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Abstract

We present an optimization-level domain decomposition (DD) preconditioner for the solution of
advection dominated elliptic linear—quadratic optimal control problems, which arise in many science
and engineering applications. The DD preconditioner is based on a decomposition of the optimality
conditions for the elliptic linear—quadratic optimal control problem into smaller subdomain optimality
conditions with Dirichlet boundary conditions for the states and the adjoints on the subdomain inter-
faces. These subdomain optimality conditions are coupled through Robin transmission conditions for
the states and the adjoints. The parameters in the Robin transmission condition depend on the advection.
This decomposition leads to a Schur complement system in which the unknowns are the state and adjoint
variables on the subdomain interfaces. The Schur complement operator is the sum of subdomain Schur
complement operators, the application of which is shown to correspond to the solution of subdomain
optimal control problems, which are essentially smaller copies of the original optimal control problem.
We show that, under suitable conditions, the application of the inverse of the subdomain Schur comple-
ment operators requires the solution of a subdomain elliptic linear—quadratic optimal control problem
with Robin boundary conditions for the state.

Numerical tests for problems with distributed and with boundary control show that the dependence
of the preconditioners on mesh size and subdomain size is comparable to its counterpart applied to a
single advection dominated equation. These tests also show that the preconditioners are insensitive to
the size of the control regularization parameter.
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1 Introduction

Optimization problems governed by (systems of) advection dominated elliptic partial differential equations
(PDEs) arise in many science and engineering applications, see, e.g., [1, 2, 7, 8, 15, 16, 17, 19, 23, 32, 35],
either directly or as subproblems in Newton-type or sequential quadratic optimization algorithms for the
solution of optimization problems governed by (systems of) nonlinear PDEs. This paper is concerned with
optimization—level domain decomposition preconditioners for such problems. We focus our presentation on
the linear quadratic optimal control problem

minimize% /Q (v() — ()P + /Q () de (1.1)
subject to
—eAy(z) + a(z) - Vy(z) + r(2)y(z) = (@) + u(@), v e, (1.2a)
y(z) =0, € 90, (1.2b)
eaany(:z) — (), € 00, (1.20)

wheredQp, 02y are boundary segments witl) p, = 9Q \ 90y, a, f, g, r, y are given functionss, « > 0

are given scalars, and denotes the outward unit normal. Assumptions on these data that ensure the well-
posedness of the problem will be given in the next section. The material presented in this paper can be
extended to boundary control problems and several other objective functionals. The problem (1.1), (1.2) is
an optimization problem in the unknowpsndu, referred to as the state and the control, respectively.

Our domain decomposition method for the solution of (1.1), (1.2) generalizes the Neumann-Neumann
domain decomposition method, which is well known for the solution of single PDEs (see, e.g., the books
[29, 33, 34]) to the optimization context. Optimization—level Neumann-Neumann domain decomposition
methods for elliptic optimal control problems were first introduced in [20, 21] for problems without advec-
tion. However, the presence of strong advection can significantly alter the behavior of solution algorithms
and typically requires their modification. For domain decomposition methods applied to single advection
dominated PDEs a nice overview of this issue is given in [34, Sec. 11.5.1]. The aim of our paper is to tackle
this issue for optimal control problems.

The domain decomposition method presented in this paper is formulated at the optimization level. The
domains is partitioned into non-overlapping subdomains. Our domain decomposition methods decompose
the optimality conditions for (1.1), (1.2). Auxiliary state and so-called adjoints (Lagrange multipliers) are
introduced at the subdomain interfaces. The states, adjoints, and controls in the interior of the subdomains
are then viewed as implicit functions of the states and adjoints on the interface, defined through the solution
of subdomain optimality conditions. To obtain a solution of the original problem (1.1), (1.2), the states and
adjoints on the interface have to be chosen such that the implicitly defined states, adjoints, and controls
in the interior of the subdomains satisfy certain Robin transmission conditions at the interface boundaries.
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These transmission conditions take into account the advection dominated nature of the state equation and
are motivated by [3, 4].

The optimization-level domain decomposition described in the previous paragraph leads to a Schur com-
plement formulation for the optimality system. The application of the Schur complement to a given vector
of states and adjoints on the interface, requires the parallel solution of subdomain optimal control problems
that are essentially copies of (1.1), (1.2) restricted to the subdomains, but with Dirichlet boundary conditions
at the subdomain interfaces. The Schur complement is the sum of subdomain Schur complements. Each
subdomain Schur complement is shown to be invertible. The application of the inverse of each subdomain
Schur complement requires the solution of another subdomain optimal control problem that is also essen-
tially a copy of (1.1), (1.2) restricted to the respective subdomain, but with Robin boundary conditions at the
subdomain interfaces. The inverses of the subdomain Schur complements are used to derive preconditioners
for the Schur complement.

Section 2 briefly reviews results on the existence, uniqueness and characterization of solutions of (1.1),
(1.2). The domain decomposition, interface conditions, subdomain Schur complements and their inverses
are discussed in Section 3 using a variational point of view. The corresponding algebraic form, properties
of the subdomain Schur complement matrices and some implementation details are presented in Section
4. The performance of the preconditioners on some model problems with distributed control and boundary
control are documented in Section 5.

Throughout this paper we use the following notation for norms and inner products. te® c R¢ or
G C Q. We define(f, g)q = [, f(x)g(z)dz, Hv||(2)70 = [ v*(x)dz, |U‘%7G = [, Vou(z) - Vo(x)dz, and
[0l ¢ = Ivll§ ¢ + [0]F - If G = Q we omitG and simply write(f, g), etc.

2 The Model Problem
Multiplication of the advection diffusion equation (1.2) by a test function

def

peY={peH(Q) : ¢=00n0Qp},

integration ovef?, and performing integration by parts leads to the following weak form

a(y, ¢) +0(u, @) = (f, ) + (9, P)aay VP €Y, (2.1)

where
aly,¢) = /QEVy(iU) -Vo(x) +a(z) - Vy(z)¢(z) + r(2)y(z)¢(z)dz, (2.22)
b(u,¢) = —/Qu(x)gb(:c)d$, (2.2b)

() = [ F@e@)de, (g, 6)any = /8 gla)o(e)da. (2.20)

Q
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We are interested in the solution of the optimal control problem

e 1 N «
minimize  —ly — 7113 + 5 1ull, (2.3a)
subjectto  a(y, ¢) +b(u, d) = (f,¢) + (9, 9oy VP €Y, (2.3Db)
yeY uel,

where the control space is given by= L?(f2) and the state spadéis as specified above.
We assume that

fer¥Q),ae (W ()% re L®Q),g € L2(00),¢ > 0, (2.4a)
NN C {x €0 : a(z) -n(x) >0} (2.4b)

and
r(z) — 3V -a(z) > ry > 0a.e. inf. (2.4c)

If 9Qp has a nonempty relative interior, then (2.4c) can be replaced by
r(z) — 3V -a(z) > ry > 0a.e. inf. (2.4d)

The assumptions (2.4), guarantee that the bilinear forsncontinuous ory” x Y andY -elliptic (e.g., [28,

p. 165], [30, Sec lll.1], or [27, Sec. 2.5]). Hence the state equation (2.3b) has a unique sglatidn

for any given controks € U. The theory in [26, Sec. 1l.1] guarantees the existence of a unique solution
(y,u) € Y x U of (2.3).

Theorem 2.1 If (2.4) are satisfied, the optimal control problgf.3) has a unique solutiofy,u) € Y x U.

The theory in [26, Sec. 11.1] also provides necessary and sufficient optimality conditions, which can be
best described using the Lagrangian

1 N o
Ly, u,p) = 5lly - ylg + 5||UH3 + a(y,p) + b(u,p) — (f,p) — (g P)oay - (2.5)

The necessary and, for our model problem, sufficient optimality conditions can be obtained by setting the
partial Féchet-derivatives of (2.5) with respect to stajes Y, controlsu € U and adjoint € Y equal to

zero. This gives the following system consisting of

the adjoint equation

a(Y,p) =—(y—9,¢) VY ey, (2.6a)
the gradient equation

b(w,p) + a{u,w) =0 Yw € U, (2.6b)

and the state equation
a(y, ) +b(u, ¢) = (f,9) + (9, P)oay VP EY. (2.6¢)



DOMAIN DECOMPOSITION FORADVECTION DOMINATED ELLIPTIC CONTROL PROBLEMS 5

The gradient equation (2.6b) simply means that

p(z) = au(z) z€Q 2.7)
and (2.6a) is the weak form of
—eAp(z) —a(z) - Vp(z) + (r(z) = V-a(2))p(z) = —(y(z) = §(z)),  ze€, (2.82)
p(z) =0, x € 00, (2.8b)
ea%p(x) +a(2) - n() p(z) =0, ey, (2.80)

After finite element discretization, the optimal control problem (2.3) leads to a large-scale linear quadratic
optimization problem. It is well known that application of the standard linear finite element method to
advection—diffusion equations (1.2) leads to computed solutions with large spurious oscillations, unless the
mesh size is sufficiently small relative to thédket number (e.g., [28, Sec. 8], [30], or [27]). To allow
relatively coarse meshes, we use the streamline upwind/Petrov—Galerkin (SUPG) method [9]. We mention
that if the SUPG method, or other stabilized finite element methods are used, the optimality system of the
linear quadratic optimization problem corresponding to the discretization of the optimal control problem
(2.3) is in general no longer equal to the discretization of the optimality system (2.6). The differences are
due to the stabilization term. For a more detailed treatment, we refer to [1, 10]. The papers [1, 10] show
that for linear finite elements and suitable choice of the stabilization parameter, these differences are small.
In our numerical solution of the problem, we discretize the optimal control problem (2.3) using the SUPG
method.

3 Domain Decomposition Schur Complement Formulation of the Example
Problem

3.1 Discretization of the Example Problem

We discretize (2.3) using conforming linear finite elements.{l7¢} be a triangulation of? and let{x;} be
the set of vertices in the triangulation. We dividento nonoverlapping subdomait, i = 1,..., s, such
that eachl; belongs to exactly on®;. We define

T; = 09 \ 90

and

The unit outward normal of; is denoted byn;. The state, is approximated using piecewise linear func-
tions. We define the finite dimensional state space

vh=1{¢, € H(Q) : ¢, =00ndQp, ¢u|r, € PL(T}) forall i} .



6 R. A. BARTLETT, M. HEINKENSCHLOSS D. RIDZAL, AND B. G. VAN BLOEMEN WAANDERS

To formulate our domain decomposition approach we also define
nh = {¢h € HI(QZ) s ¢ =00n9Q; NONp, ¢h|Tl € Pl(Tl) forall T; C ﬁz}, 1=1,...,s,

vl ={one v : on=00nT.}, i=1,....s (31)
Vi, = {on e Y onlwy) = 0,25 € U (0% N 00) }, i=1,...s
and

YI}‘L = {¢h S Yh : qf)h(l‘j) = O,ZL‘]' S Ulegi U 69} .

We identify (¢5); € Y/, with a function inY by extending(¢,); € Y/, by zero ontd2. Hence, the state
space can be decomposed ifith = Y @3_, Y/2.

For our discretization of the control we use piecewise linear functiofs However, our discretization
of the control is somewhat nonstandard. A straight forward discretization of the control space by piece-
wise linear functions would lead tpu), € C°(Q) : u € P(T;) forall T; C Q}. A domain decomposition
formulation based on such a discretization would introduce controls associated with the inferfdgeh
would have support given by a ‘band’ of width(k) aroundoS; N 092, i # j. Since the evaluation of
u € L*(Q2) on9£; N 09, does not make sense, we avoid interface controls.

We discretize the contral by a function which is continuous on eafh, i = 1,...,s, and linear on
each(2; N 7T;. The discretized control is not assumed to be continuou®(®m 025, 7 # j. In particular,
for each pointry, € 0€; N 99y, i # j, there are two discrete contralg,, uy, belonging to subdomair(s;
and(;, respectively. Because of (2.4}, — ux; — 0 ash — 0. Since the control space I (), this is a
legitimate discretization. We define the discrete control spaces

Ul = {u, € C°(Q) : up € PY(Ty) forall T, € Q;}. (3.2)
We identify U with a subspace af?(f2) by extending functions; € U by zero ontd. We define
Ul =i UM c L2(9).

For advection dominated problems the standard Galerkin method applied to the state equation (2.1) pro-
duces strongly oscillatory approximations, unless the meshrsigechosen sufficiently small relative to
¢/|lallo,.o. TO Obtain approximate solutions of better quality on coarser meshes, various stabilization tech-
nigues have been proposed. For an overview see [28, Secs. 8.3.2,8.4] or [30, Sec.3.2]. We use the streamline
upwind/Petrov Galerkin (SUPG) method of Hughes and Brooks [9]. The SUPG method computes an ap-
proximationy;, € Y of the solutiony of the state equation (2.3b) by solving

an(Yn, n) + bu(un, o) = (f, dn)n + (9, dn)oay  Vén € Y, (3.3)
where
an(Yn,dn) = alyn, dn) + Y Te(—€Ayy +a- Vy, +ryn,a- Véu)r,, (3.4a)
T.e0
bn(un, ¢n) = blun, én) + Y —Te(un,a- Vo)1, (3.4b)
TeeQ
(fyén)n = (f;n)+ > 7e(fa- Véu)r,, (3.4c)

T.€Q
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andr, > 0is a stabilization parameter that is chosen depending on the mesh size and the problem parameters
€, a andr.
Our discretization of the optimal control problem (2.3) is given by

. 1 N «
minimize s — 513 + 5 un (3.52)

subjectto  an(yn, dn) + b (un, én) = (f. du)n + (g, Sn)oay Von € Y, (3.5b)
yn € Y uy € UM

The necessary and sufficient optimality conditions for (3.5) are given by

an(Yn, pn) + (Yns Yn) = (7, ¥n) Ve, € Y7, (3.6a)
afup, pn) + bn(ptn, pr) =0 Y, € U, (3.6b)
an(Yn, ¢n) + bu(un, ¢n) = (f, dn)n + (9, dn)r., Yoy, € Y. (3.6¢)

The system (3.6) may also be viewed as a discretization of (2.6). However, as we have discussed already at
the end of Section 2, the discretization of the system (2.6) of optimality conditions using SUPG will lead to a
slightly different system than (3.6). Everything that follows can be easily applied to the SUPG discretization
of the system (2.6) of optimality conditions.

3.2 Domain Decomposition of the Example Problem

To decompose the discrete optimality conditions (3.6), we need local bilinear forms corresponding to the
subdomains?;. For advection dominated problems, this requires some care. See, e.g., [34, Sec.11.5.1] for
an overview. The straight forward restriction®tiefined in (2.2a) to the subdomdiyy is given by

ai(yn, on) = / eVyn(x) - Vop(z) + a(x) - Vyp(z)on(x) + r(x)yn(z)on(x)da. (3.7)

K3

Integration by parts and application of the chain rul&te(a(z)¢,(x)) show that
Gliedn) = [ V(o) Von(o) + bale) - Vin()on(z)
—5a(z) - Von(@)yn(z) + (r(z) — 3V - a(x))yn () dn (z)dz

[ e mp@onde s [ ) mon()on(e)ds
0Q;NO0 N 00 \00

for all yp, ¢ € Yih. Because of the last boundary integral, the assumptions (2.4) no longer guarantee that
a; is Y/'—elliptic. Hence, we follow [4] and use the local bilinear form

Gy dn) = ilyndn) — 1 / a() - 13y () (2)de (3.8)

890,\00
= [ V(o) Vonla) + ha(o) - Vin(e)on(o)
—ga(@) - Von(@)yn(z) + (r(z) — 5V - a(z))yn (@) pn(a)da

+é/ a(x) - n; yp(z)op(z)de.
89NN
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Note that

Z /8Q \99 i £ yh ¢h dl‘ = Z Z / -1 yh(l‘)fbh(lﬂ)dl‘ =0

oA ouna

since each boundary integrﬁéﬂmagj appears twice in the summation, once with integrafd -n; yy (x)on(x),
the other time with integranal(z) - n; y,(x)¢n(z) = —a(x) - n; y(z)¢n(x). Hence

> aiyn, én) = > @i(yn dn) = alyn, én)  Yyn on € Y,
=1 =1

i.e., the global problem is not altered.
Accounting for the SUPG terms, we define

ain(Yns on) = 5i(yh,¢h)—%/m_\m a(z) - n; yp(x)op(z)de

+ Z Te(—eAyp +a - Vyp +ryp,a- Vo)1, (3.9a)
T.€Q;
bin(un, on) = —(un, dn)o, + Z —Te(up,a- Vop)r,, (3.9b)
T.€Q;
(frén)ann = (fon)a,+ > 7e(f,a-Véu)r, (3.9¢)
T.€Q;

Now, we decompose the optimality system (3.6) by introducing artificial state and adjoint variables
yr, pr € YIf‘ on the subdomain interfaces. Givgn, pr € YF’L we consider

ain (Vi pi) + (Wi Yida, = (U, Vi)a, Vi € Yy, (3.10a)
bin (s pi) + (i, pi)a, =0 Y € UL, (3.10Db)
@i, h(Yis @i) + bin(wi, @i) = (f, di)o,n + (9, Pi)oninony Vo, € Yy, (3.10¢)
Yi =Yyr, Pi=pr onl’;, (3.10d)

and

> ain (i R (vr, ar)) + bin(ws, R (vr, qr)) + asn(Ri (vr, ar), pi) + (yi, Rj (or, ar))e,
i=1

= D (fRi(vr,ar))a.n + (9, Ri(vr, ar))acunoay + (G5 Ri (o, ar))e, (3.11)
=1

for all vr, gr € Y%, where
¢RI YR XYL - Y (3.12a)

are continuous linear extension operators with

R; (vr, qr)(z) = vr(z), R (vr,qr)(z) = qr(z), forallz € I'andforallur, gr € Y.  (3.12b)
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Theorem 3.1 If (y,u,p) € Y" x U™ x Y solveg(3.6), theny; = y|q,, u; = ula,, pi = pla,, i =1,...,s,
solve(3.10) (3.11)

If (yr,pr) € Y{* x Y is such that the solutiofy;, u;,p;) € Y* x U x Y/, of (3.10) i = 1,...,s,
satisfies the interface conditioif3.11) then(y,u,p) € Y" x U™ x Y" given byy|q, = ui, ula, = ui,
pla, =pi,i=1,...,s, solveq3.6).

The proof of this result is analogous to the proof of [29, Lemma 1.2.1] and is omitted.

We will view the solution of (3.10) as an affine linear function(gf, pr) and then consider (3.11) as a
linear equation irfyr, pr). We will describe this process using the variational formulation in Subsection 3.3
and we will describe the algebraic version in Section 4. The latter is used computationally. Section 4 can be
read without knowledge of the material in the remainder of this section. The main purpose of the remainder
of this section is to connect the subproblems that need to be solved to the original optimal control problem
(1.2).

We close this subsection with an interpretation of (3.10) and (3.11).

Remark 3.2 i. The systemg3.10) i = 1,..., s, can be interpreted as the finite element discretization of
—eAyi(z) +a(x) - Vyi(z) + r(x)yi(z) = f(x) + ui(z) inQ;, (3.13a)
yi(x) =0 ono; NoNp, (3.13b)
6%%(@ = g(x), ono; N o0y, (3.13c)
yi(x) = yr(z) onT;, (3.13d)
—eAp;(z) —a(x) - Vpi(z) + (r(z) — V- a(z))pi(z) = —(yi(x) — 4(2)) inQ;, (3.13e)
pi(xz) =0, onoQ; NONp, (3.13f)
E%pi($> +a(x) - n(x) pi(z) =0, ondQ; NNy, (3.139)
pi(z) = pr() onl;, (3.13h)
aui(x) — pi(z) =0 onoN2 NI,  (3.13i)

Applying the arguments in [21] to the advection diffusion case, the sy&€r8) may be viewed as the
necessary and sufficient optimality conditions for

minimizeL / (wi(e) ~ () + /Q @) + /F | (e ai - ;a(x)ni) yi(@)pr(e)de, (3.14a)

(3

subject to
—eAy;(z) + a(z) - Vyi(z) + r(z)yi(z) = f(z) + ui(z) in Q;, (3.14b)
yi(x) =0 ono; NINp, (3.14c¢)
eaa—nyi(x) = g(x), ono; NNy, (3.14d)
yi(x) = yr(z) onT;, (3.14e)
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ii. The interface conditiorf3.11)can be interpreted as

E%ﬁl - %a(m)nig vi(z) = — éﬁaanj — a(x)njg yj(z) =€ N o,

Eaini"’%a(x)ni pi(z) = - ) pi(z) x € 09N oY,

(3.15)

fori,j=1,...,s,1#j.

Remark 3.3 We briefly comment on the subproblems that would arise if we had used the unmodified local
bilinear formsa; 1, (yn, ¢n) = ai(yn, 1Y) instead 0f(3.9).

i 1f a; h(yn, &n) = ai(yn,¥n), the systemg3.10) i = 1,...,s, can still be interpreted as the finite
element discretization ¢8.13)which, in turn, can be viewed as the optimality conditions(814)

ii. It a; p(yn, on) = ai(yn, ¥n), the interface conditio3.11)can be interpreted as

o ¥i(@) = Ean] yj(@) x € 0 N OKY,
(ea%i + a(x)nz) pi(r) = ( -+ a(z) j) pi(x) x € 08 Ny,
fori,j=1,...,s,1#j.

(3.16)

3.3 Schur Complement Formulation

As we have stated earlier, we will view the solution of (3.10) as an affine linear functigm gfr) and then
consider (3.11) as a linear equation(iyi, pr). The variational formulation of this process is studied here.
It complements Section 4, but is not required for the reading of Section 4.

First, we specify the extension operat®$ andR} that we use in (3.11). They are generalizations of
the so-called harmonic extensions used in the PDE case to the optimal control settihg: Ear. ., s, we
define the linear operators

HY VR xYE - Y < U x Y (3.17a)
with .
(H})Y (yr, pr) Yy
H (yprF (H?) ( F:PF) = ’U/? ) (317b)
(H!)P(yr, pr) Py
where (y?,u?, p¥) is the solution of (3.10) withf = 0, ¢ = 0 andg = 0. We consider (3.11) with

R}, = (H])Y andRj, = (M.

With this choice of the extension operators, the left hand side in (3.11) defines a continuous bilinear
form on (Y{)% x (Y{#)2, or, equivalently, a bounded linear operasor (Y{#)? — ((Y{*)*)2, where(Y{?)*
denotes the dual of?. This operator can be expressed as the suid/¢ given as follows. Let(-,-)
denote the duality pairing betwe¢¥i)? and((Y{*)*)2. We define the linear subdomain Schur complement
operator

St (V) — ()%, (3.18a)

i=1,...,s, with
(S (yr,pr), (vr, qr))
= ain((H)Y(yr, pr), (HY)P (vr, qr)) + biw (HE)" (yr, pr), (HE )P (vr, qr))
+ain (HY)? (vr, qr), (HE)P (yr, pr)) + ()Y (yr, pr), (HP)Y (vr,qr))e,. (3.18b)
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Moreover, we define; € ((Y{")*)%,i=1,...,s, as
{ri (or,q)) = (F (HDP(or, gr))asn + (9, (HDP (vr, gr)aaunoay + (i (HDY (vr, ar))e,
—a; n(yi, (HIP(vr, qr)) — bin (i, (HP)P(vr, qr))
—ain((H})Y (vr, qr), pi) — (wi, (HP) (vr, ar)) e, (3.19)

where(y;, u;, p;) is the solution of (3.10) withyr = 0 andpr = 0.
Theorem 3.1 wittR; (vr, qr)|o, = (H!)¥(vr, qr) andR;.(vr, qr)lo, = (H})P(vr, qr) implies that the
system (3.6) of optimality conditions is equivalent to the Schur complement system

s

ZS yr,pr) = > i in (Y42 (3.20)

=1

The next result establishes the invertibility of the subdomain Schur complement ogrator

Theorem 3.4 Letr; = (r!,r7) € (Y/},)*)*.

z’z

i. If (2.4a)(2.4c)hold and if the stabilization parametey is sufficiently small, then the unique solution
(yr,pr) € (Y7,hl_‘1)2 of
Si(yr,pr) =ri (3.21)
is given by
yr = yilr,, pr = pilr;,

where(y;, u;, p;) € Y;* x Ul x Y/* is the unique solution of

ain (¥, i) + (Wi, ¥)o, = (!, ¥)r, vy e Y, (3.22a)
bin (1, i) + afus, gy, =0 Ve Ul (3.22b)
ain(Yir V) + bin(ui, ) = (7, 9)r; Vi € Y (3.22¢)

ii. If the relative interior ofd2; N0 p is nonempty, then the assumpt{@c)in parti. can be replaced
by (2.4d)

Proof: By definition (3.18) ofS;, the equality (3.21) can be written as

ain(H)Y (yr, pr), (HIP (vr, ar)) + bin (K" (yr, pr), (H)P (vr, qr))
+ain((H)Y (or, qr), (HP (yr, pr) + (H)Y (yr, pr), (DY (vr, ar))e,
= (Y, or)r, + (! qr)1, (3.23)

for all vp, qr € an. Using the definition (3.17) of{;(yr, pr) together with (3.23), we see that (3.21) is
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equivalent to

ai n ()Y (yr, pr), (M) (vr, qr))
+bin (H)* (yr, pr), (HI)P (vr, qr))
+ain(HP)Y (vr, qr), (HI)P (yr, pr))

+((HY (yr, pr), ()Y (vr, ar))e, = (!, vr)r, + (rf qr)r, Yor, qr € YT, (3.24a)

ain (7, pi) + (Wi, ¥")a, =0 vyl e Y, (3.24b)

bin (s pi) + alui, o, =0 Yu € UP, (3.24c)

ain (i 0°) + b (ui, ¢°) =0 Vo e Y, (3.24d)

Yi=Yyr, Pi=pr onl, (3.24€)

If we sety) = 0 + (H?)Y(yr,pr) € Y andg = ¢° + (H!)P(yr, pr) € Y, then (3.24) is equivalent to

ain (¥, pi) + (i, V)a, = (r], ¥)r, vy e Y, (3.25a)

bin (s pi) + olug, o, =0 Y e Ul (3.25b)

a;h (Yir @) + bin(ui, @) = (17, H)r, Vo € Y}, (3.25c¢)

Yi =yr, Pi=Dpr onl, (3.25d)

The assertion follows if we prove that (3.22) has a unique SO|L(@Q,m1,pl) € Y x Ul x Y. Let
(h ul, ph), (4202, p2) € Y x UP x Y be solutions of (3.22). Thefe!, ¢¥, ¢?) = (4! — g2, ul — 12, p} —
p?) €Y x Ul x Y satisfies

aipn(i, ) + (e, )a, =0 vy € Y} (3.26a)
bin(,€f) + alef, mo, =0 Vueup, (3.26h)
ain(e), ) + bin(e, ) =0 Vo € Y (3.26¢)

If we sety) = e/, u = e}, andg = —e? in (3.26) and add the resulting equations, we obtain
0= [efl§a, +alelde,

Hencee! = 0 ande = 0. Now, consider (3.26a) witlh = ¢’. Using the definitions (3.8) and (3.9) and the
assumptions (2.4a), (2.4b), (2.4d) we have

0= an(el ) = [ Vella)- V(o) + (r(o) - 4V - o) (€l (@)

_l’_

D=

/ a(r) - n; (ef(aj))Qda:,
0Q;NON N

+ Z Te(—eAel +a- Vel +rel a- Vel
Te€Q;

€|Ve;

+ Z Te(—eAel +a- Vel +rel a-Vel)r, .
Te€Q;

v
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(Note that the modification of the local bilinear from (3.8) was used to derive the previous inequality.)
Standard SUPG estimates (cf. [25, p. 378] or [30, L. 3.28,p. 231]) show that

€ 70 1
0= ain(el,ed) = £Vellg, + 2lellon, +5 . mella- Vel

%) =5 o 0,7e>
Teeﬂl
for sufficiently smallr.. This impliese?” = 0.
Part ii. can be proven analogously. O
Remark 3.5 i. Equations(3.22)can be interpreted as the weak form of
—eAyi(z) + a(z) - Vyi(z) + r(x)y(z) = ui(x) in Q;, (3.273a)

yz($) = onoN; NoNp, (3.27b)

eaanlyl(:c) =0 onoQ; N OOy, (3.27¢)

(eai — l1a(z)- nZ') yi(z) =ri(z) onl, (3.27d)

—eApi(x) —a(x) - Vpi(z) + (r(x) — V - a(z))pi(r) = —yi(z) in €, (3.27€)
pi(z) =0, ono; NoNp, (3.27)

6512%(%) +a(z) - n(z) pi(z) = 0, onoQ; NaQy,  (3.279)

(6 @i + 5a(z) - ni> pi(x) =17 () onl;,  (3.27h)

aui(z) —pi(z) =0 on o N o, (3.271)

The term%a(m) -1n; in (3.27d,h) arise because of the modificat(8rB)in the local bilinear forma ;,.
ii. The systen(3.27)may be viewed as the necessary and sufficient optimality conditions for

minimize%/ y2(z)dx + a/ u?(z)dx — / yi(z)r? (z)dz, (3.28a)
Q; 2 Jo, r;
subject to
—eAy;(z) +a(z) - Vyi(2) + r(z)yi(z) = ui(z) in €, (3.28b)
yi(x) =0 ono; NoQp, (3.28c)
eaany,(a:) =0, onoQ; N oy, (3.28d)

(e aA — l1a(z)- ni> yi(x) = r!(x) onTl;, (3.28¢)
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Remark 3.6 If the unmodified local bilinear forms; 5, (yn, #n) = ai(yn, ¥n) Were used instead ¢8.9),
the invertibility ofS; can no longer be guaranteed in general.

However, ifa; 1 (yn, ¢n) = ai(yn, ¥r), and ifS; is invertible, then the application of its inverse corre-
sponds to the solution ¢8.29)with (3.29d) and (3.29h) replaced by

6%%(@ =r](z) onT;, (3.29a)
<Eai +al@)- nf) piw) =7} (@) onT;, (3.29b)

respectively.

4 Algebraic Formulation

The discretization of the optimal control problem (3.5) using piecewise linear finite elements with SUPG
stabilization leads to a large-scale linear quadratic problem of the form

.1
minimize inQy +cly + %uTRu, (4.1a)

subject toAy + Bu = b. (4.1b)

For the model problem, the matric€@< R™*™ R € R™*™ are mass matrices and are symmetric positive
definite. The stiffness matriA € R™*™ is non-symmetric, but, under the assumptions (2.4) and with
sufficiently small stabilization parametey (cf. [25, p. 378] or [30, L. 3.28,p. 231]), the matrix obeys
yT' Ay > 0for all y # 0. In particular under these conditiodsis invertible. The necessary and sufficient
optimality conditions for (4.1) are given by

Q o AT y —C
0 aR BT u | = 0 4.2)
A B O 9] b

The system matrix in (4.2) is symmetric indefinite and has- n positive eigenvalues ana. negative
eigenvalues [14].

4.1 Domain Decomposition Schur Complement Formulation

We can use the decomposition@fto decompose the matricds, etc. Our notation follows the commonly
used in the domain decomposition literature, see, e.g., [29, Sec. 2.3] [33, Sec. 4], [34, Sec. 1I2]. Let
i=1,...,s, bethe restriction operator which maps from the vector of coefficient unknowns on the interface
boundaryyr, to only those associated with the boundarylgfand let

IS
L-:(Z ]11?>’ ) 4.3)
(]
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After a suitable reordering of rows and columns, the stiffness matrix can be written as
Al Al
| s s: Y (44)
UNT AL yAATII A]F]IS
(L) Ay -+ (@57 Af; Arr

Arr =30 (IY)TALLIY. Similar decompositions can be introduced @andc, as well asy, p.
The matricedBB andR associated with the control can be decomposed analogously. After a suitable
reordering of rows and columns, the matBxcan be written as

1
BII

Bl
()" B, - (@) By,

Note that due to our control discretization, there are not controls associated with the inferf@omse-
quently, there are nB’., ..., BL.. The matrixR and the vecton can be decomposed analogously. Note
that there is naur.

We can now insert the domain decomposition structure of the matAic€y, B, R into (4.2). After a
symmetric permutation, (4.2) can be written as

K!, (Kf) I Xj gr
: : =] | (4.5)
K, (K5I x4 gy
ETOT S S R R B
1 Kpy s BT T xr 8r
where s
I'T =1
le 0 (Agl)T ) . \T
) ) ] . 0 A’
ZII = 0 OleH (Bl[[)T s KZFI = ( Azrl B: ( [F) > :
AL B, o
Furthermore, .
Yy 7
c /
X_<PF>7gF_<b11:>’ xp=| vy |,gr=| d;
P} b7

Frequently, we use the compact notation

£ ) (2)-(2)
pu— 3 4-6
(KFI Krr Xp gr (4.6)

or evenKx = g instead of (4.5).
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Assuming thalK;; is invertible (we will present conditions that guarantee the invertibility in Theorem
4.2 below), we can form the Schur complement system

SXF =T (47)
corresponding to (4.5), where
S = Krr — Kr/K;KE; (4.8)
and
r = gr — Kr/K;} gr.

Due to the block structure &; andK;;, the Schur complemei® can be written as a sum of subdomain
Schur complements,

S=> 1/s:, (4.9)
=1
where . ‘ ‘ ‘
Si = Kir — Kpy (Kpp) '(Kpp)', i=1,...,s. (4.10)
Similarly,

S
_ T
r= g I r;,
i=1

wherer; = gl. — K}, (K},) gl i=1,...,s.
Observe that

S, = H'K'H;, (4.11)
where e
H; = ( _(KH% Kir > (4.12)
and

Krr Krr
As before (see note below equation (4.10)), the applicatidnafdI! eliminate zero rows and columns.

The matrixH; defined in (4.12) is the matrix representation of the operitodefined in (3.17). The
representation (4.11) corresponds to the representation (3.18b) of the subdomain Schur complement operator
Sk,

The matrixK* plays an important role for the computation of the inversép{assuming it exists),
which will be used in Section 4.2 to preconditi8n|In fact, if K}, is invertible,

i I 0 Kj, 0 I (K5 "(Kp)'nf
K _<HiK%I(K31)‘1 1>( 0 Sz-)(o 1 @19

and$; is invertible if and only ifK’ is invertible. In this case,

S;'v=(0 I) (K" < (I) ) v (4.14)
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(see, e.g., [33, p. 113]). The previous formula is the algebraic version of Theorem 3.4.
We conclude this subsection with a result concerning the invertibility of the submakigesvhich is
important for the computation &;, and with the invertibility of the submatricd§?, which is important for

the computation ofS;)~!. We set
; Ai, Al
Al - < i A > .
Ar; Arr
MatricesQ?, R’ are defined analogously.

Before we state our result on the invertibility K, , andK*, we recall the following theorem, which is
proven, e.g., in [14].

Theorem 4.1 Let A € R™*™ B € R™*™ be arbitrary matrices and leQ € R™*™ R € R"™*" be
symmetric. If
rangg A | B) =R™ (4.15)

<3>T<<§a(;{><3)>0 (4.16)

forall z € R™, v € R with Az + Bv = 0 and (z', vT) # 0, then

and if

Q o0 AT
0 aR BT
A B 0

hasm + n positive eigenvalues and negative eigenvalues.

Theorem 4.2 i. The matricedQ’;, R}, are symmetric positive definite. (2.4a) (2.4b) (2.4d)hold, and
if the stabilization parameter. is sufficiently small, the matriA’, obeysv’ A% v > 0 for all v # 0 and
K¢, is invertible.

ii. The matricesQ’, R’ are symmetric positive definite. (2.4a){2.4c)hold and if the stabilization
parameterr, is sufficiently small, the matriA? obeysv’ A’v > 0 for all v # 0 and K" is invertible.

iii. If (2.4a) (2.4b) (2.4d)hold, if the relative interior ob<2; N 02 p is nonempty, and if the stabilization
parameterr, is sufficiently small, the matriA? obeysv’ A’v > 0 for all v # 0 and K" is invertible.

Proof: i. Using the definitions (3.8) and (3.9) and the assumptions (2.4a), (2.4b), (2.4d) we have
Gnlonon) = [ Tuna) Von(o) + (o) - 1V -alo)) o (e)da
Q;

w [ a@) med@as,
0Q;NO0 N

+ Z Te(—€Avy, +a - Vo, + rop,a- Vo)1,
Te€Q;

e|Vunli,a, + rollvnlloq,

+ Z Te(—€Avp, +a - Vop + rop,a- Vop)1,
Te€Q;

v



18 R. A. BARTLETT, M. HEINKENSCHLOSS D. RIDZAL, AND B. G.VAN BLOEMEN WAANDERS

for all v, € Y”O (Note that forv, € Y;h0 we havea; (v, vr) = @;p(vh,vs), i.€., the modification of
the local bilinear from (3.8) is not important here.) Standard SUPG estimates (cf. [25, p. 378] or [30,
L. 3.28,p. 231]) show that

*thHOQ +5 Z Tella- Voo,
TeEQ

a; p(vn, vp) >

for all v, € Yiflo. By a Poincag inequality, we havéu||o.0, < ¢|Vur|1,0,. Hence,

vI AL v = agp (v, o) > f]Vvth + 0 thHOQ + = Z Tella- Vuplloz, >0
TPGQ

for all v # 0. In particularA®; is invertible and (4. 15) withA,, B, m replaced byA®,, B¢, m}, respec-
tively, is valid. Moreover, the matriceQ’; € R X" R}, e R™ *n" are subdomain mass matrices, which
implies their symmetric positive definiteness. Hence (4 16) Wt replaced byQ,, R%; is valid for all
z € R™, v € R" with (z7,vT) # 0. The result now follows from Theorem 4.1.

ii. We proceed as in the first part to show that

@i p(Vn, Vn) = *\Vvh\m + 0 thHOQ +5 Z Tella- Voplloz, Vo, € V.
2 fm

Hence, v A’v > 0 for all v # 0. We can now proceed as in part i. to prove the invertibilitykot
iii. If the relative interior of0$2; N 9Q2p is nonempty, then due to a Poinéanequality there exists a
constant > 0 such that|v,|jo., < c|Vup|1.q, for all v, € Y;* and we can admity = 0 in part ii. O

Remark 4.3 i. Examination of the proof of Theorefi2reveals the importance of the modificati@?8)
of the local bilinear form to guarantes; (v, vs) > 0 for all v;, € Y oy # 0, ie., vI Alv > 0 for
all v #£ 0.

For our model problem with dlstrlbuted contraB? ¢ R™ xnt , with n* > m?, is related to the
mass matrix and satisfies raff&’) = R™'. Hence,(4.15)is satisfied. (The invertibility oA’ is not
needed.) Moreove)’, R’ are subdomain mass matrices, and, hence,

Z T Qz 0 7 . )
m* n' i T T
<V> (0 OARi><V>>0 forall z ¢ R™ ,v € R" with (z",v") # 0.

This means that for our model problem with distributed control, the invertibilith bfs not needed
to ensure the invertibility oK'! In particular, K? is also invertible if we use the local bilinear form
(3.7)instead 0f(3.8).
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4.2 The Robin-Robin Preconditioners

It is now relatively easy to generalize the Robin-Robin preconditioner used in the context of advection
dominated elliptic PDEs [4] to the optimal control context.

Let DY be the diagonal matrix, whose entries are computed as follows. If themnosiisfiesz, € T';,
then (DY)} is the number of subdomains that share nagle Note thaty", DY = I. Furthermore, let

D? = DY and
D?
Di:< ! DP>'

By Theorem 4.2iS;,i =1, ..., s, is well defined. The one-level Robin-Robin preconditioner is given by

P => DIS;'ID;. (4.17)

2

In principle it is possible to incorporate a coarse space, but this has not yet been been explored in the optimal
control context.

4.3 Implementation
Instead of working on the preconditioned Schur complement system
PSxr = P(gr — Kr;K;/'g/) = Pr. (4.18)
we work on the preconditioned full system. It is easy to verify that
K Ky \_ (K 0 I 0 I K;/KI, (4.19)
Krr Krpr Kr; P! 0 PS 0 I ' '

~(P{)~! =(PF)!

We will look at the preconditioned system
PEKPEx = Plg, (4.20)

wherex = (PX)~!x, and at the preconditioned Schur complement system (4.18). Consider an initial iterate

T

0
o_ [ X
x0 = ( & > , (4.21)
with
x] = K/ (g1 — Kf xp) (4.22)

and se&’ = (PX)~!x0. The corresponding preconditioned residual satisfies

0 0

-0 K K\20

- P —KP = _ = . 4.23
' : (& PR ( P(gF - KFII<ngI - leQ) > ( ?% ) ( )



20 R. A. BARTLETT, M. HEINKENSCHLOSS D. RIDZAL, AND B. G.VAN BLOEMEN WAANDERS

We see that the second component of the initial residfuaf the preconditioned system (4.20) is the initial
residualr?. = P(gr — KHK;}gI — SxY) of the preconditioned Schur complement system (4.18).

Recall that for a matrixA and a vectorv, the Krylov subspace is defined b (A,v) =
spar{v, Av, ..., A¥=1y}. Using the fact that the first component 8f is zero and thaPXKPX is a
block diagonal matrix, we immediately obtain the following relation between the Krylov subspaces of the
preconditioned system (4.20) and the preconditioned Schur complement system (4.18):

Kr(PEKPE 19 = {0} x Ki(PS,T0) Vk. (4.24)

This relationship allows one to establish relationships between Krylov subspace methods applied to the
preconditioned Schur compement system (4.18) and the preconditioned full system (4.20), provided that the
initial iterates satisfy (4.22). For the symmetric positive definite case see [24]. If the applicaﬁéﬁof
is exact, there is no difference between the solution of preconditioned Schur complement system (4.18)
and the preconditioned full system (4.20). However, the latter provides advantages if the application of
KI‘]1 is performed inexactly using iterative methods [24, 18]. In our numerical examples, we solve systems
of the formK’,v{ = r! andK'v' = r' (the latter arising in the application of our preconditioner, cf.
(4.14)) exactly (up to floating point arithmetic) using UMFPACK 4.3 [11]. Still, we work with the the
preconditioned full system (4.20) to allow the incorporation of iterative solvers in the future.

In our numerical experiments reported on in the next section, we use GMRES [31] and sQMR [12, 13]
applied to

PEPFKx = PEPKg. (4.25)

We have observed that the number of GMRES [sQMR] iterations applied to (4.20) is close to the number of
GMRES [sQMR] iterations applied to (4.25). In both cases GMRES [sQMR] was stopped if the respective
preconditioned residual was reduced by a factdrof’. However, we also observed that the error between
the solution computed using GMRES and the exact soldiorig was for small diffusiore significantly
smaller when left preconditioning (4.25) was used instead of split preconditioning (4.20). This is not sur-
prising, since the GMRES iteration is stopped when the preconditioned re§Bff@ Kx — PXPXg||

or |[PXKx —PXg||, respectively, is small and the mati¥* PX K is expected to have a smaller condition
number tharlP* K. The error between the solution computed using SQMR applied to (4.25) and the exact
solutionK ~'g was observed to be also smaller than the error between the solution computed using SQMR
applied to (4.20) and the exact solutiBft 'g, but the differences were much smaller than those observed
for GMRES.

5 Numerical Results

In this section we illustrate the performance of our optimization-level domain decomposition method for
several advection dominated optimal control problems with distributed controls or with boundary controls.
Additional numerical examples may be found in [6].

To explore the importance of the modification (3.8) of the local bilinear form, we run experiments with
and without this modification. If we use the modified local bilinear form (3.8), then we refer to the resulting
preconditioner as a Robin—Robin (R—R) preconditioner. This hame is motivated by the Robin transmission
conditions (3.15) for the state (and the adjoint) and the Robin boundary conditions for the state (and the
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adjoint) in the subproblem (3.27) for the inversion®f If a;(yp, on) = ai(yn, ¢n), i.€., No modification

of the local bilinear form is applied, then we refer to the resulting preconditioner as a Neumann—Neumann
(N-N) preconditioner. This name is motivated by the Neumann transmission conditions (3.16) for the state
and the Neumann boundary conditions for the state in the subproblem (3.29) for the inveiSjon of

5.1 Distributed Control

Example 1: Influence of different velocity fieldis example is derived from Example 4.1 in [4]. We use
Q2 =(0,1) x (0,0.2), 092p = 99, r = 1, f = 0, and one of the following four advectiorgz) = ey,
a(z) = e, a(z) = (1/v2)(e1 + e3), ora(z) = 2r((x; — 0.5)es + (z2 — 0.1)e;). These are referred to
as ‘normal’, ‘parallel’, ‘oblique’, and ‘rotating’, respectively. We generatas the solution of
_ (21-0.2)% 4 (29 —0.1)2 _ (21-0.8)%4 (29 —0.1)2
—eAy(x) + a(z) - Vy(z) + y(z) = be 2:0.12 + 5e 2:0.12 , €, (51a)
y(z) =0, x € d. (5.1b)

We decompos€ into 5 subdomains of siz@, 0.2) x (0,0.2). Each subdomain is triangulated by divid-

ing each axis into 30 subintervals and subsequently subdividing the resulting rectangles into two triangles.
The problems are solved by a preconditioned sQMR algorithm where the stopping criterion is to reduce
the initial residual by a factor af0~". We use either Robin—Robin (R-R) or Neumann—Neumann (N-N)
preconditioning.

Unlike in the PDE-only case in [4], the unpreconditioned sQMR (the same is true for GMRES) fails
to reduce the initial residual to the specified tolerance within 1000 iterations for all experiments outlined
below. Therefore, we do not give any further numerical results in absence of preconditioning. In Tables 5.1
and 5.2 we report the number of preconditioned SQMR iterations for the valee$0~* anda = 1 of the
regularization parameter, respectively.

We recall (cf. Remark 4.3) that for the distributed control case the invertibiligoi.e., the modifica-
tion (3.8) of the bilinear form is not needed to ensure invertibilitfdfand, hencs;. Thus the application
of the Neumann—Neumann (N-N) preconditioner is well-posed for the distributed control case.

€ Prec.\ Velocity Normal Parallel Oblique Rotating
0.001 R-R 12 3 13 9

N-N 21 3 18 13
1 R-R 4 4 4 4

N-N 4 4 4 4

Table 5.1: sSQMR iterations for different velocity fields = 10~4.

Tables 5.1 and 5.2 show that for largeboth Robin—Robin and Neumann—Neumann preconditioners
perform equally well, with all sSQMR runs finishing in 4 iterations. This is in agreement with the PDE-
only case reported in [4, Table 1]. When the velocity is parallel to subdomain interfaces, thgn,) =
a;(yn, on) and the Robin—Robin and the Neumann-Neumann are identical. The Robin—Robin preconditioner
adapts nicely to smalt for all velocities. The performance of the Neumann—-Neumann preconditioner
deteriorates with decreasinrg but this deterioration is not nearly as pronounced as in the PDE-only case



22 R. A. BARTLETT, M. HEINKENSCHLOSS D. RIDZAL, AND B. G.VAN BLOEMEN WAANDERS

€ Prec.\ Velocity Normal Parallel Oblique Rotating
0.001 R-R 12 3 4 6

N-N 53 3 30 14
1 R-R 4 4 4 4

N-N 4 4 4 4

Table 5.2: sQMR iterations for different velocity fields—= 1.

in [4, Table 1]. Finally, we observe that the size of the regularization parameseems to affect the
performance of both preconditioners only moderately.

Example 2: Influence of the number of subdomains, grid sizes, and regularizatien purpose of
this example is to assess the sensitivity of the Robin—Robin and Neumann—Neumann preconditioners to
increases in the number of subdomains and grid points.

We use2 = (0,1) x (0,1), 02p = 09, € = 0.001, a(z) = 3e; r = 1, andf = 0. We generatg as in
(5.1) but with right hand side replaced by

_ (21-0.2)%4(25-0.1)2 _ (21-0.8)%+(23-0.9)2
e 2.0.12 + 5He 2.0.12

For the first experiment we use a fixed uniform grid of gi28 x 128 (note that each square in the mesh
is divided into two triangles). The grid is partitioned in various ways. First, we use 4, 8, and 16 vertical
rectangular strips of equal size (yielding subdomain siz82 of 128, 16 x 128, and8 x 128, respectively).
Second, we partition the grid intbx 2, 4 x 4, 8 x 8, and16 x 16 square subdomains (with sudomain sizes
of 64 x 64, 32 x 32, 16 x 16, and8 x 8 respectively). Finally, the grid is subdivided into 16 horizontal
rectangular strips of equal size (yielding a subdomain size2®fx 8). The results are presented in Table
5.3.

Reg. Prec\Part. 4x1 8x1 16x1 2x2 4x4 8x8 16x16 1x16

a=10"* R-R 12 12 14 13 15 17 21 3
N-N 39 39 38 35 44 46 49 3

a=1 R-R 9 19 38 7 14 24 a7 3
N-N 130 361 > 500 87 172 452 > 500 3

Table 5.3: sQMR iterations for varying numbers of subdomairs0.001.

Table 5.3 shows that for large, the number of SQMR iterations roughly doubles as the number of
subdomains in the direction of the velocity field is doubled, for both preconditioners. This is also observed in
[4, Table 2]. The Robin—Robin preconditioner performs better than the Neumann-Neumann preconditioner.
For largea the performance differences are as pronounced as in the PDE-only case reported in [4].

For smalla, the number of SQMR iterations does not increase significantly as the number of subdomains
is increased (regardless of the position of subdomain interfaces). This is a surprising and not yet understood
result, which unfortunately does not hold true for most other problem setups with complex velocity fields
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(see [6, Sec. 5.2]). The Neumann—Neumann preconditioner performs much better here than in the case of
largea.

For partitions in which all subdomain interfaces are parallel to the velocity fieldlixe4, 1 x 8, and
1 x 16 partitions, the number of SQMR iterations is not affected at all by the number of subdomains or
the size of the regularization parameter. Both Robin—Robin and Neumann—Neumann preconditioned sQMR
runs complete all tests in only 3 iterations (the& 4 and1 x 8 results are not tabulated).

The second experiment examines the influence of the number of grid points. The problem is set up as in
the first experiment, except that here we fix two particular subdomain partitions, and vary the grid size. We
use either aB x 1 rectangular subdomain partition oda 4 square subdomain partition, on uniform grids
of sizes32 x 32, 64 x 64, and128 x 128 (again, each mesh square is split into two triangular elements).
The results are presented in Table 5.4.

8 x 1 Partition 4 x 4 Partition
Reg. Prec\ Full Grid 32 x 32 64 x64 128 x 128 32x32 64x64 128 x 128
a=10"%* R-R 15 12 12 16 16 15
N-N 21 27 39 28 33 44
a=1 R-R 21 19 19 16 15 14
N-N 307 368 361 143 156 172

Table 5.4: sQMR iterations for varying numbers of grid poiats; 0.001.

They indicate that the convergence of the sQMR algorithm with the Robin—Robin preconditioner is
not affected by the grid size. This agrees with the results stated in [4, Table 5]. On the other hand, the
performance of the Neumann-Neumann preconditioned algorithm deteriorates slightly as the number of
grid points is increased. The size of the regularization parametes not affect the performance of
the Robin—Robin preconditioner. In contrast, for largghe Neumann-Neumann preconditioner performs
extremely poorly for all grid sizes.

5.2 Robin Boundary Control

The domain decomposition method described in the previous section for optimal control problems with
distributed control can be extended to problems with boundary control using the ideas in [21]. We report on
some numerical results for the example problem

o1 ~ «
minimize /Q(y(:r) — §(x))?dx + 5 /890 u?(x)dx (5.2a)
subject to
—eAy(x) + a(z) - Vy(z) + r(x)y(x) = f(x), x € Q, (5.2b)
y(x) =0, x € 00p, (5.2¢c)

e%y(m) + dy(x) = du(x), x € 08, (5.2d)
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wherer = 1, f = 0, andd = 103. The Robin boundary condition (5.2d) can be viewed as a penalized
Dirichlet condition [5, 22].

Example 1: Influence of different velocity field$ie problems data are the same as those in Example 1
in Section 5.1. We examine the performance of the Robin—Robin and Neumann-Neumann preconditioners
with respect to various velocity fields, on the rectangular dorfiaia (0,1) x (0,0.2) with five square
subdomains. We choos#). = 99, i.e. 9Qp = (. In Tables 5.5 and 5.6 we report the number of
preconditioned sQMR iterations for the values- 10~* anda = 1, respectively.

€ Prec.\ Velocity Normal Parallel Oblique Rotating
0.001 R-R 16 3 9 9

N-N 129 3 36 17
1 R-R 4 4 4 4

N-N 4 4 4 4

Table 5.5: sSQMR iterations for different velocity fields = 10~4.

€ Prec.\ Velocity Normal Parallel Oblique Rotating
0.001 R-R 7 3 3 6

N-N 73 3 29 15
1 R-R 4 4 4 4

N-N 4 4 4 4

Table 5.6: sSQMR iterations for different velocity fields = 1.

The obtained results are similar to those in Section 5.1, with one important difference. Foe,simall
Neumann-Neumann preconditioner performs significantly worse when compared to the distributed control
case. This behavior can be explained by re-examining Remark 4.3. The boundary control problem lacks the
property rankB?) = R™". Therefore, the invertibility oA’ is now needed to ensure the invertibility k.

Within the Neumann-Neumann preconditioner (i.e., no modification of the local bilineardgrwe have
observed severely ill-conditiondd’’s in some subdomains (with estimated condition numbeg®y.

Example 2: Influence of the number of subdomains, grid sizes, and regulariz&tiersecond exper-
iment assesses the sensitivity of the Robin—Robin and Neumann—Neumann preconditioners to increases in
the number of subdomains. We use the same setup as in Example 2 in Section 5.1, i.e. the square domain
2= (0,1) x (0, 1) with various partitioning schemes. As before, the velocity(is) = 3e; ande = 0.001.

The results are presented in Table 5.7.

There are several major differences compared to the distributed control case. For the Robin—Robin pre-
conditioner, the number of SQMR iterations roughly doubles as the number of subdomains in the direction
of the velocity field doubles, regardless of the size of the regularization paraméter smalla. does not
yield partition independence). The failure of the Neumann-Neumann preconditioning scheme is evident.
The preconditioned sQMR algorithm fails to achieve the desired relative residual within 500 iterations for
six test cases. This result reinforces our conjecture from the previous experiment. When the regularization
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Reg. Prec\Part. 4x1 8x1 16x1 2x2 4x4 8x8 16x16 1x16

a=10"* R-R 17 37 78 9 20 42 82 4
N-N > 500 >500 > 500 151 >500 >500 > 500 4

a=1 R-R 7 14 28 5 11 19 36 3
N-N 142 218 340 83 163 260 420 3

Table 5.7: sQMR iterations for varying numbers of subdomains0.001.

parameter is increased from= 10~ to o = 1, the number of Robin—Robin preconditioned SQMR itera-
tions is roughly reduced by a factor of two for all test cases. This result is more intuitive than the one in the
distributed control example.

The third experiment examines the influence of the number of grid points. The problem is set up as in
Example 2 in Section 5.1, where we fix two particular subdomain partit®mnsi(and4 x 4), and vary the
grid size. The results are presented in Table 5.8.

8 x 1 Partition 4 x 4 Partition
Reg. Prec\ FullGrid 32x32 64x64 128 x 128 32x32 64x64 128 x 128
a=10"* R-R 38 36 37 21 20 20
N-N > 500 > 500 > 500 > 500 > 500 > 500
a=1 R-R 14 14 14 12 12 11
N-N 224 219 220 147 167 158

Table 5.8: sQMR iterations for varying numbers of grid poiats; 0.001.

The results indicate that the convergence of the sQMR algorithm with the Robin—Robin preconditioner
is mesh independent. This agrees with the observations made in the distributed control case. It is difficult to
draw any conclusions about the performance of the Neumann-Neumann preconditioner as a function of the
increasing number of grid points, since it performs quite poorly even for laygad entirely fails to reach
the desired relative residual for small

6 Conclusions

We have introduced an optimization-level domain decomposition preconditioner for advection dominated
linear-quadratic elliptic optimal control problems, which extends the work of [4, 3] to the optimization
context.

The tasks required for the application of the domain decomposition preconditioner are closely related
to what is required for the solution of the global optimal control problem. This allows code reuse and en-
ables optimization-level parallelization of existing solvers for advection dominated linear-quadratic elliptic
optimal control problems.

Numerical experiments have shown that the preconditioner is fairly insensitive to the velocity, the vis-
cosity and the control regularization parameter. For distributed control and Robin boundary control test
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problems the preconditioner deteriorates only slowly as the number of subdomains is increased.

Unfortunately, a theoretical explanation for the performance of the preconditioner is not yet available.

Theoretical investigations, the application of the preconditioner to other problems, in particular 3D prob-
lems, and the design and incorporation of coarse spaces into the preconditioner are part of future work.
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