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Pressure-robustness in the context of optimal control

Christian Merdon, Winnifried Wollner

Abstract

This paper studies the benefits of pressure-robust discretizations in the scope of optimal control
of incompressible flows. Gradient forces that may appear in the data can have a negative impact on
the accuracy of state and control and can only be correctly balanced if their L2—orthogonality onto dis-
cretely divergence-free test functions is restored. Perfectly orthogonal divergence-free discretizations
or divergence-free reconstructions of these test functions do the trick and lead to much better analytic
a priori estimates that are also validated in numerical examples.

1 Introduction

The stationary Stokes equations seek an unknown velocity u € V and pressure p € (Q such that

v(Vu, Vo) + (p,div ) = (f,p) VoeV
(divu,y) =0 Y € Q

with given data v > 0, f € L%(Q) on a domain 2 C R™ with n < 3, and the standard function spaces
V = H{(Q;R?), and Q := L2(). A standard discretization by inf-sup stable finite element spaces
V5, X Qn C V x (@ yields solutions (uh,ph) satisfying a best approximation estimate, see, e.g., [10,
Section I11.1.2], or [3, Section VI.2], of the form

1 1
2 . 2 2 .
u—u,|ls < = inf u— V+C’ where Cp:= — inf —
H h” ,B}QL YhEV H h” P P V YreQn ||p Q)Z)hHQ

with the discrete inf-sup constant 5;,. The estimate indicates, that the error in the velocity can be polluted
by a pressure which is hard to approximate. This is caused by a violation of the L2-orthogonality between
divergence-free functions and irrotational forces. To remove this dependency, so called pressure-robust
discretizations can be used, either perfectly orthogonal divergence-free methods [26, 28, 7, 14, 24, 16]
or modifications of classical methods via a reconstruction operator 11 that repairs the orthogonality where
needed [19, 23, 21, 18, 16, 17]. With these methods estimates of the form

1
—wl% < — inf —opll> + C%2 wh Cr := O(hM||A _
[u uh”V—ﬂfgl S0}32‘,hllu onlliy +Cr where Cp (PO) AU gr—1(0

are possible where the reconstruction causes a consistency error Cp of optimal convergence order k
(provided that Au € H*~1) that is pressure-independent. Quasi-optimal estimates in case Au ¢ L%(Q)
can be found in [22]. Divergence-free Hl-conforming discretizations even come without any consistency
error, i.e. Cp = 0, but usually require higher-order polynomial or non-standard ansatz spaces or specially
refined meshes to ensure inf-sup stability. Also note, that pressure-robust methods may have the potential
to increase the accuracy beyond the presence of gradient errors in the data f, but also in presence of
complicated gradient forces generated by the material derivative in transient Navier-Stokes flows [9, 1].
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Pressure-robustness in the context of optimal control 2

This paper aims to investigate possible benefits of using pressure-robust discretizations in the context of the
optimization of incompressible flows, where a canonical optimization problem is given by

1
min —
(q,u,p)EQXVxQ 2

ot {V(Vu, Vo) + (p,dive) = (f+q,0) VoeV

d|2 a 2
Ju— w20 + 5 lalae

(div u,9) =0 Vi € Q

with the control space Q = L2(Q; R™).

The discretization of (P) and similar control problems subject to an equation for an incompressible flow has
been discussed extensively in the literature. [25] showed optimal rates for a mixed finite element method for
the above stationary Stokes control problem. Similar results on optimal convergence rates for the control of
stationary and nonstationary Navier-Stokes control have been provided in [12] and [6], respectively. For least
squares finite element approximations of the respective optimality system [2, 4] showed best approximation
results, and the same was done in [5] for a standard Galerkin approximation of nonstationary Stokes control.
For the related Dirichlet control problem error estimates have been obtained by HDG methods in [11] and
for Navier-Stokes control in [13]

All of the above results contain velocity errors depending on the pressure approximations. This implies
that all the proposed methods will have spurious error contributions in the velocity induced by complicated
pressures. In fact, irrotational forces can not only appear in the right-hand side f, but also in the data ud.
According to its Helmholtz—Hodge decomposition ud = V1) + curl¢ only the divergence-free part curle
can be optimized, while the irrotational part Vi) cannot; but will confuse non-pressure-robust discretiza-
tions. Therefore, this paper discusses a pressure robust discretization of (P). A naive approach to pressure
robustness in the control problem would be the use of a pressure robust discretization for the PDE constraint
which we will detail in Section 3.3.1. However, in view of irrotational forces in the data u, this is insufficient
and hence, Section 3.3.2, provides a fully pressure robust approximation for (P).

The rest of the paper is structured as follows. Section 2 introduces the canonical Stokes optimization prob-
lem studied in this paper. Section 3 discusses the classical discretization and its a priori error estimate and
suggests a novel pressure-robust discretization. Section 4 proves an a priori estimate for the fully pressure-
robust variant that has qualitative improvements over the classical scheme. Section 5 compares the three
schemes in two numerical examples to illustrate the theoretical findings.

2 Canonical Stokes optimization problem

Consider the optimal control problem: for given data f € L2(Q2), u? € L2(12), seek state and control
(u,q) € V° x Q, where VO = {» € V| div ¢ = 0} are the divergence-free functions, solving

1
min —
(1,Q)eVOxQ 2

st (vVu, Vo) = (f+ q,¢) Vo e VO

(6]
u— udH%Q(Q) + 5”‘1”%}(9)

Note, that this problem is equivalent to (P) by introducing a pressure p € () to allow working with test
functions from V rather than V°.
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Pressure-robustness in the context of optimal control 3

Since this is a linear quadratic optimization problem, standard theory, e.g., [27], gives the necessary and
sufficient optimality conditions with an adjoint state w &€ VO satisfying:

0=v(Vu,Vp) - (q+f,¢) Vo e VY,
0=v(Ve,Vw) — (u—u’, o) Vo e VY,
0= (aq+w,p) Vo € Q.

The third equation yields an algebraic relation

-1
q=—Ww
o
between the adjoint w and the control which could be used to eliminate the control variable from the prob-
lem, by the so called variational discretization approach [15]. However, [8] suggests that rather than tak-
ing this simple substitution a more convenient choice for the following analysis is the consideration of the
rescaled adjoint
-1
Z=—W and hence = —2z.
va' 17 Va
From this it is easy to see that an optimal solution (q, u) € Q x V0 of (P) is equivalently given by a solution
(u,z) € VO x VY of

v(Vu, V) +a 2(z,0) = (£, ¢) Ve € VO,

2.1)
v(Vp,Vz) —a 2(u,0) = —a 2(u ) Vpe VO

Adding the pressures or Lagrange multipliers for the divergence constraints, it is also equivalent to seek
(u,z,p,A\) eV XV XxQxQ

v(Vu, Vi) + (div ¢,p) + o™ %(z, ) = ( %) Vo eV,
(div u,v) = Vo € Q,

U(Vi, Vz) + (div ¢, \) — a~ 2 (u, ) = —a~2(ud,p) Vo eV, (2.2)
(div z,v) = Vo € 0.

3 Discretization and a priori estimates

3.1 Preliminaries

For the discretization the space VOis replaced by some discretely divergence-free space

Vi) = {pn € Vi i (div gp,thp) =0 forall gy, € Qp}

for some inf-sup stable pair Vj, X @Qj,. The analysis involves the consistency error of the possibly relaxed
divergence constraint in form of the dual norm

IVelyyy = sup [ wdiv (o) do/ Vil @1
Pre h

For exactly divergence-free schemes this norm is always zero, and otherwise can be bounded by the pres-
sure best-approximation error ||1) — 7, 1|
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Pressure-robustness in the context of optimal control 4

Below we discuss a straight-forward classical discretization and some modified pressure-robust variant that
replaces these errors by something qualitatively better.

It is studied how the consistency errors from the lack of pressure-robustness or their pressure-robust alter-
natives influence the a priori estimates for the natural energy norm induced by the PDE rather than the cost
functional, see also [8],

1(w,2)[[I? := [ VullZ2(q) + V2] Z2(q)-
@) ()

To do so, we estimate the distance of (uy, 2y, ) to the Stokes best-approximations (Spu, Spz) € V2 X V?l,
that are defined by

(V(w —Spw), Vp) =0 forall gy, € VY, (3.2)
and allow for the Pythagoras theorem
11(w =,z — 2)||* = [[[(w = Spu,z — Spz)||* + [[[(Shu — up, Spz — 2)||]*. (3.3)

Due to inf-sup stability with inf-sup constant 35, > 0, the first summand enjoys the best-approximation
property, i.e. forany w € 'V,

inf [|V(w — on)ll72(0

. 2 -
IV(w = Spw)lZ2() = <,0h1,2£/2 Vv =l = 5o i,

and shows convergence rates corresponding to the regularity of u and z and the polynomial order of V.
This best-approximation result is only perturbed by the second summand |||(Spu — uy, Spz — z4)|||?
which therefore is the primal object of interest in the a priori error analysis below.

Moreover, assuming sufficient regularity of w € {u,z} and H2—regularity of the Stokes-problem on the
domain (2, the Stokes projection also enjoys the estimate

1w = Shwll L2y S BIV(W = Spw) 2 () S B[ wl i (3.4)

which is needed in Theorem 4.1 below and can be shown by the usual Aubin—Nitsche argument.

3.2 Classical discretization

The classical variational discretization of (2.2) solves the following discrete problem: seek (uy,, Zn, Pr, An) €
Vi, XV, x Qp X Qp such that

v(Vup, Vi) + (div on,pn) = (F — o2z, 0) Yoy € Vi,
(div up, ¥n) =0 Viby, € Qn,

v(Vion, Van) + (div op, An) = a2 (w, —ul ¢n) Vi € Vi, (&9
(div zp, ¥p) =0 Vi € Q.

The error estimates involve the previously defined Stokes projector Sy, : V. — V% and as stated above
only the second summand in (3.3) needs to be discussed.
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Pressure-robustness in the context of optimal control 5

Lemma 3.1 (A priori error estimate for difference to best-approximation). For the solution of (uy, qp,) of
(3.5) and the discrete Stokes projectors of the exact solutions (Syu, Sy,q), it holds

1 1/2
1l (S = wn,Snz = 21| <~ (IVPIRye). + VAo )

1/2
+ 175 (I = Spull? + 12 - Syz)2) .

al/?y

where p and A are the respective pressures of the Stokes problems for u and z. The dual norms, as defined
in (3.1), measure their generated consistency error due to the discrete divergence.

Remark 3.2. Note that the upper bound
IVl voye < 1Y = 7@, Y20

together with assumed regularity of p and A would allow for the usual estimates in terms of powers of the
mesh size. However, the upper bound vaH(Vg)* is sharper, and in particular vanishes for divergence-free

elements (i.e., V?L C VO). In this case only higher order terms according to (3.4) remain on the right-hand
side.

Proof of Lemma 3.1. Using (3.2) and testing the first equation of (2.2) and (3.5) with ¢, = Spu—uy, € V?L
reveals

V[[V(Shu — ) 720
=v(V(u—up), V(Spu —uy))
= (f —a %2, Spu —up) — (p,div (Spu — wp)) — (f — o %2, Spu — up)

= —a Y%(z— 2, Spu—w) — (p,div (Spu —uy)).
Analogously, one shows that
V|V (Shz — 21)||72q) = @/ (un — w0, Sz — 23,) — (A, div (Spz — 2p)).
Using

(Z — Zp, Spu — uh) = (Shz — Zp, Spu — uh) + (Z — Spz,Spu — uh)
(u—up,Spz — z1,) = (Spu — up, Spz — zp) + (u — Spu, Spz — zp)

one obtains

A:=(z—zp,Spu—uy) — (up, —u,Spz — zp)

= (z — Spz,Spu —uy) — (u — Spu, Spz — zp,)
which can be estimated by
1/2
Al < (u — Spul® + [z — Spzl|?) 7 % [[|(Shu — up, Spz — )|

Analogously, for
B := (p,div (Spu —uy)) + (A, div (Spz — z3)
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Pressure-robustness in the context of optimal control 6

one obtains the estimate

1/2
181 < (I9lygy + VMg ) lI(Shu — un Sz = z)]|

The summation of both estimates yields

1 _
1|(Sku — up, Spz — 2z1)|||> = (B—i—a 1/2A)

7
B 1/2
<7t ((I0lugye + 192y
1/2
a2 (=Sl + o - sial?) )
x |[|(Spu — up, Spz — z1)]||.

This concludes the proof. O

3.3 Pressure-robust discretization

In this section, we assume the existence of some reconstruction operator I : V;, + V — W, that maps
discretely divergence-free functions to exactly divergence-free function, i.e., it holds

IT: V) — W, N {p € H(div,Q) : div ¢ = 0}.

For the Bernardi—Raugel finite element methods used in the numerical examples one can use the stan-
dard interpolation II = Igpy, into the Brezzi-Douglas-Marini space W, := BDM;(7) := P1(7) N
H (div, 2) where P denotes the piecewise affine vector-valued polynomials. This operator than has the
property

e — Tl 2y S A" @l pitm  form € {1,2} and p € H™(L) (3.6)

which can be found in textbooks like [3]. The Friedrichs inequality |||l 120y < Cr|[Vel12(q) then also
implies the estimate

1Tl 2y <l — Ul 2y + lellz2i S (B + Cr)|[Voll 12 forany € V. (3.7)

For higher-order finite elements (k > 2) the same property for m € {1,...,k + 1} and additional
orthogonality properties are needed such that, forany g € kal(Q), it holds

(g, ¢ — ) < h¥|gll g1Vl

to allow for an estimation of the consistency error by

(1—TI
lgo (1 =Ty, = sup LTV iy 8)

enevy IVenlliz o)

For more details and choices of reconstruction operators for higher order finite element methods see,
e.g., [20, 21, 18].
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Pressure-robustness in the context of optimal control 7

3.3.1 Partially pressure-robust discretization

In the optimal control setting, a naive approach to pressure robustness would be the use of a pressure
robust discretization of the Stokes equation in (P), giving the problem

min 2l — g + Sl
(Ah,URPR)EQX VX Qp 2 2

ot v(Vuy, Vop) + (pn, div op) = (£ + aqp, llpy) Ve, €V,

) (div up, ¢) = 0 Vion € Q.

Here following the variational discretization approach of [15] the control q;, € Q is only discretized implicitly
by the optimality conditions. In the case at hand the optimality conditions yield q; = —ofl/Qth =
—a_l/QHWh € Wy,

Following the same arguments as in Section 2 the solution of this discretized optimization problem is given
equivalently by a solution (up, zp, pr, An) € Vi X Vi X Qp X Qp, of

v(Vup, Vep) + (div op, pp) = (f — a*1/2th,Hcph) Yon € Vi
(div up, p) =0 Vi € Qn
v(Vipn, Vap) + (div gp, Ap) = a2 (a, — u?, op) Von € Vi
(div zp, ) =0 Vo, € Q.

The optimality system shows that we can not expect a real advantage of this partially pressure robust
discretization compared to the classical formulation, since the adjoint still suffers from a lack of pressure
robustness and associated consistency errors for hidden gradient fields in the data. That this is indeed the
case is shown in the numerical examples in Section 5.

3.3.2 Fully pressure-robust discretization

To obtain a fully pressure-robust method, in addition to the Stokes equation also the cost functional needs
to be modified as follows

1 «
min 2 MIu, — udl|? 4+ 2 2
(Ahuh,PR)EQX VR XQp 2” h HL2(Q) 9 HQhHL2(Q)
st V(Vum v%oh) + (ph, div (ph) = (f + qp, H‘Ph) vg@h c Vh7
h (div wp, ) = 0 Vion € Qn.

Again, the optimization problem is equivalent to searching for a solution of the reduced optimality system.
Hence, we search (U, Zp, P, An) € Vi, X Vi X Qp X @}, solving

v(Vup, Vor) + (div o, pp) = (f — o /?T0z, Tip) iy € Vi,
(div up, 9n) = 0 Vo, € Qn,

v(Veon, Vzg) + (div op, Ap) = o V2(ITuy, —ud, y,) Ve, € Vi, 49)
(div zp, 1) =0 Viby € Q.
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Pressure-robustness in the context of optimal control 8

4 Analysis of the fully pressure-robust method

Lemma 4.1 (A priori error estimate). For the solution (uy,, z;,) of (3.9) and the discrete Stokes projectors
(Spu, Spz) of the (assumed to be sufficiently smooth) exact solutions, it holds

9 9 1/2
I1(Shu = wy, Spz = z) Il < (Auo (1= [y + [ Azo (1-T0)|2,. )
1 2
t—7 (H(l — ISy )u o TI| 2y,

1/2
0 =TSz Ty, )

The consistency error caused by the reconstruction operators can be estimated under the assumption of the
H2—regularity of the Stokes operator on the given domain and (3.6), (3.8) for the reconstruction operator, by

A 1-1I
|AW o (1 —TD)|%y0,. = sup (Aw, ( )en)
" PrEV) IVenllrz@)

1-1I 1I
(=TS w o L[y, = sup (LTS Tlen)
(Vi)
h enevt  IVenllrz )

S P AW| g,

S A wl

Remark 4.2. The second norm compares w with its reconstructed Stokes projection. For the exactly di-
vergence free Scott—Vogelius element it holds II = 1 and hence one obtains the same estimate as in
Lemma 3.1.

Proof of Lemma 4.1. Using (3.2) and testing the first equation of (3.9) with ¢, = Spu — uy € V?L, and
using f = —vAu — Vp + a2z and (Vp,Ily;,) = 0 reveals

V[V (Spu —up)||2(g) = v(V(a —up), V(Spu — w))
= —v(Au,Spu—uy) — (f — o Y2z, I(Spu — uy))
= —v(Au, (1 —II)(Spu — up))
— o Y2(z — Tz, T(Spu — wy)).

Analogously, one obtains
v||V(Spz — zh)HQLQ(Q) = —v(Az, (1 —1)(Spz — z1)) + a2 (u — TTuy, T1(Syz — 2)).
Observe that
—y(Au, (1 = TI)(Spu — wp)) — v(Az, (1 - T)(Spz — 2,))
<vl[jAuo (1 =ID[lyo+[[V(Shu = up)l| L2 (@)
+vl[Azo (1 =1y [[V(Snz = 21| L2(0)
1/2
< (HAu o (1=T0)|3o. + Az o (1 - HHI%;;*)
X ||[(Spu — up, Spz — zp)|||.
Similar to the Galerkin case, we have the additional higher order terms (with factor —071/2)

A= (u—Tup, I(Spz — z1,)) — (z — [z, I (Spu — uy,)).
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Pressure-robustness in the context of optimal control 9

Again, some manipulations reveal

(z — Hzp, [I(Spu — up)) = (z — ISz, I(Spu — uy)) + (II(Spz — z), H(Spu — uy,))
(u—Tuy, (Spz — z1)) = (u — IS, I(Spz — z1)) + (II(Spu — uy,), I(Spz — 2p,))

and the subtraction of both lines leads to
1/2
4] < (I = TSp)u o TRy . + (1 = T1Sy)z 0 TR . )
< |[[(Spu — up, Spz — z4)||].

The combination of these estimates concludes the proof of the first claim and it remains to show the bounds
for the consistency errors. The first bound follows from (3.8) and the second bound can be estimated as
follows. The stability estimate (3.7) and triangle inequalities yield

(W - HShWa H@h)

sup < lw — ISy w| 72
eneve  [IVenlliz)
< [[w = Spwllpz + [[w — Ow|| 12 + [|(1 = ) (w — Spw)|| 2
S W —=Suwlp2 + [[w —IIwl| 2 + A[|V(W — Spw)]| 2.
The claimed estimate now follows from (3.6) and (3.4). O

5 Numerical examples

This section visualizes the theoretical results in two numerical examples that were conducted with the open
source Julia package GradientRobustMultiPhysics. jl.

To distinguish all three schemes, a common formulation is given by

. 1 i o ,
min = |[[Muy, —u + = |lan
(A, un,pR)EQX VL XQp 2” ||L?(Q) 2 | ||L2(Q)

ot v(Vup, Vo) + (pn, div o) = (F + aqp, Hawn)  Von € Vi,
h (div up, 1) =0 Vi, € Qn,

where the classical scheme employs II; /IIs = id/id, the partially pressure-robust scheme employs
I1; /TIy = id/II and the new fully pressure-robust scheme employs I1; /I, = IT/I1.

5.1 Example 1

This example studies the prescribed polynomial solution
u(z,y) = curl(z'(z — 1)*y" (y — 1))

of the Stokes problem —vAu = q on the unit square €2 = (0, 1)2. The solution satisfies q := —vAu €
HZ(92) and therefore (q, 1) minimizes the objective functional for &« = 0, f = 0 and u? := u. For a > 0,

DOI 10.20347/WIAS.PREPRINT.2923 Berlin 2022
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Figure 5.1: Example 1: Reference solutions for u (larger images) and z (smaller images) for v = 1 (top row)
and v = 10~ (bottom row) and o = 10~° (left column) and o = 10! (right column), and independent
of €.

the exact minimizer is unknown and a reference solution is computed on a very fine grid with the second-
order divergence-free Scott-Vogelius finite element method. To study pressure-robustness, we perturb the
data with some irrotational gradient field

ul(z,y) := u(z,y) + eV (cos(z) sin(y))

for different choices of ¢ > (0. From the analysis it is clear that any divergence-free scheme like the Scott-
Vogelius element ignores the irrotational part in the data and therefore is independent of €. Figure 5.1 shows
some reference solutions for fixed v = 1 and different choices of a.

Figures 5.3 shows the convergence history for v = 1, where all methods under consideration perform very
similar. Only in the case v = 10~% and o = 10~ the errors for q of the classical method and the partially
pressure-robust method are worse than the error of the pressure-robust method. Also the velocity error
behaves a bit suboptimal pre-asymptotically in these cases.

Figure 5.2 shows some discrete solutions of the classical scheme and the fully pressure-robust scheme with
e = 10~* and moderate viscosity v = 1072 and different choices of cv. For smaller « significant errors
in u and z can be seen, while for & = 0.1 only z looks heavily distorted in the classical scheme. For the
smallest & = 1075 also the z of the full robust scheme looks different than the reference solution, but at
least it looks symmetric and the magnitude is matched. Images for the partially pressure-robust scheme
are not presented, but look very similar to those for the classical one. The observations are also inline with
the convergence histories in Figure 5.4. Here the situation for the classical and also the partially pressure-
robust method is dramatically different. The error in the energy norm even diverges pre-asymptotically (the
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Figure 5.2: Example 1: Discrete solutions uy, (larger images) and zj, (smaller images) for classical (left) and
fully pressure-robust (right) Bernardi—-Raugel method fore = 10~4, v = 1072 anda = 107,103,106
(from top to bottom).
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Figure 5.3: Example 1: Convergence histories for the classical (top row), partially pressure-robust (middle
row) and fully pressure-robust (bottom row) Bernardi—Raugel methods for € = 10~%, v = 1 and various
choices of «. The first, second and third column depict the total energy error, velocity error, and the control
error, respectively.
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Figure 5.4: Example 1: Convergence histories for the classical (top row), partially pressure-robust (middle
row) and fully pressure-robust (bottom row) Bernardi-Raugel methods for e = 10~%, v = 1073 and various
choices of a. The first, second and third column depict the total energy error, velocity error, and the control
error, respectively.
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Figure 5.5: Coarsest grids used in Example 1 (left) and Example 2 (right).

effect scales with o~ and becomes more pronounced for smaller v. Only the fully pressure-robust method
shows optimal convergence rates in the full range of tested parameters.

5.2 Example 2

Consider a unit square 2 = (0,1)? = QcUQrUQo decomposed into a control region Q¢ = (0,2/5) x
(0,1), afree region Qp = (2/5,3/5) x (0, 1) and an observation region 2o = (3/5,1) x (0,1). The
right part of Figure 5.5 shows a coarse triangulation where these regions are marked with red, green and
blue color in the mentioned order.

By straightforward arguments, the optimal control is reformulated into
min 2w - w2 + Sl
(an,up,PR)EQXV xQp 2 © 2 c
ot v(Vup, Vo) + (pp, div on) = (£, 2pn) + (an, Iagp)a.  Veu € Vi,
(div up,pn) =0 Viby € Q.

The optimization problem is equivalent to searching for a solution (up, zp, pp, An) € Vi X Vi X Qp X Qp,
of

v(Vuy, Veor) — (div on, pr) = (£, Iap) — (a7 *Mozp, opn)a,  Ven € Vi,
(div up,qn) =0 Van € Qn,
v(Vion, Van) + (div o, An) = o~ V2 (Iay, — u?, g )a, Von € Vi,
(div zp,qn) =0 Yaqr, € Q.

This example employs the same data from Example 1, but with a perturbation that really is orthogonal on
divergence-free functions when integrated over €20, i.e.

ul(z,y) == u(z,y) + eV(sin(xz — 0.6) cos(y)).

Moreover, we prescribe f := —pAu such that (0,u) is the minimizer of the objective functional for
a = 0, so this time the control should be close to z = 0. For « > 0, the exact minimizer is once
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Figure 5.6: Example : Discrete solutions uy, (larger images) and z; (smaller images) for classical (left) and
fully pressure-robust (right) Bernardi—-Raugel method fore = 10~4, v = 1072 anda = 107,103,106

(from top to bottom).
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Figure 5.7: Example 2: Convergence histories for the classical (top row), partially pressure-robust (middle
row) and fully pressure-robust (bottom row) Bernardi-Raugel methods for e = 10~%, » = 103 and various
choices of a. The first, second and third column depict the total energy error, velocity error, and the control
error, respectively.
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again approximated on a very fine grid with the second-order divergence-free Scott-Vogelius finite element
method.

As in the previous example Figure 5.6 depicts some discrete solutions of the classical scheme and the
fully robust scheme for v = 1073 and different choices of cv. The solution zj, of the fully robust method is
about two orders of magnitudes closer to z = 0 than the classical scheme. This is also supported by the
convergence histories in Figure 5.7. For very small « the errors for the fully robust scheme are also about
two order of magnitudes better than the errors of the classical scheme and also seem to converge faster.
This may be explained by the velocity error uy, that is almost independent of o and only gets larger for very
small .. This might be caused by the higher-order term in Lemma 4.1.
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