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Abstract. The approximate solution of optimization and optimal control problems for systems
governed by linear, elliptic partial differential equations is considered. Such problems are most of-
ten solved using methods based on applying the Lagrange multiplier rule to obtain an optimality
system consisting of the state system, an adjoint-state system, and optimality conditions. Galerkin
methods applied to this system result in indefinite matrix problems. Here, we consider using modern
least-squares finite element methods for the solution of the optimality systems. The matrix equa-
tions resulting from this approach are symmetric and positive definite, and are readily amenable to
uncoupling strategies. This is an important advantage of least-squares principles as they allows for
a more efficient computational solution of the optimization problem. We develop an abstract theory
that includes optimal error estimates for least-squares finite element methods applied to optimality
systems. We then provide an application of the theory to optimization problems for the Stokes
equations.
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1. Introduction. Optimization and control problems for systems governed by
partial differential equations arise in many applications. Experimental studies of such
problems go back 100 years [22] and computational approaches have been applied
since the advent of the computer age. Most of the efforts in the latter direction
have employed elementary optimization strategies but, more recently, there has been
considerable practical and theoretical interest in the application of sophisticated local
and global optimization strategies, e.g., Lagrange multiplier methods, sensitivity or
adjoint-based gradient methods, quasi-Newton methods, evolutionary algorithms, etc.

The optimal control or optimization problems we consider consist of

e state variables, i.e., variables that describe the system being modeled;
e control variables or design parameters, i.e., variables at our disposal that can
be used to affect the state variables;
e a state system, i.e., partial differential equations relating the state and control
variables; and
e a functional of the state and control variables whose minimization is the goal.
Then, the problems we consider consist of finding state and control variables that
minimize the given functional subject to the state system being satisfied. Here, we
restrict attention to linear, elliptic state systems and to quadratic functionals.

The Lagrange multiplier rule is a standard approach for solving finite-dimensional,
constrained optimization problems. It is not surprising then that several popular
approaches to solving optimization and control problems constrained by partial dif-
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ferential equations are also based on solving optimality systems deduced from the
application of the Lagrange multiplier rule. The optimality system consists of:
e the state system, i.e., the given partial differential equations that relate the
unknown state and control variables;
e an adjoint or co-state system which are also partial differential equations
involving the adjoint operator of the state system; and
e an optimality condition that reflects the fact that the gradient of the func-
tional vanishes for optimal values of the state and control variables.
The three components of the optimality system are coupled. In the linear con-
straints/quadratic functional context we consider in this paper, the optimality system,
viewed as a coupled system, is a symmetric and weakly coercive linear system in the
state, adjoint-state, and control variables.

In the context of finite element methods, optimality systems are usually dis-
cretized using Galerkin methods, resulting in typical saddle-point type matrix prob-
lems that are symmetric and indefinite. In many if not most practical situations, the
coupled optimality system is a formidable system to solve; compared to solving direct
problems involving the state system alone, discrete optimality systems typically in-
volve at least double the number of unknowns. For this reason, many approaches have
been proposed for decoupling, through iterative processes, the different components
of the optimality system. An extensive discussion of several such strategies in both
an abstract setting and for fluid flow problems can be found in [18].

In this paper, we discuss the use of modern least-squares finite element methods
for finding approximate solutions of the optimality system. The resulting matrix
problems are symmetric and positive definite. Moreover, their diagonal blocks are
also symmetric and positive definite, thus opening up better possibilities for devising
efficient uncoupling methods than is the case for Galerkin discretizations. In order
to develop a basic theory for least-squares finite element methods for optimization
and control problems, we focus on treating the optimality system as a fully coupled
system and only briefly discuss the application of decoupling strategies. Nevertheless,
the reader should keep in mind that amenability to efficient uncoupling strategies
is, perhaps, the chief reason to consider the application of least-squares principles
to optimization problems. The application of least-squares principles to optimality
systems was previously discussed, in a concrete setting, in [19].

The approach we have described for finding approximate solutions of optimal con-
trol and optimization problems for partial differential equations is of the differentiate-
then-discretize or optimize-then-discretize type. One first applies, at the continuous
partial differential equations level, the first-order necessary conditions for finding sad-
dle points of a Lagrangian functional and then one uses a finite element method, be it
of Galerkin or of least-square type, to discretize the resulting optimality system. For
the alternative discretize-then-differentiate or discretize-then-optimize type approach,
one reverses the steps: one first discretizes the optimization or control problem by
some means and then applies the Lagrange multiplier rule to the resulting discrete
optimization problem. The two steps do not, in general, commute so that the discrete
systems determined by the two approaches are not the same. A discussion of the
relative merits of the two approaches can be found, e.g., in [18]. Here, we focus on
the differentiate-then-discretize approach.

Instead of using the Lagrange multiplier rule for solving constrained optimiza-
tion problems, one may use a penalty method. Penalty/least-squares finite element
methods are the subject of the companion paper [9]; see also [20]. Other applica-
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tions of least-squares finite element methods to optimization problems may be found
in [2,3,5,8].

The paper is organized as follows. In §3, we study, in an abstract setting, Lagrange
multiplier methods for quadratic optimization and control problems constrained by
linear, elliptic partial differential equations. In §4, we study least-squares finite ele-
ment methods for the approximate solution of the optimality system resulting from
the application of the Lagrange multiplier rule. In §5, we provide concrete examples
that illustrate the theory of §§3—4. In passing, we briefly remark on several related
topics, including decoupling strategies for the solution of the discretized optimality
system. Before we embark, however, in §2, we present mostly well-known results about
general constrained optimization problems and their solution via Lagrange multiplier
methods. These results serve as the foundation for the considerations of §§3—4. We
remark that in several inequalities appearing in the throughout the paper, C' denotes
a positive constant whose value changes with context but that is independent of any
of the data or solution functions appearing in the inequalities.

2. Linearly constrained quadratic minimization problems in Hilbert
spaces. In this section, we review the now classical theory (see [12] and also [13,16])
for finite element methods for constrained quadratic minimization problems. The
optimization and control problems that are the subject of this paper can be profitably
viewed as special cases of the types of problems treated by the classic theory.

Given Hilbert spaces V and S along with their dual spaces V* and S*, respectively,
the symmetric bilinear form a(-,-) on V x V the bilinear form b(-,-) on V x S,
the functions f € V* and g € S*, and the real number ¢, we define the quadratic
functional'

1
J(w) = sa(w,u) = (fwpv- v+t VueV, (2.1)
the linear constraint equation

b(u,q) = (9, q)s+,s VqeS, (2.2)

where (-, -) denotes an appropriate duality pairing, and the constrained minimization
problem?.

mei‘r/l J(u) subject to (2.2). (2.4)

IThe value of ¢t does not affect the minimizer of J(-). We include it in the definition of J (u) only
to facilitate, in later sections, the identification of concrete functionals with the abstract functional
(2.1).

2Such problems arise in many applications. A classical example is provided by the functional

1
T =3 [ IvPae,
2Ja
the linear constraint V - v = f, and the minimization problem
min J(v) subject to V-v = f, (2.3)

where the minimization is effected over suitable function space. For example, in fluid mechanics,
(2.3) is known as the Kelvin principle and, in structural mechanics (where v is a tensor), as the com-
plimentary energy principle. For the Kelvin principle A is the identity operator, B is the divergence,
S is the space L2(Q) of all square integrable functions, and V is the space H(div,) of all square
integrable vector fields whose divergencies are also square integrable.
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The bilinear forms serve to define the associated operators
AV V™ B:V — 8% and B*:S—-V* (2.5)
through the relations

a(u,v) = (Au,v)y~ v Yu,veV
b(v,q) = (Bv,q)s+,s = (B*q,v)v-v  VveV,ges.

The minimization problem (2.4) can then be given the form

min J(u) subject to Bu=g,
ueV

where the constraint equations Bu = g holds in S*. We define the subspace
Z={veV :bl,qg)=0Vqge S} (2.6)

and make the following assumptions about the bilinear forms:

a(u,v) < Collullv|v]lv Yu,veV
b(u, q) < Collullvliglls VueV, ge 8
a(u,u) >0 YueV (2.7)
a(u,u) > Kqllul|? YueZ
b(v,
©.9) 5 glglls  vaes,
vEV,u#£0 ||UHV

where C,, Cy, K,, and K, are all positive constants.

2.1. Existence of solutions. The following result is well known; see, e.g. [21].
PROPOSITION 2.1. Let the assumptions (2.7) hold. Then, the constrained mini-
mization problem (2.4) has a unique solution u € V. O

2.2. Solution via Lagrange multipliers. For all v € V and ¢ € S, we intro-
duce the Lagrangian functional

E(U’q) = j(v) + b(UaQ)_<gaQ>S*,S = %a(vav) + b(v7q)_<f7U>V",V_<97Q>S*,S +t.

Then, the constrained minimization problem (2.4) is equivalent to the unconstrained
optimization problem of finding saddle points (u,p) € V' x S of the Lagrangian func-
tional. These saddle points may be found by solving the optimality system

{a(u,v)+b(v,p) = (f,v)v-v VveV

(2.8)
b(u, q) = (9,9)s*.8 VqgeS.

The following result is also well known; see, e.g., [12].
PROPOSITION 2.2. Let the assumptions (2.7) hold. Then, the system (2.8) has a
unique solution (u,p) € V x S. Moreover,

lully +lIplls < (111
4

v+ +llglls+) (2.9)



and u € V is the unique solution of the constrained minimization problem (2.4). O
In terms of the operators introduced in (2.5), the system (2.8) takes the form

Au+B*p = f inV*
Bu = g in S*.

REMARK 2.3. The unique solvability of (2.8) and the estimate (2.9) do not require
that the bilinear form a(-, -) be symmetric or that it satisfy the third condition in (2.7).
Also, the fourth condition in (2.7) may be weakened to a weak coercivity condition.
However, these conditions are required to make the connection between (2.8) and the
constrained minimization problem (2.4). So, throughout, we will assume that all the
conditions in (2.7) hold.

2.3. Galerkin approximations of the optimality system. We choose (con-
forming) finite dimensional subspaces V" C V and S"* C S, and then restrict (2.8) to
these subspaces, i.e., we seek u € V" and p" € S that satisfy

h o,k hophy  — h h h
{ a(u®,v") +b(v",p") = (f,v")v-v votev (2.10)

b(u", q") = (9:4")s-s V" eS".
This is also the optimality system for the minimization of the functional J(-) over
V* subject to b(u", ¢") = (g, q") s+ s for all g" € S". Let
Zh={hevh b ") =0V € Sh}.

In general, Z" ¢ Z even though V" € V and S" C S, and so the last two assumptions
in (2.7) may not be satisfied with respect to the subspaces. If V" and S” are such
that the last two assumptions hold, then one obtains the following well-known result;
see, e.g., [12].

PROPOSITION 2.4. Let the hypotheses of Proposition 2.1 hold and assume that

a(u uy > KW vuh e 2t (2.11)

and

b vh7 h
sup # > Kplld"lls V4" es", (2.12)
vheVh vhs£0 o™ lv

where K and K,? are positive constants independent of h. Then, the discrete system
(2.10) has a unique solution (u",p") € V* x S* and moreover

5).

Furthermore, if (u,p) € V x S denotes the unique solution of (2.8), then

lu"llv + Ip"lls < C(IIf]

ve =+ lg]

h h : h : h
u u < C( inf u v inf ) 2.13
I v +lp—p"lls < S, | v+ o Ip—q"[ls (2.13)

The discrete problem (2.10) is equivalent to a linear system. Indeed, let {U;}?;
and {P;},, where n = dim(V") and m = dim(S"), denote bases for V" and S*,
respectively, and let G = (u1,...,u,)T and p = (p1,...,pm)T denote the vectors of
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coefficients in the expansions of u" and p” in terms of the respective bases. Fur-
thermore, let f; = (f,U;)y~yv for i = 1,....n, ¢ = (9,FP;)s+s for i = 1,...,m,
f= (fi,--s fo)t,and g = (91, ,9m)" and deﬁne the elements of the n x n matrix
A and the m x n matrix B by A;; = a(U;,U;) for i, =1,...,n and B;; = b(U;, F))
fori=1,...,m,j = 1,...,n, respectively. Then, (2.10) is equivalent to the linear

system
(57)(2)-(5)

REMARK 2.5. The coefficient matrix in (2.14) is symmetric and indefinite. This
is universal for discretizations of saddle-point problems arising from the use of the
Lagrange multiplier rule for constrained optimization problems.

REMARK 2.6. The assumptions (2.11) and (2.12) guarantee that the (m + n) x
(m + n) coefficient matrix in (2.14) is invertible and that the norms of its inverse are
bounded from above independently of m and n, i.e., independently of the grid size h.

REMARK 2.7. The observations made in Remark 2.3 about the bilinear form
a(-,-) and (2.8) also apply to (2.10).

3. Quadratic optimization and control problems in Hilbert spaces with
linear constraints. In this section, we specialize the results of §2 to the the type of
optimization and control problems described in §1. We identify the variable u of §2
with the pair (¢, ), where ¢ and 6 are the state and control variables, respectively,
of the control problem. R B

We begin with four given Hilbert spaces ©, ®, ®, and ¢ along with their dual
spaces denoted by (-)*. We assume that ® C & C ® with continuous embeddings and
that ® acts as the pivot space for both the pair {®*, ®} and the pair {®*, ®} so that
we not only have that ® C PCDHCI*C ®* but also

(¥, 8)ge = (¥, 0)5. 5= (¥,0)5 VP €D TP and VoedCd, (3.1)

where (-, -)z denotes the inner product on .
Next, we define the quadratic functional

T(6.0)= 306 - 5,63 +30(0,6)  Voca0c0,  (32)

where a1 (-, -) and ay(+, -) are symmetric bilinear forms on dx® and O x O, respectively,
and qAS cdisa given function. In the language of control theory, ® is called the state
space, ¢ the state variable, © the control space, and 6 the control variable. In many
applications, the control space is finite dimensional in which case # is often referred
to as the vector of design variables. We note that often © is chosen to be a bounded
set in a Hilbert space but, for our purposes, we consider the less general situation of
O itself being a Hilbert space. We make the following assumptions about the bilinear
forms a4 (-,-) and as (-, -):

a1(d,u) < Crlidllglulls  Vo,ued

ax(8,v) < Call8lle||v]le Vo, ve®
A (33)
ai(¢,¢) 2 0 Voed

as(6,0) > K||0]|3 V€O,
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where C7, C3, and K5 are all positive constants. The second term in the functional

(3.2) can be interpreted as a penalty term which limits the size of the control 6.
Given another Hilbert space A, the additional bilinear forms b, (-,-) on ® x A and

ba(,+) on © x A, and the function g € A*, we define the linear constraint equation

bl(¢a 1/}) + b2(97w) = <ga ¢>A*,A Vd] € A. (34)
We make the following assumptions about the bilinear forms b1 (-, ) and ba(-, -):
bi(¢, ) < cillgllall¥]la Voed, peA
b2(0,9) < c2|[¥lla[10lle V0e®O, peA
bi (o,
0D s blgle Vo ® (39)
verpzo 1Ylla
b1(¢7¢)>0 vweA’
ved.o70 [|9lle

where c1, c2, and ky are all positive constants. These assumptions suffice to guarantee
that, given any 6 € ©, the constraint equation (3.4) is uniquely solvable for ¢ € ®;
this observation easily follows from [1] and (3.5).

We consider the optimal control problem?

(¢,9r)neig><®j(¢’ 0) subject to bl ((ba ZZJ) + b2(03 1111) = <gaw>A*,A V’l/) eA. (36)

It is easy to verify that the problem (3.6) falls into the framework of §2. To this
end, welet V=0 x 0, S=A, |[{¢,0}v = V¢ll3 + 0[5 for all {¢,0} €V,

a({6,0}, {1, v}) = ar(é,p) +as(0,v) Vo, ue®, O,veO,
b({¢70}7{¢})Eb1(¢7w)+b2(01w) VQSE(I), 06@1 1/)61\»
(FAm )y = a1(p, 0) Vped veod, (3.7)

t= %al(;z;a a)\) .

From (3.3), it follows that ¢ < (01/2)||<;A5||% and, also using the continuous embedding
®C P,

A rhvew _ Fdmrhvey _ e d)
vty = e lulle

SClH‘EH@ V{iprv}edx0 =V,

so that ||f|lv- < C’lHQ/;H@, ie., f does indeed belong to V*. Then, with the obvi-
ous identifications u = {¢,0}, v = {u,v}, and ¢ = {9}, the functionals (2.1) and

3In section 5 we will consider an example where the linear constraint will be the weak form of the
Stokes equations of incompressible viscous flows. We draw attention to the fact that these equations
themselves are another example of a problem that fits the abstract setting of section 2 with

J(v;f):l/ |Vv|2dﬂf/f4de7
2 Ja Q

b(v,q) = [qV -vdQnd g =0.



(3.2) are equivalent as are the constraint equations (2.2) and (3.4). The constrained
optimization problem (2.4) and the optimal control problem (3.6) are also equivalent.

We will use the framework and results established in §2 to study the optimal
control problem (3.6). Many of the results we discuss are well known, but we repeat
them here to establish a context for later discussions.

3.1. Existence of optimal states and controls. We begin with the following
preliminary result.

LEMMA 3.1. Let the assumptions (3.3) and (3.5) hold. Then, the spaces V =
® x © and S = A and the bilinear forms a(-,-) and b(-,-) defined in (3.7) satisfy the
assumptions (2.7).

Proof. Using (3.3) and the continuous embedding ® C ®, we have that

a({$,0},{n,v}) = a1(, ) + a2(0,v) < C1l|dllg]lullg + C2llfllelvlle
< Cillgllellelle + Collflolvlle < max{Ci, Co}+/ll¢lI5 + 101& v/ 1ull5 + 18
for all ¢, € @, 6,v € © so that a(u,v) < Cyllullv|v|y for all u,v € V with

C, = max{Cy,Cs}. Similarly, we have using (3.5) that b(u, q) < Cy|lu|v||q||s for all
u €V, g€ S with C, = max{cy, cz}. Next, from (3.3) we have that

a({¢79}7 {¢79}) = al((ba ¢) + a/2(079) > a2(070) > K2||9H?—) V¢ € q)u e
so that a(u,u) > 0 for all u € V. We next define the subspace Z C ® x © by
Z2={{6.6} €2 x0 : bi(6,¥) +b2(6,0) =0 VpeAb.  (38)

The assumptions (3.5) imply that, given any 6 € O, the problem
bi(¢,¥) = —ba(0,9) VY €A (3.9)
has a unique solution ¢y and, moreover,

C
Igolle < 2 110lle (3.10)

see, e.g., [1]. Thus, Z can be completely characterized by (¢g,0) € ® x O, where, for
arbitrary 0 € O, ¢y is the solution of (3.9). Then, (3.10) and (3.3) imply that

a({¢0, 0}, {0, 0}) = a1(¢o, do) + a2(0,0) > a2(6,0) > K»||0]*

Ky, k3
Z Tmln 1,? ||{¢9,9}||V V{gbg,@} €.
2

As aresult, a(u,u) > K,|lul|} for all u € Z with K, = K> min {1, ]z—z} so that the
2

third assumption in (2.7) is also satisfied.
To verify the last assumption in (2.7), note that

Sup b1(¢»¢)
scd,020 |0llo

> kllla VyeA. (3.11)

Indeed, assumptions (3.5) imply that (see [1]), for any ¢ € A, the problem

b1 (¢, 1) = (¥, w)a YupeA (3.12)
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has a unique solution ¢, and, moreover,

1
19ulle < Zl1¥lla- (3.13)
Using (3.12)—(3.13), it is easy to see that

bioot) _ IR .,

[¥lla VyeA
oulle — lowlle
which immediately implies (3.11). Finally, using (3.11),
,0
OO D s gy BOD s veea
G0)cax6, (60200 9T T ||9Ho vee,o20 [0l
so that
b(u,
9D > Kylglls Vo< s
ueV, u#0 HU“
with Ky = k1.0

Having verified the assumptions (2.7) for the optimal control problem (3.6), we
immediately have the following result.

THEOREM 3.2. Let the assumptions (3.3) and (3.5) hold. Then, the optimal
control problem (3.6) has a unique solution (¢,0) € ® x ©.

Proof. The result immediately follows from Proposition 2.1 and Lemma 3.1. O

It is instructive to rewrite the functional (3.2), the constraint (3.4), and the
optimal control problem (3.6) in operator notation. To this end, we note that the
bilinear forms serve to define operators

A1:<T>—>§>*, Ay : © — OF, By :® — AT,
Bf i A — ®*, By : © — A", B :A— OF

through the following relations:

ar(e, ) = (A19, 1) Vo, ued
a2(0,v) = (Aq0, 1/>@* VO,veO (3.14)
bi(¢,¥) = (B1¢,¥)a-a = (B, d)o-0 VO EPR, e
ba(v,0) = (B2, h)a- a = (B3, 0) o Voe®, peA.
Then, the functional (3.2) and the constraint (3.4) respectively take the forms
T(6.0) = 26— D). (6~ D)gog + 3 (Ab 0o VoD IO (315)
and
Bi¢+Baf=g  in A* (3.16)
and the optimal control problem (3.6) takes the form
min  J(¢,0) subject to (3.16). (3.17)

(¢,0)e®xO©
9



Assumptions (3.3) and (3.5) imply that Ay, As, By, Ba, B, and B} are bounded
with

lA1ll5 5. < Ch, |Az]le—e+ < Cs, I1Bille—a < c1,
| B lo—a~ < c1, | B2]|o—o+ < c2, IBsllo—a < c2

and that the operator B; is invertible with ||B; ||z & < 1/k;. Note also that the
subspace Z C V = ® x © can be defined by

Z:{{qs,e}e@x@ . ¢=—B'Byo vee@}.

3.2. Solution via Lagrange multipliers and the optimality system. For
all {y, v} €V =0x0 and ¢ € S = A, we introduce the Lagrangian functional

LEm, v YY) = T{p,v}) + 0w v} {v}) = (9,9)a-a

= Sar(u— G 9)+ 302 ) + b1 () + b2l ) — g, D)

Then, (3.6) is equivalent to the unconstrained optimization problem of finding saddle
points ({¢,0},{\}) in V x S of the Lagrangian functional. These saddle points may
be found by solving the optimality system

ax (¢, 1) + bi(w ) = ai(bp) Viued
az(0,v) + ba(r,A) = 0 Vveo (3.18)
bl((bv flp) + bZ(aﬂdj) = <ng>A*,A V'I/J eA.

The third equation in the optimality system (3.18) is simply the constraint equation.
The first equation is commonly referred to as the adjoint or co-state equation and the
Lagrange multiplier X is referred as the adjoint or co-state variable. The second equa-
tion in (3.18) is referred to as the optimality condition since it is merely a statement
that the gradient of the functional J(-,-) defined in (3.2) vanishes at the optimum.

Using the framework of §2.2, the following result is immediate.

THEOREM 3.3. Let the assumptions (3.3) and (3.5) hold. Then, the optimality
system (3.18) has a unique solution (¢,0,)) € & x © x A. Moreover

Iglle + 10lle + [MIa < C(llglla + 16ll3)

and (¢,0) € ® x O is the unique solution of the optimal control problem (3.6).

Proof. With the associations V = ® x 0, S = A, u = {¢,0}, and p = {\}, the
results immediately follow from Lemma 3.1 and Proposition 2.2. O

Using the operators introduced in (3.14) and (3.1), the optimality system (3.18)
takes the form

Ao + BIA = Aip  in®*
A0 + BiIA = 0 in © (3.19)
Bi¢ + Bsf =g in A*.
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3.3. Galerkin approximation of the optimality system. We choose (con-
forming) finite dimensional subspaces ®" C ®, ©" ¢ ©, and A" C A and then restrict
(3.18) to the subspaces, i.e., we seek (¢", 0" A\") € ®" x ©F x A" that satisfies

ar(¢", 1) b (A = ay(, ) Vuh e oh
az(0h,vh)  +ba(vh N =0 Vil e oh (3.20)
bl((rbha 1z[}h) +b2(0ha¢h) = <97¢h>A*,A V1/’h € Ah .

This is also the optimality system for the minimization of (3.2) over ®" x ©" subject
to the constraint by (¢, ") + ba (", 01) = (g, ") a« 4 for all " € A"
We next define the subspace Z" C ®" x ©" by

Zh = {{¢h,9h} €D x O" 1 bi(¢" ") +ba(0", ") =0 Vyh e Ah}. (3.21)

Note that, in general, Z" ¢ Z even though ®" ¢ ®, ©" ¢ ©, and A" C A. Thus, we
make the following additional assumptions about b (-,-) and ®":

b h’ h
I e P P
preanpizo [P
bi(9",9") 2
sup o > 0 vy € AP

ghean phzo |0V

where k' is a positive constant whose value is independent of h. Analogous to Lemma
3.1, we have the following result.

LEMMA 3.4. Let the assumptions (3.3), (3.5), and (3.22) hold. Then, the spaces
Vh = ®" x O" and S" = ®" and the bilinear forms a(-,-) and b(-,-) defined in (3.7)
satisfy the assumptions (2.11) and (2.12).

Proof. The proof proceeds exactly as that for for Lemma 3.1; the constants in

(2.11) are given by K" = %Kg min {1, (kclé)z} and Kgb =k DO

We then easily obtain the following results.

THEOREM 3.5. Let the assumptions (3.3), (3.5), and (3.22) hold. Then, the
discrete optimality system (3.20) has a unique solution (¢",0", \'") € ®" x ©" x A"
and moreover

16" o + 16" le + IN"[la < C(llglla- + lI¢ll) -

Furthermore, let (¢,0,)\) € ® x © x A denote the unique solution of the optimality
system (3.18), or, equivalently, of the optimal control problem (3.6). Then,

6 — ¢"le + 110 — 0"|lo + |A — A"

| | | (3.23)
<c( it fl6—p"lo+ inf [6-¢"lo+ inf |A="4).
phedh cheoh PYheAh

Proof. The results immediately follow from Proposition 2.4 and Lemma 3.4. O
The discrete optimality system (3.20) is equivalent to the linear system

Ay 0 BT é f
0 A, BT 6 |=]0 |, (3.24)
B, By 0 X g
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where f and g are defined using a; (¢, u*) and (g, ") p+ A, respectively, and Ay and
By are defined in the standard manner from the bilinear forms ax(-,-) and bg(-,-),
k = 1,2, repectively.

REMARK 3.6. There are two sets of inf-sup conditions associated with the prob-
lems (3.18) and (3.20). First, we have the “inner” conditions (3.5) and (3.22) that
involve only the state variable and that guarantee the unique solvability of the state
equation and the discrete state equation, respectively, i.e., of the third equations in
(3.18) and (3.20). Second, we have the “outer” conditions (2.7) and (2.12) involving
the bilinear form b(-,-) defined in (3.7) and that involve both the state and control
variables. These latter conditions help guarantee the unique solvability of the optimal-
ity system (3.18) and the discrete optimality system (3.20), respectively. Note that
the outer conditions and the related saddle point nature of the optimality systems
occur regardless of the the nature of the inner problem, i.e., the state equations. For
example, even if the state equations involve a strongly coercive bilinear form by (-, -)
so that the last two inequalities in (3.5) can be replaced by b1 (¢, ¢) > k1||d||% for all
¢ € &, we would still have the inf-sup condition in the form of the last equation in
(2.7).

REMARK 3.7. As mentioned in Remark 3.6, the assumptions in (3.22) guarantee
the unique solvability of the discrete state equation (the third equation in (3.20))
for the discrete state variable ¢" € ®". Thus, if the constraint equation (3.4) is a
partial differential equation problem, then (3.22) are the general assumptions on the
associated bilinear form and the approximating space that are made to guarantee
the stability and convergence of Galerkin finite element discretizations; see, e.g., [1].
Furthermore, because of the nature of the assumptions (3.3) and (3.5), the inf-sup
condition on the bilinear form b(-, -) is satisfied merely by assuming that (3.22) holds.
Thus, by merely guaranteeing that the discrete constraint equations within the dis-
cretized optimal control problem are uniquely solvable for any given discrete control,
i.e., assuming that the “inner” inf-sup conditions holds, we have that the “outer”
inf-sup condition on the bilinear form b(-,-) holds. The latter, of course, is crucial
to the stability and convergence of finite element approximations to any saddle point
problem, including the optimality systems we consider here.

REMARK 3.8. The discrete optimality system (3.20) or its matrix equivalent
(3.24), have the typical saddle point structure and thus, the stability and convergence
of the approximations they define depend on the bilinear form b(-, ) = b1 (-, ) +ba(:, -)
satisfying the discrete inf-sup condition (2.12) with respect to V? = ®" x ©" and
Sh = A", In the current context, this assumption is satisfied (see Remark 3.7) merely
by assuming that (3.22) holds for the bilinear form b;(-,-) and the spaces ®" and
Ayj. Thus, as discussed in Remark 3.7, the stability and convergence of solutions of
(3.20) or (3.24) depends solely on the ability to stably solve, given any discrete control
variable, the discrete state equation for a discrete state variable. On the other hand, if
(3.22) does not hold, then there exists a ¢} € ®" such that ¢2 # 0 and by (o8, ") = 0
for all " € A". Then, b({¢f,0}, {1o"}) = by (4h,¥") = 0 for all " € A" so that

I UNT)

=0.
YhEAR, Yh£0 ™| A

It can be shown that this implies that the discrete inf-sup condition (2.12) does
not hold so that (3.20) or its matrix equivalent (3.24) may not be solvable, i.e., the
coefficient matrix in (3.24) may not be invertible. In fact, the assumptions (3.22)
imply that By is uniformly invertible. This, and the facts (which follow from (3.3))

12



that the symmetric matrices A; and A, are positive semi-definite and positive definite,
respectively, is enough to guarantee that the coefficient matrix in (3.24) is invertible.
On the other hand, if (3.22) does not hold so that the matrix By has a nontrivial null
space, then, under the other assumptions that have been made, one cannot guarantee
the invertibility of the coefficient matrix in (3.24).

REMARK 3.9. Solving the discrete optimality system (3.20), or equivalently, the
linear system (3.24), is often a formidable task. If the constraint equations (3.4) are a
system of partial differential equations, then the last (block) row of (3.24) represents a
Galerkin finite element discretization of that system. The discrete adjoint equations,
i.e., the first row in (3.24), are also a discretization of a system of partial differential
equations. Moreover, the dimension of the discrete adjoint vector Xis essentially the
same as that of discrete state vector ¢. Thus, (3.24) is at least twice the size (we
have yet to account for the discrete control variables in é) of the discrete system cor-
responding to the discretization of the partial differential equation constraints. Thus,
if these equations are difficult to approximate, the discrete optimality system will be
even more difficult to deal with. For this reason, there have been many approaches
suggested for uncoupling the three components of discrete optimality systems such
as (3.20), or equivalently, (3.24). See, e.g., [18], for a discussion of several of these
approaches. We note that these approaches rely on the invertibility of the matrices
B, and As, properties that follow from (3.22) and (3.3), respectively.

4. Least-squares finite element methods for the optimality system.
Even if the state equation (3.4) (or (3.16)) involves a symmetric, positive definite
operator Bj, i.e., even if the bilinear form b (-,-) is symmetric and strongly coer-
cive, the discrete optimality system (3.20) (or (3.24)) obtained through a Galerkin
discretization is indefinite. For example, if By = —A with zero boundary conditions,
then B is a symmetric, positive definite matrix, but the coefficient matrix in (3.24)
is indefinite. In order to obtain a discrete optimality system that is symmetric and
positive definite, we will apply a least-squares finite element discretization. In fact,
these desirable properties for the discrete system will remain in place even if the state
system bilinear form b, (-,-) is only weakly coercive, i.e., even if the operator By is
merely invertible and not necessarily positive definite.

Given a system of partial differential equations, there are many ways to define
least-squares finite element methods for determining approximate solutions. Practi-
cality issues can be used to select the “best” methods from among the many choices
available. See, e.g., [6] for a discussion of what factors enter into the choice of a
particular least-squares finite element method for a given problem. Here, we will
consider the most straightforward means for defining a least-squares finite element
method. When, in §5, we consider a specific example, we will return to a discussion
of practicality issues in the choice of a least-squares finite element formulation.

4.1. A least-squares finite element method for a generalization of the
optimality system. We start with the generalized form of the optimality system
(3.19) written in operator form, i.e.,

Ay + BIA = f ind*
A + B3A = s in ©* (4.1)
B1¢ + Bge = g in A* ;

where (f,s,g) € ®* x ©* x A* is a general data triple and (¢,0,)) € & x © x A is
the corresponding solution triple. In the same way that Theorem 3.3 was proved, we
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have the following result.

PROPOSITION 4.1. Let the assumptions (3.3) and (3.5) hold. Then, for any
(f,s,9) € ®* x ©* x A*, the generalized optimality system (4.1) has a unique solution
(¢,0,1) € & x © x A. Moreover,

I¢lle + N10lle + [[Alla < C(IIf]

o+ + ||5]

o +llglla-) (4.2)

A least-squares functional can be defined by summing the squares of the norms
of the residuals of the three equations in (4.1) to obtain

Clearly, the unique solution of (4.1) is also the solution of the problem

. (80, : 4.4
(¢,9,A§I€111>n><@></\ (¢7 3 7\ f, S, g) ( )

The first-order necessary conditions corresponding to (4.4) are easily found to be
B((¢,0,7), (n,v,9)) = F((u,v,¥); (f,5,9)) V(wv,) €2 xOxA,  (45)
where
B((6,0,7), (1,v,9)) = (A1p+ Biv, A1¢ + BiN)e-
+(Aqv + B3, Aol + BiX) o+ + (Bip + Bav, Big + Baf) -« (4.6)
YV (4,0,N), (p,v,9) € P x O x A
and
F((u v, ) (£:5,9) = (Aup+ Biv, fa- + (Aev + B3y, s)e-
+(Bip+ Bav,g)ar YV (,v,0) €D x O x AL

(4.7)

LEMMA 4.2. Let the assumptions (3.3) and (3.5) hold. Then, the bilinear form
B(-,-) is symmetric and continuous on (& x O x A) x (P x © x A) and the linear
functional F(-) is continuous on (® x © x A). Moreover, the bilinear form B(:,-) is
coercive on (P x O x A), i.e.,

B((¢.0,1),(6,0,) = C(I0]lz + 1015 + INR) V(6,0.0) € 2 xOx A, (4.8)

Proof. The symmetry and continuity of the form B(-,-) and the continuity of the
form F'(-) are clear. From (4.6), we have that

Clearly, for any (¢,0,A) € ® x © x A, there exists (f,s,g) € ®* x ©* x A* such that
(4,0, ) is a solution of (4.1). This observation and Proposition 4.1 then yield that

6112 + 1012 + [INI1Z < C(IIf] i)
= O (| Arp + BiA| 2.+ B1o + Bof)

2+ lIsle- + llgl

3 + [ A20 + B3|

3-) (4.10)

YV (4,0,\) € dx O xA.
14



Combining (4.9) and (4.10) then easily yields (4.8). O
REMARK 4.3. Since

= B((¢’67 )‘)7 (¢7 07 )‘)) y

the coercivity and continuity of the bilinear form B(-,-) are equivalent to stating
that the functional IC(¢, 8, A; 0,0, 0) is norm-equivalent, i.e., that there exist constants
v1 > 0 and 2 > 0 such that

nllelld + 10115 + M) < K(0,6,2;0,0,0) < v2([lollF + 0N + IAIR)  (4.11)

for all (¢,0,A) € @ x © x A.

PROPOSITION 4.4. Let the assumptions (3.3) and (3.5) hold. Then, for any
(f,s,9) € ®* x O x A*, the problem (4.5) has a unique solution (¢,0,\) € & x © x A.
Moreover, this solution coincides with the solution of the problems (4.1) and (4.4) and
satisfies the estimate (4.2).

Proof. The results follow from Lemma 4.2 and the Lax-Milgram lemma. O

We define a finite element discretization of (4.1) or, equivalently, of (4.5), by
choosing conforming finite element subspaces ®* ¢ ®, ©" C ©, and A" C A and then
requiring that (¢, 0", \*) € " x ©" x A" satisfy

B((¢", 0", \M), (uh, v 9h)) = F((u", v, 9"); (f, s, 9))
Y (uh, v ) € o x 7 x AP

2
A*

2.+ ||B1¢ + Bo)|

(4.12)

Note that (4", 6" \") can also be characterized as the solution of the problem

i K (", 0" A" .
(¢h’gh’)\h§r€l}£bx@hx/\h ((b LR ,f,s,g)

PROPOSITION 4.5. Let the assumptions (3.3) and (3.5) hold. Then, for any
(f,h,g) € ®* x ©* x A*, the problem (4.12) has a unique solution (¢",0" \") €
®" x O" x A", Moreover, we have the optimal error estimate

¢ — ¢"lo + 16 — 6" lo + [|A — A||a

. “h . nh . Nh (413)
<o _inf o—d"o+ inf [I6-8"o+ inf |Ix=3"],),
phedh ohcoh A eAR

where (¢,0, ) € ® x O x A is the unique solution of the problem (4.5), or equivalently,
of the problems (4.1) or (4.4).

Proof. The results follow from Lemma 4.2 and standard finite element analyses.
0

4.2. A least-squares finite element method for the optimality system.
The results of §4.1 easily specialize to the optimality system (3.19). Indeed, letting
f=Aped C P and s =0, we have that (4.1) reduces to (3.19). We now have
the least-squares functional,

K(6,0,%:6.9) = | A16+BiA—A16l[3. + ]| A0+ B A3 +1|B1g+Baf— g3, (4.14)

the minimization problem

. 9 4.1
(¢79,>\§r€l£1>n><®xAIC(¢’0’/\v¢7g) ) ( 5)
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the first-order necessary conditions

B((8,0,)), (n,v,9)) = F((1,v,9); (A16,0,9)) ¥ (v,0) €D x O x A, (4.16)

where B(-,-) and F(-) are defined as in (4.6) and (4.7), respectively.

We define a finite element discretization of (4.16) by again choosing conforming
finite element subspaces ®" c ®, ©" ¢ O, and A" C A and then requiring that
(¢, 0" \P) € " x O" x AP satisfy

B((¢h7 gh, )‘h)v (:U/hv Vha’l/}h)) = F((/u’ha Vh7¢h); (Al(ga 0,9))
Y (ul, v ) € o x OF x AP

(4.17)

Then, Proposition 4.5 takes the following form.

THEOREM 4.6. Let the assumptions (3.3) and (3.5) hold. Then, for any (57 g) €
®* x A*, the problem (4.17) has a unique solution (¢ 0" \") € ®h x " x A",
Moreover, we have the optimal error estimate: there exists a constant C' > 0 whose
value is independent of h, such that

¢ — ¢"lo + 16 — 6" lo + [|A — A||a

. “h . ah . Yh (418)
<c(_inf o-d"lo+ inf [o-8"o+ inf |Ix=X"|,),
pheoh oheon AReAR

where (¢,0,\) € PxO XA is the unique solution of the problem (4.16) or, equivalently,
of the problems (3.19) or (3.18). Note also that (¢,0) € ® x O is the unique solution
of the problem (3.6).

REMARK 4.7. The discrete problem (4.17) is equivalent to the linear algebraic
system

K, Cf cf é f
C, K, C¥ 6 |=|n (4.19)
C, C3 Kj X g

Indeed, if one chooses bases {u?(x) 3—’:1, {vh(x)}E_,, and {¢}(x)}L, for @3, O,
and Ay, respectively, we then have ¢" = ijl (bju?, oh = Zszl Opult, and N\ =
SO, Al for some sets of coefficients {¢; 71, {0k} iy, and {\¢}{_, that are deter-

mined by solving (4.19). In (4.19), we have that ¢ = (¢1,...,¢,)7, 0 = (64,...,0%)7,
16



X=(\1,. )7,
Al,U/wAllj'j)@* +(Bl,U/i,Bll’(‘j)A* for 27,7: 17"'7Ja
= (Agv;, A1vg)er + (Bavi, Bavg) A fori,k=1,...,K,

Blwia Bikz/)é)@* + (32%‘, BQwZ)@* for Z7£ = 17 e 7L7

(

(

(Ks),, = (

(C i = (Bavi, Bipi)a- fori=1,....,K,j=1,...,J,
(Cy i = (Biti, A1) e fori=1,...,L, j=1,...,J,
(Cs),,. = (B3, Asvi)e- fori=1,....,L,k=1,...,K,
(fA)Z (A1pi, A1)a- + (Bipi, 9)a- fori=1,...,J,

(H)z (Bavi, g)a fori=1,...,K,

(&), = (Biti, Ard)e- fori=1,...,L.

REMARK 4.8. It easily follows from Lemma 4.2 that the coefficient matrix of
(4.19) is symmetric and positive definite. This should be compared to the linear system
(3.24) that results from a Galerkin finite element discretization of the optimality
system (3.18) for which the coefficient matrix is symmetric and indefinite.

REMARK 4.9. The stability of the discrete problem (4.17), the convergence and
optimal accuracy of the approximate solution (¢", 6" A"), and the symmetry and
positive definiteness of the discrete system (4.19) obtained by the least-squares fi-
nite element method follow from the assumptions (3.3) and (3.5) that guarantee the
well posedness of the infinite-dimensional optimization problem (3.6) and its corre-
sponding optimality system (3.18). It is important to note that all of these desirable
properties of the least-squares finite element method do not require that the bilinear
form by (-,-) and the finite element spaces ®" and A" satisfy the inner (see Remark
3.6) inf-sup conditions (3.22) that are necessary for the well posedness of the Galerkin
finite element discretization (3.20) of the optimality system (3.18). In fact, this is why
least-squares finite element methods are often an attractive alternative to Galerkin
discretizations; see, e.g., [6].

REMARK 4.10. The observations made in Remark 3.9 about the possible need to
uncouple the equations in (3.24) hold as well for the linear system (4.19). Uncoupling
approaches for (3.24) rely on the invertibility of the matrices B; and As; the first of
these is, in general, non-symmetric and indefinite, even when the necessary discrete
inf-sup conditions in (3.22) are satisfied. For (4.19), uncoupling strategies would rely
on the invertibility of the matrices Ky, Ko, and Ks; all three of these matrices are
symmetric and positive definite even when (3.22) is not satisfied. An example of a
simple uncoupling strategy is to apply a block-Gauss Seidel method to (4.19), which
would proceed as follows.

Start with initial guesses (Z( and 0 for the discretized state and

control; then, for k = 1,2, ..., successively solve the linear systems
Kg,\(kH) —g— <c2$(k) B Cgé(k)
6" =F 76" —cpx" (4.20)
[ A N S S S
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until satisfactory convergence is achieved, e.g., until some norm of

the difference between successive iterates is less than some prescribed

tolerance.
Since the coefficient matrix in (4.19) is symmetric and positive definite, this iteration
will converge. Moreover, all three coefficient matrices K3, K;, and Ky of the linear
systems in (4.20) are themselves symmetric and positive definite so that very efficient
solution methodologies, including parallel ones, can be applied for their solution. We
also note that, in order to obtain faster convergence rates, better uncoupling iterative
methods, e.g., over-relaxation schemes or a conjugate gradient method, can be applied
instead of the Gauss-Seidel iteration of (4.20).

REMARK 4.11. The discrete problem (4.17) (or equivalently, (4.19)) resulting

from the least-squares method for the optimality system (3.19) can be viewed as a
Galerkin discretization of the system

(A1A1 + B{B1)é + (B{Bo)6 + (AiB)A = (AiA)d+ (B)g i ®
(A3A5 + B3 Ba)f + (A3B3)A + (B3 B1)o = (B3)g ne (421

~

The first equation of this system is the sum of A} applied to the first equation of the
optimality system (3.19) and By applied to the third equation of that system. The
other equations of (4.21) are related to the equations of (3.19) in a similar manner.
The system (4.21) shows that the discrete system (4.19) essentially involves the dis-
cretization of “squares” of operators, e.g., A7 A1, BY By, etc. This observation has a
profound effect in how one chooses the form of the constraint equation in (3.6), i.e.,
the form of (3.16). We will return to this point in the next section when we consider
a concrete example.

5. Example: Optimization problems for the Stokes system. Let 2 denote
an open, bounded domain in R®, s = 2 or 3, with boundary I". Let u and p denote
the velocity and pressure fields, respectively, and let @ denote a distributed control.
Then, consider the Stokes system

{ —Au+Vp+60 =g
0

in €, u=0 onT, /de:O (5.1)
V-u = Q

and the functionals

1
Case It Ji(u,0) = 5/ |V x ul?dQ + g/ 6] dQ (5.2)
Q Q

1
Case I J(u, 0 1) 5/ \u—ﬁ|2dQ+g/ 012d92, (5.3)
Q Q

where g and U are given functions. We study the two problems of finding (u,p, 0)
that minimizes either the functional in (5.2) or (5.3), subject to the Stokes system
(5.1) being satisfied. In the first case, i.e., for the functional (5.2), the problem we
study is to find a distributed control function @ that minimizes, in the L?(£2) sense,
the vorticity over the flow domain €. In the second case, i.e., for the functional (5.3),
the problem we study is to find a distributed control function 8 such that flow velocity
u matches as well as possible, in the L2(f2) sense, a given velocity field 4.
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In Remark 4.11, it was noted that least-squares finite element methods for opti-
mization problems result in the “squaring” of the constraint operator, in this case,
of the Stokes system (5.1). This results in biharmonic type terms appearing in the
system corresponding to (4.21), or, equivalently, in (4.9). A conforming finite element
discretization would then require the use of continuously differentiable approximation
spaces. In order to overcome this impracticality, it has become a standard procedure
in least-squares finite element methods to write the state system in an equivalent
first-order formulation; see, e.g., [6], for a detailed discussion of this issue.

There are many ways to rewrite the Stokes system (5.1) as a first-order system of
partial differential equations. Here, we choose the velocity-vorticity-pressure formula-
tion that is the most commonly used system for this purpose. Let w = V xu denote the
vorticity. Then, using the well-known vector identity —Au=V xV xu—-V(V-u) =
V X w — V(V - u), the Stokes system (5.1) can be expressed as

VXw+Vp+0 =g

V-u =0 in Q, u=0 onT, /de:O. (5.4)
Q

Vxu—w =0

Note that the functional (5.2) can now be written as
1 2 o 2
Case I: Ji(w,0) == [ |w|Zd2+ = [ |6]°d2. (5.5)
2 Ja 2 Ja

Thus, the optimization problems we study are to find (u, w, p, @) that minimizes either
the functional in (5.3) or (5.5), subject to the Stokes system in the form (5.4) being
satisfied.

5.1. Precise statement of optimization problems. We recall the space
L?(Q) of all square integrable functions with norm || - |l and inner product (-,-),
the space L§(Q) = {q € L*(Q) : [, pdQ = 0}, the space H'(Q) = {v € L*(Q) : Vv €
[L2(Q)]°}, and the space HE(Q) = {v € H(Q) : v =0 on I'}. A norm for functions
v € HY(RQ) is given by [Jv]|1 = (||Vv||?>+||v]|2)!/2. The dual space of H} () is denoted
by H~1(Q). The corresponding spaces of vector-valued functions are denoted in bold
face, e.g., H'(Q) = [H*(Q)]* is the space of vector-valued functions each of whose
components belongs to H!(Q). We note the following equivalence of norms [16]:

CilIvIF < IV x VG +IV-vI§ < Callv} Vv eH(Q) (5.6)
for some constants 6'1 > 0 and 5’2 > 0.
Let ® = A = H{(Q) x L%(Q) x L(Q) and © = L%*(Q) so that &* = A* =
H1(Q) x L2(Q2) x L3(2) and ©* = L3(Q). Let ® = & = L2(Q) x L2(Q) x L3().
Then, ® C & = & = &* C &*. For ¢ = {u,w,p} € ¥, we define the norm

1/2
I¢lle = (lallf + llwll + lI2l15)

and likewise for the other product spaces.
We make the associations of

trial functions: ¢ ={u,w,p} € D, 6 ={6} €06, A={v,o,q} €A,
test functions: p={u,w,p} e, v=1{0} €0, v={v,o,7} €A,
data: g=1g,0,0} € A*, ¢={u,0,0} € ®.

19



We next define the bilinear forms

| (w,w) for CaseI _ =~ =
a1(¢,ﬂ)—{ (ﬁ7u) fOI' Case II V¢—{u,w,p}6<1>, /J“_{u7w7i)/}€q)a

ay(0,v) =6(0,8) VO={0}eO, v={0}eO,

bi(d,¥) = (W, VxV) = (p,V-V) +(Vxu—-w,e)—(V-ur)
Vo={ww,pled ¢v={v,0,7} €A,
ba(0,v) = (0,V) Vo={0}c0O, vy ={v,o, 7} €A.
For g € H1(Q2), we also define the linear functional
(9, V)an = (& VIH1my@ VY={v,o,T}€A.

The operators associated with the bilinear forms are then

0 00 I 00
A= 0 I 0 for Case I, Ai=1 0 0 O for Case 11,
0 0O 0 00
(5.7)
0 Vx V 1
Ay =01, Bi=[ Vx -1 0 |, Ba=| 0
-vV- 0 0 0

It is now easily seen that the functionals Ji(-,-) and Ja(-,-;-) defined in (5.5)
and (5.3), respectively, can be written in the form (3.2). Likewise, the Stokes system
(5.4) can be written in the form (3.4). Thus, the two optimization problems for the
Stokes system can both be written in the form (3.6), with J(-,-) being either J; (-, -)
or Ja(-,-) as appropriate. Thus, if the assumptions (3.3) and (3.5) can be verified
in the context of the two optimization problems for the Stokes system, then all the
results of §4 will apply to those systems.

PROPOSITION 5.1. Let the spaces ®, ®, O, and A and the bilinear forms a;(-,-),
as(+,+), b1(:, ), and by(-,-) be defined as in §5.1. Then, the assumptions (3.3) and
(3.5) are satisfied.

Proof. The four inequalities in (3.3) and the first two inequalities in (3.5) are
easily verified with C; =1, Cy =0, K3 =6, ¢; = 3, and ¢3 = 1. The third inequality
in (3.5) is verified if, for any ¢ = {u,w,p} € ¥, one can find a ¢ = {v, 7,7} € A such
that

b (6, 0) = (W, VX V)= (p,V-¥)+(Vxu—w,d)— (V- u,r)

~ 1/2 /)~ ~ o\ 1/2
> kil éllollvlla =k (lall + llwlid + IpI3) " (IF12 + &1 + [I713)

for some constant k; > 0. To this end, for any ¢ = {u,w,p} € D, let 1; ={v,o,7} €A
satisfy the system

VXV=uw, V-v=-—p, o=V xu, and r=-V-u
in Q. Clearly, from the last two equations, we have that

157115 + 17115 = IV < ullg + [V - ull§ < Caf|ul .
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Also, since v € H{(Q), we have from the first two equations and (5.6) that
Cil¥1I; < (IV > Vg + [V -%13) = (lwl§ + Ipl5) -
Combining the last two results yields that

~ ~ - 1 =
(IR + 1713 + I1713) < max {6,02} (Irall2 + ool + 11p113) -
1

Then, with ¢ = {u,w,p} € ¢ and U= {v,o,7} € A, we have that

bi(d, ) = llwll§+ Il + IV x ullf + V- ullf — (w,V x 1)
> lwll§ + llpll + 11V x ullg + IV - ullg = llwllol V x ullo
= glwld + Pl + 31V x ullg + IV - 3
>

Lmind1, Cu} (Jlufl2 + 1wl + Ip]3)

. = 1/2 1/2
min{1,C ~ ~ ~
> LG (jluflf + i+ Ipl3) (1915 + 1513 + I713)
= el jig)a)1d]a -

21/max{c~%1,52}
Thus, with k; = min{Lél}/ (21 /max{é,52}>, the third inequality in (3.5) is
1

verified. Note that k; depends only on the comparability constants in (5.6). O

REMARK 5.2. We have now verified the assumptions (3.3) and (3.5) for the two
optimization problems of finding (u,w,p,0) that minimizes either the functional in
(5.3) or (5.5), subject to the Stokes system in the form (5.4) being satisfied. Thus, all
the results of Sections 3.1 and 3.2 hold. In particular, with the associations already
defined between spaces, operators, etc., we could use the Lagrange multiplier rule to
characterize the solutions of the optimization problems as solutions of the optimality
system (3.19).

REMARK 5.3. We could apply, as in §3.3, a Galerkin finite element method for
determining approximate solutions of the optimality system (3.19). Such an approach,
unlike least-squares finite element discretizations, does not involve the “squaring”
of operators so that there is no need to transform the Stokes system (5.1) into an
equivalent first-order form as in (5.4); one would then also use the form (5.2) for the
functional J; instead of the from (5.5). We then would have ¢ = {u,p}, 0 = {0},
etc., and use, instead of the operators defined in (5.7), the operators

A = ( VOX 8 > for Case I, Ay = ( é 8 ) for Case II,

-A V 1
oo (2 T) me().

The assumptions (3.3) and (3.5) can also be verified for the bilinear forms associated
with these operators.

REMARK 5.4. Asnoted in §3.3, a Galerkin discretization of the optimality system
(3.19) using either of the forms (5.7) or (5.8) for the operators, requires that the
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assumptions in (3.22) hold. If one uses (5.8), one can easily show that the finite
element spaces for the velocity and pressure approximations have to satisfy the inf-
sup condition [12,13,16,17]

/th-vth
inf sup 9 > 5.9
pedise e o T (5:9)

for some constant v > 0. This condition guarantees the unique solvability of the
discrete Stokes sytem and restricts the choice of finite element spaces used for the
velocity and pressure approximations; see [12,13,17] for details. In particular, one
cannot use piecewise polynomial spaces of the same order and defined with respect to
the same grid for the velocity and pressure approximations. If one instead uses (5.7),
an even more onerous inf-sup condition is required of the finite element spaces for the
velocity, vorticity, and pressure.

REMARK 5.5. Note that (5.9) is a third level of inf-sup conditions that we have
encountered in our deliberations: (5.9) is necessary and sufficient to guarantee that
the inf-sup condition (3.22) holds; the latter is necessary and sufficient to guarantee
that the inf-sup condition (2.12) holds.

5.2. Least-squares finite element methods for the two optimization
problems. Using the associations of spaces and variables defined in §5.1 and the
operators defined in (5.7), it is easy to see that the least-squares funtional (4.14) is
given by, for the example problems we are considering,

K({u,w,p},0,{v,0,q};1,g)

=Vxo+Vg+o(a-a)2, +|Vxv-o+aw|i+]V-v|j

10)
+166 + v||2
HIVXxw+Vp+0—gl2, +[Vxu—-w|§+][V-ulj,
where
P 1 for Case I q 5o — 0 for Case 1
Y o0 for Case II an 2711 for Case II.
We also have the bilinear form
B({u,w,p},0,{v,0,¢}; {8,5,5}.,6,{¥,5,3})
= (V x o+ Vq+ du, V><5'+V§+52ﬁ) .
+<va—a+61w, \Y% x?—&+51&;) + (V-v, Vﬁ)
(5.11)

+(60+v,55+6)
+<wa+Vp+0,Vx&+Vﬁ+5)il
(

+ qu—w,Vxﬁ—c~u>+(V~u,V-ﬁ),
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where (-,+)_1 denotes the inner product in H(£2), and the linear functional

F({u,®,p},0,{v,5,3};4,8)

:(52ﬁ,VX&+Va+52ﬁ)_l+<g7vxa+vﬁ+5) (5.12)

Then, as in (4.16), we have that the unique minimizer of the least-squares functional
(5.10) can be characterized as being the solution of the problem: find {u,w,p} €
H{(Q) x L2(Q) x L(Q), 6 € L2(Q), and {v,o,q} € H}(Q) x L%(Q) x L3() such
that

B({u,w,p},0,{v,0,q};{0,&,p},6,{v,5,3}) = F({a,&,p},6,{v,5,3};4,g)
V{u,@,p} € H(Q) x L2(Q) x L2(), 6 € L2(9),

(¥,5,3} € HY(Q) x L2(Q) x L2(Q).
(5.13)

To define least-squares finite element approximations of the optimization prob-
lems, we first choose conforming finite element subspaces V* € H}(2), W" C L2(Q),
Sh c L3(2), and T" C L?(Q2). We the minimize the functional in (5.10) over the
subspaces, or equivalently, solve the problem: find {u”,w" p"} € V* x Wh x S
0" € T", and {vh o ¢"} € Vi x Wh x S" such that

~h
B({u" " p"}, 0" {vh o" ¢} {ah & 5,6, (W &, "))
~h
= F({a",&" "}, 0, (", 6", " };4, g
{ 10 . { JERTHEY) (514
~h
v{u",&" pth e Vh x Wh x §h 6 e Th,

6" g e Vi x Wh x §h

Proposition (5.1) and the results of §4 allow us to prove the following results.
THEOREM 5.6. Let ® = A = H}(Q) x L2(Q) x L3(Q2) and let © = L?(Q). Then,
i) the bilinear form B(-;-) defined in (5.11) is symmetric, continuous, and coercive
on {® x O x A} x {® x O x A}
Letd € L%(Q) and g € H1(Q) be given. Then,
it) the linear funcional F(-) defined in (5.12) is continuous on {® x © x A};
i11) the problem (5.13) has a unique solution ({u,w,p}, 6, {v,0,q}) €  x © x A.
Let VI c H}(Q), W Cc L2(Q), S* c LE(Q), and T" C L2(Q) and let & = A" =
VP x Wh x 8" and ©" = T". Then,
w) the discrete problem (5.13) has a unique solution ({u”,w" pi}, 8" {v o" ¢"}) €
Oh x OF x AP
v) we have the error estimate:
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lu ="y + |w = w"llo + lp = p"[lo + 16 — 8" [0

Hv = vl + llo = a[lo +llg — ¢"[lo

<C< inf lu—a";+ inf [w—a&"|o+ inf —pt
SN 51 e | llo 5hesh\|29 P"llo (5.15)
~h "
+ inf |00 [0+ inf |v—¥"|;
éhETh' Fhevh
+ inf |jo—&"|o+ inf - )
P | llo AL, llg —q"[lo

Proof. The results follow in a straightforward manner from Proposition 5.1 along
with Lemma 4.2, Proposition 4.4, and Theorem 4.6. O

REMARK 5.7. Following Remark 4.8, the discrete problem (5.13) is equivalent to
a linear algebraic system having a symmetric, positive definite coefficient matrix. In
the case of a Galerkin discritization of the optimality system, the coefficient matrix
is indefinite.

REMARK 5.8. Following Remark 4.9, the results in Theorem (5.6) about the
solution of the discrete problem (5.13) follow merely from the conformity of the finite
element subspaces, i.e., merely from the inclusions V* c H}(Q), W c L2(Q),
Sh c LE(Q), and T" C L2(Q2). In particular, unlike the case of Galerkin finite element
discretizations of the optimality system, they do not require that the finite element
spaces satisfy additional conditions such as (5.9); see Remark 5.4. In particular, in
(5.13), one can choose the same degree piecewise polynomials defined with respect to
the same grid for all variables.

REMARK 5.9. The discrete problem (5.13) is a rather formidable one in that it
involves many unknowns, i.e., 10 scalar fields in two dimensions and 17 scalar fields
in three dimensions. However, following Remark 4.10, the discrete problem (5.13)
can be efficiently uncoupled, more so than is the case for Galerkin finite element
discretizations of optimality systems.

REMARK 5.10. A practical Galerkin finite element discretization of the optimality
system can use a formulation in terms of the operators defined in (5.8) while the least-
squares based discretization employs a formulation in terms of the operators defined
in (5.7). Thus, the latter approach involves more unknowns compared to the former
that involves 8 scalar fields in two dimensions and 11 scalar fields in three dimensions.
This apparent disadvantage of the least-squares approach should be balanced against
the advantages discussed in Remarks 5.7, 5.8, and 5.9.

REMARK 5.11. Suppose one chooses continuous, piecewise polynomial finite ele-
ment spaces of degree r for the approximation of all variables; this is permissible for
least-squares finite element methods; see Remark 5.8. Suppose also that the solution of
the optimality system satisfies u € H™*1(Q)NH}(Q), w € H"(Q), p € H"(Q)NL3(Q),
0 cH(Q),ve HTY Q) NHLQ), o € H'(Q), and ¢ € H"(Q) N L3(Q). Then, the
error estimate (5.15) implies that

[u— "y +[lw — "o + Ip = P"[lo + 10 — 6"0 (5.16)
v = v+ llo = oo+ llg = ¢"[lo = O(R"),

where h is a measure of the grid size.

5.2.1. Circumventing the use of negative norms. The least-squares func-
tional (5.10) makes use of the H™1(£2) norm. As a result, both the bilinear from B(-; -)
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and the linear functional F(-) appearing in least-squares finite element discretization
(5.14) of the optimality system involve the H~!(€) inner product (-,-)_;. Computing
the H~1(£) inner product of two functions esentially requires the solution of a Poisson
problem, i.e., for two functions w,o € H~1(Q), we can write

(w7o),1:/wde7 where —Av=0 inQ) and v=0 onT.
Q

Having to solve a Poisson problem every time one has to evaluate the H~1(Q) inner
product of two functions renders impractical the implementation of (5.14).

There is substantial temptation to avoid the appearance of negative norms in
the least-square finite element formulation by simply replacing the negative norm in
(5.10) with the L2(£2) norm, i.e., to base a least-squares finite element method on the
functional

K({u,w,p},0,{v,0,q};1,g)
=[Vxo+Vg+ohu-0)|f+|Vxv—0c+swl|i+ V-3
+60 +v[[§+ VX w+Vp+0—glf+ IVxu—w|i+ ||V ulf

instead of the functional (5.10); note that now we would have to choose ® = A =
H}(Q) x HY(Q) x LE(Q). Doing this would indeed lead to a discrete problem in-
volving only easily implementable L?(Q2) inner products. However, in this case, the
norm-equivalence relation does not hold (see [6,7]) so that the resulting bilinear form
associated with the minimization of the functional K is not coercive. As a result, the
discrete problem will not have a (uniformly, as h — 0) positive definite coefficient
matrix and the least-squares finite element approximations may not be stable and
will certainly not be optimally accurate.

Another approach for avoiding the use of H~1(Q) inner products is to replace
the velocity-vorticity-pressure formulation (5.4) of the Stokes problem with another
first-order formulation whose residuals, when measured in L?(Q2) norms, do result in
a norm equivalent functional. Such formulations, involving additional unknowns and
redundant equations, were developed in [14,15]. For example, if we use the velocity-
velocity gradient-pressure formulation due to [14], we would employ the least-squares
functional

K({u,U,p},0,{v,V,q};1,g)
= V- V4 Vg+ohu—-0)3+ (V) =V + 8w+ V- v|3
60 +Vv[E+] ~ V- U+Vp+6—gl3+[(Vw)T — Ul + ||V -ul?

HIV(TV)§ + IV x VI[§ + [V (TrU)|[§ + [V x Ulfg ,

where (-)7 and Tr(-) denote the transpose and the trace of a tensor, and where the
components of w can be easily expressed as linear combinations of the off-diagonal
elements of the tensor U. Instead of the vorticity w = V X u and adjoint vorticity
o = V x v, the new variables introduced to effect the first-order formulation are
U = (Vu)? and V = (Vv)T. Also, now we have that ® = A = H}(Q) x Q x L3(9),
where Q = {V € [H'(©2)]° | Vxn = 0}. The equations whose residuals appear in the
last line of the definition of K are all redundant in the sense that they are all already
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implied by the other equations. Note that now we have even more unknowns than
that for the velocity-vorticity-pressure; e.g., in three dimensions, the least-squares
discrete problem resulting form minimizing the functional K would now involve 27
scalar fields. Furthermore, the addition of redundant equations requires more regular
data and solutions and preclude the use of the least-squares methodology in, e.g.,
non-convex polygonal domains.

A third and more practical approach to avoiding the use of H~1(Q) inner prod-
ucts, is to replace the functional (5.10) by the mesh-weighted functional

Izh({ua‘*hp}ae,{vvo-aq};ﬁa g)
=WV xo+Vg+hu-0)f+|Vxv—oc+swl|i+ V-3
+1660 + V]2 + M|V X w+Vp+0 —g|2+ ||V xu—w|?+ ||V ul?.

This approach is motivated by the finite element inverse inequality C|lw”(|o < h™Y||w"||_;
which leads to the norm “equivalence” Chljw"|lo < [Jw"||-1 < ||w"|lo between the
H=1(Q) and L?(Q2) norms of finite element functions. One can then show, using the
analyses developed in [6], that one obtains an optimal convergence for the functional
Eh, even though this functional is not norm-equivalent. One possible drawback of
this approach is that the condition number of the resulting matrix may be too large
for the practical use of some iterative solution techniques.

Perhaps the most practical approach to avoiding the use of H~1(Q) inner products
is to replace the H~!() norm terms in the functional (5.10) by more sophisticated
“equivalent” discrete norms that involve only L?(2) norms. Such ideas have been
widely used in the least-squares finite element literature; see, e.g., [4,10,11]. As noted
above, the computation of negative norms requires inversion of a Laplacian operator
(with zero boundary conditions). It was shown in [10] that for finite element functions,
it is equivalent to use the discrete minus one inner product

(Wh, oMy = (L" + hQI)wh,oh)O )

where L" is a discrete inverse Laplace operator (with zero boundary conditions) that is
spectrally equivalent to inverse Laplace operator itself. In practice, the computation of
L"w" for any finite element function w” is often implemented by using a few multigrid
cycles which makes its computation very efficient. The application of this approach
in our context results in the minimization of the functional

Kn({u", ", ph}, 0" {v" o" ¢"}: 4, g)
=V xa" + V" +d(u" =)} + |V xv" =" + 5w |[§+ [V - v"3
+[160" + VI3 + |V x wh + Vph + 0" — g2 + ||V x u — WP + ||V - ut|2,

where [|w"||2 = ((L" 4+ h?I)w",w")o. Using the techniques of [4], it can be shown
that this functional leads to a practical least-squares finite element method yielding
positive definite coefficient matrices and an error estimate such as (5.16).

6. Conclusions. Optimization and control problems governed by PDEs are
most often solved by Lagrange multiplier techniques which lead to variational equa-
tions consisting of the state system, an adjoint-state system, and optimality condi-
tions. Galerkin discretization of these equations results in discrete problems that are
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not only formidable in size but are indefinite as well, which makes their iterative
solution difficult.

In this paper we formulated a new approach for the finite element discretization of
the optimality system, based on the application of least-squares principles. The main
advantage of this formulation is seen in the better possibilities that it affords for the
uncoupling of the discrete optimality equations and their efficient iterative solution.
Least-squares principles result in symmetric and positive definite algebraic systems.
Moreover, for the optimization and control problems considered in this paper, these
linear systems have a 3 x 3 block structure where the diagonal blocks themselves are
symmetric and positive definite. As an example of a simple, but convergent uncoupling
strategy, we considered a block-Gauss Seidel method. To illustrate the issues involved
in the formulation of effective and practical least-squares methods we considered two
optimization problems for the Stokes equations.
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