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Abstract

The approximate solution of optimization and control problems for systems governed by linear,
elliptic partial differential equations is considered. Such problems are most often solved using
methods based on the application of the Lagrange multiplier rule followed by discretization
through, e.g., a Galerkin finite element method. As an alternative, we show how least-squares
finite element methods can be used for this purpose. Penalty-based formulations, another ap-
proach widely used in other settings, have not enjoyed the same level of popularity in the
partial differential equation case perhaps because naively defined penalty-based methods can
have practical deficiencies. We use methodologies associated with modern least-squares finite
element methods to develop and analyze practical penalty methods for the approximate solution
of optimization problems for systems governed by linear, elliptic partial differential equations.
We develop an abstract theory for such problems; along the way, we introduce several methods
based on least-squares notions, and compare and constrast their properties.

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]. 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.
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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 opti-
mization and control problems constrained by partial differential equations are based on solving
optimality systems deduced from the application of the Lagrange multiplier rule. In these ap-
proaches, Galerkin weak forms of the partial differential equation constraints are used. In the finite
element method context, these Galerkin variational formulations are usually used as the basis for
defining discretizations; see, e.g., [14, 16, 19] for descriptions this approach. Another means for
solving the optimality system is to apply least-squares finite element methods; see [8] and also [20].

Instead of constraining the cost functional with a Galerkin weak form of the constraint equa-
tions, one can constrain with a least-squares minimization form of the constraints. This leads to
a different optimality system that has advantages over using the Galerkin form of the constraints.
This approach was considered in [9].

Penalty methods, which are another popular approach for finite-dimensional optimization prob-
lems, have not generated much interest for the infinite-dimensional problems which are of interest
here. In this paper, we will see why naively defined penalty methods may not be practical and
how, using methodologies developed in modern least-squares finite element methods, the penalty
approach can be rehabilitated to yield practical and efficient algorithms for optimal control prob-
lems. These algorithms enforce the partial differential equations constraints by using well-posed
least-squares functionals as penalty terms that are added to the original cost functional. This
type of penalty methods offers certain efficiency-related advantages compared to methods based
on the solution of the Lagrange multiplier optimality system either by Galerkin or least-squares
finite element methods. Least-squares/penalty methods have been considered, in concrete settings,
n [1,2,4,7,21].

The paper is organized as follows. In §2, we define an abstract, quadratic optimization and
control problem constrained by linear, elliptic partial differential equations. Then, in §3, we review
results about Galerkin and least-squares finite element methods for the approximate solution of
the constraint equations. In §4, we consider the use of the Lagrange multiplier rule for deriving an
optimality system whose solution is also a solution of the control problem; we also consider Galerkin
and least-squares finite element methods for finding approximate solutions of the optimality system.
In §§5 and 6, we define and analyze several penalty-based methods for the approximate solution of
the abstract control problem of §2. In §4, we begin by directly penalizing the cost functional of the
optimal control problem by the least-squares functional; in §6, we begin by constraining the cost
functional by the least-squares functional. The two approaches lead to different discrete systems.
Methods that result from the approach of §5, which is the more common way to define penalty
methods, are not as effective as those resulting from the approach of §6. In the former case, one has
methods that either require the satisfaction of discrete stability conditions or are prone to locking.
In the latter case, one can define a method that avoids both of these undesirable features. In §7,
we critically compare several theoretical properties of the methods; we then briefly discuss some
practical issues that also affect the choice of method.

2 The model optimization and control problem

We begin with four given Hilbert spaces 0, o, @ and ® along with their dual spaces denoted by
(-)*. We assume that & C ® C & with continuous embeddings and that ® acts as the pivot space
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for both the pairs {®*,®} and {®*,®} so that we not only have that ® C & C & C &* C &*, but
also

(¥, 0)gep = (¥, 0)g.5 = (1,0)5 VPP C® and VoedC D, (2.1)

where (-, ) § denotes the inner product on d. Next, we define the functional

T(6,0) = 506 5,6-8)+30(0,0) Voed0c0, 22

where ay(-,-) and as(-,-) are symmetric bilinear forms on ® x ® and © x O, respectively, and
¢ € ® is a 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 6 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 can consider
the less general situation of O itself being a Hilbert space. The second term in the functional (2.2)
can be interpreted as a penalty term! which limits the size of the control 6.
We make the following assumptions about the bilinear forms a;(-,-) and as(-,-):

a1(¢,p) < Chllolgluly Vo ped

asz(f,v) < CQHHHQHVH@ Vo, v f C] (23)
ai(p, o) > Voed

az(0,0) >K2||9||@ Vo eoO,

where C1, C5, and K5 are all positive constants.
Given another Hilbert space A, the additional bilinear forms b1(-,-) on ® x A and by(-,-) on
© x A, and the function g € A*, we define the constraint equation?

by ((]5,1/}) + b2(07¢) = <97¢>A*,A Vi € A. (24)
We make the following assumptions about the bilinear forms by (-, -) and ba(-, -):
b1(¢,¥) < cil|ollelllla Voed, Y eA
ba(6,4) é call0llel[¥lla VOeO, el
YEAYH0 W”
sup M >0 Vi e,
sed,o20 [0

where ¢, co, and k; are all positive constants.
We consider the optimal control problem

(¢70H)16i£><® j(@, 9) subject to bl(ﬁb, Q/)) + b2(97 ¢) = <97 ¢>A*,A Vi e A (26)

The following result is proved in, e.g., [8].

!The usage of the terminology “penalty term” in conjunction with the second term in (2.2) should not be confused
with the usage of that terminology below.

20One should view (2.3) as a Galerkin weak form of the given partial differential equation constraint, i.e., of the
operator constraint equation (2.9). In fact, one usually formulates the partial differential equation constraint in the
operator form (2.9) and then derives a (Galerkin) weak formulation of the form (2.4).
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Theorem 2.1. Let the assumptions (2.3) and (2.5) hold. Then, the optimal control problem (2.6)
has a unique solution (¢,0) € ® x ©.

It is instructive to rewrite the functional (2.2), the constraint (2.4), and the optimal control
problem (2.6) in operator notation. To this end, we note that the bilinear forms serve to define
operators

Alti\)—>$*, A21®—>®*, Bliq)—>A*,
Bi : A — &7, By :© — A*, B;:A— OF

through the relations

Q

1 ¢7/~‘) <A1¢7 > > \V/QS,/L € a;

(
(

as(0,v) = (As0, 1/)9* Vo, veO 2.7)
bi(9,9) = (Bio,¥)ara = (B, $oro VOE®, ¥ EA '
ba(,0) = (B2b,h)a-n = (B3, 0)er0  VOEO, el
Then, the functional (2.2) and the constraint (2.4) respectively take the forms
1 ~ ~ 1
J(6,0) = 5{A1(6 = 0),(6 = 0))5. 5 + 5(A20,0)0r0 VoD, 0€0 (2.8)
and
Bip+ B =g in A* (29)
and the optimal control problem (2.6) takes the form
min  J(¢,0) subject to Bigp+ Bsf =g in A*. (2.10)

(¢,0)€Px0O
Assumptions (2.3) and (2.5) imply that Ay, A2, By, Ba, B}, and Bj are bounded with

lA1llg_5- <C1,  |A2llo—er < Co || Billo—na <ci,

| B | a—a+ < c1, | B2llo—ax < c2, | B3| a—er < c2

and that the operator By is invertible with || By ||a«—ao < 1/ki. See [8] for details.

3 Galerkin and least-squares finite element methods for the con-
straint equations

The constraint equations are given by (2.9), or in equivalent variational form by (2.4). We consider
two finite element approaches for finding approximations of solutions of the constraint equations.
The first is a direct discretization of the weak formulation (2.4); the second is based on a reformu-
lation of the constraint equation into a least-square variational principle. Throughout this section,
we assume that not only the data function g € A* but also the control function § € © are given and
that we wish to determine the corresponding sate ¢ € ® satisfying (2.9), or, equivalently, (2.4). In
subsequent sections, we will again consider the optimization or control problem problem (2.6) or,
equivalently, (2.10), for which the control § € © as well as the state ¢ € ® are unknown.
For the constraint equation (2.4), we have the following well-known result; see [13,14, 16].

{thm3.2}
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{gfecon}
Proposition 3.1. Let the assumptions (2.5) hold. Then, given 0 € © and g € A*, (2.4) has a

unique solution ¢ € ®. Moreover, we have that

I¢lle < C(10llo + llglla-) -

Thus, we see that (2.5) are sufficient to guarantee that the constraint equation are solvable for a
state ¢ € ® for any control # € ©. Note that, in terms of operators, we have that ¢ = B~1(g— Ba#f).

3.1 Galerkin finite element methods for the constraint equations

{sec3.1}
We consider finite element discretizations of the constraint equation (2.4). To this end, we choose
(conforming) families of finite-dimensional subspaces ®" C ® and A" C A and then restrict (2.4)
to the subspaces, i.e., given § € © and g € A*, we seck ¢" € ®" that satisfies
bi(¢",4") +ba(60,0") = (9, 4" )a-n V" € A" (3.1) {gfecont}

It is well known (see, e.g., [13,14,16]) that in order to guarantee that (3.1) is stably solvable, it is
not enough to require that (2.5) hold; one must additionally assume that?

by (¢, "
sup PO s kgt ol e @t
GhEAR PYh£0 19" ]| A (3.2) {assiih}
h h .
sup b1(¢ 7¢ ) >0 V¢h6Ah,

sheon phzo 19"V

where k7 is a positive constant whose value is independent of h.

{thm3.5aa}
Proposition 3.2. Let the assumptions (2.5) and (3.2) hold. Then, for any 8 € © and g € A*,
(3.1) has a unique solution ¢" € ®". Moreover,
1¢"le < C(llglla- + [19llo) -
Furthermore, let ¢ € ® denote the unique solution of (2.4). Then,
I = ¢"llo < C inf o —p"|la. (3.3) {errin}
ule@h
If {¢; }5]:1 and { A\ }_, denotes bases for ®" and A", respectively. Then, the problem (3.1) is
equivalent to the matrix problem
B¢ =g, (3.4) {pls4h}

where cz; is the vector of coefficients for ¢", (B1)ij = b1(i, ;) = (Bi¢i, ¥j)a=.A, and (go)l. =

(g, Vi)a=n — b2(0,9;) = (9 — B2, i)a- a. The assumption (3.2) guarantee that B; is a square,
invertible matrix.

30ne of the main motivations for defining least-squares finite element methods for problems of the type (24) is
to develop discretization methods that do not require the imposition of the discrete stability conditions (3.2).



3.2 Least-squares finite element methods for the constraint equations

The constraint equations are given in variational form in (2.4) and in equivalent operator form in
(2.9). The may also be defined through a least-squares minimization problem. Let D : A — A* be
a self-adjoint, strongly coercive operator,? i.e., there exist constants ¢y > 0 and kg > 0 such that

(DX, )asa < calMalldlla and (DX X)asa > kal AR VA9 €A (3.7)
Note that then kq < ||D||a—a+ < cq and 1/cg < [|[D7Y|ax—n < 1/kq. Let>
K(¢:0,9) = (Bi¢+ Baf — g, D" (Bip+ Bab —g)) ., Vo €D, €0, g™ (3.8)
Given 6 € © and g € A*, consider the problem
inkK(¢;6,9). 3.9
min K (¢;6,9) (3.9)

Clearly, this problem is equivalent to (2.4) and (2.9), i.e., solutions of (3.9) are solutions of (2.4) or
(2.9) and conversely. The Euler-Lagrange equation corresponding to the problem (3.9) is given, in
variational form, by

by (¢, 1) = (G1, tar 0 — ba(0,p) V€D, (3.10)
where
bi(¢, 1) = (Bip, D™'B1g) . = (BiD'Big, )y, Y, pe® (3.11)
ba(6, ) = (Bi, D™'Bab) . = (BiD'Bofpi)y. ,  VOEO, ped (3.12)
and
g1 =BiD g c d*. (3.13)

As is shown in the following proposition, the bilinear forms by (-,-) and ba(-, ) are continuous and
the former is strongly coercive; see [8,9] for details.

Proposition 3.4. Assume that (2.5) and (3.7) hold. Then, the bilinear form bi(-,-) is symmetric
and there exist positive constants ¢1, ¢o, and k1 such that

bi(o,u) <@ldlollulle  Voue®
b0, 1) < Gllullellflle  VOEO, ped (3.14)
bi(¢,0) > ki|gl13 Voed.
“In the sequel, we will also use the induced bilinear form
d(A ) = (DA, )a=a VA €A. (35)

The following results are immediate.

Proposition 3.3. Assume that the operator D is symmetric and that (3.7) holds. Then, the bilinear form d(-,-) is
symmetric and

d\0) < calMallvlla YA €A and  dAA) > kM7 YAeEA. (3.6)
5The reason for the using D! and not simply D will become apparent in §5 when we discuss penalty methods.
SLet R: A — A* denote the Reisz operator, i.e., we have that if v = R\ and x = Rt for X\,% € A and v, x € A*,

then [|[A|[a = [[v]|a=, [[#]la = [[x|la+, and
(10, A\ =< Rip, X >a= A=< X, R0 >p= 2= (v, X)a~.

Then, if one chooses D = R, the functional (3.8) reduces to K(¢;0,9) = (Bi¢ + B20 — g, B1¢ + B20 — g)a= =
|Bi¢ + B26 — g||4+. Note that, in general, (3.8) can also be written as an inner product, i.e., K(¢;0,9) = (Bi¢ +
B20 — g, RD™'(B1¢ + B2 — g)) -
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Moreover, [|gi]lo~ < 7L[lglla+ and the problem (3.10), or equivalently (3.9), has a unique solution.

As an immediate consequence of Proposition 3.4, we have that the least-squares functional
(3.8) is norm equivalent in the following sense.

Corollary 3.1. Assume that (3.7) and the conditions on the bilinear form by(-,-) in (2.5) hold.
Then,

{lemma:pls1]

Fallols < K(¢30,0) = bi(¢,0) = (Bi6, D' Big),. , <@llg|s Yoed.  (3.15) {pls6}

For all 1 € ®, we can the rewrite (3.10) as (Byp, D™ (B1¢ + B2 — g)>A* A =0or (BfD™Y(B1¢ + Bab — g), )
0 so that, in operator form, we have that (3.10) is equivalent to

Bi¢+ B0 =G in (3.16) {pls5}

¢

where
Bi=BD'B :®— &, and By=B{D 'By:0 — ®*. (3.17) {plssa}

Note that (3.15) implies that the operator B = B;D7!B; in (3.16) is symmetric and coercive even
when the operator By in (2.9) is indefinite and/or non-symmetric; these observations, of course,
follow from the facts that the bilinear form b (-,-) is weakly coercive (see (2.5)) while the bilinear
form by (-, -) is strongly coercive (see (3.14)). It is also easy to see that (3.16) has the same solutions
as (2.9).

Discretization of (3.10), or equivalently of (3.16), is accomplished in the standard manner. One
chooses a subspace ®" C ® and then, given # € © and § € ®*, one solves the problem

(", 1) = (G, 1" o 0 — b2 (0, ) W € DM (3.18) {pls3n}
Then, (3.15) and the Lax-Milgram and Cea lemmas immediately imply the following results.

Proposition 3.5. Assume that (2.5) and (3.7) hold. Then, the problem (3.18) has a unique solution
and, if ¢ denotes the solution of the problem (3.10), or equivalently, of (3.16), there exists a constant
C > 0 whose value is independent of h, ¢, and ¢" such that

lp — ¢ < C inf ||¢p — "o .
phed

{prop:pls3}

Again, if {%}le denotes a basis for ®", then the problem (3.18) is equivalent to the matrix
problem

B =g, (3.19) {plsah}
where cz; is the vector of coefficients for ¢", (@1)”’ = 51(@,(253') = (El(ﬁi,(bj}@,@, and (Ag:'o)i =
(G1, biYare — ba(0, i) = (G1 — Bab, diyar o = (BiD g — BiD ' Babl, di)o- .

The following result follows easily from Proposition 3.4 and Corollary 3.1.

Corollary 3.2. Assume that (3.7) and the conditions on the bilinear form by(-,-) in (2.5) hold.
Then, the matriz By is symmetric positive definite and spectrally equivalent to the Gramm matrix

G, (G)ij = (¢4, 0j)a-

The main advantages of using a least-squares finite element method to solve the constraint
equation (2.9) are that the matrix By in (3.19) is symmetric and positive definite even when the
operator By in (2.9) is indefinite and/or non-symmetric, and that the conforming finite element
subspace ®" C @ is not subject to any additional discrete stability conditions such as (3.2).” In
incorporating the least-squares formalism into the optimization setting of §2, we want to preserve
these advantages.

{prop:pls3-]

"The direct, conforming Galerkin finite element discretization considered in §3.1 requires that that discrete stability
conditions be satisfied.



4 Solution of the optimization problem via Lagrange multipliers

For all {u,v,¥} € ® x © x A, we introduce the Lagrangian functional

L({p, v}, A{v}) = T{uv}) +b({p, v {1}) — (9, ¢)ax A

1 ~ ~ 1
= §a1(u - ¢7N - (b) + 5&2(1/, V) + bl(Mﬂb) + bQ(Vﬂ/}) - (971/1>A*,A .
Then, (2.6) is equivalent to the unconstrained optimization problem of finding saddle points
{$,0,\} € ® x © x A of the Lagrangian functional. These saddle points may be found by solving
the optimality system, i.e., the first-order necessary conditions

a1(¢, 1) + b N) = a1, p) Vueod
az(0,v) + ba(v,\) = 0 Vveo (4.1)
bl(qb)l/)) + b2(97¢) = <g7l/)>A*,A \V/¢ €A

The third equation in the optimality system (4.1) is simply the constraint equation. The first
equation is commonly referred to as the adjoint or co-state equation and the Lagrange multiplier
A is referred as the adjoint or co-state variable. The second equation in (4.1) is referred to as the
optimality condition since it is merely a statement that the gradient of the functional (-, ) defined
in (2.2) vanishes at the optimum.

The following result is proved in [8].

Theorem 4.1. Let the assumptions (2.3) and (2.5) hold. Then, the optimality system (4.1) has a
unique solution (¢,0,\) € ® x © x A. Moreover

Iélle + [16lle + [A1a < C(llgllax + 16ll5)

and (¢,0) € ® x © is the unique solution of the optimal control problem (2.6).

Using the operators introduced in (2.7), the optimality system (4.1) takes the form

A + BIA = Aip  in @
A + B = 0 in O (4.2)
Bip + Bof = g in A*.

In analogy to the discussion of §3 concerning the discretization of the constraint equation, we
consider Galerkin and least-squares finite element methods for finding approximate solutions of the
optimality system (4.1).

4.1 Galerkin finite element methods for the optimality system

We choose (conforming) finite dimensional subspaces ®"* ¢ ®, ©" ¢ ©, and A” C A and then
restrict (4.1) to the subspaces, i.e., we seek (¢", 0" \") € ®" x ©" x A" that satisfies

ar(¢", u") oL (A = ay(o, ) Vuh e oh
ag(0", V") +bhe (VN =0 vuh e ef (4.3)
bl (¢h7 Q/Jh) +b2(9h7 Q/Jh) = <g7 ¢h>A*,A v¢h € Ah .
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This is also the optimality system for the minimization of (2.2) over ®" x ©" subject to the
constraint by (¢, ¥") + ba (", 0") = (g, ") s« 5 for all Y € A", The assumptions (2.3) and (2.5)
are not sufficient to guarantee that the discrete optimality system (4.3) is solvable. Again, we must
assume that the discrete stability conditions (3.2) on the bilinear form b;(-,-) hold. In this case,
we have the following result which is again proved in [8].

Theorem 4.2. Let the assumptions (2.3), (2.5), and (3.2) hold. Then, the discrete optimality
system (4.3) has a unique solution (¢, 0% \*) € " x ©F x A" and moreover

16" le + 116" llo + IX"[[a < C(llglla- + 1 6ll5)

Furthermore, let (¢,0,\) € ® x © x A denote the unique solution of the optimality system (4.1),
or, equivalently, of the optimal control problem (2.6). Then,

lp — d"||la + |0 — 0o + [|X — N||a
(4.4)
. X . . . )
SC(ﬂ,}ggh”‘ﬁ—” o+ jof, 10— €l + inf A~ Is).

In the usual way, the discrete optimality system (4.3) is equivalent to a matrix problem. Let
{0; 3-]:1, {0x 35|, and {\,}M_ |, where J = dim(®"), K = dim(©"), and M = dim(A"), denote
chosen basis sets for ®", ©", and A", respectively. We then define the matrices

A1)y = ar(¢i, ¢;) fori,j=1,...,.J
A2)ke = az(b, 00) fork,4=1,....K
m) forj=1,....J,m=1,....M
Oy Am) fork=1,..., K, m=1,.... M
and the vectors . R
(£); = a1(9, ¢5) forj=1,...,J

{ (&)m = (9, Am) A=A form=1,...,M.

We then have that the problem (4.3) is equivalent to the matrix problem

Ay 0 BT b f
0 Ay Bj 6 |=|0 |, (4.5)
B, By 0 x g

where (Z), 5, and X are the vector of coefficients for ", 0", and N\, respectively.

Remark 4.1. The discrete optimality system (4.3) or its matrix equivalent (4.5), have the typical
saddle point structure. This remains true even if the state equations involve a strongly coercive
bilinear form b1 (-, -) so that the last two inequalities in (2.5) can be replaced by by (¢, ¢) > kil|¢[|%
for all ¢ € ®. If the assumptions (2.3) and (2.5) hold, then the stability and convergence properties
associated with solutions of (4.3) or (4.5) hold by merely by assuming that (3.2) holds for the
bilinear form by (-,-) and the spaces ®" and A". Thus, these properties depend 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 (3.2) does not hold, then (4.3) or its matrix equivalent (4.5) may
not be solvable, i.e., the coefficient matrix in (4.5) may not be invertible. In fact, the assumptions

{thm3.5}
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(3.2) imply that B is uniformly invertible. This, and the facts (which follow from (2.3)) that
the symmetric matrices A; and Ay are positive semi-definite and positive definite, respectively, is
enough to guarantee that the coefficient matrix in (4.5) is invertible. On the other hand, if (3.2)
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 (4.5). See [§]
for details.

Remark 4.2. Solving the discrete optimality system (4.3), or equivalently, the linear system (4.5),
is often a formidable task. If the constraint equations (2.4) are a system of partial differential
equations, then the last (block) row of (4.5) represents a Galerkin finite element discretization of
that system. The discrete adjoint equations, i.e., the first row in (4.5), are also a discretization of
a system of partial differential equations. Moreover, the dimension of the discrete adjoint vector X
is essentially the same as that of discrete state vector (Z Thus, (4.5) is at least twice the size (we
have yet to account for the discrete control variables in é) of the discrete system corresponding
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 (4.3), or equivalently, (4.5). See, e.g., [19], for a discussion of
several of these approaches. We note that these approaches rely on the invertibility of the matrices
B and A, properties that follow from (3.2) and (2.3), respectively.

4.2 Least-squares finite element methods for the optimality system

Even if the state equation (2.4) (or (2.9)) involves a symmetric, positive definite operator By, i.e.,
even if the bilinear form b;(-,-) is symmetric and strongly coercive, the discrete optimality system
(4.3) (or (4.5)) obtained through a Galerkin discretization is indefinite. For example, if B = —A
with zero boundary conditions, then By is a symmetric, positive definite matrix, but the coefficient
matrix in (4.5) 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 by (-, -)
is only weakly coercive, i.e., even if the operator Bj is merely invertible but 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. Practicality issues can be used to
select the “best” methods from among the many choices available. See, e.g., [5] 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.

4.2.1 A least-squares finite element method for a generalized optimality system

We start with the generalized form of the optimality system (4.2) written in operator form, i.e.,

Ao + BN = f in ®*
A0 + BiA = s in ©* (4.6)
Bi¢p + Bsf =g in A*,

where (f,s,g) € ®* x ©* x A* is a general data triple and (¢, 0, \) € ® x O x A is the corresponding
solution triple. In the same way that Theorem 4.1 is proved, we have the following result.
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Proposition 4.1. Let the assumptions (2.3) and (2.5) hold. Then, for any (f,s,g) € ®* x O* x A*,
the generalized optimality system (4.6) has a unique solution ($,0,\) € ® x © x A. Moreover,

1lle + 10e + IAlla < C(If e+ + lIslle- + llglla+) - (4.7)

A least-squares functional can be defined by summing the squares of the norms of the residuals
of the three equations in (4.6) to obtain

K(9,0,); f5,9) = [A1¢ + BiA = fllg- + [ As0 + B3A = sll&- + [ Bio+ Baf — g[[}. . (4.8)
Clearly, the unique solution of (4.6) is also the solution of the problem
(¢79’)§r€12pnx®xAlC(¢,9,)\;f,s,g). (4.9)
The first-order necessary conditions corresponding to (4.9) are easily found to be
B((¢.0,)), (n,v,9)) = F((w,v,9): (f,5,9)) V(1) € 2 xOxA, (4.10)
where
B((6,0,A), (v, %)) = (Arp+ By, A1 + BiA)a
+(Agv + B3, A0 + B3N e+ + (Bij + Bav, Bi¢ + Baf) z+ (4.11)
V(p,0,N), (n,v,9) €2 xO x A
and
F((,v,0); (f,5,9)) = (Arp =+ Bi, fax + (Agv + B31p, s)e- (41

+(Bip+ Bov,g)pa+ Y (u,v,10) € P x O X AL

The following result is proved in [8].

Lemma 4.1. Let the assumptions (2.3) and (2.5) hold. Then, the bilinear form B(-,-) is symmetric
and continuous on (® x © x A) x (& x © x A) and the linear functional F(-) is continuous on
(® x © x A). Moreover, the bilinear form B(-,-) is coercive on (® x © x A), i.e.,

B((6,0,),(¢,0,%) = C(I8ll5 + 1015 + [[AIX) Y (¢,0,%) € @ x O x A. (4.13)
Remark 4.3. Since
K(¢,0,2;0,0,0) = [[A16 + BiA3+ + [[A20 + B3N + [ B1¢ + B2
= B((¢,0,)),(4,0,)))

the coercivity and continuity of the bilinear form B(-, ) are equivalent to stating that the functional
K(¢,6,);0,0,0) is norm-equivalent, i.e., that there exist constants 3 > 0 and ~2 > 0 such that

n(l6l15 + 1015 + [MIR) < K(¢,6,;0,0,0) < v2(ll¢ll3 + 1016 + A7) (4.14)
for all (¢,0,)\) € & x © x A.

2
A*

The following results follow from Lemma 4.1 and the Lax-Milgram lemma.

Proposition 4.2. Let the assumptions (2.3) and (2.5) hold. Then, for any (f,s,g) € ®* x ©* x A*,
the problem (4.10) has a unique solution (¢,0,\) € ® x © x A. Moreover, this solution coincides
with the solution of the problems (4.6) and (4.9) and satisfies the estimate (4.7).
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We define a finite element discretization of (4.6) or, equivalently, of (4.10), by choosing conform-
ing finite element subspaces ®" C ®, ©" c ©, and A" C A and then requiring that (¢", 0" \") €
Ph x OF x A satisfy

B((¢", 0", A"), (u, ", 9h)) = F((uh, 0", ") (f,5,9))

(4.15)
Y (uh, R ph) € @ x F x AP

Note that (qﬁh, oh, )\h) can also be characterized as the solution of the problem

: h ph \h.
(¢h,9h7xl§2§x@mh’c(¢ NAPNS NN

The following result follow from Lemma 4.1 and standard finite element analyses.

Proposition 4.3. Let the assumptions (2.3) and (2.5) hold. Then, for any (f, h,g) € ®* x O* x A*,
the problem (4.15) has a unique solution (", 0", \") € ®" x @ x A", Moreover, we have the optimal
error estimate

16— "o + 16 — 0"[lo + IX = A"[la
(4.16)

<C( _inf [¢— 3o+ inf [I9— 0o+ inf |A—X"x),
phedh fhcoh AheAh

where (¢,0,\) € ® x © x A is the unique solution of the problem (4.10), or equivalently, of the
problems (4.6) or (4.9).

4.2.2 A least-squares finite element method for the optimality system

The results of §4.2.1 easily specialize to the optimality system (4.2). Indeed, letting f = A1<;A5 €
®* C ®* and s = 0, we have that (4.6) reduces to (4.2). We now have the least-squares functional,
K(6,0,%:6.9) = [ A1d + BIX = 4163 + [| 426 + BEA

2+ |Big+ Bof — gl3e.  (4.17)

the minimization problem

. K603 4.18
(¢767>\§relé>n><@></x (¢’ ’h ¢’ g) 9 ( )

the first-order necessary conditions

B((4,0,\), (n,v,9)) = F((,v,9); (A16,0,9)) ¥ (n,v,90) € & x O x A, (4.19)

where B(-,-) and F(-) are defined as in (4.11) and (4.12), respectively.
We define a finite element discretization of (4.19) by again choosing conforming finite element
subspaces ®" C ®, ©" ¢ ©, and A" C A and then requiring that (¢", 8", \*) € ®" x ©" x A" satisfy

B((¢", 07, \"), (v, oh)) = F (1", 0", 4"); (41,0, 9))

(4.20)
V (P, vt ) € dF x @7 x AP

Then, Proposition 4.3 takes the following form.
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Theorem 4.3. Let the assumptions (2.3) and (2.5) hold. Then, for any (QAS, g) € d* x A*, the
problem (4.20) has a unique solution (¢", 0", \*) € ®" x O x A". Moreover, we have the optimal
error estimate: there exists a constant C > 0 whose value is independent of h, such that

¢ = &"llo + 110 = 6"lle + A = A"l

(4.21)
<c( inf 16 - ¢hH<1>+ inf 0~ ohH@+ it A~ )\hHA>

where (¢,0,\) € ® x © x A is the unique solution of the problem (4.19) or, equivalently, of the
problems (4.2) or (4.1). Note also that (¢,0) € ® x © is the unique solution of the problem (2.6).

Remark 4.4. The discrete problem (4.20) is equivalent to the linear algebraic system

K, CT T é f
C: Ky Cf 6 |=| n (4.22)
C C3 Kz X g

Indeed, if one chooses bases {,uj( x)} 1 {vP(x)HE |, and {}(x)}_, for @4, Oy, and Ay, respec-
tively, we then have ¢" = 1¢juh oh = zgzl Hkuz, and \* = le )\51/1? for some sets of
coefficients {¢;}7 i1 {0p35 and {A}L_, that are determined by solving (4.22). In (4.22), we have
that ¢ = (¢1,...,6,)7, 0= (01,...,06)T, X=(A1,..., )7,

(Kl)i]— = (Arpi, Avpg)o + (Bupei, Bipej)as fori,j=1,...,J,

(Kg)ik = (Aqu;, A1vg)ox + (Bav;, Bavg )+ fori,k=1,..., K,

(Ks),, = (Biws, Bit)e- + (Baths, Batby)o-  for i, 0=1,...,L,

(Cl)zg (Bav;, B1jij) A+ fori=1,....K,j=1,...,J,
(Cz)w (Bitbi, A1vj) o fori=1,...,L,j=1,...,J,
(Cg)lk (B5vi, Asvy ) o+ fori=1,....L. k=1,... K,
(f), = (Avpti, A1d)a + (Bipi, g)a- fori=1,...,J,
(ﬁ)i:(BQVi,g)A* fori=1,..., K,

(8), = (B, A1) - fori=1,...,L.

Remark 4.5. It easily follows from Lemma 4.1 that the coefficient matrix of (4.22) is symmetric
and positive definite. This should be compared to the linear system (4.5) that results from a
Galerkin finite element discretization of the optimality system (4.1) for which the coefficient matrix
is symmetric and indefinite.

Remark 4.6. The stability of the discrete problem (4.20), the convergence and optimal accuracy
of the approximate solution (¢, 8" A"), and the symmetry and positive definiteness of the discrete
system (4.22) obtained by the least-squares finite element method follow from the assumptions (2.3)
and (2.5) that guarantee the well posedness of the infinite-dimensional optimization problem (2.6)
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and its corresponding optimality system (4.1). 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 b (-, -) and
the finite element spaces ®" and A" satisfy the discrete inf-sup conditions (3.2) that are necessary
for the well posedness of the Galerkin finite element discretization (4.3) of the optimality system
(4.1). In fact, this is why least-squares finite element methods are often an attractive alternative
to Galerkin discretizations; see, e.g., [5].

Remark 4.7. The observations made in Remark 4.2 about the possible need to uncouple the
equations in (4.5) hold as well for the linear system (4.22). Uncoupling approaches for (4.5) rely
on the invertibility of the matrices By and As; the first of these is, in general, non-symmetric and
indefinite, even when the necessary discrete inf-sup conditions in (3.2) are satisfied. For (4.22),
uncoupling strategies would rely on the invertibility of the matrices Ky, Ko, and Kjs; all three of
these matrices are symmetric and positive definite even when (3.2) is not satisfied. An example
of a simple uncoupling strategy is to apply a block-Gauss-Seidel method to (4.22), which would
proceed as follows.

-+(0 ~(0
Start with initial guesses ¢( ) and 9( ) for the discretized state and control; then, for

k=1,2,..., successively solve the linear systems
Kg/—\’(’fﬂ) 5 (c2$(k) B Cgé(k)
K¢ =F - crg” - cyx*Y (4.23)
K05 — g™ - ng(k—i-l)

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 (4.22) is symmetric and positive definite, this iteration will converge.
Moreover, all three coefficient matrices Ks, K;, and Ky of the linear systems in (4.23) 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 block Gauss-Seidel iteration of (4.23).

Remark 4.8. The discrete problem (4.20) (or equivalently, (4.22)) resulting from the least-squares
method for the optimality system (4.2) can be viewed as a Galerkin discretization of the system

(AjA1 + BiB1)¢ + (BfB2)0 + (A} BY)A = (A{A1)¢ + (Bf)g  in @
(A3As + B3B2)0 + (A5 B3\ + (B3 B1)¢ = (B3)g in © (4.24)

~

(BlBik + BQB;))\ + (B1A1)¢ + (B2A2)0 = (BlAl)qb in A.

The first equation of this system is the sum of A} applied to the first equation of the optimality
system (4.2) and Bj applied to the third equation of that system. The other equations of (4.24)
are related to the equations of (4.2) in a similar manner. The system (4.24) shows that the discrete
system (4.22) essentially involves the discretization of “squares” of operators, e.g., AJA;, Bj B,
etc. This observation has a profound effect in how one chooses the form of the constraint equation
in (2.6), i.e., the form of (2.9). In particular, practical considerations lead to the need to recast
a given partial differential equation system into an equivalent first-order form; see, e.g., [5,8], for
details.
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5 Methods based on direct penalization by the least-squares func-
tional

A straightforward way to use least-squares notions in the optimization setting of §2 is to enforce the
constraint equations (2.4), or equivalently (2.9), by penalizing the functional (2.2), or its equivalent
form (2.8), by the least-squares functional (3.8); see [7,21] for examples of the use of this approach
in concrete settings. Thus, instead of solving the constrained problem (2.6) or its equivalent form
(2.10), we solve the unconstrained problem

i (6,0), 5.1
(d),gggij ) (5.1)
where, for given gg € ® and g €N,
1
Te(¢,0) = T (6,6) + Z—EIC(¢;9,9) Vope® 6€0 (5.2)
so that 1 1
Te(,0) = §<A1(¢ —9),(¢ - ¢)>5*§ + 5(1429, 0)e+.0
1 _
5. (B16 + Bab — g, D! (Bigp+ Bab — 9)) . 5
1 ~ ~ 1
= 3016 = 6.6 = 9) + 7a2(0.6) (5.3)
1 ~ ~
5 (b1, @) + 22(0,6) + (0, 6))
1 - - _
—§(2<917¢><1>*,<1> +2(g2, 0o+ 0 — (9. D' g)axa) -
where®
c(,v) = (Bov,D7'Byb),. , =(BsD'Bsb,v)g., VO, €O (5.5)
and the function
g2 = B3D g c ©". (5.6)

The Euler-Lagrange equations corresponding to the minimization problem (5.1) are given by

0 (e 1) + By 1) + b6 1) = a1 (Bop) + (G )ars Vp€ D
€ € € (5.7)

1_ 1~ 1,
a2(977j) + EC(@,V) + Eb2(7/7 qbe) = €<927y>@*,® Yv € ©

8The following results about the bilinear form c(+,-) and the function g» are immediate.

Proposition 5.1. Assume that the operator D is symmetric and that (3.7) and the condition on the bilinear form
ba(-,-) in (2.5) hold. Then, the bilinear form c(-,-) is symmetric and, for some constant C. > 0,

c0,v) <C|felvlle VO,ve® and c(6,0) >0 VHecO. (5.4)

Moreover, [|gz]lex < £2[lglla~-

Associated with the bilinear form c(-,-) we have the operator C = B;D ' B, : @ — ©*, i.e., ¢(0,v) = (CO,V)ex0
for all 6,v € ©.
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or equivalently

( 1 _
<A1¢671u>$*7c/1§ + €<BIN>D I(qube + B296)>A*7A

- 1 B
= (A1, WG 5 T E<B1M7D 1g>A*7A Ve d

1 (5.8)
(A2be,v)or 0 + €<B2V7 D™ (Bi¢e + Bafe)) p- 5
{ = %<BQV,D_1Q>A*7A Yvreo.
For ¢. € ® and 6. € O, (3.7) guarantees that
eDX\e = B1¢pe + Babe — g in A* (5.9)

has a unique solutions Ac € A. Then, one easily sees that (5.7) or (5.8) can be expressed in the
equivalent form

a1 (e, 1) + bl A) = ai(o,p) Ve d
az(0e,v) + ba(v,A) = 0 Vv e® (5.10)

bl((b&w) + b2(057¢) - ed()‘&w) = <g7¢>A*7A Vw S A .

One recognizes the system (5.10) to be a regular perturbation of the system (4.1) that is the
Euler-Lagrange equations for the minimization problem (2.6) or its equivalent form (2.10).° The
following result is proved in, e.g., [8].

Concerning the penalized control problem (2.6), we have the following results.

Theorem 5.1. Let the assumptions (2.3), (2.5), and (3.7) hold. Then, for each 0 < e <1, (5.10)
or, equivalently, (5.8) and (5.9), or, equivalently, the penalized optimal control problem (5.1), has
a unique solution (pe, 0, A\e) € ® x O X A. Let (¢,0,\) € ® x © x A denote the unique solution of
the optimality system (4.2) or, equivalently, of the optimal control problem (2.6). Then, for some
constant C > 0 whose value is independent of e,

16 = ello + 116 — belle + 1N = Allw < Ce(llgllw- + [16]15)- (5.14)

9The systems (5.7), (5.8), and (5.10) can be respectively be expressed in equivalent operator form as

1~ 1~ ~ 1. N
(Al + EBl) ¢e + €B296 = A1¢+ 291 in ¢

. ) . (5.11)
(Az + —O) 0. + —B;d)e = —52 in ©F s
€ € €
1 * ~y—1 1 * y—1 i 1 * ~y—1 . *
A1 +=BiD'By )¢+ =BfD 'Bsb. = A1¢+ -BiD'g ind
€ € €
) ) ) (5.12)
<A2 + —BSD’le) 0.+ =B3D 'Bi¢p. = ~B;D g in ©*,
€ € €
and N
A1 + Bix = Aip in®
A0, + Bix = 0 in ©* (5.13)
Bi¢e + B2 — €eDX\ = g in A*.

Incidentally, we can now see why we use D™' in (3.8), i.e., so that in (5.13) D and not D~ appears.
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Proof.  Define the bilinear forms

a({¢79}7{:u'ay}) = al(gb,,u) +a2(97V) V{(b, 9}7{M7 V} €Edx0O

and

b({¢,0},{vb}) = b1(o, ) + b2(0,4))  V{¢,0} € 2 x O, ¢ €A.
Then, (4.2) and (5.10) can be respectively written as

{ a({$,0} {mv}) + b({mvh{A) = adp)  V{mr}edxO (5.15)
b({0,0},{v}) = (g¥Y)arn VP EA
and N
{ a({¢e, 0c}, {pv}) + b({p, v} Ar}) = alo,p)  V{prv}e®xO (5.16)
b({¢e,95}7 {w}) - Ed()‘eal/}) = (971/1>A*7A WZJ €A

Let the subspace Z be defined by

Z={{$,0} € ®x 0O | bi(p,¥) +ba(0,0) =0 V¢ € A}.

In operator notation, the elements {¢, 0} € Z C ® x O satisfy B1¢+ B26 = 0. Note that as a result
of (2.5), given any 6 € O, there exists a ¢y € ® satisfying

bi(dg,¥)) = —ba(6,9) Ve A and ku@s;—j\wu@ (5.17)

so that Z can be completely characterized by (¢g,0) € ® x O where, for arbitrary 6 € O, ¢y € P
satisfies (5.17).
In [8], it is shown that if (2.3) and (2.5) hold, then the subspace Z is closed and

(a({9,0},{n,v}) < Cal{9, 0} |oxell{n viexe V{¢,0} {n,v} €@ xO
b({9,0},{A}) < Coll{d, 0 laxoll{AHa  V{d,0} €@ x O, {A} €A
a({$,0},{¢,0}) 20  V{¢,0} € P x O
a({¢,60},{0.0}) = Kal{¢.6}3x0  V{0.0}€Z

(5.18)

b({p, v}, {A
sp  WmER I e v e,
\ {u,v}e®x0,{u,r}#{0,0} ”{M? V}H<1>><9

where C, = max{C1,Cs}, C, = max{ci,ca}, K, = %min{l, k—;}, and Kp = k.
€3
The results of the theorem then easily follow from well-known results about the systems (5.15)
and (5.16) whenever (5.18) holds; see, e.g., [8,10,13,14,16,18]. O

Now, let us return to the system (5.8) that can be written in more compact form as

Ac({¢e, 0ct {n, v}) = Ge({n, v}) V{ur} €@ x0O (5.19)
where, for all {¢, 0.}, {u, v} € ®x O,

A0.0), ) = @10, p) + 020,0) + (B + Bov, DN Bro+ Ba0)) ., (5:20)
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and

~ 1 _
gf({lu‘a V}) = al((by ,U,) + E<B1M + BQV7 D 1g>A*7A' (521) {p1528}
Concerning the bilinear form A (-, -) and the linear functional G.(-), we have the following results.
{lem9}
Lemma 5.1. Let the bilinear form Ac(-,-) be defined by (5.20) and let the linear functional Ge(-) be
defined by (5.21). Let the assumptions (2.3), (2.5), and (3.7) hold and let 0 < e < 1. Then, there
exist positive constants cq1, Cq2, Cq1, Cq2, and k, whose values do not depend on € such that for all
{¢,0}, {n, v} € 2 %0,
A{9,0} {1 v}) < (cat +-2) {6, 0} loxo {1 v}l oxe (5.22) {p1s29}
and
A{$,0},{6,0}) = kall {6, 0} 3 xe - (5:23)  {p1s30}
Furthermore,
~ c
Ge({v}) < (enl9llg + “Llglla ) a7} lloxe (5:24) {p1s333}

Proof.  Using (5.18), we have that
Ac({¢,0},{n,v})
1,
< Cal{9,0}lloxellin villoxe + —IID Hlax—allBig + Bab|a-

2
(o n C—) 16,0} oo | (1. 1 oo

so that (5.22) holds with ¢,; = C, = max{C},Cs2} and cu2 = % = M

The proof of (5.24) proceeds in a similar manner; one obtalns that g1 = Cp and cgo =

k—ld max{cy, ca}.

Next, suppose {¢, 0} € Z so that B1¢ + B0 = 0 and, by (5.17), [|¢[la < 72[|0]|le- Then,
Ac({9,0}.{0,0}) = a1(9, ) + a2(0,0) > a2(6,0) > K>|0|Ig

k3 5.25 1s31
> 5 (o + B1oi3) > 2w (1 B o viopez. O Y

Now, it is well known (see, e.g., [16]) that if (5.18) holds, then

sup  PUPOLADY 4116 0 owe ¥ {6,0} € 2.

wyeafvizfoy  [{¥}Ia
Then, since for all {¢,0} €  x O,

b({, 0}, {10}) = b1(d,9) + b2(0,%¢) = (B1¢ + B2, ) ax A ,

9The results of Lemma 5.1 provide and alternate means for proving, for any 0 < € < 1, that the system (5.8) has
a unique solution. Indeed, those results assert that the symmetric bilinear form A(-,-) is continuous and coercive
and that the linear functional G.(-) is continuous so that the existence and uniqueness of the solution of (5.19), or
equivalently, of (5.8) follows by the Lax-Milgram lemma. However, due to the ¢~' in the right-hand side of (5.22),
the results of Lemma 5.1 cannot be used to derive the estimate (5.14) for the solution of (5.8); this is done indirectly
by using the equivalence of (5.8) and (5.9) with (5.10).
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we have that

|B1p + Bob|[a= > k1| {¢,0}|oxe V{0, 0} € Z+

so that, using (5.18) and 0 < e < 1,
A({0,0},{0,0})
= 1(6,0) +ax(6.6) + (Bio -+ B, D™\ (Buop + Boh) .

_ k 5.26
> (B1¢ + Bo6, D 1(B1¢+B29)>A*’A > C—§\|Bl¢+B29|i* (5.26)
d
kqk?
> L {0 0)F  v{e.0) e 2
d
. . . . (Ko o k2 kgk? .
Since Z C ® x O is closed, we obtain (5.23) with k, = min {72 min{1, =}, =%+ } by combining
€3 €d

(5.25) and (5.26). O

As a result of the assumptions in (3.7) for the operator D, we see that (5.8) and (5.10) are
completely equivalent. One may then proceed to discretize either of these systems. It is important
to note that the two resulting discrete systems are not equivalent and can, in fact, have significantly
different properties.

5.1 Discretization of the regularized optimality system

We consider obtaining a discretization of (5.8) by first discretizing (5.10) and then eliminating the
Lagrange multiplier. Discretization can be effected by choosing conforming finite element spaces
d" ¢ &, ©" € ©, and A" C A and then restricting (5.10) to the subspaces to obtain

ar (¢, 1) + bt A = gty ke @
ag(0 ")+ bV A = 0 vl e oh (5.27)
bi(gl ") + b0l ") — edNWM) = (g M)aa VUM € AR
In the usual way, the discrete system (5.33) is (zquivalent to a matrix problem. In addition to
to the matrices Ay, As, By, and Bs and the vectors f and g defined in §4.1, we define the matrix D

by
(D)ij = d(Am, Ap) form,n=1,..., M.

Then, the discrete regularized problem (5.27) is equivalent to the linear system

Ay 0 BT b. f
0 Ay BI 6. |=1| 0 (5.28)
Bl Bg —eD Xe g

It is now easy to see how one can eliminate Xe from (5.28), or equivalently, A\* from (5.27).
Indeed, (3.6) implies that D is symmetric and positive definite, and therefore invertible. Then, one
easily deduces from (5.28) that

1 - 1 |
(Al + EIB%{]D*IBH) o + EB{D—%OE =f+ EB{D—lg
(5.29)
1 ~ 1 -1
<A2 + EIB%2T ]D‘118%2> 6. + EBgD_llBalqu - Eﬁgm—lg.
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Note that (5.29) only involves the approximations ¢! € ®" and #* € ©" of the state variable ¢ € ®
and the control variable § € ©, respectively, and does not involve the approximation )\? e Uh of
the adjoint variable A\ € W. Once (5.29) is used to determine (756 and 6., X. may be determined
from the last equation in (5.28).

Now, consider what is required to guarantee that the coefficient matrix of the linear system
(5.28) or, equivalently, of (5.29) is stably invertible as either or both the grid size h and the penalty
parameter € tend to zero. It is not difficult to show, based on the assumptions (2.3), (2.5), and (3.6)
that we have made about the bilinear forms appearing in (5.27), that a necessary and sufficient
condition for the stable invertibility of (5.28) or (5.29) is that the matrix By be stably invertible.
We have already seen in §3.1 that this guarantee can be made if and only if the subspaces ®" and
A" satisfy (3.2), i.e., the same requirement needed to insure that the Galerkin discretization (4.3)
of the unperturbed optimality system is stably invertible; see §4.1. In other words, despite the fact
that

(5.10) is equivalent to enforcing the constraint (2.9) by penalizing the functional (2.8)
by the well-posed least-squares functional (3.8)

and despite the fact that

given a control @, stable approximations of the state ¢ may be obtained by minimizing
the least-squares functional (3.8) without having to assume that the discrete spaces ®"
and A" satisfy (3.2),

the stable solution of (5.27), or equivalently (5.28) or (5.29), requires that (3.2) is satisfied. Thus,
one of the main advantages of using least-squares finite element methods, i.e., being able to cir-
cumvent (3.2), is lost.!!

The following error estimate is easily derived using well-known techniques.

Theorem 5.2. Let (2.3), (2.5), (3.7), and (3.2) hold. Then, (5.27), or equivalently (5.29), has a
unique solution ¢f' € ®" and O* € O". Moreover, if ¢ € ® and § € © denotes the unique solution of
the optimization problem (2.6) or equivalently, of (5.8), or equivalently, of (5.10), then there exist
a constant C' > 0 whose value is independent of € and h such that

6= 6tllo + 16— 62110 + 1A — Mlla < Ce (Jglla- + 13l5)
_ _ N (5.30)
+C(_inf g~ "o+ inf |6 —8"lo+ _inf [Ac—X"]x).

phedh oheoh AheAh
Proof.  Standard finite element analyses [10, 13,14, 16] yield, for the pair of systems (5.10) and
(5.27), that ||pc — ¢!|lo + |0 — 07]|e + | Ac — AP||a is bounded by the second term on the right-hand
side of (5.30). Then, (5.14) and the triangle inequality yields (5.30). O

Our discussion serves to point out an important observation about penalty methods, namely
that they are not stabilization methods, i.e., penalty methods do not circumvent the discrete
conditions (3.2).!2 Penalty methods are properly viewed as being methods for facilitating the

" Although discretizations of (4.2) and (5.10) both require the imposition of (3.2) on the finite element spaces ®"
and A", using the system (5.28) still has some advantages. Foremost among these is that one can reduce the number
of variables by eliminating X. from (5.28) to obtain (5.29). Furthermore, as long as (3.2) is satisfied, the system
(5.29) is symmetric and positive definite while (5.28) is symmetric but indefinite as is, of course, (4.5).

2The fact that discretizations of (4.2) and (5.10) both require the imposition of (3.2) should not be surprising,
given that the latter is a regular perturbation of the former.
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solution of (4.1) or (4.5). Since here we are primarily interested in retaining the advantage that
least-squares finite element methods provide for circumventing conditions such as (3.2), we do
not consider discretizations of (5.10) as the best way to incorporate least-square notions into the
optimization problems we are considering.

It is usually the case that the approximation-theoretic terms on the right-hand side of (5.30)
satisfy inequalities of the type

inf ¢e — "l < Ch®  and  _inf |6 —6"|je < ChP, (5.31)
d>h€q>h ghe@h

where o > 0 and 8 > 0 depend on the degree of the polynomials used for the spaces ®" and ©"
and the regularity of the solution ¢ and 6. of (5.10), or equivalently, of (5.8). Then, (5.30) implies
that

6 — ¢ llo + 10 — 6" |o < c<e+ha+hﬁ). (5.32)

5.2 Discretization of the eliminated system

Instead of discretizing (5.10) and then eliminating the approximation of the Lagrange multiplier
to obtain (5.29), one can directly discretize the eliminated system (5.8) or, equivalently, minimize
the functional J.(-,-) over (¢",0") € ®" x ©". Choosing approximating subspaces ®" C & and
©" C O, the discrete problem is then given by

1 _
ar (¢, ") + E<B1Mh7 DN (B¢ + Bab?)) .

~ 1 _
:a1(¢,uh)+z<Bl/Lh,D 1g>A*,A V/LhE o

(5.33)
as (07,01 + %(Bgyh, D™ (Big] + Bof!)) 5. o
_ %<32Vh,y—lg>A*7A Vil e oh,
This system can be written in the more compact form
Al 00y At ")) = Ge({u" ") vty e ot xoh, (5.34)

where the bilinear form A.(-,-) and linear functional G,(-) are defined in (5.20) and (5.21), respec-
tively.'?

Theorem 5.3. Let (2.3), (2.5), and (3.7) hold. Then, for 0 < e <1, (5.33), or equivalently, (5.34)
has a unique solution QS? € ®" and 9? € ©". Moreover, if p € ® and 0§ € © denotes the unique
solution of the optimization problem (2.6) or equivalently, of (5.8), or equivalently, of (5.10), then
there exist a constant C' > 0 whose value is independent of € and h such that

16— 62lla + 116 — 62lle < Ce (lglla- +11315)

1 . oY . il
+C(1+ ) (Linf o= "o+ _int 6.~ 0"]o).
€/ \ ghegph oheon

!3The results of Theorem 5.3 do not require that the discrete inf-sup conditions (3.2) holds.
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Proof.  Because of Lemma 5.1, the existence and uniqueness of the solution of (5.34) follow from
the Lax-Milgram lemma. Moreover, standard finite element analyses for the problem (5.19) and
its discretization (5.34) yield that

1 . ~ . 3
l6e = o2lle + 10— 8o < C(1+ =) (_inf lloc— "o+ _inf |I6c—"]o)-
€ phcOh

$h€¢.h
Then, (5.14) and the triangle inequality yields (5.35). O
In the usual way, the discrete system (5.33) is equivalent to a matrix problem. Let {(bj}}']:l

and {0 }5_|, where J = dim(®") and K = dim(©"), denote the chosen basis sets for " and ©",

respectively. In addition to the matrices A, As, and B; and the vectors f and é defined previously,
we define the matrices

(Bo)ji = a6y, ;) = <Bgek,D—1Bl¢j>A*7A fork=1,....,K,j=1,...,J
((C)kg = C(@k,eg) = <Bg€k,D_1Bgeg>A* A fork,t=1,....K

and the vectors
(€1)i = (91, Pi)o 0 = <B1¢i,D_1g>A*7A fork=1,...,K
(82)k = (92, 0k)ov0 = <B29k’D_1g>A*,A fork=1,...,K.

Then, (5.33) is equivalent to the matrix problem
1

1~
A+ -By -
€ €
1

€

B\ /3
1 . , (5.36)
Bg AQ + E(C 06

where (ZE and 6, are the vectors of coefficients for @ and 6%, respectively.

It is clear that (5.29) and (5.36) are different, i.e., the discretize-then-eliminate approach yields
a discrete system that is not equivalent to the system obtained by the eliminate-then-discretize
approach, despite the fact that their respective parent continuous systems (5.10) and (5.8) are
equivalent. In other words, elimination and discretization steps do not commute!

Note that (5.36) is determined without the need for choosing a subspace A" for the approxi-
mation of the Lagrange multiplier. As a result, unlike what is the case for (5.29), for a fixed value
of €, the stable invertibility of the system (5.36) does not require the state approximation space ®"
to satisfy (3.2). In fact, because of (5.22) and (5.23), for a fixed value of €, the coefficient matrix
in (5.36) is uniformly (with respect to h) positive definite for any choices for ®" and ©".

The approximation-theoretic terms on the right-hand side of (5.35) satisfy inequalities of the
type (5.31). Then, (5.35) implies that

a8
heth > (5.37)

IW—¢H¢+W—0H9§C<9%

where the value of C' > 0 is independent of h and e. The estimate (5.37) shows that nothing bad
happens as h — 0 for fixed e. In fact, as h — 0, the error in ¢ and 6" is of order e which is the
best one can hope for for a fixed value of e. However, (5.37) suggests that something bad may'*

HSince (5.37) only provides an upper bound for the error, it does not with certainty predict what happens as
e — 0.
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happen as € — 0. In fact, this effect is well known as locking and indeed does happen for at least
some choices of ®"; see, e.g., [10] for a discussion of locking phenomena. Thus, to be safe, (5.37)
suggests that as € — 0, h should be chosen to depend on ¢ in such a way that the right-hand side
tends to zero as € and h tend to zero. For example, if 3 > «, as is often the case, then to equilibrate
the two terms in the right-hand side of (5.37), we choose h = €*/® so that

|6 — @!lle + 1|10 — 0%]je < Ce = Ch2.

In this case, convergence is guaranteed for any choice for ®* and ©”, but the rate of convergence
(with respect to h) may be suboptimal. This should be compared to the results for the discretization
of the regularized optimality system (see (5.32)) for which optimal rates of convergence with respect
to h are obtained and locking does not occur. Of course, the estimate (5.32) requires that the finite
element spaces satisfy the discrete stability conditions in (3.2), while the estimate (5.37) holds
without the need to impose those stability conditions.

6 Methods based on constraining by the least-squares functional

Another means of incorporating least-squares notions into a solution method for the constrained
optimization problem of §2 is to solve, instead of (2.6) or its equivalent form (2.10), the bilevel
minimization problem

(¢7(£1€igxe J(9,0) subject to glelg K(#;0,9). (6.1)

From (3.16), one sees that this is equivalent to the problem

i .0 bject t Bip+ B =7 in ®*. 6.2
(¢7£1€1£X®j(¢ ) subject to 19+ B =g in (6.2)

The Euler-Lagrange equations corresponding to the minimization problem (6.2) are given by

A + Biu = Aip  in®*
A + Bip = 0 in O (6.3)
§1¢ + EQQ = 0 in &%,

where 1 € @ is the Lagrange multiplier introduced to enforce the constraint in (6.2).

The problem (6.2) should be contrasted with the problem (2.10). Both (2.10) and (6.2) involve
the same functional J(-,-), but are constrained differently. As a result, the former leads to the
optimality system (4.2) while that latter leads to the optimality system (6.3). Although both
optimality systems are of saddle point type, their internal structures are significantly different. For
example, the operator B; that plays a central role in (4.2) may be non-symmetric and indefinte;
on the other hand, the operator By = BiD~'B; that plays the analogous role in (6.3) is always
symmetric and positive definite whenever the assumptions (2.5) and (3.7) hold.

Penalization can be used to facilitate the solution of the system (6.3) in just the same way
as (5.10) is related to (4.2). To this end, we let D : ® — ®* be a self-adjoint, strongly coercive
operator, i.e., there exist constants ¢ > 0 and k4 > 0 such that

(D)oo < Cllulleldlle  and  (Dp, p)ae > kallpl (6.4)

for all ¢, u € ®. Corresponding to the operator l~), we have the symmetric, coercive bilinear form

Cflv((bﬂu) = <ﬁ,u,¢>q>*7<1> V(bﬂu’ S q)
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We then consider the penalized functional
J($,0) = T(6,0) + (Bio+ Bof — G1, D" (Big + Babf — 1))
and the unconstrained optimization problem

S Te(¢,0) .

The Euler-Lagrange equations corresponding to this problem are given by
I~ 15 Il =13 ~ ol s
A1+ -=B1D" "By | ¢ + =B1D" "B = A1+ -B1D" g1 in®
€ € €
1~*~—1~ 1~*~—1~ 1~*~—1~ :
Ay + —BQD By | 0, + —B2D B¢ = —BzD g1 in ©*
€ € €

or
( Loin1p 5-1pe-1
A1+ -BD "B D" "BiD "B; | ¢
€

1 ~ ~ 1 ~
+-BiD'BiD'BiD™'Byf. = Ay¢ + -BfD'BiD"'BiD" g in ®*
€ €

1 ~
<A2 + —BSD‘lBlD‘leD‘lBg> 0.
€

1 ~ 1 ~
| +=B:D'BiD"'B{D"'Bi¢. = —-B;D'BiD'BiD™'g in ©*.
€ €

(6.6)

(6.7)

Letting p. = 5_1(§1¢6 + Bsf, — g1), it is easy to see that is (6.6) is equivalent to the following

regular perturbation of (6.3):

A1, + B = Ag i@
Asf. + Egue =0 in ©*
Bi¢e + Bob. — €eDpc = G in ®*.

(6.8)

The systems (6.6) and (6.8) are equivalent, but once again, their discretizations are not, even
if we use the same subspaces ®" C ® and ©" C © to discretize both systems. However, unlike
the situation for (5.10) and (4.2), now discretization of either (6.6) or (6.8) will result in matrix
systems (after elimination in the second case) that are uniformly (with respect to h) positive definite

without requiring that (3.2) holds.

6.1 Discretize-then-eliminate

Discretizing the equivalent weak formulation corresponding to (6.8) results in the matrix problem®®

Ay 0 B é. f
0 Ay @ép 6. | = o |.
BoR o) \A) \&
Y Discretization of the unperturbed system (6.3) yields the related discrete system
Ay 0 By é f
0 A BY 6 |=| 0
B: B. 0 m g,
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where the matrices A, Ao, El, and Eg and the vectors f and g, are as in (5.36) and the matrix D
corresponds to the bilinear form J(qﬁ, u) = <l~),u, ®)o+ o for ¢, ;1 € ®. The system (6.10) is symmetric
and indefinite, but it is uniformly (with respect to h) invertible without regard to (3.2). Indeed,
we have that the matrices By and Ag are symmetric and positive definite whenever (2.3), (2.5),
and (3.7) hold. This should be contrasted with the situation for (5.28) whose uniform invertibility
required that the discrete spaces satisfy (3.2).

The vector of coefficients (i, may be eliminated from (6.10) to yield

I~ ~ =\ 1s~ i~ = = 1~
(Al + —153111»—11531> ¢.+-BD B0, =f + -B, D 'g

€ € €

) ) . (6.11)
<A2 + —B§D—113%2> 6.+ -BID'Big, = -BiD g .

€ € €

Theorem 6.1. Let (2.3), (2.5), and (3.7) hold. Then, (6.10) has a unique solution ¢ € ®" and
6" € ©". Moreover, if p € ® and @ € © denotes the unique solution of the optimization problem
(2.6) or equivalently, of (5.8), or equivalently, of (5.10), then there exist a constant C' > 0 whose
value is independent of € and h such that

16— 62lle + 110 = 610 + 1 — 1l lle < Ce (llgla- +116l5)

_ - _ ~h _ . (6.12)
+C( _inf g~ "o+ _inf [0~ "llo + _inf e~ p"]a).
phedh ghceh phedh
Using (5.31), we have from (6.12) that
16— 6Llle + 116 — 62(le + ln — pllle < Cle+ h* + h?) (6.13)

so that if 8 > « and one chooses ¢ = h®, one obtains the optimal error estimate
¢ — oo + 116 = 62lle + [l — pllla < Ce=Ch™. (6.14)
Note that unlike for Theorem 5.2, the result (6.1) does not require that (3.2) is satisfied. Also,
unlike for Theorem 5.3, we get better convergence rates and locking cannot occur.
6.2 Eliminate-then-discretize

Alternately, one could discretize (6.6) to obtain

1 1 .
A+ -Kp Ky ?. f+-g
. € € ) = 1f : (6.15)
“Ki  Ay+-C O ~g,
€ € €

The matrices A; and Ay and the vector f are defined as before; we also have, in terms of the basis
vectors for ®" and ©", that

(K1)ij = (B1¢i, D' B1¢j)a+.0 = (BfD™'Bi¢;, D' B{ D' B16;) o+ o
(K2)jx = <§29k,ﬁ_1§1¢j>q>*,¢ = <BTD_1B29k,ﬁ_leD_lB1¢j><1>*,c1>
(C)e = (Boby, D' Boby) o3 = (Bf D' Boby, D' Bi D' Boby) o a;

and _ ~ _ _
{ (81); = (B1¢j, D7 q1)a+.0 = (BfD'B1¢;, D' B{ D" 'g)o+ o

&)k = (Babi, D52V 0.0 = (B} D' By6), D' BiD g} o .

)
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Theorem 6.2. Let (2.3), (2.5), and (3.7) hold. Then, for 0 < e <1, (6.15) has a unique solution
o € d" and 6" € ©". Moreover, if ¢ € ® and @ € © denotes the unique solution of the optimization
problem (2.6) or equivalently, of (5.8), or equivalently, of (5.10), then there exist a constant C' > 0
whose value is independent of € and h such that

16— 8lla + 16 — 8%llo < Cc (lglae + 13l5)
N N . _ (6.16)
+(1+ =) (Linf g~ o+ inf [0 —8"]o).
€ ¢h€<1;.h phcOh

Clearly, (6.11) and (6.15) are not the same. However, the coefficient matrices of both systems
are symmetric and uniformly (with respect to h) positive definite without regards to (3.2).

7 Concluding discussion

7.1 Preliminary comparison of the different approaches

In the preceding sections, we have discussed several ways to incorporate least-squares finite element
notions into optimal control problems. We provide a summary list of the various possibilities. In
addition to the various least-squares-related methods, we include the standard approach of applying
a Galerkin finite element method to the optimality system obtained after applying the Lagrange
multiplier rule to the optimization problem. In the list, equation references that are listed within
parentheses correspond to equivalent formulations.

0. Lagrange multiplier rule applied to the optimization problem followed by a mized-Galerkin
finite element discretization of the resulting optimality system

{optimization problem (2.6, 2.10)} — Lagrange multiplier rule —
{optimality system (4.1,4.2)} — Galerkin FE discretization —
{discrete equations (4.3,4.5)}

1. Lagrange multiplier rule applied to the optimization problem followed by a least-squares for-
mulation of the resulting optimality system followed by a finite element discretization

{optimization problem (2.6, 2.10)} — Lagrange multiplier rule —
{optimality system (4.1 ,4.2)} — least-squares formulation —
{least—squares optimality system (4.18, 4.19)} — FFE discretization —
{discrete system (4.20,4.22) }

2. Lagrange multiplier rule applied to the optimization problem followed by a penalty perturbation
of the resulting optimality system followed by a finite element discretization followed by the
elimination of the discrete Lagrange multiplier

{optimization problem (2.6, 2.10)} — Lagrange multiplier rule —
{optimality system (4.1 ,4.2)} — penalty perturbation —
{perturbed optimality system (5.10, 5.13)} — FE discretization —
{discrete system (5.27, 5.28)} — elimination of unknowns —

{reduced discrete system (5.29)}
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3. Penalization of the cost functional by a least-squares functional followed by optimization
followed by a finite element discretization of the resulting optimality equations

{optimization problem (2.6, 2.10)} — penalization of the cost functional —
{penalized optimization problem (5.1)} — optimization —
{reduced optimality system (5.7, 5.8)} — FE discretization —
{discrete system (5.33,5.36) }

or, equivalently, the Lagrange multiplier rule applied to the optimization problem followed by
a penalty perturbation of the resulting optimality system followed by the elimination of the
Lagrange multiplier followed by a finite element discretization

{optimization problem (2.6, 2.10)} — Lagrange multiplier rule —
{optimaiity system (4.1 ,4.2)} — penalty perturbation —
{perturbed optimality system (5.10, 5.13)} — elimination of unknowns —
{reduced optimality system (5.7, 5.8)} — FFE discretization —
{reduced discrete system (5.33, 5.36)}

4. Constraining the cost functional by a least-squares formulation of the state equations to
obtain a modified optimization problem followed by the Lagrange multiplier rule to obtain an
optimality system followed by a finite element discretization

{modiﬁed optimization problem (6.1, 6.2)} — Lagrange multiplier rule —
{optimaiity system (6.3)} — FE discretization —
{discrete system (6.9) }

5. Constraining the cost functional by a least-squares formulation of the state equations to obtain
a modified optimization problem followed by the Lagrange multiplier rule followed by a penalty
perturbation of the resulting optimality system followed by a finite element discretization fol-
lowed by the elimination of the discrete Lagrange multiplier

{modiﬁed optimization problem (6.1 ,6.2)} — Lagrange multiplier rule —
{optimality system (6.3)} — penalty perturbation —
{perturbed optimality system (6.8)} — FE discretization —
{discrete system (6.10)} — elimination of unknowns —

{reduced discrete system (6.11)}

6. Constraining the cost functional by a least-squares formulation of the state equations to obtain
a modified optimization problem followed by penalization of the cost functional followed by
optimization followed by a finite element discretization of the resulting optimality equations

{modiﬁed optimization problem (6.1 ,6.2)} — penalize the cost functional —
{penalized optimization problem (6.5)} — optimization —
{reduced optimality system (6.6, 6.7)} — FE discretization —
{discrete system (6.15)}
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In Table 1, we compare the seven methods just listed with respect to several desirable properties.
The properties are posed in the form of the following questions.

discrete inf-sup not required — are the finite element spaces required to satisfy (3.2) in order that
the resulting discrete systems be stably invertible as h — 07

locking impossible — is it possible to guarantee that the discrete systems are stably invertible as
€ — 0 with fixed h?

optimal error estimate — are optimal estimates for the error in the approximate solutions ob-
tainable, possibly after choosing € to depend on A?

symmetric matriz system — are the discrete systems symmetric?

reduced number of unknowns — is it possible to eliminate unknowns to obtain a smaller discrete
system?

positive definite matriz system — do the discrete systems, possible after the elimination of un-
knowns, have a positive definite coefficient matrix?

Table 1: Properties of different approaches for the approximate solution of the optimization prob-
lem.

Method
EX

discrete inf-sup not required
locking impossible
optimal error estimate

symmetric matrix system
reduced number of unknowns
positive definite matrix system

XX & =
S & &
U X X[ @

x| x < << x|
AR A
<SS x|
U X XL

From Table 1, we see that only approach 5 has all its boxes checked, so that as far as the six
properties used for comparison purposes in that table, that approach seems preferable. However,
there are other issues that arise in the practical implementation of this and other methods that can
influence the choice of a “best” method. In §7.2, we discuss some of these issues in the context of
concrete examples. When including practical considerations, it seems that Method 1 is also a good
candidate. It is probably the case that there is no universal “best” way to incorporate least-square
notions into control and optimization problems.

7.2 Some practical issues arising in implementations

One difficulty that arises in the implementation of Method 5 and, indeed, of the other methods
we have discussed is that, in concrete practical settings such as the Stokes equations, H~'(f2)
norms appear in the least-squares functional (4.17). For example, for Method 5, this leads to the
appearance of the H () inner product in the definition of the matrices and vectors that form
the discrete system. The equivalence relation (-,-)_; = (-,(=A)7!-) is not of much help since, in
general, one cannot exactly invert the Laplace operator, even in the case of zero Dirichlet boundary
conditions. Fortunately, there are several approaches available for ameliorating this difficulty;
these are discussed in [8] in the context of Method 1 of §7.1; see also [3,11,12]. All the approaches
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discussed in [8] can be applied to the methods introduced in this paper, with similar comparative
effectiveness; thus, here, we do not consider this issue any further.

A second issue that needs to be discussed is the conditioning of the discrete systems. Actually,
there are two issues here, i.e., the conditioning with respect to either h as h — 0 or with respect
to € as € — 0. First, let us discuss the h — 0 issue. Least-squares finite element methods typically
result in a “squaring” of operators, e.g., the normal equations in the linear algebra context. This
is clearly indicated in (3.16) and (3.17) where one sees that the operator Bj that results from
applying the least-squares principle (3.9) to the constraint equations involves the product of the
operators B} and Bj. It is well known that “squaring” operators can result in the squaring of
the condition number of the corresponding matrices one obtains after discretization. This is the
principal reason for using first-order formulations of the constraint equations. The idea here is that
after “squaring” first-order operators, one obtains second-order operators so that the h-condition
number of the resulting squared system is hopefully similar to that for Galerkin formulations of
second-order equations. However, penalty formulations of optimal control problems can result in
a second “squaring” of operators. For example, look at (6.7); we see there operators such as
By D_lBlD_le D~1'B; which involves four copies of the operator B;. However, that is not the
whole story; that operator also involves two copies of the operator D~! and also the operator D1
Given the nature of all these operators, it is not at all clear that the h-condition number of the
discrete systems of §§4.2, 5, and 6 are similar to those that result from a naive double “squaring”
of first-order operators; indeed, norm equivalence relations such as (3.15) and (4.14) can sometimes
be used to show that h-condition numbers for least-squares-based methods are no worse than those
for Galerkin-based methods.

The situation regarding the conditioning of the discrete systems as ¢ — 0 is problematic for
all penalty methods, even for those for which locking does not occur. Note that to obtain a result
such as (6.14), one chooses € = h®; with such a choice, € is likely to be small. This situation can be
greatly ameliorated by introducing an iterated penalty method; see, e.g., [15] and also [14,17,18]. To

this end, let {¢,, 6., fi.} denote the solution of (6.10) and set g)(o) = é., g - 6., and G0 = fi_.
Then, for n > 1, we solve the sequence of problems

Ay 0 B 3™ 0
0 Ay, BY g™ | = 0 : (7.1)
B, By —eD ) —eDa™ Y

Then, for any N > 0, we let

N N ) al
pn=> ¢, Oen=> 6, and jiy=> i (7.2)
n=0 n=0 n=0

and we let QSZ N € ol 02 N € ©", and ,ug N € ®" be the finite element functions corresponding to
the coefficients collected in the respective vectors in (7.2). Then, instead of the estimate (6.13),
one obtains the estimate (see, e.g., [15] and also [14,17])

¢ — &% nllo + 116 = 62 vllo + lu — pl nlle < CEVH +h* +17)
so that if 3 > « and one chooses € = h%N+1 one obtains the optimal error estimate

6 — &% nllo + 110 — 0" ylle + i — u yllo < CNHE = Che
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instead of (6.14). These estimates tell us that we can make the error due to penalization as small as
we want in two ways: we can choose either e sufficiently small or NV sufficiently large. Making the
former choice, e.g., choosing N = 0 and ¢ = h®, can lead to conditioning problems for the discrete
systems since € << 1. Making the latter choice allows us obtain the same effect but with a much
larger value for e.

Note that ﬁ(") may be eliminated from (7.1) to yield a reduced system with fewer unknowns.

Thus, the iteration to compute the pairs {a(n),é(n)} for n = 0,1,..., using reduced systems

proceeds as follows. Let q§(0) = (ZE and 5(0) = 6_56, where (ZE and 6, denote the solution of (6.11),
and then set

o) _x 20 = 0
g :Bl¢( )+B20( : —g1.

Then, for n = 1,2, ..., solve the systems

1

€

(Al N lm—l@l) 3™ 4+ 15,5-18,6™ = 1,p- 150D
€ €

] P lags 1~ = 1~r~
(Az + —B%D—11832> ¢" + “BID'B,8" = ZBID gD,
€ € €

In order to define the next iterate, we set

g — g1 | IEgl(?,)(n) n @25(").
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