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LINEAR-QUADRATIC OPTIMAL CONTROL FOR THE OSEEN EQUATIONS
WITH STABILIZED FINITE ELEMENTS

MALTE BRAACK! AND BENJAMIN TEWS!

Abstract. For robust discretizations of the Navier-Stokes equations with small viscosity, standard
Galerkin schemes have to be augmented by stabilization terms due to the indefinite convective terms
and due to a possible lost of a discrete inf-sup condition. For optimal control problems for fluids such
stabilization have in general an undesired effect in the sense that optimization and discretization do
not commute. This is the case for the combination of streamline upwind Petrov-Galerkin (SUPG) and
pressure stabilized Petrov-Galerkin (PSPG). In this work we study the effect of different stabilized finite
element methods to distributed control problems governed by singular perturbed Oseen equations. In
particular, we address the question whether a possible commutation error in optimal control problems
lead to a decline of convergence order. Therefore, we give a priori estimates for SUPG/PSPG. In a
numerical study for a flow with boundary layers, we illustrate to which extend the commutation error
affects the accuracy.
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1. INTRODUCTION

The Oseen linearization is the most popular linearization of the Navier-Stokes equations and is used for math-
ematical analysis and for the design of numerical solution schemes as well. In the case of dominant convection,
the convective parts must be treated appropriately in order to obtain a stable discrete scheme. Among the
most popular finite element stabilization is the streamline upwind Petrov-Galerkin (SUPG) [13] method. In the
case of not inf-sup stable elements, as e.g. equal-order elements for pressure and velocity, a further stabilization
is needed, e.g. the pressure stabilized Petrov-Galerkin (PSPG) [7] method. Such SUPG/PSPG stabilization
techniques cause certain difficulties in the context of optimal control problems.

This is due to the fact that the optimal control problem involves another PDE, the so called adjoint equation,
which is also of Oseen type and need to be stabilized. If one firstly discretizes the state equation and then build
up the optimality system, called discretize-optimize approach, the stabilization scheme of the adjoint equation
depends on the stabilization scheme applied to the state equation. Therefore this equation may not be stabilized
in an appropriate way. Due to the optimality conditions the adjoint state is strongly associated with the control
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and a potentially lack of accuracy of the adjoint state carries over to the control. Alternatively, one may choose
the optimize-discretize approach, which means that the optimality system is built up first on the continuous level.
Afterwards, the state and adjoint equation are discretized separately. Whereas the continuous optimality system
is symmetric by definition, the drawback of this technique reflects in possible non-symmetry of the resulting
discrete optimality system. Consequently, the computed control may be significantly affected by the way of
defining the discrete optimality condition. In contrast to this, for symmetric stabilization schemes optimize-
discretize and discretize-optimize are equivalent and lead to optimal order of convergence [4]. In this work,
we analyze the two versions of a classical non-symmetric discretization of the Oseen problem in the context
of optimal control. Moreover, we compute the convergence order numerically and make comparisons with a
symmetric scheme.

The discretization with stabilized finite elements of optimal control problems governed by scalar elliptic
problems is an active field of research. An analytical error estimate for scalar linear elliptic equations with the
SUPG method is given by Collis and Heinkenschloss in [8] where for the two approaches “discretize-optimize”
and “optimize-discretize” different a priori estimates are derived. Moreover, local estimates have been published
recently in [11]. An error estimate for a particular symmetric finite element method (local projection) has been
carried out by Becker and Vexler [3] for such scalar linear elliptic equations. The paper by Lube and Tews [16]
studies the local projection stabilization applied to quadratic optimal control problems governed by convection
diffusion equations with and without control constraints. The interior penalty method for optimal control is
analyzed recently by Hinze et al. [12] and Yan and Zhou [19]. As a reference for the streamline diffusion method
we like to refer to [18]. An a posteriori estimator for scalar advection-diffusion problems has been published by
Dede and Quarteroni [9].

For the Oseen system the upper mentioned effect is still poorly analyzed and numerical investigations are rare,
e.g. Abraham et al. [1] numerically observed significant effects in view of choosing the stabilization constants.
In this work, we try to close this gap. We give an a priori error analysis of the optimal control problem with the
Oseen system and present numerical results. Furthermore, we give a comparison with a symmetric scheme [6].

The Oseen equations in a polyhedral domain 2 C R%,d € {2, 3} with Lipschitz boundary 952 are formulated
for the pressure p and the velocity field v by

—pAv+ (b-V)v+ov+Vp+u=Ff in {2
V.-v=0 in
v=0 on 0, (1.1)

where f stands for given data, p > 0, 0 > 0 and b is a divergence free vector field, V - b = 0. Furthermore, u is
a control function which has to be determined such that a functional J becomes minimal:

1
Jv,u) = v —va2+ Zjul? — min (1.2)
2 2

Here, vq is a target velocity field, and « > 0 is a given positive constant.

The content of this work is structured as follows. We start in Section 2 with the variational formulation
of the optimal control Oseen system (1.1)—(1.2). The discretization by finite elements and the formulation of
the finite-dimensional linear systems for SUPG/PSPG and for local projection stabilization (LPS) is given in
Section 3. In Section 4 we give an a priori analysis. In the last section we report on numerical results of a model
problem with an exponential boundary layer.

2. VARIATIONAL FORMULATION OF THE OPTIMIZATION PROBLEM

2.1. Notations

We use the standard notation L?({2) for Lebesgue integrable functions and H" (£2) for the Sobolev space with
derivatives of order 7 > 0 (see e.g. [10]). We will use a context-sensitive notation for the L?-inner product applied
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to scalar, vector-valued and tensor-valued functions. Let w C {2 a measurable subset of the domain (2. Then,
for scalar functions p,q € L?(£2), we denote by (p, q). the usual inner product in L?(w). If v,w : 2 — R% are
vector-valued functions with the components v;, w; € L?(£2) and A, B : 2 — R%? are matrix-valued functions
with components A;;, B;; € L*(§2) we define

d d
(V,w)y = Z(vi,wi)w and (A, B), = Z (Aij, Bij)w-
i=1 ij=1
This context-sensitive L2-inner product induces the corresponding context-sensitive L2-norm notation || - [|o.,
and H'-semi-norm or norm notation [v|7 , := (Vu,Vv), or |[v[,, = |[v]7, + [[v]|§ . In the case w = §2, we
will omit the index w and write simply (+,-) and | - ||, or | - |, for functions in H"(£2)" where n € {1,d} and H®

is formally identified with L?. The natural weak solution space for the velocity v is
HY} () ={ve H'(2)?: v=0a.c. on d0}. (2.1)

The pressure space L({2) is the subspace of the L?({2) functions with zero integral mean value. By y we denote
the vector of velocities and pressure, y = (v, p). Hence, y is sought in the Hilbert space X := Hg(£2)? x LZ(2)
and the control in a further Hilbert space, u € Q C L?(£2)%. By | - |o and (-,-) we denote the L?(£2)-norm and
L?(02)-scalar product, respectively. For a Hilbert space H and its dual space H* the duality product between
functions g € H and f € H' is denoted

(f9) = f(9)-

2.2. Variational formulation of the state equation

In order to express the variational formulation of the state equation (1.1) we introduce the bilinear forms for
the pair of test functions ¢ = (¢,€) € X

A(ya 90) = (V ! V,f) + (O'V, d)) + ((b ’ V)Vv ¢) + (Mvva V¢) - (p’ \E ¢)
B(u, ¢) := (u, ).

For a right hand side f € H~!(£2)¢ the weak formulation reads now: Seek the pair y = (v,p) € X s.t:
Aly,¢) +B(u,¢) = (f,¢) Vo =(9,§) € X. (2.2)

2.3. First and second order optimality system

As usual for optimization problems, we define the Lagrangian functional £ : X x Q x X — R with Lagrange
multiplier z = (2%, 2P) € X,

L(y,u,2) := J(y,u) — Ay, z) — B(u,2°) + (f,2").

The necessary and, due to convexity, also sufficient first order optimality conditions for minimize the unconstraint
functional J are formulated in terms of the Frechet-derivatives with respect to the variables. The derivative
with respect to the Lagrange multiplier leads to the state equation (2.2). The derivative with respect to the
state leads to the so called adjoint equation,

WLy, w2z)(¥) =0 = Alpz)=(v-vaey") V= (4" ¢") eX. (2.3)
The derivative with respect to the control leads to the gradient equation,

O0L(y,u,z)(A) =0 = «a(u,)=BA\z") YA e Q. (2.4)
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Due to the theorem of Lax-Milgram we know that for every control u € Q and every right hand side f € H~1(£2)?
equation (2.2) possesses a weak solution. Hence, we define a continuous affine linear solution operator S : Q — X,
by y = Su. Furthermore, we introduce the reduced cost functional j : @ — R by

j(u) := J(Su,u).

Lemma 2.1. It holds

j'(u)(q) = =B(q,z") + a(u,q) Vu,q€Q, (2.5)
where z = (2", zP) € X is the solution of the adjoint equation (2.3).

Proof. This identity follows directly by applying the chain rule. a

3. DISCRETIZATION OF THE OPTIMALITY SYSTEM

3.1. Finite element spaces

In order to discretize the optimality system (2.2)—(2.4) we use conforming equal order finite elements. Let
{71} be a family of shape-regular, admissible decompositions of {2 into d-dimensional quadrilaterals (d = 2) or
hexahedra (d = 3). By hx we denote the diameter of a cell K € 7;,. The maximal mesh size is h = maxge7, hi.
We assume that for each K € 7, there exists a bilinear mapping F : K — K which maps the reference element
K onto K. Let Q. be the space of all polynomials on the reference cell K with maximal degree r > 1 in each
coordinate direction.

Now, we set Q, 1= {¢ € L?(Q2): po Fx € Q,, K € Tp,}. The discrete state, dual and control spaces are given
in the following way for r,i > 1, m > 0:

X=X N[Q, NC@)
Zp =X N[Q, N C)",

Qn = QN[Qr NC(R)".

By I, : C(2) — Q% N C(£2) we denote the Lagrange interpolation and use the bold notation I, for the vector
valued variant. In this work, the expression a < b stands for a < ¢b with a constant ¢ independent of the
parameters «, o, 1 and independent of h.

3.2. Discrete variational formulation

Our choice of finite element spaces consists of equal order interpolation for p and v. Hence, the discrete
inf-sup condition is not fulfilled. Furthermore, in the convection dominated case there may occur unphysical
oscillations. Hence, we need to add a stabilization term S} to the Galerkin formulation in order to cure these
two types of instabilities. Different choices of this term and their effect to the discrete optimality system will
be shown later on.

The equation for the discrete state y, € X}, reads now

A(yh, ) + B(up, @) + Sh(yn, un)(p) = (fn,0) Vo = (¢,) € Xp. (3.1)

Furthermore, the right-hand side is changed to f}, which also may involve stabilization terms. If the discrete state
equation (3.1) is uniquely solvable, we can define the discrete solution operator analogously to the continuous
case by Sy, : Q@ — X, Spu = yi(u). Furthermore, the discrete reduced functional is given by jj,(u) := J(Spu, u).
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Lemma 3.1. If (3.1) has an unique solution, then the second derivative of the discrete reduced cost functional
Jn 18 coercive:
Jh(wu) = aful[§ + [Spully  VueQ.

Proof. Follows directly by definition of the functional jj,. O

The adjoint equation (2.3) is also of Oseen type and therefore it also requires stabilization. We denote the
corresponding stabilization term by S7 and give the specific realization later. S}, should be appropriate for the
strong formulation (2.3).

Many stabilization methods for the Oseen problem are additive in the sense that it holds

Sn(yns un) (@) = Su(yn, 0)(p) + 5r(0,un)(). (3-2)

In the following subsections, we give two examples of such stabilizations leading to unique solvability of (3.1).
For the further analysis it is useful to introduce the discrete bilinear forms

Ay, ) = Ay, ) + Sn(y,0)(¥),
Bp(u, ) := B(u,¢) + Sp(0,u)(¢).

The optimality system for the discretize-optimize strategy becomes:

Yo € Xn: An(yn,®) + Ba(un, ) = (fu, ) Vo = (¢,€) € X, (3.3)
zn € Xn: Ap(¥,2) — (v, YY) = —(vq,¢") VY = (¢¥,¢P) € Xy, (3.4)
uy € Qh : Bh()\,Zh) — a(uh,)\) =0 VA e Qh. (3.5)

The optimality system for the optimize-discretize- strategy becomes:

Yo € Xn: An(Yn. )+ Br(un, @) = (fn, ) Vo = (¢,§) € Xn, (3.6)
zp € Xt A(p,zn) + S4(2n, va — Vi) (Y) — (Vi ¥") = —(va, ¥") Vo = (", YF) € X, (3.7)
up €Qp: B\ zp)—alup, A) =0 YA € Qp. (3.8)

Note that the discrete primal equations (3.3) and (3.6) are identical, independent of the type of stabiliza-
tion scheme. When the variables are ordered as (uy,zp,yn), the linear operator corresponding to the sys-
tem (3.3)—(3.5) turns out to be

—al 0Bj
0—IA; |,
By, A, 0

with appropriate matrices Ay, By. Hence, this system is symmetric when Ay is symmetric.

3.3. SUPG/PSPG-stabilization

For the classical combination of pressure stabilized Petrov-Galerkin (PSPG) and streamline upwind Petrov-
Galerkin (SUPG) [7] the stabilization form S;, = S;? reads

S (¥h,un)( 2{51( ,LLAVh—l-(b'V)Vh+O'Vh+VPh+uh,,(b~V)¢+V§>K+7K(V'Vh,V'¢)K}.
KeTy,

The new parameters 0 and g are cell-wise constants. The corresponding right hand side becomes

(fn, @) = + Y k(£ (b-V)o + V).

KeTy,
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Obviously, this method allows the splitting (3.2). Related to this type of stabilization is the following norm:

1/2
Iyllsa := </~LV§+UIIVI3+/)IPI3+ > 5K||(b~V)V+Vp|3,K+vKIV-Vlg,K> )

KeTy,

with sufficient small parameter p > 0, for details see [14]. This definition of the norm provides additional control
of the L2-norm of the pressure, but the bilinear form Ay (-, ) does not fulfill the coercivity estimate. However,
with the following definitions of the parameters

M

= vhxk, O = 6, , 3.9
eSO = O i+ o+ # 39
with fixed dg, v > 0, the bilinear form satisfies the discrete inf-sup condition
A
368 > 0,s.t. inf  sup _Anlyn. ) > 3, (3.10)

yn€Xn pex;, [ynllsa lellsa —

which guarantees existence and uniqueness of the discrete solution, see e.g. [15] for arbitrary polynomial order.
We assume in the subsequent analysis that the stabilization parameters are chosen according to (3.9).

Corollary 3.2. The adjoint bilinear form (3.4) also fulfills the discrete inf-sup condition with the same choice
of parameters (3.9) and constant 3 > 0 from (3.10), e.g.

unflsa 2nllsa

v
@

inf  sup (3.11)

2n€Xh uj, €X),

Proof. Let Aj, : Xj, — X denote the linear operator associated with the bilinear form Aj(-,-) by

i — An(Yn, ).

Due to the inf-sup condition (3.10) the operator Ay, is injective. Furthermore, due to the fact that we consider a
map between spaces of the same finite dimension, the mapping is also surjective. It follows for arbitrary z, € X,

A A
lzellsa = sup (&) _ sup (Antn,2n) _ sup An(an,2n) _ sup ACTED)

— — LZh\Th: Zh) 0
gex; lgllxy  weex, [Anunllx;  wex, [Mnanllx; ~ uex, Blunllsda

3.4. Local projection stabilization

The main idea of local projection stabilization (LPS) is to include artificial viscosity but only for the fine
scale part of the pressure gradient and of the velocity gradient in the stabilization term. For simplicity, we
restrict here to the so called two-level version of LPS. However, all results stated in the following are also valid
for one-level variants [17].

Let T3;, be the coarser mesh obtained by a “global coarsening” of 7j,. The finer mesh 7;, contains 2¢ times
more elements than 72,. The elements of 75;, will be denoted by “patches”. By mj, we denote the L2-projection
operator on discontinuous finite elements

s L2(92) — Q4
characterized by the property for v € L?(£2):

(v—Thv,¢) =0 Vo€ Qb (3.12)
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Important is the fact that this projection acts locally on patches of elements, so that the numerical effort for
computing this projection is very low. The operator giving the space fluctuations is denoted by

up =1 — 7.

with the identity mapping I. We use the bold notations 7, 3¢, for the mappings of vector-valued functions, for
instance, my, : L2(2)? — [Q5;, 1%

The discrete primal equation of the optimal control problem with local projection is as in (3.1) with a
stabilization term independent of the control u:

SiP* (y, 0) ()
SiP*(0,u)(¢)

The parameters 7,0 and 7 are patch-wise constant and depend (similar to PSPG and SUPG) on the local

Peclet number. This bilinear stabilization is proposed in [2] and analyzed in [5]. Due to the orthogonality

property (3.12), it is easy to verify, that Si”*(y, u)(p) is symmetric, i.e. S,lfs(y, u)(p) = S,lfs(tp, u)(y).
Associated to this method is the semi-norm

= ((b- V)v,d2¢1[(b - V)®)]) + (Vp, 726, VE) + (V- v,73¢1(V - 9)), (3.13)
=0

1/2
lps
I lips = (ulvl? + oIV + S (v, 0)(x)) -

Note that this semi-norm does not include the L?-norm of p. However, an a priori estimate of |p — p| with
optimal order can be easily achieved as shown in [5].

4. A PRIORI ERROR ANALYSIS

In this section we present an a priori error estimate of the linear-quadratic optimal control problem (1.1)—(1.2)
with stabilized finite elements of the above types. The estimates for the PSPG/SUPG method are new. The
estimate for LPS fits into the framework in [4]. However, in order to have a comparison, we state also the result
for LPS.

For an upper bound of interpolation errors in the norm || - ||s¢ we will use the following notation for y = (v, p):

1/2
e(y) = ( Z (LKh%(T”VHgH,K + h%(TH”P”?«H,K)) )
KeTy,

with Ly := p+ oh% + hi||b|loo,x + hr. In order to describe the o and u dependence of the error we will use

the notation
" -1
= <0 + _> 9
cn

where cg; is the Poincaré constant in ||¢[|o < cnl¢|r for ¢ € HE(£2).

Lemma 4.1. Lety the solution of (2.2). If y € H™t1(§2)4+1 then we obtain for the Lagrange interpolation I,
and the parameter choice (3.9):

ly = Inyllips + ly — Inyllsa S e(y)-

Proof. This is a direct implication of the standard estimate for k € {0,1}:

r —k "
lo— Ingl? < S mT IR Ve e HTHY(R) (4.1)
KeT,,

and definition (3.9). O
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4.1. First discretize then optimize for PSPG/SUPG

Lemma 4.2. Let vy, be the velocity component of Spu and z,, € Xy, the corresponding solution of the adjoint
equation (3.4). Then there holds for all u,q € Q

Jjn(w)(q) = —Bn(q,2z1) + a(u, q).
Proof. The derivative of the discrete reduced functional can be expressed by

Jn(w)(q) = 0uJ (Shu,u)(q)
= (S1,(u)(q), vi — va) + a(u, q).

Since S is affine-linear, it holds S;(u)(q) = Sp(u + q) — Spu. With z, € X, the solution of the adjoint
equation (3.4), we obtain

(Sp()(q),vh — va) = An(Sh(u+q),z1) — An(Shu,zn) = —Bi(q,zn).
This implies the assertion. |

Lemma 4.3. For given controls u,u € Q let y(u) € X be the solution of the state equation associated to u and
yn(Q) € X}, be the discrete solution associated to U. Then the following error estimate holds:

V2 —allo + e(y)-

ly = ¥nllsa < n
Proof. The inf-sup condition (3.10) gives us

~ 1 A I S ’
Iy = Fulloa < & sup 22URY Y1 2),
Beexi  lellsa

Due to Galerkin orthogonality we estimate

An(Iny = ¥n, ) = Apn(Iny =y, ) — Br(u — 1, ¢)
< An(y —y.) + (02 + (max ) %) [ = Qloleloa-

Furthermore we estimate

ALy —y,¢) = ALy — y,9) + S (Iny — y,0)(p).

The Galerkin part is bounded as follows:

AIy —y,¢) = i(VUIpv —v), V@) +o(Iyv —v,¢p) — (Ipv —v,(b-V)p + V&) — (Inp—p,V - p)
<2y — ylsallelsa+ > 02w = Vi 0371 - V) + VE|oixe

KeT,
—1/2 1/2
+ 3 0 — pllok VI - Bllosk
KeT,
1/2 1/2
< @l ||Ihy—y||sd+< 3 6;(1||Ihv—v|%;K> +< 3 v;;luhp—pnaK)
KeT;, KeT,

S leellsas(y)-
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For the stabilization term we obtain due to ||V - vy < Vd||Vv]|o

Sil(Iny = y,0)(0)= > {5k (—pAInv = v) + (b - V)(Inv = v) + o(Iv = v) + V(Ipp = p), (b - V)¢ + VE) .
KeTy,

+7K(V-(Ihv—v),v~(,‘b)K}

< |<P||sd< Y k(WA ~ V)

KeT,

181 + DI o IV Tnv = V) IIE ¢ + [y = I3, ¢

1/2
HIV(Inp = )I5,x] + &IV Iy — V)I%;x) :

The assertion follows by the interpolation estimate of Lemma 4.1, definition (3.9) and via triangle inequality. O

Lemma 4.4. For given controls u,a € Q let z(y(u)) € X and z,(yn(0)) € Zp, be the associated adjoint
solutions to u and 0, respectively. Then it holds:

. . S24(p,0)(Iz
12 — tnlloa < (2) + 720 — Bl + (1 + me(y) + sup 2Oz,
pcxn Il

Proof. By y» we denote the discrete primal solution of (3.3) for the control . For discretize-optimize with
SUPG/PSPG the adjoint system is not stabilized in a consistent way. Therefore we obtain a perturbed Galerkin
orthogonality by subtracting (3.4) from (2.3)

A,z —2n) = S, 0)(2n) + (v = Vn,¢) Vo =(9,) € Xn.
With definitions 1 := z — Iz and w := Iz — z;, and by using the triangle inequality we can split the error
Iz = 2znllsa < e(z) + [lw]lsa-
The second term can be estimated by help of (3.4):
Ap, w) + Sp(p, 0)(w)

1
lwllse < = sup

T B pex,, lellsa

_ L Az ) — Alpym) - Si (e, 0)(2zn) + S;* (¢, 0)(I12)
B pex, lellsa

1 Y 90) = Alen) + 5. 0)(Tua)
B pex, lellsa

For the first term we obtain with the Poincare inequality and Lemma 4.3

(Vv =", @) < |Iv—"nllo[|®lo
Solly — ullsa lellsa
S n(ely) + 02 lu—llo)lellsa-

Analogously to Lemma 4.3 we obtain by help of the interpolation estimate (4.1) for the bilinear form A

1/2 1/2
A(p,n) < llellsa €(Y)+< > 51_(1|Ihv_v||(2);K> +< > 7;}1||Ihp—p|3;x>

KeTy, KeTy,

S leellsas(y)-
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In the following Lemma we derive an upper bound for the SUPG/PSPG term arising on the right hand side
of Lemma 4.4.

Lemma 4.5. We define the stabilization parameter as indicated in (3.9). Then it holds for arbitrary ¢ € X,
and arbitrary z = (z",z?) € X with V -z" = 0:

1/2
Szd<so,o><1hz>5||so|sd<2 (D%(Ihz>+h§é“|zv|%+1,l()> :

KeTy,

with the notation Dy (z) := 5}(/2H(b -V)z" + V2Po k-

Proof. The stabilization term is of the following form:

Si(p,0)(Inz)= Y {6k (—pAp + (b-V)p +0¢+ VE, (b V2" + VI2P)k +7x (V- ¢,V - Inz")kc} .
KeTy,

Using the abbreviation Ex (¢) := h}(ﬂHV - @llo, we get by an inverse estimate

3 Sx(—nde, (b V)Ihz' + V) < Y ul|Adlloxdy* Drc(Inz)
KeTy, KeT),

1/2
< (Z uéxhKZDi(IhZ)> 12|l

KeT,

> k((b- V) + VE, (b V)Ipz" + VI2P)x <
KeT,,

1/2 1/2
> pitna) (3 pito)

KeTy, KeTy,

1/2
o0x Dic IhZ)) a[elo

KeTy, KeT,

1/2 1/2
z@mo(z@@.

KeTy, KeTy,

Y dx(0d, (b-V)Inz" + VIyzP) < (

Z ’YK(V'(}S,V'I},,Z

KeT,
Altogether we can estimate the stabilization term by
1/2
Salp, 0)(Inz) S (Z (M D% (Inz) +E%<<Ihz”>)> lopllsa,
KeT,

with Mg =1+ h}zu(SK + dxo. Due to the fact that dx < dpo~ ' and dx < 50h%(/u, Mg can be bounded by
1+ 26, i.e. by a h-independent constant. Now, we use that the velocity components of z are supposed to be
divergence free:

l
Bx(Inz") = Ex (2" = Inz") < Wi |2" ik
and arrive at the target estimate

1/2
Si(,0)(Inz) < llllsa ( > (Dk(Inz) + h%+1|zv|l2+1,l()> : O

KeT,
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Remark 4.6. Lemma 4.3 shows that the error in the state variable measured in the triplenorm is bounded by
the L2%-error in the control plus interpolation error. Therefore, improved errors in the control carries over to

the error in the state. However, combining Lemmas 4.4 and 4.5 the error in the adjoint state measured in the
triplenorm is only of order O(h'/?) due to the term

Di(Inz) = 6)/%|(b- V)12’ + VI,2"|o.x < min (h}g?,a—l/%hK/u).
In the numerical examples we will demonstrate that this estimate is sharp.

Theorem 4.7. Let (y,z,u) € X x X x Q be the solution of the continuous optimization problem (2.2)—(2.4)
and (Yn,zn,up) € Xp x Xp, X Qp, be the discrete solution of (3.3)~(3.5) for SUPG/PSPG. Then it holds

1/2
[u—wunllo S Az = zn(In)|lsa + [[u = Trullo + — (Z D (z ) )
KeTy,
. . 1 . .
with A := = (14 m"? and Dk (z) as defined in the previous Lemma.

Proof. Obviously, it is sufficient to have an appropriate bound on |Iu — uy|. Even for arbitrary a, € @), it
holds due to Lemma 3.1 and due to the fact that j, is quadratic

allty —up[§ < j (G — up, @y, —up)

= jn (W) (Gn — un) — jp (an) (@ — ap).
Since jj, (up)(ap —up) = 0= j'(u)(4, — up) we get the upper bound
alltn, —wpllg < g5 (@) (@n = up) = 5 (W) (@, — up).
Using Lemmas 2.1 and 4.2 we obtain

ala, — uh||(2) < —B(u, —up,zp) + a(bp, 0, —up) + Sid(O, ay, —up)(zp, —2z+2)

+B(a, —up,z) — alu,a, — up)

1/2
<l — wallo [ 120 - , — o + 2 > Dkl
S llan —upllo | 12n — zllo + affan —ullo + [|2n — zllsa + x(z
KeTy,

Here, we used due to dx < C' the upper bound
ZaK (b-V)v+Vp)k| < ltflollyllsa ¥y =(v,p) € X, VieQ.

Therefore, we get

1/2
[an —anllo < _”Zh_Z”O‘i'_mZ_Zthd“‘”uh —ufo+ = ( > Dil(z > :
KeTy,

Now, we choose i, = I,u and apply the triangle inequality in order to obtain the desired estimate. O

The following Corollary shows that the order of convergence in the control is at least O(h'/2).
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Corollary 4.8. Let the assumptions from Theorem 4.7 be fulfilled and assume the following regularity assump-
tions on the continuous solutions for integers r;l > 1 and m > 0:

y € HHH )™, ze HFTHQ)M, ue H"T ()" (4.2)
Then it holds with \ := (1 —+ 77)1/2

1/2
lu—unllo S Ae(z) + A1+ n)e(y) + (1 + M%) [u = Tyu| + A+ o' (Z D (z ) :
KeTy,

Proof. The combination of Theorem 4.7 and Lemma 4.4 leads to

I —unllo S Mz — Inzllsa + (1 +5°/20)[u = Tyullo + A1 +1n)e(y)

1/2 1/2
1
l
A X vk i) 3 she)
KeT,, KeTy,
By estimating
> Di(Inz) < Y Di(lyz—2)+ Y Di(z)
KeTy, KeTy, KeTy,
S Z llo,cosrc g 121711, 1 + BETH 2P Pk + Z D% (z)
KT, KeTy
we obtain the desired result. O

4.2. First optimize then discretize for SUPG/PSPG

Now we first build up the optimality system on the continuous level and then discretize each equation
separately. That means that we can choose an adequate stabilization term for the dual equation denoted Sj.
This term contains the full residual of the dual equation and therefore depends on z and u. The optimality
system for the optimize-discretize- strategy is (3.6)—(3.8) with

Si(an,va —vi)(9) = Y {WK(V 2p, V- @)k + 0k (—pdzy — (b-V)z, + oz,
KeTy,

V2 + Vg — i, —(b V) + vg)K}.

Theorem 4.9. Let (y,u,z) be the solution of (2.2)~(2.4) with control u € H™ 1 (2)? and (yn,un,zs) the
solution of (3.6)—(3.8), then it holds with the parameter choice of (3.9) and the regularity assumption (4.2) the
following estimate of optimal order:

n? ) 1/2 3?2 /2
fa—wlo S (14 ) (X Bl )+ elytun)) + Tetaly(un))
KeT,

Proof. Let (y(un),z(y(u))) be the solution of the following equations

A(y(un), ) + B(un, @) = (£, ¢) Vo = (,€) € X, (4.3)
AW, z(y(un))) — (v(un), ¥") = (=va,¥") Vi = (9", ¢") € X. (4.4)
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VA€ Q,

For these solutions and z of (2.2)—(2.4) and z(uy,) := z(y(uy)) it holds:
YA € Qp.

7' (W) = —a(u,X) + B(A,z")
7' (n)(An) = —a(un, An) + B(An, 2" (un))

Due to Lemma 3.1, and due the identities
—(ocu,u—up)+ B(u—up,z") =0 —(ou,u — Ipu) + B(u — Ipu,z")
—(oup,up — Inu) + B(up, — Ipu,z;) =0

we get

allu—wup| < j'(w)(u —up) — j'(un)(u - up)
—(au,u —up) + B(u—uy,z") + (aup,u —uy) — B(u—up,z”(up))

(cup,u — Ipu) + B(Ipu — u,z}) + (au, Iyu —u) — B(Ipu —u,z")

+B(up —u,z”(up) — zp,)
=a(u—up, Ipu—u)+ B(Ipu—u,z; —z"(up)) + B(Ipu —u,z"(uy) — 2")

+B(up —u,z”(up) — zp,)
S Nz, — 2% (an) o[l Inu — ullo + [[2° (ur) — 2°[[o|[Tnu — ullo + [|12°(un) — zj[lo[|un — ullo
+allu —ufjo|[Inu —ufo.
By Young’s inequality and due to ||z (us) — 2°||o < nlly(un) — y(u)llo < 7%||u — un|lo we obtain for arbitrary

e>0
_ _ €
allu—wu,|§ < € tallu— Tyull + (2¢)7"|zj, — 2" (un)|F + S 2% (un) — 2”15 + 2ea||uy, — ulfj
< e lafu— Lullg + (2¢) 7z — 2" (an) [ + e+ (0 + 1)) up — ulf3.

With the choice € := £(2c+n?a~!)~! we end up with
o _ -
Sl —=wllg S e tafu— Tyull§ + ez — 2" ()5,

Due to e ! <1+ n?a~!, we obtain
2 n? 2(m+1) |12 1 2
a ol (142 ) (30 0l 3l - 2 )l )
KeTy,
In order to bound the last term, we introduce the continuous adjoint solution z(yy(uy,)) which is the solution of
AW, z(yn(un))) = (va —va,¥") Vb = (9", 0") € X.
Due to the stability of the continuous problem and due to a standard estimate a priori estimates of adjoint

PSPG/SUPG stabilization it holds:
25 — 2" (un)llo < Nz, — 2" (yn(un))llo + [12°(yn (un)) — 2" (un)lo

<02 lzn — 2(yn(an))lsa + 12 lyn (an) — y(un)[lsa-

By help of a priori standard estimates for the primal error ||y (un) — y(up)||s¢ and dual error ||z (yn(un)) —
g

z(yn(un))|lsa we arrive at the desired estimate.
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4.3. A priori estimate for local projection stabilization

For an a priori analysis we refer to [4] where symmetric stabilization methods for optimal control problems
with the Oseen system are analyzed. The local projection stabilization is a particular technique which fits into
that framework. There is no difference in optimize-discretize or discretize-optimize, because the resulting systems
are completely identical:

An(W,z0) = AT, 21) + S} (7,0)(z1),
and
ST (@,0)(2n) = S7° (2, 0)(#) = S (zn,va = Vi) (#) = S*" (zn,va — va) (D).
We get the following result, see [4]:

Theorem 4.10. Let (y,u,z) € X x Q x X be the solution of the continuous optimization problem (2.2)—(2.4)
with reqularity (4.2) and (yn,un,2zn) € Xp X Qn x Xp be the solution of discrete optimization problem (3.3)—(3.5)
with LPS stabilization (3.13). Then it holds

lu—wl§ S ?n(ey) +e@) + 1+a™?) > b2l
KeT,

4.4. Discussion on the a prior: results

Remark 4.11. The a priori estimates for SUPG/PSPG in the optimize-discretize setting (Thm. 4.9) and the
symmetric LPS method (Thm. 4.10) are both quasi-optimal in the sense that the h-depending convergence
order scale is the same as for the pure primal problem without control, i.e. convergence order h"+1/2 for
convection dominated flows. For SUPG/PSPG in the discretize-optimize setting, the convergence order is worse.
In particular with respect to the error in the adjoint state and according to Lemma 4.4, the order of convergence
is limited to h'/2 independently of the regularity of the solution and independently of the order of finite elements.

Remark 4.12. Furthermore, the case 0 > 1 leads to n < 1 and A\ < a~ Y2 This implies that all a priori
estimates stated above become (formally) independent of the parameters o and p. If additionally o > 1, the
estimates become also a-independent, in particular,

e SUPG discretize-optimize:

1/2
[u—unlo S e(y) +e(z) + [u— Lpu| + ( > Di(Z)) ;

KeTy,

e SUPG optimize-discretize:

1/2
[u—wnllo < e(y(un)) +e(z(y(an))) + ( > h%mH)HuﬁnH,K) ;
KeTy,

e LPS:

1/2
lu—unllo Sely) +e(z) + ( Z h%(m+2|u||3n+1,1<> :
KeT,,
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glx)

FIGURE 1. The function g (right).

5. NUMERICAL EXPERIMENT

In order to validate the analytical results presented so far, we consider a model problem with analytical
solution. We are interested in particular in the decline of convergence order for SUPG/PSPG in the setting
discretize-optimize (DO). The domain is the two dimensional unit square £2 = (0,1)? with the boundaries
I's,I'g, I'n, 'y, where the indices refer to the cardinal points, e.g. S(outh) etc. The boundary conditions are
given by:

vi=0; w(Vvin)—pn?=0 onIlsUIy
vZ=0; w(Vvin)—pn'=0 on I'pUIy.

The exact solution y = (v, p) reads:

Vl(xvy):g(y)v V2(l‘,y):g($), p=0,
with the viscosity-depending function (see Fig. 1)

1 — e%/n

The adjoint state z = (z”, zP) and the control are given by

ZU’l('T’y) :g(l_y)’ ZU’Q(Z‘,y):g(l—l‘), z’ =0 u=-z"

The viscosity is set to 1 = 7.5x 1073 in order to enforce a sharp boundary layer. The constants in the stabilization
parameters are always chosen as v9 = dp = 0.2, and the regularization parameter of the cost fuctional is o = 1.

In Figure 2 we show the discrete control uj, with SUPG/PSPG in the combination optimize-discretize (OD)
and discretize-optimize (DO) with Q2 elements. The Q2 solution with DO exhibit strong oscillations. It is
remarkable that these spurious modes are not even restricted at the neighborhood of the boundary layer. The
non-consistent stabilization leads obviously to parasitic currents in the entire domain.

In Table 1 we list the order of convergence with respect to the state, the adjoint state, the control and
the error in the functional for the DO and the OD approach using SUPG/PSPG — stabilization and Q1/Q2
elements. For Q1 elements, there is no significant difference and all quantities show a convergence rate of about
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FIGURE 2. Q2 solutions with SUPG/PSPG. State vi OD (upper left), control uj, OD (upper
right), state vj, DO (lower left) and control uj, DO (lower right).

3/2 in the L?-norm. In case of higher order (Q2) elements this holds also true for the error in state variable.
However, the error in the adjoint solution for the DO setting is even larger than for @1 elements. This lack of
accuracy carries over to the error in the control. For OD we obtain a L? convergence rate of approximately 5/2
in all variables.

In Table 2 the convergence rates of all quantities using LPS-stabilization are listed. The optimal orders
are reached quite earlier than in case of SUPG/PSPG-stabilization. Comparing the error j(u) — ji(up) for
SUPG/PSPG in the DO setting and for LPS, the error is smaller by more than three magnitudes on the same
mesh (the finest one) and the same finite element (bi-quadratics) when a symmetric stabilization is chosen. We
think that this is a also remarkable result.

6. SUMMARY

We have analyzed two types of stabilized finite element techniques for optimal control problems with the
Oseen system, namely the local projection stabilization (LPS) and the combination of streamline upwind Petrov-
Galerkin (SUPG) and pressure stabilized Petrov-Galerkin (PSPG). There is a fundamental difference between
these two methods in the context of optimize-discretize (OD) and discretize-optimize (DO). Whereas OD and
DO are identical for LPS due to its symmetry properties, the ordering of discretization and optimization leads to
different schemes for SUPG/PSPG. We have proved that LPS and OD with SUPG/PSPG lead to optimal order
of convergence in the control. In contrast to this, DO with SUPG/PSPG gives only a suboptimal convergence
order. The reason is the inconsistent discretization of the adjoint equation. In a numerical test problem with
a sharp boundary layer we investigated whether this decrease in convergence order is observable in practice.
It turns out that for low order finite elements (Q1), no substantial difference is observed. However, DO with
SUPG/PSPG for higher order elements as e.g. Q2, leads to a clear decline of convergence order in the control
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TABLE 1. Errors and convergence orders obtained with SUPG/PSPG.

h = ly — yall |z — 2] lu — un| J(u) — jn(an)

27! [-llo Order [ [[-flsa Order [ [[-fo  Order | [:Jsa Order | [[-]lo  Order | Value Order
SUPG/PSPG Q1 optimize-discretize

3 2.65e-1 9.58e-1 2.68e-1 9.76e-1 1.89e-1 2.91e-2

4 1.50e-1 0.82 7.77e-1 0.30 1.50e-1 0.83 7.77e-1 0.33 1.06e-1 0.83 2.06e-2 0.50

5 6.62e-2 1.18 7.44e-1 0.06 6.62e-2 1.18 7.43e-1 0.06 4.68e-2 1.18 1.03e-2 1.00

6 2.42e-2 1.45 5.30e-1 0.49 2.42e-2 1.45 5.29e-1 0.49 1.71e-2 1.45 4.24e-3 1.28

7 8.15e-3 1.57 2.96e-1 0.84 8.15e-3 1.57 2.96e-1 0.84 5.76e-3 1.57 1.59e-3 1.42
SUPG/PSPG Q1 discretize-optimize

3 2.67e-1 9.55e-1 2.70e-1 9.70e-1 1.52e-1 4.33e-2

4 1.50e-1 0.83 7.77e-1 0.30 1.51e-1 0.84 7.78¢e-1 0.32 7.85e-2 0.95 2.53e-2 0.78

5 6.61e-2 1.19 7.44e-1 0.06 6.65e-2 1.19 7.44e-1 0.06 2.86e-2 1.46 1.17e-2 1.12

6 2.42e-2 1.45 5.30e-1 0.49 2.43e-2 1.45 5.30e-1 0.49 6.62e-3 2.11 4.58e-3 1.35

7 8.11e-3 1.58 2.96e-1 0.84 8.16e-3 1.57 2.96e-1 0.84 1.52e-3 2.12 1.65e-3 1.47
SUPG/PSPG Q2 optimize-discretize

3 1.91e-1 7.52e-1 1.89e-1 7.47e-1 1.34e-1 6.59e-2

4 9.86e-2 0.96 9.67e-1  -0.36 | 9.77e-2 0.95 9.66e-1 -0.37 | 6.91e-2 0.95 3.22e-2 1.03

5 4.05e-2 1.29 6.27e-1 0.63 4.00e-2 1.29 6.26e-1 0.63 2.83e-2 1.29 1.17e-2 1.26

6 1.06e-2 1.93 2.32e-1 1.44 1.03e-2 1.95 2.31e-1 1.44 7.32e-3 1.95 2.62e-3 2.16

7 1.69e-3 2.65 5.68e-2 2.03 1.55e-3 2.74 5.68e-2 2.03 1.09e-3 2.75 2.54e-4 3.37
SUPG/PSPG Q2 discretize-optimize

3 1.89e-1 7.50e-1 2.20e-1 1.68e+-0 9.01e-2 8.05e-2

4 9.74e-2 0.95 9.66e-1  -0.37 | 1.29e-1 0.77 1.62e+0 0.05 4.49e-2 1.01 3.83e-2 1.07

5 4.01e-2 1.28 6.26e-1 0.63 7.54e-2 0.78 1.52e+4-0 0.09 2.59e-2 0.80 1.35e-2 1.50

6 1.05e-2 1.93 2.32e-1 1.44 3.76e-2 1.00 1.20e+0 0.34 1.31e-2 0.98 3.00e-3 2.17

7 1.66e-3 2.66 5.58e-2 2.03 1.48e-2 1.35 7.86e-1 0.62 5.27e-3 1.32 3.18e-4 3.24

and in the adjoint

TABLE 2. Errors

and convergence orders obtained with LPS.

h= ly —yall |z — 2] [t Jj(u) — jn(un)
2! Il 1lo Order | ||-|lo  Order Il 1o Order | Value  Order
LPS Q1
3 2.70e-1 2.77e-1 1.96e-1 4.80e-3
4 1.58e-1 0.77 1.60e-1 0.79 1.13e-1 0.79 3.03e-3 0.66
5 7.20e-2 1.14 7.25e-2 1.15 5.12e-2 1.15 1.06e-3 1.52
6 2.48e-2 1.54 2.48e-2 1.54 1.76e-2 1.54 1.62e-4 2.71
7 6.46e-3 1.94 6.48e-3 1.94 4.58e-3 1.94 1.60e-5 3.35
LPS Q2
3 2.00e-1 2.04e-1 1.44e-1 1.80e-3
4 9.24e-2 1.12 9.31e-2 1.13 6.58e-2 1.13 1.13e-3 0.67
5 3.08e-2 1.59 3.09e-2 1.59 2.18e-2 1.59 1.35e-4 3.06
6 6.28e-3 2.29 6.29e-3 2.30 4.44e-3 2.30 6.72e-6 4.33
7 7.80e-4 3.01 7.81le-4 3.01 5.53e-4 3.01 2.28e-7  4.88

symmetric method shows by far the best performance in terms of accuracy.

variable. LPS and OD with SUPG/PSPG remain optimal for Q2 elements. However, the

Acknowledgements. This work is partially supported by the DFG Priority Program SPP 1253 (Optimization with PDE).
This support is gratefully acknowledged.




1004 M. BRAACK AND B. TEWS

(1]
2]
(3]

(4]

(10]
(11]

(12]
(13]
(14]
(15]
(16]
(17]
(18]

(19]

REFERENCES

F. Abraham, M. Behr and M. Heinkenschloss, The effect of stabilization in finite element methods for the optimal boundary
control of the Oseen equations. Finite Elem. Anal. Des. 41 (2004) 229-251.

R. Becker and M. Braack, A two-level stabilization scheme for the Navier-Stokes equations, in Numerical Mathematics and
Advanced Applications, ENUMATH 2003. edited by, M. Feistauer et al., Springer (2004) 123-130.

R. Becker and B. Vexler, Optimal control of the convection-diffusion equation using stabilized finite element methods. Numer.
Math. 106 (2007) 349-367.

M. Braack, Optimal control in fluid mechanics by finite elements with symmetric stabilization. SIAM J. Control Optim. 48
(2009) 672-687.

M. Braack and E. Burman, Local projection stabilization for the Oseen problem and its interpretation as a variational
multiscale method. SIAM J. Numer. Anal. 43 (2006) 2544-2566.

M. Braack, E. Burman, V. John and G. Lube, Stabilized finite element methods for the generalized Oseen problem. Comput.
Methods Appl. Mech. Engrg. 196 (2007) 853-866.

A.N. Brooks and T.J.R. Hughes, Streamline upwind Petrov-Galerkin formulation for convection dominated flows with particular
emphasis on the incompressible Navier-Stokes equations. Comput. Methods Appl. Mech. Engrg. 32 (1982) 199-259.

S.S. Collis and M. Heinkenschloss, Analysis of the streamline upwind/Petrov Galerkin method applied to the solution of optimal
control problems. Technical report 02-01, Rice University, Houston, TX (2002).

L. Dedé and A. Quarteroni, Optimal control and numercal adaptivity for advection-diffusion equations. ESIAM: M2AN 39
(2005) 1019-1040.

V. Girault and P.-A. Raviart, Finite Elements for the Navier Stokes Equations. Springer, Berlin (1986).

M. Heinkenschloss and D. Leykekhman, Local error estimates for SUPG solutions of advection-dominated elliptic linear-
quadratic optimal control problems. SIAM J. Numer. Anal. 47 (2010) 4607-4638.

M. Hinze, N. Yan and Z. Zhou, Variational discretization for optimal control governed by convection dominated diffusion
equations. J. Comput. Math. 27 (2009) 237-253.

C. Johnson and J. Saranen, Streamline diffusion methods for the incompressible Euler and Navier-Stokes equations. Math.
Comput. 47 (1986) 1-18.

G. Lube and G. Rapin, Residual-based stabilized higher-order FEM for a generalized Oseen problem. Math. Models Methods
Appl. Sci. 16 (2006) 949-966.

G. Lube and G. Rapin, Residual-based stabilized higher-order FEM for a generalized Oseen problem. Math. Models Methods
Appl. Sci. 16 (2006) 949-966.

G. Lube and B. Tews, Optimal control of singularly perturb advection-diffusion-reaction problems. Math. Models Appl. Sci.
20 (2010) 1-21.

G. Matthies, P. Skrzypacz and L. Tobiska, A unified convergence analysis for local projection stabilisations applied ro the
Oseen problem. ESAIM: M2AN 41 (2007) 713-742.

N. Yan and Z. Zhou, A priori and a posteriori error estimates of streamline diffusion finite element method for optimal control
problems governed by convection dominated diffusion equation. NMTMA 1 (2008) 297-320.

N. Yan and Z. Zhou, A priori and a posterior: error analysis of edge stabilization Galerkin method for the optimal control
problem governed by convection dominated diffusion equation. J. Comput. Appl. Math. 223 (2009) 198-217.



	Introduction
	Variational formulation of the optimization problem
	Notations
	Variational formulation of the state equation
	First and second order optimality system

	Discretization of the optimality system
	Finite element spaces
	Discrete variational formulation
	SUPG/PSPG-stabilization
	Local projection stabilization

	A PRIORI error analysis
	First discretize then optimize for PSPG/SUPG
	First optimize then discretize for SUPG/PSPG
	A priori estimate for local projection stabilization
	Discussion on the a priori results

	Numerical experiment
	Summary
	References

