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An adaptive inexact Uzawa algorithm based on
polynomial-degree-robust a posteriori estimates for the Stokes
problem

Martin Cermak¥  Frédéric Hecht? Zugqi Tang? Martin Vohralik?

Abstract

In this paper, we develop an adaptive version of the inexact Uzawa algorithm applied to finite
element discretizations of the linear Stokes problem. We base our developments on an equilibrated flux
a posteriori error estimate distinguishing the different error components, namely the discretization error
component, the inner algebraic solver error component, and the outer Uzawa iteration error component.
On each outer Uzawa and inner linear algebraic solver iteration, we prove that our estimate gives a
guaranteed upper bound on the total error, as well as a polynomial-degree-robust local efficiency. Our
adaptive inexact algorithm stops the outer Uzawa iteration and the inner linear algebraic solver iteration
when the Uzawa error component, respectively the algebraic solver error component, do not have a
significant influence on the total error. The developed framework covers all standard conforming and
conforming stabilized finite element methods. The implementation into the FreeFem++ programming
language is invoked and two numerical examples showcase the performance of our adaptive strategy.

Key words: Stokes problem, conforming finite element method, adaptive inexact Uzawa algorithm, a poste-
riori error estimate, guaranteed reliability, polynomial-degree-robust efficiency, adaptive stopping criterion,
interplay between error components

1 Introduction

Let Q C R? be an open bounded polygonal domain with the boundary denoted by 9. We consider in
this paper the steady linear Stokes model problem: find a velocity u : Q — R? and a pressure p : Q — R
satisfying:

—Au+Vp=f in €, (1.1a)
Vu=0  inQ, (1.1b)
u=20 on 04, (1.1c)

where f : QO — R? represents the volumetric force. The notations A, V, and V- represent respectively the
Laplacian, gradient, and divergence operators.
Let u = [u™]1<m<2, v = [V"]1<m<2 denote vector functions and u = [u"™"|1<m.n<2, V= [vV"™"]1<m.n<2

denote tensor functions. The respective scalar products are defined as u-v := anzl u”v™ and v =
27271:1 Zizl u”"y"™". We follow the convention that
oul  ou! ovht  gvl?
oz 0y oz oy
Vu = , Vv =
ou? ou? ov>l  ogv??
oz Oy oz oy
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and
out  ou?
Ox - oy~

Let D C R?; we denote (p,q)p the integral Jppq dx, where p,q € L?(D). We use the same symbol
(,-)p also for the integrals of vector functions with values in R? and of tensor functions with values in
R2X2 | with the above scalar products. The Lebesgue norm on L?(D) is denoted by ||| p, respectively, and
alike for vectors and tensors. When the domain D coincides with €2, the subscript €2 is dropped. The same

Vau=

symbol ||-|| will also be used for the Euclidean norm of a vector V € R¥,
N
IVIZ =D (Vi)
m=1

Moreover, we denote by |||~ the infinity norm. Let us consider the following function spaces:
V= (L),
Q= L(Q) = {g € L*(Q); (¢, 1) = 0}.
The weak formulation of problem (L) reads:
Definition 1.1 (Weak solution). Find (u,p) € V x Q such that

(Vu,Vv) — (V-v,p) = (f,v) Vv eV, (1.3a)
(Veu,q) =0 Vg € Q. (1.3b)

Problem (L3) is well-posed (cf. [22]) due to the inf-sup condition (we systematically assume the argu-
ments nonzero)

. (qavv)
inf sup ———— =3, 1.4
a€Qvev Vvl gl -y

where (3 is a positive constant, only depending on €.

Remark 1.2 (Alternative weak formulation). Alternative equivalent of the variational formulation of Def-
ingtion [I1 is, see [38): find u € V with V-u =0 such that

(Vu,Vv) = (f,v) Vv € V with V-v = 0. (1.5)

Let 7, be a simplicial mesh of €2, matching in the sense that for two distinct elements of 7y, their
intersection is either an empty set or their common vertex or edge. Let next V, C V and @), C @ be two
approximation spaces of piecewise polynomials on 7. We consider the discretization of problem (3] by
the conforming finite element method. The discrete problem reads as:

Definition 1.3 (Finite element method). Find (up,pp) € Vi, X Qp, such that

(Vuh, VVh) — (V~Vh,ph) = (f, Vh> Vv, € Vh, (16&)
(V-up,qn) =0 Yan € Qn. (1.6b)

Let {v] }1<j<u be a basis of the function space V;, and let {g] }1<;<n be a basis of the function space
Q1. The corresponding system of linear algebraic equations is given by: find vectors U € R™ and P € RV

such that .
(3%)(5)-(5)

where A is a symmetric positive definite matrix and B has full rank.

The Uzawa algorithm, see [5], can be seen as a direct application of the gradient method to the mini-
mization problem of the dual functional of the Stokes problem, see [6] for a general discussion. Applied to
problem (L6]), it can be written as, see [19] B0]:

Algorithm 1.4 (Uzawa algorithm).



1: Chose an nitial approximation pg € Qn of p, a real constant o € (0,2), and a tolerance e > 0.
2: For k=0...+ oc0:

a) Compute uyt € V), such that

(Vui ™, Vvi) = (Vovi,pi) + (fa, i) Vvi € Vi, (1.8)

b) Compute pi“ € Qp such that

(it an) = 0F, qn) +a (Vi gp) Yan € Q. (1.9)

¢) If [|pi™ — pilleo < &, finish the computation.
EndFor

According to [19], the optimal rate of convergence is achieved with the choice of «

1
o= —7",
A1+ A2

where A\; and )\ are respectively the maximal and minimal eigenvalues of BA~!B7, and it is shown that
the Uzawa algorithm converges when 0 < o < A% The most attractive character of the Uzawa method is its
simplicity of implementation and its minimal memory requirements. Unfortunately, its speed of convergence
is slow in some cases and therefore it may require too many iterations in order to obtain sufficient accuracy.
In this context, inexact Uzawa methods were proposed in [41] 19} [IT] 15} 6], see also the references therein.
Discussions about the convergence of the different variants of the inexact Uzawa method can be found in
[11] 151 [6] 30 29]. For example, in [I9], the inexact Uzawa algorithm is specified as follows:

Algorithm 1.5 (Inexact Uzawa algorithm).

1: Chose an initial approzimation p} € Qn of p, an initial approzimation u) € Vj of u (such that
V) #0, ie., |[BUY| #0), areal constant a € (0,2), a tolerance € > 0, and a constant T > 0.
2: For k=0...+ o0:

a) Consider an iterative algebraic solver for the linear system (L8]). We stop the iterations whenever
IR®|| < 7||BU*||, where RF = [RﬂlﬁjSM is the algebraic residual such that

(Vuf™ Vvl) = (Vovi, pf) + (F,v)) —RF 1<j< M.

b) Compute pZ'H € Qp such that

(it an) = 0F, qn) +a (Vi gp) Yan € Q.

¢) If |pi™t — pklloo < &, finish the computation.
EndFor

In this paper, we are interested in designing an adaptive version of the inexact Uzawa algorithm 5]
see Algorithm B3] below. We constitute it upon the distinction of the different error components arising in
the inexact Uzawa algorithm, namely the discretization, inner algebraic solver iteration, and outer Uzawa
iteration components. To arrive at this aim, we follow the ideas of [9] [33] [36], see also the survey of [4] and
the references therein, but most closely the approach of [26], 20] for the Laplace problems.

There exist various types of a posteriori error estimates for the Stokes problem which aim at controlling
the discretization error. The residual-based estimators can be found in [39] for the conforming case and in [40]
for the nonconforming case. Reference [31] extends this type of estimates to the Stokes eigenvalue problem.



For stabilized finite element methods, the residual-based a posteriori error estimates have been addressed
in [27] [42]. The recovery-based (Zienkiewicz—Zhu) estimator applied to the nonconforming finite element
approximation can be found in [14][38]. The works [39, [7, 2] propose an a posteriori error estimate by solving
local residual problems. In [37], guaranteed upper bounds for both energy norms and functional outputs are
considered. In [I8], guaranteed estimates are derived for nonconforming discretizations, and in [I], the issue
of appropriate online selection of the parameter in stabilized methods is addressed. A unified framework
for guaranteed a posteriori error estimation for the Stokes problem discretized by different conforming and
nonconforming numerical methods is presented in [23]. Finally, the work [3] estimates the total error at
each Uzawa step for the exact Uzawa algorithm, and shows that this error in global sense can be controlled
by the divergence of the velocity.

We follow here the equilibrated fluxes methodology, see [28] [17] [18] 10} 23, 21] and the references therein,
and prove that our error estimate gives a guaranteed upper bound at each moment of the computation. We
balance the three arising error components by stopping adaptively the inner algebraic as well as the outer
Uzawa solver, so that the unnecessary iterations of both these solvers can be avoided. Following the ideas
of [I0] and [2T], we also prove a polynomial-degree-robust (local) efficiency of our estimate, and this in the
presence of algebraic solver and Uzawa iteration errors. All the results are proved for various conforming
finite element discretizations, both unstabilized and stabilized.

The outline of the paper is as follows. In Section 2] conforming unstabilized and stabilized finite element
methods are respectively introduced. Our adaptive inexact Uzawa method is presented in Section [Bl The
developments of Section Ml give a general a posteriori error estimate for the adaptive inexact Uzawa method
and enable to estimate the error between the exact solution and the approximate solution obtained at
each outer Uzawa step and at each inner algebraic solver step. In Section Bl the polynomial-degree-robust
efficiency of our estimator is proved, giving a lower bound for the error up to a generic constant only
depending on the shape regularity parameter. All these results are derived in an abstract framework. The
application of our results necessitates the verification of Assumptions 1] and Bl We do it in Section
Finally in Section[7l two numerical examples are provided to show the behavior of our a posteriori estimates
and the computational gains of our adaptive inexact Uzawa method in comparison with the exact Uzawa
algorithm [[4] and the inexact Uzawa algorithm Here only a fixed computational mesh is considered;
further extensions incorporate mesh adaptivity as well.

2 Conforming finite element methods

We shall give our a posteriori error estimates in a quite general framework. In order to, however, fix ideas,
we now give typical practical examples of finite element discretizations of (I3)). Let P;(7;,) denote the
piecewise polynomials of order [ on Ty, let hx stand for the diameter of K € T, and let hg denote the
diameter of ().

2.1 Unstablized schemes

We consider the following discretizations (L0]), following [35]:
The Taylor-Hood family: for [ > 2,

Vio= VBT, (2.1a)
Qn:=QNI[C" Q) NP1 (Th)]- (2.1b)
The mini element:
Vi, = VNPT,
Qn = QN[C°Q)NPL(Th)],

where P} (7},) stands for P1(7},) enriched by the cubic bubble functions vanishing on the boundary of each
element. We need to set here [ = 3. The cross-grid P;—IP; element, with [ =1,

V5, = VN[P(T)]?,
Qn = QN[C°(Q) NP1 (Tx)),



where the triangular mesh 7;, was formed from the triangular mesh 7y by adding the barycenter as a node
and cutting the triangle into 3 subtriangles. The Py iso Po—IP; element, with [ = 1,

Vi, = VNPT
Qn:=QN[C°"Q)NP(TH)],

where T, was formed from Ty by adding the edge barycenters as nodes and cutting the triangle into 4
subtriangles.

2.2 Stabilized schemes

We will also cover some conforming stabilized methods, where some regularization terms are added to (L6)):

Definition 2.1 (Stabilized finite element method). Find (up,pp) € Vi, X Qy, such that

(Vup, Vvy) — (Vv pn) + th(un, pr; vi) = (£,va) Vv, € Vi, (2.5a)
(V-un, gn) + sp(up, prign) =0 Yan € Qn. (2.5b)
Let
V,=Vn [Pl(ﬁ)]Q, (2.6a)
Qn = QN[CYQ)NP(Th)] (2.6b)

and let 6 > 0 be a penalization parameter. Then, for [ = 1, the Brezzi-Pitkéaranta method [13] uses:

s (Wn, priqn) = =0 Y h(Vpn, Van) k.
KeTy,

For [ > 1, the Hughes—Franca—Balestra method [25] uses:

sn(Un, pr;qn) =0 Z hi(f 4+ A, — Vi, Van) k-
KeTy

For [ > 1, the Brezzi-Douglas method [12] uses:

sn(Wn, s qn) =0 Y Wi {(f = Vpn, Vau)x + (Aupng, gn)oknon}
KeTy,

In all these methods, ty(un, pr; vy) := 0. Finally, for the choice ([Z.6]) or for (1), I > 2, and a parameter
p = —1,1, the Hughes—Franca—Balestra method [25] uses:

sn(Wn, pr;qn) =0 Z hi(f + A, — Vpr, Van)k
KeTy

th(ap, pr;ve) == dp Z Ry (f + Auy, — Vpp, Avy) k.
KeTy,

Henceforth, we only consider (Z3)) instead of (L), with sp(un,pr;qn) and tx(un, pr; qn) equal to zero for
unstabilized methods.

3 Adaptive inexact Uzawa method

In this section, we introduce our adaptive amendment of the classical inexact Uzawa algorithm [L.3 in the
spirit of [20]. Let n& | nfl’g, 778’;&, and 7715{;0 be respectively the estimators of the algebraic reminder, the
inner algebraic solver error, the outer Uzawa iteration error, and the discretization error on the k-th Uzawa

step and i-th algebraic step. We give their precise forms in Section @ below.



Algorithm 3.1 (Adaptive inexact Uzawa algorithm).

1: Chose an initial approzimation p) of p, an initial approzimation ul) of u, a real constant a € (0,2), a
fized iteration count vy > 0, and real parameters Yeem, Yalg, YUza > 0, typically of order 1071,

2: For k=0...+ o0:
2.1: Define uﬁ’o = ufl and set 1 := vy. Starting from uﬁ’o, perform vy steps of a chosen iterative linear
solver for the linear system associated with (Z5al), yielding uZ’l € V5, and R € RM such that

(Vup’, Vv + tn(up’, pfsvi) = (Vv ph) + (F.v)) — R 1< <M. (3.1)

2.2: a) Setv:=0.

b) Perform vy additional steps of the chosen iterative linear solver, starting from ul 't Setv = v+vp.
h

This yields uﬁ’”” € V5, and R € RM satisfying

k,i+v j k,i+v j j j k,i+v
(Vuy, ™, Vvi) + (w7 pis vi) = (Voviph) + (£, v7) = RP (3.2)
1<j< M. '

ki

rem

¢) Compute the estimators n and nfl’é. Check the balancing criterion

) ki
Uférln < 'Yremnalé- (3.3a)

If not satisfied, go back to step 2.2°b) .
d) Compute the estimators nﬁ’zia and ngi’éc and check the stopping criterion for the inner algebraic solver

in the form
ki ki ki
77&1; < Yalg MAX{ T g3t MNya - (3.3b)

If not satisfied, set i :=1i+ v and go back to step 2.2 a).

2.8 Check the stopping criterion for the outer Uzawa iteration in the form

Nga < YUzallgise- (3.3¢)

If satisfied, finish the computation. If not, set uZ“ = ui’i and compute pi“ such that

Oy an) = (F,an) + o (Voupth qn) + su(uf ™, pfian)) Yan € Q.
EndFor

Remark 3.2 (Local stopping criteria). Above, the stopping criteria (B3) are global in the sense that the
estimators are summed over all mesh elements. Alternatively, we can also consider the local stopping criteria

26, 20

77rerln,K S ’yrevanal;K’ VK € 77“ (343’)
ki ki ki

Walé,x < Valg, K max{ndi;c,K’nU;a,K}a VK € Ty, (3.4b)
ki ki

Miga, i < VUza, K Nise, K> VK € Th, (3.4c)

where for any K € Ty, the parameters Yrem, Kk, Valg, K, aNd YUza, Kk are positive user-given weights, typically
of order 1071,



4 Guaranteed reliability via equilibrated fluxes
Let H(div, 2) be given by
H(div, Q) = {v € [L*(Q)]*** V-v € [L*(Q)]*}.

For 1 < m < 2, we denote e,, € R? the canonical vectors of R?, i.e.

)

e () waere (0.

We also denote by I the 2-by-2 identity matrix.
Let f;, be a piecewise polynomial approximation of the source term, verifying

(fh,em)K = (f, em)K, Vi<m<2 VKEe Th. (41)

We will use below the Poincaré inequality
hx 1 2
Iv=viclx < 2 |Vvli, v e [HY (KPR, (4.2)

where v denotes the mean value of v in K, see [34]. We will also employ the Friedrichs inequality stating
that
[Vl < halVv],  VveV. (4.3)

In order to proceed as generally as possible, we now make:

Assumption 4.1 (Quasi-equilibrated Cauchy stress reconstruction). For each outer Uzawa iteration k > 1,
each inner algebraic solver iteration i > 1, and each number v > 0 of additional algebraic solver steps, there

exists a Cauchy stress reconstruction d’,i’”” € H(div,Q) and an algebraic remainder function ri’“" €
[L2(Q)]? such that

— Vedp =y, (4.4)
Under Assumption ] we now prove the following theorem, following essentially [3] 18] 20] 23].

Theorem 4.2 (A general a posteriori error estimate for problem (). Let (u,p) be the weak solution
giwen by Definition [ 1 and let (u],i’i,pZ) € Vj, x Qy, be the approximate solution obtained by Algorithm [31]
on the Uzawa step k > 1 and the inner algebraic iteration ¢ > 1. For v > 0 additional inner algebraic solver
steps, let Assumption [{.1] be satisfied. For any K € Ty, define

the flux estimator:
M = [V’ = phl— a7 i, (4.52)

the divergence estimator:

k,i
ki NS
U h ) (4.5b)
B
the remainder estimator:
ki k,i+v
nre:n,K = hQHrh o ||Ka (45C)

the data oscillation estimator:
; h
k,i K
nosc,K T T Hf_thK (45(21)

Let the following convention be used

1/2
et = { > (nfj}})Q} : (4.6)

KeTy,



Then we have

IV (= w )| < " + bz + i + 055" (4.7a)

Bllp = il < mi + nbit + izt + 15" (4.7b)
Proof. We first bound ||V (u — uZZ)H Let s € V with V-s = 0 be the solution of
(Vs,Vv) = (Vu}’,Vv) Vv €V with V-v = 0. (4.8)
This problem has a unique solution, cf. Remark [[21 We have the Pythagorean equality
ki ki
IV (=, ") [P = [IV(u—s)[* +[|V(s — w1, (4.9)
which follows from the fact that

||V(u — uZ’i)HQ = ||V(u —s+s— uZ,i)HQ
= |V(u—s)|*+||V(s - u’,i’Z)H2 +2(V(u—s),V(s — u:,z))’

with the last term disappearing thanks the facts that u—s € V and V-(u—s) = 0 and to (L]). We estimate
the two terms in ([£.9) separately.
Using the expression of the energy norm as a dual norm, we have

[V(u—s)|| = sup (V(u—s), Vo).
PEV; V=0, [Ve|=1

Let thus ¢ € V with V- = 0 and ||V|| = 1 be fixed. Employing the definitions (IC3]) and ([@8]), we have
(V(u-—s), V) = (£, ) — (Vu}’, V). (4.10)

Next, using that 0 = (p}, V) = (pfL, V), adding and subtracting (d’,ﬁ’””,V(p), and using the Green
theorem, we get

(V(u—s),Ve) = (f+ V-di ' o) — (Vup' — phl— dp™™ Vo).
Using ([@4), we get
(V(u—s), V) = (£ — fn, ) + (ch 4, 0) — (Vub — bl — ™+, V).
We have, for any K € Tp,
(=t @)k = (E—f1. 0 — o)k < bt 1 IVl
using ([E2]), whereas the estimate
(Vup’ —pil—dy™ Vo) < npllVelx

is immediately obtained by the Cauchy—Schwarz inequality. And with the Friedrichs inequality (@3], we
get
k,i+v k,i+v
(ry ™) < hallry I Vel|.

Thus the Cauchy—Schwarz inequality gives

(V(u—5),V¢) < 3 {0l + 1 IVl |+ hallrh ™ V6]
KeT (4.11)

ki ki k,i
S 77F ’ + 77052 + nrefn'



We now treat the term ||V (s — uh 9||. We have
IV(s = wy)IIP = (V(s = wy"), V(s — w,)).

As in Remark [[2] with respect to Definition [ILT] the following equivalent formulation of (8] can be given:
find (s,w) € V x @ such that

(Vs,Vv) — (V-v,w) = (Vu', Vv)  WweV, (4.12a)
(Vs,q) =0 Yq € Q. (4.12b)

Thus we have, as s — uﬁ’i € V can be taken as a test function in (fI2al),

(V(s =), V(s = uy)) = (Vo(s — ), w) = (Vo' w) < [|Vowy”

jwl].

We have also used the fact that V-s = 0 and the Cauchy—Schwarz inequality. To estimate ||w||, we will rely
on the inf-sup condition (L4]):

1 (w,V-v) 1 (V(s—uh ), Vv)
w| < = sup —————— = — sup
loll < 5 sop e = 55 o]

where we have employed ([@I2al) and the Cauchy—Schwarz inequality. We thus arrive at

IIV(S — ),

_ IVl

(V(s—uil),V(s—uh ) < 5

V(s ),

whence
(IV(s— uh H < 77 . (4.13)

The term ||p — p¥|| is treated through the inf-sup condition (), which in particular gives

1
lp—pill <= suwp  (p—pf. Vo).
B pevi|ve|=1

Fix ¢ € V with || V|| = 1. The weak solution characterization ([3al) gives

Thus using also (p¥, V@) = (pFI, Vi), adding and subtracting (dZ’H",ch) as well as (Vu],i’i, V), and
using the Green theorem, we arrive at

(p—pf, V@) = (V(u—u?), Vo) — (V-di™ 4 £, )
(Vuh’ —phl - dZ’Hy, V).

The two last terms on the above right-hand side could be estimated as in (@I and the first one could

be bounded by ||V (u — uf"")|| and consequently by #Ta). Such a straightforward bound can, however, be
substantially improved while proceeding as in [I]. Let ¢ € V with V-¢oc = 0 be the solution of

(Vee,Vv) = (Ve,Vv) Vv € V with V-v = 0.
Let ¢one := ¢ — ¢, and note that
(Vene, Vv) =0 Vv € V with V-v = 0. (4.14)
Then, as in [9), we immediately have
IVl = [[Vecl® + [ Vencl?, (4.15)

as (Vene, Vee) = 0. Now
(0= 1k, Vo0) = (b — B, Vo)



and
(p — Pk, V-one) = (V(u —uf), Vone) — (V-df ™™ 4 £, one)
+ (Vup' — pfT — 4" Veono).
We can estimate
—(Vedy ™ £ one) + (Vuy = pil— ™, Veone) < i + 0l + i,
as in (&I, since ||Venc|| < ||Vl =1 by @IF). Finally for the term (V(u — u}’*), Vione), we have

(V(u—up"), Vene) = (V(s — up), Veone),
as (V(u—s),Vene) = 0 by (£I4) sinceu—s € V and V-(u—s) = 0. Now the Cauchy—Schwarz inequality
and (£I3) together with |[Venc| < [Vl =1 give
(V(u = uy"), Veono) < 5’
Combining the above results gives (EL70). O

Following the idea in [26] Section 7.2] and [20] Section 4], on k-th Uzawa and i-th algebraic solver step,
we construct the discretization stress reconstruction di’l. And after v additional algebraic solver steps,

we construct the Cauchy stress reconstruction dZ’HV of Assumption Il Define the algebraic error stress
reconstruction as

ki . qkitv ki
ap’ =yt — (4.16)

Then we have
a;’| — 0 as the inner algebraic solver converges,

which is a necessary condition for algebraic error control from [20, Section 3.2]. We then have:

Theorem 4.3 (A posteriori estimate distinguishing the error components). Let (u,p) be the weak solution

giwen by Definition [ 1l and let (uZ’i,pZ) € Vj, x Qy, be the approximate solution obtained by Algorithm [31]
on the Uzawa step k > 1 and the inner algebraic iteration ¢ > 1. For v > 0 additional inner algebraic solver
steps, let Assumption [{1] be satisfied. Using the convention ([LL), we then have:

IV = wf )+ Bllp = kI < 2 (0 + ke + nbika + sk, + st ) (4.17)

with n&t and n¥% given respectively by @5d) and (EEd), and with the discretization, inner algebraic solver,
and Uzawa estimators respectively given by:

the discretization estimator:

ki
ndlSCK = ||vu pZH_thHK
3 i i
+ A7V = 6 |k, (4.18a)
the inner algebraic solver estimator:
ki
nal;,K = ||ah ”Ka (41811))
the Uzawa estimator:
ki 1y cki
Moa, i =B 10 e (4.18¢)

where 5Z’i € Qp, is given by

(07" qn) = (V-up’ qn) + sn(uf’, pks an), Yan € Qn.
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Proof. The decomposition ([{I6) and the triangle inequality yield
IVuy" = ppl = ™| < [V = phL— s + [l |5

Note that it follows from (25D) that upon the full convergence of the Uzawa iterations, §;"* = 0. Thus this
term represents the error in the Uzawa iteration, and with the triangle inequality, we have

_ ki _ ki ok 1y ok
BV < BN Vouyt =6, 4+ 8716,

where the first term contributes to the estimator of the discretization error and the second one estimates
the Uzawa iteration error. O

5 Polynomial-degree-robust efficiency

In this section, we prove the polynomial-degree-robust efficiency of the a posteriori error estimate of Theo-
rem .3l Define the shape regularity parameter s, by
. hK
KT, = ;(nea%l p—K,
where pg represents the diameter of the largest circle inscribed into the triangle K. We suppose henceforth
that there exists a real number x5 > 0 which bounds k7, for any considered mesh 7.

We will need some additional notation. Let V}, stand for the set of the nodes of Ty, Vin® for the set of
the interior nodes of Ty, and Vi** for the set of the boundary nodes of 7. For each a € Vj, let wa denote
the patch of the vertex a, i.e., all the elements K € 7} which share the vertex a, and let h,, denote the
diameter of the patch w,. Let RTN;(wa) C H(div,wa) be the Raviart-Thomas-Nédélec space of order I > 0
on the patch w,. Let next RTNF’O(wa) be its subspace with zero normal flux through dw, for a € V,ilnt
and with zero normal flux through dw, \ 9Q for a € VX', [Pf(wa)]? is spanned by piecewise I-th order
polynomials on w,, with zero mean componentwise on w, when a € V,"I“t; the mean value condition is not
imposed on a € VEXt. Let 1a € P1(T5) N C°(Q) stand for the hat basis function associated with the vertex
acV, ie, Ya(a) =1and ¢a(a’) =0 for a’ € Vj,,a’ # a. Let 1a 1, 1 <m < 2 be its vector variant:

Paq = ( 1/63 ) and 1, o 1= < £a >

In order to prove polynomial-degree-robust efficiency, we first need to specify the construction of the
equilibrated flux. We can do so under the following general hypothesis:

Assumption 5.1. Let (uZ’i,pﬁ) €V, X Qy be the approrimate solution obtained by Algorithm [31 on the
Uzawa iteration k > 1 and the inner algebraic iteration © > 1. Suppose that for all a € V,ilnt, there exists

RE? € R? constructed from the algebraic residual vector R¥' of ([B.) such that

(fv ’bea,m)wa - (Vuﬁyia v’lyba,m)wa + (v'wa,m;pZ)wa - (Rgﬁz)m - 0;

' (5.1)
Vae V™ 1<m<2.
For i +v in place of i, v > 0, we have RE" € R? and (&) corresponds to ([B.2).

For simplicity of notation, set RE? = 0 for a € Vg*t. Following the recent work [32], we construct the
equilibrated flux by solving the mixed finite element local problems on the patches wj:

Definition 5.2 (Discretization stress reconstruction diz) For each Uzawa step k > 1, each inner algebraic
iteration i > 1, and on each patch wa, a € Vy,, find (db?, 0l") € RTN) % (wa) x [P} (wa)]? such that
(dB vh) e, + (05 Vowy)e, = ((Vui’i — P a, Vi)w,, VUi € RTN?’O(wa), (5.2a)
—((V-dg’i)m, (Ar)m)we = (£Pam — (VU-]}?Z - pﬁﬂ):v"/’a,ma (An)m)wa

- ((Rg’i>m|wa|7lv (An)m)was
Yap € [Pf(wa)]? 1 <m < 2. (5.2b)
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Then we set

dpt =Y db (5.3)

acVy,
Remark 5.3 (Construction of dZ’iJr”). We construct d’,i’”” via Definition [23, with i + v in place of i.

Remark 5.4 (Cheaper equilibration). Following [10], one can also carry the reconstruction in RTN, "9 (wa) x
[P;_ (wa)]®>. Employing the Raviart-Thomas-Nédélec projector, the efficiency of such a simplification has
been shown in [20], albeit the polynomial-degree-robustness has not been treated therein.

The problems ([B.2]) are well-posed thanks to (B1l), which is the corresponding Neumann compatibility
condition for a € Vi**. We now follow the work [10] and [20], and extend it to the Stokes setting. For
q € L*(Q), denote by IIp, (7, )q € Py(Ts) the projection such that:

(¢ —p7:)¢:an) =0 Van € Pi(Tn).
We will use similar notation for [P;(7)]?.

Theorem 5.5 (Polynomial-degree-robust efficiency ). Let (u,p) be the weak solution given by Definition [Tl

and let (uZ’i,p’,?L) €V, x Qy, be the approximate solution obtained by Algorithm[31 on the Uzawa step k > 1

and the inner algebraic iteration 1 > 1. Let the estimators be constructed following Definition [5.2 and let,

for v >0 additional inner algebraic solver steps, the local stopping criteria (B4]) of Remark[3Z be satisfied.

Suppose that 0 < Yeem, K s Valg, K, YUza, Kk < 1. Then, with the constants Cs; and Cpr ., > 0 only depending

on the shape regularity parameter k1, see [21] and the references therein, there holds, for all K € Ty,
ng{;c,K + n:f;;,K + nII€J7zZa,K + nféin,K

<A1+ YUz k(1= Y0zax) )Cst Y > max{l,37'}

1<m<2aeVk
X (2001 wah | Viamlwa.oo + DIV (0 = 0 [y + Bllp = PR l) (5.4)
+ 4(1 - 'YUza,K)_lﬁ_l ||V(u — u:’l)”[( + 4(1 + '7Uza,K(1 — 'YUza,K)_l)Cst
h 9y 1/2
K/
< 3 S X (M) - i) |
1<m<2acVig \K’'Cwa

Proof. From our local stopping criteria ([34]), we have
ki ki ki ki
Mo, & T Malg, ik T Mza, k< Maise, k-

Then, by [I8a), we only need to bound |[Vu}* — pfT — d}’|| x and S| V-ul’ — 67| k.
Using the triangle inequality, the definition (£I8d), V-u = 0, and the local stopping criterion ([.4d), we
obtain

BHIV-uy = 83 e < B7HIV-wy s+ B IO ke
< BV (U =) | K + YUsa, K M
Then the fact |[V-(u — u}")|| < |[V(u — u}"")|| and the definition @IZa) yield
(1= Y0sa,5) B IV = 6,7 |
< BV = w) |k A Yoz, x|V = ppT = dp|x,

where we also use the assumption yy., x < 1.

To bound ||Vu§’i —phl — dfl’iHK, we use the same augments as in [2I] and proceed in three steps.
Step 1: Let a € Vi and consider the patch w, of the vertex a. Define the function space H}(wa)

H} (wa) ={v € H'(wa), (v,1)u, =0}, ac
H!(wa) ={v € H'(wa),v =0 0n dwa NN}, ac V.

12



Let 1 < m < 2 and define 74, € H}(wa) such that for v € H} (wa),

(Vraum, V0w, = — (VU — pED)tpa,m, Vo),

i . (5.5)
+ (fvpam — (Vull? — 03D :Vam — (RE ) mlwal ™, ),
We now prove that
[Vramllw, <max{l, ﬂ_l}@CPF,wahwa”Vwa,mea,oo +1) (5.6)
X (V= uy) wn + Bllp = piillea)-
We have
||V7"a7mea = sup (Vra,ma V) -
vEH} (wa),||VVlwy =1
Fix v € H}(wa) with ||Vv]|w, = 1; then (53] gives
(Vram, VU)w,
= - ((VUIZ’i *pZD":ba,mv V)wa
+ (f"':ba,m - (Vuﬁyi - plﬁﬂ):V’:ba,m - (Rs’i)m|wa|_1a V) wa
= (f'¢a,mav)wa - (VU-II?Z - pﬁ]l), V(¢a,mv))wa - ((Rg’i)m|wa|_1av)wa
= ((Vu = p), V(@am)ws = (Vu" = pkl), V(tha,mv))u, 5

— (RE) mlwal ™!, V)

(19 (@ = 0 s + 11 = PE ) |V (300) e

+ | RE Y lwal ™ w19

max{1, 7}V (= 0p) [l + Bl — PEllw) |V (aim®)
+ |RED) mlwal ™% (0]

IN

IN

where we used the fact that (f,9a m¥)w. = (f,Yamv)a as Ya,mv=0 on the boundary of w,. Moreover,
employing | Vv||w, =1 and ||%a,m]lw.,co = 1, we have

Hv(wa,mv)Hwa = vaa,varwa,mvawa

IN

Hv¢a,m”wa,oo”v”wa =+ ||¢a,m||wa,00||vv||wa (5-8)

IN

CPF,wahwaHVQ/Ja,mea,oo +1,

where we use the Poincaré inequality (2] on the patch w, for a € Vin*, and the Friedrichs inequality (@3]
[Vllwa < hoallVOllwas Vo € Hy(wa),

for a € VX', For any a € Vi"*| with (51, we have

(REDm = (£ Yaim)wn — (VU Vipam ) + (Vetam, Pf
= (VU Vpam)un — (V-Pam D)uw — (VUL Viham)wn
+ (Vtayms P ) (5.9)
IV (@ =y e + 112 = PE ) | Vi [l
max{1, 3731V = uf) o + Bl = Pfllwa) IV, |, o0 lwal /2.

Employing again [|v|w. < Cpr w.bw. [|VV||w., ED)-E9) yield (B.6).
Step 2: Still for a € Vi, let 7am € Hl (wa), 1 < m < 2, be defined by

(VTa,m, VU)w,
= — (V" = piDYam, V)uo + [Tz,(7;,) (F-Pa,m)
- (vu;?l _pzﬂ):v"/’a,m - (Rs’i)m|wa|_1a (An)m)wa-

IN

IN
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Using that this problem, in contrast to (5.5, has piecewise polynomial data and that the equilibration of
Definition is done with the corresponding degree [ and componentwise, we can use [2I] Corollary 3.16]
(relying on [16] [10]) to infer that, for 1 <m < 2,

H((Vu;?i - plli]l)l/’a - ds’i)mea < CstHVfa,meaa

with the constant Cy only depending on the shape regularity parameter x7. Finally, using

sup (HPz(Th)(f"‘/)a,m) - f'¢a,ma U)wa

vEH} (wa)il|VVlwa=1

== sup { Z (HIPl(Th)(f"l;ba,m) - f"l;ba,m; v — UK)K/}

veH (wa)illVolloa=1 | grew,

A 9y 1/2
S{ Z ( :,|HP1(Th)(f'¢a,m>f'¢a,m||K’) }

K'cwa

leads to

(V" = piDda — il

1/2
hic 2 (5.10)
< Cstl|Vramllwa + Cst { Z <T|HIP’1(Th)(f'¢a,m> - f'¢a,m”K’) } .
K'€wa
Step 3: Employing (5.3) and the fact >, ), alx =1, we get
ki ki kyi i
[[(Vuy, —ppl - dyImllx = Z (Vu, — pil)tpa — i)
acVk K
SO (AR oM (5.11)
acVk
< > ||«vupt - phDa - ak,
acVk “a
Combining (56), (&I0), and (GIT) yields the remaining assertion. O

Remark 5.6 (Data oscillation). As shown in [21, Remark 3.6 and Remark 3.18], if the function f is
elementwise smooth enough, the data oscillation term in (4] superconvergences.

Remark 5.7 (Global efficiency). Using the global stopping criteria (B3]) in place of the local ones (B4,
global efficiency follows.

6 Applications

In Section @ we need Assumption [ to derive the guaranteed reliability of our estimate, and in Section
we need Assumption [5.] to derive the polynomial-degree-robust efficiency. We now show how for the
different conforming finite element discretizations of Section 2l we can verify these two assumptions. In
fact, Assumption 1]is a consequence of Assumption .1}

Theorem 6.1 (Verification of Assumption ). On Uzawa step k > 1, algebraic iteration i > 1, and for

v > 0 additional algebraic iterations, let Assumption[51] hold, and construct d’,i’”” via Definition[5.3, with
1+ v in place of i. Set

I‘Z’H_V|K — Z |wa|—1R§,i+u’
acVi (61)
fh = H[PL(Th)]zf'

Then Assumption [{-1] holds.
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Proof. All d%**7 of (52) belong to H(div, ) (more precisely to RTN;(2)), so their sum d:’HV also belongs
to H(div, Q) (to RTN;(Q)). Fix now an arbitrary K € Tj, and qp, € [P;(K)]?, only supported on the element
K. For any a € Vf, take this test function in (5.2D]) (this is possible thanks to the Neumann compatibility
condition (B))). Then, for 1 < m < 2, we have

— (V- ), () i
— 3 (VdE ) (an)m)

acVik
= > (Etam — (Vay™ — piD):Vepa m. (an)m)
acVg
— (Jwa] " RET ) (An)m) i
k,i+v

= ((fh - rh >m7 (Qh>m)Ka

employing the partition of unity

Z ¢a7m|K =1and Z Vwa,mh( =0

acVk acVk

and the definitions (G.1J). O
We are thus left to check Assumption B}

Theorem 6.2 (Verification of Assumption B.I)). On Uzawa step k > 1, algebraic iteration i > 1, and for
acVint and 1 <m <2, define from B

(Rs,l)m = _I;J.a

for the basis function V{L of Vi, given by Yam. Then Assumption[5d holds.

Proof. The claim is straightforward for all unstabilized schemes of Section Bl as well as for those stabilized
schemes of Section where ¢, (up, pr;ve) = 0 (remark we are only working with the first block equation
of (Z35al)). The crucial observation for the Hughes—Franca—Balestra stabilized method is that ¢, (up, pp; vi)
only contains the elementwise Laplacian of the test function, which is zero for 1 . O

7 Numerical examples

In this section, two numerical examples with known analytic solution will be described in detail. The first
one has a smooth solution, whereas the second one has a solution with a singularity in a reentrant corner of
the domain. We consider the three different types of Uzawa approaches presented in this paper, the exact
Uzawa method of Algorithm [[4] the inexact Uzawa method of Algorithm [[L5 and our adaptive inexact
Uzawa method of Algorithm Bl For the exact Uzawa method, we use the CG method to solve the linear
system; for the regular case, we do not use a preconditioner. We stop the CG iterations whenever the
relative algebraic residual gets below 10~ and set € = 102 for the stopping criteria on the Uzawa iteration
in Algorithm [[L4l For the inexact Uzawa method, we take the same stopping criterion for the Uzawa
iterations, and we set 7 = 1 for the inner stopping criterion. Finally, for our adaptive Uzawa method, the
parameters for the stopping criteria are set as:

Yrem = 1,YUza := 0.5, Valg := 0.5.

The choice of the number of additional steps is taken as vy := 5.
Recall that (u, p) is the exact solution, (up, pp) is the solution obtained by the finite element discretization
with exact linear system solve, (uﬁ’z, pfl) is the solution obtained on the k-th step of Uzawa iteration and
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the i-th step of linear algebraic solver, and (uZ’m,pﬁ) is the solution obtained on the k-th step of Uzawa
iteration with an exact algebraic solve (R** = 0 in ([3I])). The different errors components are given as:

total error := ||[V(u — uil)H +Blp — pZH,

(
discretization error := ||V (u — up)| + Bllp — pnlls
Uzawa (outer) error := ||V(up, — uk’OO)H + Blpn — pill,
algebraic (inner) error := ||V(u;?°O - uh .

In the following, we employ the Taylor-Hood conforming finite element discretization of order [ = 2 (there is
no stabilization) and use the cheaper reconstruction of Remark B4l of order 1. We set the Uzawa parameter
« := 1. The implementation has been done with the FreeFem++ programming language [24].

7.1 Smooth solution

We consider here the computational domain as = (0,1)2, with homogeneous Dirichlet boundary condi-
tions. The exact solution is given by, cf. [23] with the value o = 1,

" < 22%y(z — 1)*(y — +x2y2(2y—2)(:v— 1)? )
—2zy%(x — 1) (y — 1)? — 229?22 — 2)(y — 1)?

and
p=x+y—1

The volumetric force f is chosen accordingly. We consider eight levels of uniform mesh refinement. The
inf-sup constant 3 is approximately equal to 0.44 here, see [23] for a discussion.

Figure[presents the total error and the various estimators as a function of the number of mesh elements.
It can be seen that the three approaches yield almost indistinguishable value for the total error; in this

smooth case, the convergence order is O(h?). For the exact and inexact Uzawa method, the estimators
k,i

alg estimators are much smaller in the exact case than in the

nUZ ., take the values around 10~ 8 and the n

mexact one. For the adaptive inexact method, we terminate the computation with much larger nk’ia and

77a1g estimators, just sufficient not to influence the total error. For all the three methods, the total estimators
converge with the same speed as the total error, as proven in Theorem [5.5] (cf. also Remark (7).

Figure [2] focuses on the finest mesh, and displays the dependence of the total error and of the various
estimators on the Uzawa iteration. The total error and the total estimator decrease rapidly for the first
30-40 Uzawa iterations and then only very slowly, since therefrom the influence of the Uzawa iteration error
gets negligible. This is precisely the point where our adaptive inexact Uzawa method stops, leading to an
important economy of the Uzawa iterations used.

In Figure Bl we compare the overall performance of the three approaches. We present the number of
Uzawa iterations as a function of the refinement level, the number of algebraic solver iterations as a function
of Uzawa iteration on the last refined mesh, and the total number of algebraic solver iterations as a function
of the refinement level. Concerning the total number of Uzawa iterations, the exact and inexact methods
show no significant difference. The adaptive inexact method reduces this count by a factor bigger than two.
Gratifyingly, the inexact and the adaptive inexact methods need almost the same number of CG iterations
on each Uzawa step. In combination, the adaptive inexact method needs the smallest number of total
algebraic solver iterations; on the eighth refined mesh, the three approaches need respectively 31499, 11162,
and 6295 total algebraic solver iterations.

The total effectivity indices for the three approaches are presented in Figure @l There are computed as
the ratio between the total estimator and the total error, i.e.,

i
2(771-7 ) + nrein + 77D + nosc)
total error

total effectivity index :=

see ([@T). This index for the adaptive inexact Uzawa algorithm appears to be lower than for the two other

considered algorithms; setting, however, the parameters Viem, Yuza, and 7alg small enough, we obtain almost
the same effectivity indices.
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Figure 1: Error and estimators on uniformly refined meshes

Similarly as for the total effectivity index, we also define the effectivity indices for each error component
in the adaptive inexact method:
ki
Mdisc
discretization error’

discretization effectivity index :=

ki
"TUza

Uzawa effectivity index := ————22—
Uzawa error

ki
nalg

algebraic effectivity index ;== ——=——.
algebraic error

We can see in Figure [l that all of them take values nicely close to the optimal value of one; note that the
total estimate can indeed be smaller than the discretization estimate, compare (£7) with (IT).

Finally, in Figure [6] we display the spatial distribution of the different error components (left) and of
the corresponding estimators (right), on the eighth refined mesh. We can observe a nice match.
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Figure 2: Error and estimators as a function of Uzawa iterations

7.2 Singular solution

We consider here the L-shaped domain = (—1,1)2\ (0,1) x (—1,0), with an inhomogeneous Dirichlet
boundary condition prescribed by the analytic solution, given in given in polar coordinates by, cf. [§],

u(r, ) = 1" cos()' (p) + (1 + &) sin(p)ih(¢)
’ sin(p)y' (¢) — (1 + &) cos(p)¥(p)

and

bl ) = ot LV 18 (0)

with the function ¢ (¢) defined as

sin((1 + k)¢) cos(kw) sin((k — 1)) cos(kw)
1+k

—cos((k — 1)p).

P(p) = —cos((1+r)p) +

1—k

We consider x = 856399/1572864 ~ 0.54 and w = 37/2. There is the typical corner singularity in the
re-entrant corner (0,0). The volumetric force is here f = 0 and the inf—sup constant S is used with value
0.3, see [I8] and the references therein.

Similar to the preceding example, we consider eight levels of uniform mesh refinement. The estimators
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Figure 5: Effectivity indices for each error component in the adaptive inexact case

and total error as a function of the number of mesh elements are shown in Figure [l It can be seen that
the three approaches yield almost indistinguishable values for the total error for this test case as well, while
nﬁ’zza and 77:1’; differ significantly between them. The convergence order here is O(h").

In Figure[8 we show the dependence of the total error and of the estimators in (£7)) and (£I7) on the
Uzawa iterations, for the last refined mesh. This time, we find our adaptive inexact Uzawa method needs
considerably fewer Uzawa iterations than the two other methods, namely less than 10% iterations of the
exact method.

The overall performance of the three approaches is compared in Figure[@ Concerning the total number
Uzawa iterations, the exact and inexact methods are almost the same, whereas the adaptive inexact method
systematically needs less than 10% of this count. For each Uzawa iteration, the adaptive inexact method
takes a little more iterations than the inexact one; the exact method is much more expensive in this respect.
Comparing the total number of algebraic solver iterations on the eighth refined mesh, the three approaches
need respectively 78530, 14454, and 1959 iterations.

The effectivity indices for three approaches are next presented in Figure [[0] and the effectivity indices
for each error component in the adaptive inexact method are given in Figure [Tl Similar conclusions as in
Section [Z.I] can be drawn; in particular, the singularity has here no influence.

Finally, in Figure[I2] we display the distribution of the error components and of the corresponding esti-
mators on the eighth refined mesh. We again observe a nice match, except for the Uzawa error, presumably
influenced here by the strong singularity.
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