to the semi-discrete bilinear optimal control problem (BCP)At can
be proved in a similar way as what we have done for the continuous case. Let u®f be a solution of
(BCP)%*, then it verifies the following first-order optimality condition:

DJA (uB) =0,
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where D.J?(v) is the first-order differential of the functional J2* at v € UAE.
Proceeding as in the continuous case, we can show that DJ2!(v) = {g,}_, € UA! where

gn €S,
/ gn - wdr = /(vn — pnVyn—1) - wdz,Yw € S,
Q Q

and the vector-valued function {p,}2_; is the solution of the semi-discrete adjoint system below:

PN+1 = @2(Yyn — y1);
for n = N, solve

PN~ PN+1

N —vVpn =ailyy —y))  in Q,

pn =0 on T,
and forn=N —1,--- 1, solve

Pn — Pn+1

Ar — UV, — Vi1 - Vit + aopn+1 = @1(Yn — Yq ) in €,

prn =20 on I

4.2. Space Discretization of (BCP)”!. In this subsection, we discuss the space discretization
of (BCP)?*, obtaining thus a full space-time discretization of (BCP). For simplicity, we suppose
from now on that €2 is a polygonal domain of R? (or has been approximated by a family of such
domains).

Let T be a classical triangulation of ), with H the largest length of the edges of the triangles of
Tr. From Ty we construct Ty, with h = H/2 by joining the mid-points of the edges of the triangles
of TH

We first consider the finite element space V}, defined by

Vi, = {enlon € C°(;n |y € PLYT € Ty}

with P; the space of the polynomials of two variables of degree < 1. Two useful sub-spaces of V},
are

Von = {@nlen € Vi, on [r= 0} := Vi, N Hy(9),
and (assuming that g(t) € C°(I))
Van(t) = {enlen € Vi, on(Q) = 9(Q, 1),V Q vertex of Ty, located on I'}.
In order to construct the discrete control space, we introduce first
Ay =A{pulen € CO(Q);LpH lp € Pi,VT € Ty}, and Aow = {pulen € A, pu |r=0}.
Then, the discrete control space L{hAt is defined by

Z/[hAt = (Sh)N, with Sh = {vh]vh S Vh X Vh,/ V- 'Uthd$ <= —/ Up, - Vqua:) = O,VqH S AOH}~
Q Q

With the above finite element spaces, we approximate (BCP) and (BCP)2! by (BCP)2* defined
by

(BCP);*

uhAt S Z/IAt,
At/ At INTI INEN’
i (uyt) < Jpt (o), Yot e Uy,
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where the fully discrete cost functional JhAt is defined by

N N
1 o1 (%)
(49)  JA () = AtZ/ |vn,h|2dx+mz/ |yn,h—yg|2dx+/ lynp — yr|2da
2 n=1 Q 2 n=1 Q 2 Q

with {y,,.,}2_; the solution of the following fully discrete state equation: yo ,, = ¢p, € Vi, where ¢y,
verifies

én € Vi,Vh >0, and }Lir%¢h = ¢, in L*(Q),
—

then, for n = 1,..., N, with y,_1 5 being known, we obtain y, ;, € Vi (nAt) from the solution of
the following linear variational problem:
(4.3)

/Wyn_l’hwdmw/ Vyn,thoda:Jr/ vn~Vyn1,hsodx+/ aoyn1,h<pdm=/fnsodw,\ﬂp€V0h-
Q At Q Q Q Q

In the following discussion, the subscript A in all variables will be omitted for simplicity.
In a similar way as what we have done in the continuous case, one can show that the first-order
differential of J™ at v € UPt is DJSY(v) = {gn})_; € (Sp)Y where

gn € Shv

(4.4)
/ gn - zdr = /(vn — P VYyn—1) - zdz,Vz € S,
Q Q

and the vector-valued function {p, })_; is the solution of the following fully discrete adjoint system:

(4.5) PN+1 = @2(Yn — y1);
for n = N, solve
PN S ‘/Oha

4.6 -
( ) / wgpdx —+ 1// va . VgOd.Z' = / Oél(yN - yglv)SDdeTaVSO € ‘/Ofw
then, forn =N —1,--- ,1,, solve

Pn € Vbha

/ M@dl’ + I// Vpn - Vipdr — / V41 * VPnt1pdx

+ ag / Pr+1pdr = / a1(yYn — ygq)pdz, Vo € Vop.
Q Q

It is worth mentioning that the so-called discretize-then-optimize strategy is employed here, which
implies that we first discretize (BCP), and to compute the gradient in a discrete setting, the fully
discrete adjoint equation (4.5)—(4.7) has been derived from the fully discrete cost functional J (v)
(4.2) and the fully discrete state equation (4.3). This implies that the fully discrete state equation
(4.3) and the fully discrete adjoint equation (4.5)—(4.7) are strictly in duality. This fact guarantees
that —DJ2(v) is a descent direction of the fully discrete bilinear optimal control problem (BCP)4\.

Remark 4.3. A natural alternative has been advocated in the literature: (i) Derive the adjoint
equation to compute the first-order differential of the cost functional in a continuous setting; (ii)
Discretize the state and adjoint state equations by certain numerical schemes; (iii) Use the resulting
discrete analogs of y and p to compute a discretization of the differential of the cost functional. The
main problem with this optimize-then-discretize approach is that it may not preserve a strict duality
between the discrete state equation and the discrete adjoint equation. This fact implies in turn
that the resulting discretization of the continuous gradient may not be a gradient of the discrete
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optimal control problem. As a consequence, the resulting algorithm is not a descent algorithm and
divergence may take place (see [11] for a related discussion).

4.3. A Nested CG Method for Solving the Fully Discrete Problem (BCP)#!. In this
subsection, we propose a nested CG method for solving the fully discrete problem (BCP)hAt. As
discussed in Section 3, the implementation of CG requires the knowledge of DJhAt(v) and an
appropriate stepsize. In the following discussion, we address these two issues by extending the
results for the continuous case in Sections 3.2 and 3.3 to the fully discrete settings; and derive the
corresponding CG algorithm.

First, it is clear that one can compute DJhAt(v) via the solution of the NN linear variational
problems encountered in (4.4). For this purpose, we introduce a Lagrange multiplier A € Aoy
associated with the divergence-free constraint, then problem (4.4) is equivalent to the following
saddle point system

(GnsA) € (Vi x Vi) X Aom,

/ gn - zdx = /('vn — pnVYn_1) - zdx +/ AV - zdx,Vz € Vj, x V,,
(4.8) 0 0 Q

/ V - gnqdzr = 0,Yq € Aop.
Q

As discussed in Section 3.2, problem (4.8) can be solved by the following preconditioned CG
algorithm, which is actually a discrete analogue of (G1)-(G5).

DG1 Choose \° € Agg.

DG2 Solve
gy € Vi X Vi,
/ gg czdr = /(vn — P Vyn_1) - zdx +/ NV - zdz,Vz € Vi, X Vi,
Q Q Q
and
TO S A0H7
/ V0. Vdr = / V- gqua:,Vq € Aoy
Q Q
If Jo|VroPde < toly, take A = A\ and g, = g9%; otherwise set w® = r°. For k > 0,

max{1, [ [VA0|2dz}

k+1

e gk rk and w” being known with the last two different from 0, we define \F+1, g¥ s

, T

and if necessary w*t1, as follows:
DG3 Solve
gn € Vi x Vi,
/ gﬁ - zdr = / WPV - zdz, Nz € V), x Vi,
Q Q
and

Fk € Aoy,

/ Vit . Vqdr = / V- gf;qdzv,Vq € Aom,
Q Q
and compute
_ fQ |VrF|2da
T = Jo ViF - Vwkde
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DG4 Update )\k,gﬁ and r* via

AL R k+1 K+l _ k k

—nkwk,gn :gﬁ—nkgfb, and r =7r" —r.

It Jo |VrF+L 2de
max{1, [ [Vr0|2da}

DG5 Compute

< toly, take A = A1 and g,, = gFt!; otherwise,

VTk+1 de
_ Jol

Tk = fQ|V7‘k|2dm ’
and update w” via

k1 _ k1

w + fykwk.

Do k +1 — k and return to DG3.

To find an appropriate stepsize in the CG iteration for the solution of (BCP)hAt, we note that,
for any {w,}N_; € (Sp)", the fully discrete analogue of Qx(p) in (3.5) reads as

N N
1 « Qa9
w(p) = 2“2/ ’“n—ﬂwnl2dﬂf+21AtZ/ !yn—pzn—yglzdx+2/ lyn — pen — yr[*da,
n=1"% n=1"9 Q

where the vector-valued function {z,}»_; is obtained as follows: zg = 0; then for n = 1,..., N,
with z,_1 being known, z, is obtained from the solution of the linear variational problem

Zn € Von,

/W¢d$+v/ Vzn~vsoda:+/wn-Vynsadx
o At Q &

+ / Uy - Vzp_1pdx + ao/ zZn—1pdx = 0,Yp € V.
Q Q

As discussed in Section 3.3 for the continuous case, we take the unique solution of Qﬁt/(p) =0 as
the stepsize in each CG iteration, that is

N
At 21]2[:1 Jo |lwn|2dxdt + a1 At 27]:;1 Jo |2n 2dzdt + as [ |2y [2da

Finally, with above preparations, we propose the following nested CG algorithm for the solution
of the fully discrete control problem (BCP)4t.
DI. Given u® := {u2}N_, € (Sp)V.
DII. Compute {yQ}N_, and {pO} ! by solving the fully discrete state equation (4.3) and the
fully discrete adjoint equation (4.5)—(4.7) corresponding to u’. Then, for n = 1,--- | N
solve

9n € Sh,
/ 9> - zdr = / (ud — POV ) - zdx,Vz € Sy,
Q Q

by the preconditioned CG algorithm (DG1)-(DG5), and set w? = g9.

n

For k > 0, u* ¢g* and w* being known, the last two different from 0, one computes
uFt gFt1l and wkt! as follows:

DIII. Compute the stepsize pi by (4.9).
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DIV. Update u**! by
uFH = b — .
Compute {yF+t1IN_ and {pk+1} M+ by solving the fully discrete state equation (4.3) and the
fully discrete adjoint equation (4.5)-(4.7) corresponding to w**!. Then, for n = 1,---, N,
solve

1
gittesy,

4.10
( ) /gfb+1 ZdCC :/(ufﬁ’l +1vyk‘+l) Zdl',vz c Sh,
Q

by the preconditioned CG algorithm (DG1)-(DGS5).

If At Zn 1 fn ‘9k+1‘ dx
At Zn71 fQ ‘gn‘Qdm

DV. Compute

< tol, take u = uF*1; else

ALY folght P
At Zn 1 fQ |g |2dIE
Do k+1 — k and return to DIII.

Despite its apparent complexity, the CG algorithm (DI)-(DV) is easy to implement. Actually,
one of the main computational difficulties in the implementation of the above algorithm seems to be
the solution of N linear systems (4.10), which is time-consuming. However, it is worth noting that
the linear systems (4.10) are separable with respect to different n and they can be solved in parallel.
As a consequent, one can compute the gradient {gn _, simultaneously and the computation time
can be reduced significantly.

Moreover, it is clear that the computation of {g¥}_, requires the storage of the solutions of (4.3)
and (4.5)-(4.7) at all points in space and time. For large scale problems, especially in three space
dimensions it will be very memory demanding and maybe even impossible to store the full sets
{yF}N_, and {pk}) N +1 simultaneously. To tackle this issue, one can employ the strategy described
in e.g., [14, Sectlon 1 12] that can drastically reduce the storage requirements at the expense of a
small CPU increase.

Cand wFt! = gMtl 4 Lk,

Br =

5. NUMERICAL EXPERIMENTS

In this section, we report some preliminary numerical results validating the efficiency of the
proposed CG algorithm (DI)-(DV) for (BCP). All codes were written in MATLAB R2016b and
numerical experiments were conducted on a Surface Pro 5 laptop with 64-bit Windows 10.0 oper-
ation system, Intel(R) Core(TM) i7-7660U CPU (2.50 GHz), and 16 GB RAM.

Example 1. We consider the bilinear optimal control problem (BCP) on the domain @ = Qx (0,7)
with Q@ = (0,1)? and T = 1. In particular, we take the control v(z,t) in a finite-dimensional space,
ie. v € L?(0,T;R?). In addition, we set as = 0 in (1.1) and consider the following tracking-type
bilinear optimal control problem:

1 (T
5.1 min _ J(v) = - 2dt+ / dzdt,
(5.1 i Jw) =5 [ ote vl
where |v(t)| = \/v1(¢)? + v2(t)? is the canonical 2-norm, and y is obtained from v via the solution

of the state equation (1.2).
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Since the control v is considered in a finite-dimensional space, the divergence-free constraint
V -v = 0 is verified automatically. As a consequence, the first-order differential D.J(v) can be
easily computed. Indeed, it is easy to show that

2
(5.2) DJ(v) = {vi(t) + /Qy(t)agg) dac}'_l, a.e. on (0,T),Vv € L?(0,T;R?),

where p(t) is the solution of the adjoint equation (2.11). The inner preconditioned CG algorithm
(DG1)-(DG5) for the computation of the gradient {g, })_; is thus avoided.

In order to examine the efficiency of the proposed CG algorithm (DI)-(DV), we construct an
example with a known exact solution. To this end, we set v =1 and ap = 1 in (1.2), and

y = e'(=3sin(2mz1) sin(rxs) 4+ 1.5sin(rzy) sin(27z2)), p = (T — t)sin 7z sinwzs.
Substituting these two functions into the optimality condition DJ(u(t)) = 0, we have
w=(uy,up)" = (2" (T —t), —e'(T —1))".
We further set

0
f= 67?1 — V% +u-Vy+y, ¢=—3sin(2rz)sin(rre)+ 1.5sin(rz)sin(27rzs),
1 dp
Ya=y— — (——VQp—u-Vp+p>, g=0.
a1 ot
Then, it is easy to verify that w is a solution point of the problem (5.1). We display the solution u
and the target function yg4 at different instants of time in Figure 1 and Figure 2, respectively.

—— Exactu,

Exact uy 1

0 0.2 0.4 0.6 0.8 1

FIGURE 1. The exact optimal control u for Example 1.

The stopping criterion of the CG algorithm (DI)—(DV) is set as

At Zivzl lgn? <1075
~ < .
At 1 lgnl?
The initial value is chosen as u® = (0, O)T; and we denote by u®! and y,?t the computed control
and state, respectively.

First, we take h = %,i = 5,6,7,8, At = % and oy = 10°, and implement the proposed CG
algorithm (DI)-(DV) for solving the problem (5.1). The numerical results reported in Table 1
show that the CG algorithm converges fairly fast and is robust with respect to different mesh sizes.
We also observe that the target function yg has been reached within a good accuracy. Similar
comments hold for the approximation of the optimal control w and of the state y of problem (5.1).
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FIGURE 2. The target function y4 at ¢t = 0.25,0.5 and 0.75 (from left to right) for
Example 1.

By taking h = 2—17 and At = 2%, the computed state yﬁt and y,?t —yq at t = 0.25,0.5 and 0.75 are
reported in Figures 3, 4 and 5, respectively; and the computed control u* and error u”?*

visualized in Figure 6.

— u are

TABLE 1. Results of the CG algorithm (DI)-(DV) with different h and At for

Example 1.

Mesh sizes Iter | [|u®" — ullp20,mm2) [ lyp" = yllrzg | vy = vallr2@)/l1yalle2 @)
h=1/25 At =1/2°] 117 2.8820x10~2 1.1569x 102 3.8433x1073
h=1/25, At =1/27 | 48 1.3912x1072 2.5739x1073 8.5623x10~%
h=1/2T,At=1/2% | 48 6.9095x 103 4.8574x10~% 1.6516x10~%
h=1/25 At =1/2° | 31 3.4845x1073 6.6231x10~° 2.2196x107°

& N W

5 s T " T~ "
~ T 0.8 = S 08 ~_ e 08
05 S " 08 05 S T 05 S Sl 08
- o ~ o 4 ~ o 4
S 0.2
0 o

FiGURE 3. Computed state yhAt, error yft —y and y,%t — yq (from left to right) at
t = 0.25 for Example 1.

Furthermore, we tested the proposed CG algorithm (DI)-(DV) with h = 2% and At = 2% for
different penalty parameter a1. The results reported in Table 2 show that the performance of the

proposed CG algorithm is robust with respect to the penalty parameter, at least for the example

ly2t—yall 2 .
Zh LT Jecreases. This
||yd||L2(Q)

implies that, as expected, the computed state y,?t is closer to the target function y; when the
penalty parameter gets larger.

being considered. We also observe that as «; increases, the value of

Example 2. As in Example 1, we consider the bilinear optimal control problem (BCP) on the
domain Q = Q x (0,7) with Q = (0,1)?2 and T = 1. Now, we take the control v(z,t) in the
infinite-dimensional space U = {v|v € [L*(Q)]%,V -v = 0}. We set ag = 0 in (1.1), v = 1 and



BILINEAR OPTIMAL CONTROL OF AN ADVECTION-REACTION-DIFFUSION SYSTEM

FIGURE 4. Computed state

t = 0.5 for Example 1.

FIGURE 5. Computed state yi!, error y2! — y and yi! — y4 (from left to right) at

t = 0.75 for Example 1.

0.03
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FIGURE 6. Computed optimal control u”* and error u

TABLE 2. Results of the CG algorithm (DI)-(DV) with different «; for Example 1.

L
0.4

1
0.6

1
0.8 1

A e
»0.005%‘3
]

—=— Erroru,

~---Eroru

5|

-0.015
0

1 1
0.2 0.4

At

1 1
0.6 0.8

— u for Example 1.

HyhAt_deL2(Q)

oy | Iter CPU(S) ”uAt - u”L"’(O,T;]W) ”y}?t - y||L2(Q) Tvall 20,

10* | 46 | 126.0666 1.3872x1072 2.5739x1073 | 8.7666x10~*
105 | 48 | 126.4185 1.3908x10~2 2.5739x10~3 | 8.6596x10~*
10% | 48 | 128.2346 1.3912x1072 2.5739x1073 | 8.5623x10~*
107 | 48 | 127.1858 1.3912x1072 2.5739x1072 | 8.5612x10~1
108 | 48 | 124.1160 1.3912x10~2 2.5739x10~2 | 8.5610x10~7%
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ap =1 in (1.2), and consider the following tracking-type bilinear optimal control problem:

(5.3) rnelgllJ // |v| dxdt+// ly — yaq|>dadt,

where y is obtained from v via the solution of the state equation (1.2).
First, we let

y = e'(—3sin(2mxy) sin(rxz) + 1.5sin(mr) sin(2ms)),
p= (T —t)sinmz; sinwxy, and u = Py(pVy),
where Fy(+) is the projection onto the set U.
We further set

f=— V% 4u -Vy+y, ¢=—3sin(2rz)sin(rzs)+ 1.5sin(rz;)sin(2rzs),

1 0
ydzy—<—p—v2p—u-Vp+p>, g=0.
a1 ot

Then, it is easy to show that w is a solution point of the problem (5.3). We note that u = Py(pVy)
has no analytical solution and it can only be solved numerically Here, We solve u = Py(pVy) by
the preconditioned CG algorithm (DG1)-(DG5) with h = 29 and At = 210, and use the resulting
control w as a reference solution for the example we considered.

FIGURE 7. The target function y; with h = 2% and At = 2% at t = 0.25,0.5 and
0.75 (from left to right) for Example 2

The stopping criteria of the outer CG algorithm (DI)-(DV) and the inner preconditioned CG
algorithm (DGI)—(DGS) are respectively set as

At k12 LIV k+1)2
At anl Jo |gn|2dx max{l Jo IVrO02da}

The initial values are chosen as u’ = (0,0)" and A\’ = 0; and we denote by uﬁt and yft the
computed control and state respectively.

First, we take h = 2,,1 =6,7,8, At = , a; = 105, and implement the proposed nested CG
algorithm (DI)-(DV) for solving the problem (5.3). The numerical results reported in Table 3
show that the CG algorithm converges fast and is robust with respect to different mesh sizes. In
addition, the preconditioned CG algorithm (DG1)-(DG5) converges within 10 iterations for all
cases and thus is efficient for computing the gradient {gn}flvzl. We also observe that the target
function gy, has been reached within a good accuracy. Similar comments hold for the approximation
of the optimal control w and of the state y of problem (5. 3)

Taking h = 2% and At = 28, the computed state y , the error y}%t —y and y}%t — yq at
t =0.25,0.5,0.75 are reported in Figures 8, 9 and 10, respectively; and the computed control uhAt

<1078,
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TABLE 3. Results of the nested CG algorithm (DI)-(DV) with different A and At

for Example 2.

At
Mesh sizes Iterce | MazIterpce | |upt —ullr2q) | lvht — vllz2Q) W
h=1/2° At=1/27 443 9 3.7450x 1073 9.7930x10~° | 1.0906x10~°
h=1/2",At=1/2%| 410 9 1.8990x 103 1.7423x1075 | 3.3863x10~"7
h=1/2% At=1/2° 405 8 1.1223x1073 4.4003x10~% | 1.0378x10~7

the exact control w, and the error uﬁt —u at t = 0.25,0.5,0.75 are presented in Figures 11, 12 and
13.
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F1cURE 8. Computed state y,?t, error yﬁt —y and yﬁt —yqg with h = 517 and At = %g
(from left to right) at ¢ = 0.25 for Example 2.
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F1GURE 9. Computed state y,?t, error y,ft —y and y,ft —yqg with h = 517 and At = 2%
(from left to right) at ¢ = 0.5 for Example 2.
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Ficure 10. Computed state y,%t, error y,?t — y and y,?t — yq with h = 2% and
At = 2% (from left to right) at ¢ = 0.75 for Example 2.
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FicUre 11. Computed control uft and exact control u (left, from top to bottom)

and the error uf — u (right) with h = 5 and At = % at t = 0.25 for Example 2
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FIGURE 12. Computed control w4 and exact control u (left, from top to bottom)
and the error uf’ — u (right) with h = 57 and At = % at ¢t = 0.5 for Example 2.
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FIGURE 13. Computed control us! and exact control u (left, from top to bottom)
and the error uf — w (right) with h = 517 and At = 2% at t = 0.75 for Example 2
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6. CONCLUSION AND OUTLOOK

We studied the bilinear control of an advection-reaction-diffusion system, where the control vari-
able enters the model as a velocity field of the advection term. Mathematically, we proved the
existence of optimal controls and derived the associated first-order optimality conditions. Compu-
tationally, the conjugate gradient (CG) method was suggested and its implementation is nontrivial.
In particular, an additional divergence-free constraint on the control variable leads to a projection
subproblem to compute the gradient; and the computation of a stepsize at each CG iteration re-
quires solving the state equation repeatedly due to the nonlinear relation between the state and
control variables. To resolve the above issues, we reformulated the gradient computation as a
Stokes-type problem and proposed a fast preconditioned CG method to solve it. We also proposed
an efficient inexactness strategy to determine the stepsize, which only requires the solution of one
linear parabolic equation. An easily implementable nested CG method was thus proposed. For
the numerical discretization, we employed the standard piecewise linear finite element method and
the Bercovier-Pironneau finite element method for the space discretizations of the bilinear optimal
control and the Stokes-type problem, respectively, and a semi-implicit finite difference method for
the time discretization. The resulting algorithm was shown to be numerically efficient by some
preliminary numerical experiments.

We focused in this paper on an advection-reaction-diffusion system controlled by a general form
velocity field. In a real physical system, the velocity field may be determined by some partial differ-
ential equations (PDEs), such as the Navier-Stokes equations. As a result, we meet some bilinear
optimal control problems constrained by coupled PDE systems. Moreover, instead of (1.1), one can
also consider other types of objective functionals in the bilinear optimal control of an advection-
reaction-diffusion system. For instance, one can incorporate [, |Vo|2dzdt and [ Jo |2 |2dzdt into
the objective functional to promote that the optimal velocity field has the least rotation and is
almost steady, respectively, which are essential in e.g., mixing enhancement for different flows [24].
All these problems are of practical interest but more challenging from algorithmic design perspec-
tives, and they have not been well-addressed numerically in the literature. Our current work has
laid a solid foundation for solving these problems and we leave them in the future.
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