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ABSTRACT. In this paper, we propose to compare three a posteriori error estimators namely equilibrated,
star-based and residual based for the Poisson problem and the Stokes problem with lowest-order Crouzeix-
Raviart finite element discretization. The numerical results are presented to compare the performance of the
three estimators in an adaptive refinement strategy.
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1. Introduction

The finite element method [27] is one of the most well-known methods used for the numer-
ical approximation of partial differential equations, thanks to its theoretical richness and its

Received : November 26, 2022 - Accepted : December 28, 2022.
©The Author(s) 2023. This article is published with open access by Sidi Mohamed Ben Abdallah University.
L3 University Hassan 15t, LAMSAD, ENSA Berrechid B.P. 218 Berrechid 26100, Morocco
e-mail': boujemaa.achchab@uhp.ac.ma (Corresponding Author).,
e-mail®: khalid.bouihat@uhp.ac.ma
2Department of Mathematics, U.M.R. 5208 - Camille Jordan Institute, Lyon 1 University. Building 1001,69 622 Villeur-
banne Cedex - France
e-mail?: abdellatif.agouzal@univ-lyon1.fr
4Laboratory of Engineering Sciences, National School of Applied Sciences, Ibn Tofail University, Kenitra, Morocco
e-mail*: adil.majdoubi@uit.ac.ma


10.2478/mjpaa-2023-0001

2 B. ACHCHAB, A. AGOUZAL, K. BOUIHAT, A. MA]JDOUBI, (ACHCHAB ET AL.)

wide field of applications. The non-conforming finite element methods [28] have received a lot
of attention recently, Due to the simplicity and small support sets of basis functions of these
elements. A posteriori error estimators are now essential tools for the accurate and effective
computation of partial differential equations. These estimators allow to estimate explicitly the
error of approximation and consequently ensure control of this error. A posteriori error anal-
ysis for nonconforming lowest-order Crouzeix-Raviart finite element methods can be found in
[7,31,9,32,8,6,2,23,5, 4, 45, 44]. In the literature, there are different types of a posteriori
error estimators to control the exact error. Then a natural question arises: what is the most
suitable estimator? In this sense, some work these last years has been achieved, which com-
pares estimators for some problems. In [13], Bank et al. compare certain estimates based on the
resolution of local Stokes systems versus estimates based on the residuals of discretized finite
element equations. Carstensen et al. in [25] present a unified a posteriori error analysis for a
wide range of discontinuous Galerkin finite element methods, applied to the Laplace, Stokes,
and Lamé equations. In [21] they compare some a posteriori error estimators for the Poisson
problem with lowest-order finite element discretization. Residual-based error estimators com-
pete with a wide range of averaging estimators and estimators based on local problems. In
[22] they present a survey and a computational comparison in the lowest-order case, and in
[26] they present a survey where they compare different strategies for guaranteed error con-
trol for the lowest-order nonconforming Crouzeix-Raviart finite element method for the Stokes
equations. In this paper, we compare three a posteriori error estimators for Poisson problem
and the Stokes problem with lowest-order Crouzeix-Raviart finite element discretization. The
tirst is the Equilibration estimator [35, 31, 41, 1, 5, 10], the second is the star-based estimator
[42, 4] and the third is the residual estimator [29, 30].

The remaining parts of this paper are outlined as follows, Section 2 introduces the setting for
the Poisson model problem. The three error indicators that we want to compare are introduced
and we conclude this section by presenting two numerical results. Section 3 deals with Stokes
model problem, after introducing the setting and notations, we present the three estimators
for this problem and compare them in two numerical examples.

2. Poisson problem

2.1. Problem setting, notations and discrete problem. Let () be a simply connected polygonal
domain of RY, d = 2, with a lipschitzian boundary and f € L*(Q)). we consider the simple
elliptic model problem : Find u such that

—Au = f inQ),
{ u = 0 onodQ. (2.1)

Let 7}, be a triangulation in the d-simplex of () that is regular and conforming in Ciarlet’s sense
[27, p. 38]. For every d-simplex T € 7T, we will denote by hr the diameter of T, meas;(T) the
measure of T in RY and Er the set of edges of T.
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We consider V), be the Crouzeix-Raviart finite element space defined by :

Vi, = {0 € LX(Q) | VT € Ty, 0| € P(T), VE € E,Il,/ (0] ds = 0;

E (2.2)

VE € E,f,/ vds =0},
E

where E;Il (resp. E,f ) denotes the set of internal (resp. boundary) edges (faces) of 7, and [-|g
denotes the jump through E. In Figure 1, This finite element is represented in Figure 1 for d =
2 and d = 3; in three dimensions, just the visible degrees of freedom are shown.

FIGURE 1. Crouzeix-Raviart finite element in two (left) and three (right) dimensions.

We choose an arbitrary normal direction n for an interior edge E, if n = (ny, nz)t, we define
the tangent t = (—ny,n1)". n is the outward normal when E is a boundary edge.
We denote by {x;};cn the set of all nodes of the triangulation 7, where A the cardinal number
of this set. In the paper, by i € N we will refer to the node x; and ¢; denotes the canonical
continuous piecewise linear basis function associated to x;. The star w; is the interior relative
to QO of the support of ¢;, and h; is the maximal size of the elements constituting w;. Finally,
I'; denotes the union of the edges (faces) touching x; that are contained in (), and T; the union
of the edges (faces) touching x; that are contained in Q. hg denotes the size (diameter) of an
edge (face) E.
For each star w;, i € N, we introduce the space V(w;) defined by

V(w;)) ={v e H, (w;)| | vp;dx =0}, if x; is an interior node,
Wi
and
V(w) ={v € H,.(w;)|v=0 ondw;NT}, if x; is a boundary node.
The nonconforming finite element approximation of the problem (2.1) is as follows :
find uhN C € V, such that
(2.3)

) /TVuhNC-Vvhdx: ) /vahdx Vo € Vi N Hy(Q).
TET, TeT,

We refer the reader to [28] for convergence analysis of the approximate solution.
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2.2. Equilibration estimator. Thanks to the Prager-Synge equality [43] and the hypercircle
method, these estimators came to light through Ladeveze [41]. The construction of a flux
belonging to H(div) represents the major difficulty of this approach. This construction is
made by post-processing or the resolution of local problems. In the literature, this type of
estimator has been presented, for conforming finite elements, by Luce-Wohlmuth [41] and
Braess-Schoberl [18], one can also cite [34, 37, 50]. For nonconforming finite elements, we find
[31], Achchab [1, 6, 5], Ainsworth [9], Kim [40] and Braess [17].

In this subsection, we present an a posteriori error estimator developed by Achchab et al. in
[5] for the Pj-nonconforming finite element approximation. We adopt the error using a flux
reconstruction approach.

Let i, be an element of H}(Q)), a conforming post-processing of ulNC computed by using the
Oswald interpolation operator [19, 33, 38], and we consider the vector function pj, defined by

— ; NC _ E E
VT € 77’1/ ph|T - m€ﬂSd(T) /Tvuh EéT (/Tfy dx) Pn (24)

where
uE=1—-dxA inT, (2.5)

here A is the unique function of P;(T) vanishing on E and whose value is 1 on the vertex of T

opposite to E and

X — VE

d x measy(T)’ (2.6)

E
Pr|r =

where vr is the vertex of T opposite to E. Note that pj in an element of H(div, }) satisfying
a local equilbrium equation.
Concerning the a posteriori error estimator for u — u}]l\] €, we have

Theorem 2.1. For i, € H'(Q) and py, definid in (2.4), we have

Y IV —uy)r <4lpn— Vinllga+2 Y, IV (uy© —n)ll5r
TeT, TeT,
21211 3 2 (2.7)
16 ) p’hz| div py + flo 1
TeTy,
and For all T € T}, we have
I pr— Vitpllor < [[pr = pllor + Vi = Viylo,T, (2.8)
where
1 1/2
< / (1= 5% min(t%, (1 )% dt)
—  inf 0 2.9
0<e<1/2 (1 —2¢)1/2 (29)

For proof of theorem see [5].



NUMERICAL COMPARISON OF THREE A POSTERIORI ERROR ESTIMATORS 5

2.3. Star-based estimators. Introduced by Babuska [11], and Bernardi [15], then analyzed and
generalized by various authors including Bank [12, 13, 14], Verfiirth [47, 48], and Hoppe [51].
These estimators are obtained by locally solving simpler problems than the initial problem. The
right-hand sides of these equations are the residuals of the main equation, and the indicators
are appropriate norms of these solutions. The global estimator is obtained by summing the
norms of each local indicator. For more details see references [18, 20]. Nochetto et al [42]
analyzed this type of estimator in the conforming finite elements case, based on solving local
problems on stars; a star is the support of a piecewise linear nodal basis function. In this
subsection, we introduce an a posteriori error estimator developed in [4, 16] for low-order
nonconforming approximation of scalar second-order elliptic problem, based on the resolution
of local problems on stars.
We define the finite dimensional local spaces Pg(wi) as follows,

Definition 2.1. For i € N, let P?(w;) represent the space of continuous piecewise quadratic functions
on star w; that vanish on dw;. The spaces P3(w;) is defined by P3(w;) = P*(w;) NV (w;).
Let us introduce the usual H! —norm on wj;,
2 2 2
| |u| |1,(Ul‘ = ||vu||0,wi + ”uHO,(U,' :

For each i € N, we take into account the local problems :

Find 1; € P3(w;) such that Yu; € P3(w;),
P:
(P) /w‘(Vm Vi) pidx = /w‘(Vu}]lVC Vi) pidx — /wfyiqbi dx.
Using Lax-Milgram Theorem, we can prove that each discrete problem (P;) admits a unique
solution 7;. Now we introduce the local error indicators,

Vi e N,Vu eV, Ell uh / |V 2¢; dx, (2.10)
Vie N Vuy© e Vi, E3:(uy€) =Y nY|[uy (2.11)
Ecw;

and set the problem data oscillation,

i 1
osc(f) = (Y BN (f = f)o} I5,,) - (2.12)
ieN
dx
where f; = M for interior nodes, and f; = 0 otherwise.
Joo; Pidx

The following theorem gives the upper bound of the error.
Theorem 2.2. Let u}]l\lc € Vj, be a solution of (2.3). We have
1 1
) )
(L In=uiIRe) <0 |( L EL04)) "+ ( T ELi04)
ieN ieN
where Cy depends only on the minimum angle of Ty

N

+ osc(f)] ,  (2.13)
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The following theorem provides the lower bound of the error without oscillation.

Theorem 2.3. Let ul' € V), there exists a positive constant Cy , depending on the minimum angle of
the triangulation such that, for any i € N,

Epi(u)C) < Callu — ulYC||1 ., (2.14)
and
%
Ey;(ul%) < G ( Z/\;/ |u — u;Il\’CHiwj) . (2.15)
j<

For proofs of two Theorems see [4].

2.4. Residual estimators. Initiated by Babuska and Rheinboldt [11] and detailed by Verfiirth
[48], are probably the most popular. These are explicit error estimators involving residuals
from equilibrium equations and jumps from normal stresses to interfaces. They apply to
elliptical problems (Poisson, Stokes, or linear elasticity) in dimension 2 or 3. Upper bounds
are generally computable bounds multiplied by a constant independent of the exact solution
and the step of the mesh but whose value is difficult to calculate explicitly; However, let us
mention the works of Verfiirth [49], Carstensen-Funken [24], and Veeser-Verfiirth [46]. In this
subsection, we present residual-based error estimator developed by Dari et al. in [29] for the P;-
nonconforming finite element approximation of the Poisson problem and a general reliability
result.
For a side E define Jg, and Jg; by

[Vuy,-nlg if E€E
JEn = (2.16)
0 if EcEl
and
[Vuy,-tlg if E€E

Jer = (2.17)
—2Vuy, -t if E€El

with this notation we introduce the local error estimator 1 defined by.

2), (2.18)

2+ |JE ¢

1
nt = measy(T)||fllgr+5 Y PE(IJEn
2 E€Er

and the global one is given by

=Y nf

TeTy,

We have the following result :
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Theorem 2.4. There exist positive constants Cz and Cy depending only on the domain Q) and the
minimum angle of Ty, such that

1/2
Csn < (Z ||V<u—u%7c>||%;> < Ca7 (2.19)
TeT,

For proof of theorem see [29].

2.5. Numerical experiments. In this subsection, we compare the estimators presented for the
Poisson problem and that we will denote as follows

1
2
= <4uph—vah||%,n+z Y VNS~ ) B +16 Y 203 div ph+f||%,T) , (220)

TeT, TeTy
= (L E09)" + (1 Biwh9) ™+ osc(f), 2.21)
ieN ieN
) %
3 1= (Z (measy(T) | fllor + 5 3 He(leal® + UE,tlz))> : (2.22)
TeT, EcEr

They are tested with the following iterative algorithm:

Algorithm 1

1: Generate a starting mesh, then calculate the solution.

2: Calculate local error indicators and their sum.

3: Refine the mesh in the areas where the indicators are bigger than their mean value and
compute solution.

4: if stopping criterium is satisfied, then STOP.

elseGo to 3

6: end if

a1

We present here, for two kind of exact solutions, the meshes obtained for the different
estimators, with the same number of iterations.
2.5.1. Example with peak function. On the computational domain [0, 1]?, we consider a model
problem with homogeneous data. With the source term f given by the exact solution,

u=xy(x—1)(y— 1)6—100(x70.5)27100(%0.117)2

which presents sharp curvature in the vicinity of point (0.5,0.117), and we perform a non-
conforming finite element discretization on it. We compare the results of adaptive refinement,
also compare the effectivity index of 71, 772 and #3. Successive iterations of adaptive mesh for
the three estimators are represented in Figures 2, 3 and 4. The refinement occurs in the point
(0.5,0.117) as expected. It shows that the three estimators captures the local distribution of
the error similarly. The asymptotic decays of the three estimators are contrasted against the
number of degrees of freedom (ndof) in Figure 5.We observe that the three estimators for this
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example exhibit analogous behavior. Figure 6 compares the effectivity indices of all estimators.
We observe that the effectivity indices takes roughly constant values for the three estimators.

R; o K]

\AREERK ‘
457 triangles 1684 triangles 12278 triangles
240 vertices 859 vertices 6176 vertices

F1iGUure 2. Example 2.5.1. Adaptive mesh refinement using the error indicator for
equilibration estimator.

470 triangles 1607 triangles 11261 triangles
247 vertices 821 vertices 5662 vertices

FIGURE 3. Example 2.5.1. Adaptive mesh refinement using the error indicator for
star-based estimator.

2.5.2. Example with boundary layers. Let Q) be the unit square, Q = [0,1]2. We take the right-
hand side f such that the exact solution is

u(x,y) = xy(l _ e(x—l)/'f)(l _ e(y—l)/'y).

with boundary layer parameter o = 0.05. Figures 7, 8 and 9 present successive iterations of
adaptive mesh for the three estimators, the refinement occurs at both boundary layers located
near the lines x = 1 and y = 1 as expected. We note that the star-based estimator capture
the local distribution of the error better than the two other estimators. The asymptotic decays
of the three estimators versus the ndof are compared in figure 10. For this example, the
three estimators show analogous behavior. . Figure 11 compares the effectivity indices of all
estimators. We observe that the effectivity indices takes roughly constant values for the three
estimators.



NUMERICAL COMPARISON OF THREE A POSTERIORI ERROR ESTIMATORS 9

707 triangles 2271 triangles 15527 triangles
368 vertices 1156 vertices 7804 vertices

F1GURE 4. Example 2.5.1. Adaptive mesh refinement using the error indicator for
residual estimator.

Example 1

10" | —e—eta1 B
—H— eta2

eta3

error

S o slope=-1/2
~

10* 10
ndof

FiGure 5. Example 2.5.1. Experimental convergence rates for the three a posteri-
ori error estimators plotted against the number of degrees of freedom.

Figures 5 and 10 indicate quasi-optimality of the estimators, the dashed line of slope (—1/2)
showing a numerical (ndof)~1/? asymptotic decay of the three estimators.

3. Stokes problem

3.1. Problem setting, notations and discrete problem. Let Q) be an open bounded of RY, d =
2,3, with a polygonal (Polyhedral) Lipschitz boundary I'. We consider the Stokes problem :

given f € [LZ(Q)]d, find u, the “velocity”, and p, the “pressure”, such that
—Au+Vp=f in(,
V-u=0 in Q, (3.1)
u=20 onT.
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Example 1

55 —O— lefeta |
—¥— lefeta2

lefeta3 |4

o
T

4.5

efficiency indices

ndof

Ficure 6. Example 2.5.1. Effectivity indices of the three a posteriori error estima-
tors plotted against the number of degrees of freedom.
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730 triangles 2366 triangles 14590 triangles
428 vertices 1293 vertices 7504 vertices

FIGURE 7. Example 2.5.2. Adaptive mesh refinement using the error indicator for
equilibration estimator.

Throughout this section, we employ standard notation for the Lebesgue L?(Q)) and Sobolev
(H§(€2))“ spaces. The scalar product in L2(Q) is denoted by (+,-) and its norm by | - |jo,q. Let
u = (uj]i—1,4, v = [vi]i—1,4 be two vectors, and A = [Ajj]; =14, B = [Bjj]; j—1,4 be two matrices,
define

Vu = [0juili j=14, Veui= T

1@ =[]l VA= [T Al

A:B= Z{ii,jzl AijBij-
To establish the weak form of the above system, we introduce the following spaces :

V= (H)(Q), M= {g € 1*(Q) | [ qdx=0}.
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FiGure 8. Example 2.5.2. Adaptive mesh refinement using the error indicator for

star-based estimator.

(3.2)
(3.3)

13807 triangles
7145 vertices

V-vd
/Qp vdx

It is well-known that the weak formulation of the Stokes problem is well-posed [36].

We define the spaces

qnr € Po(T),VT € Ty}

b(v,p) = —
(Q),

2
0

2199 triangles
1208 vertices

{gnelL

/ Vu:Vodx,
Q
Qn

4

d

)

B((u,p); (v,q)) = (f,v) V(v,q) €V XM,

find u € V and p € M such that

)

B((u,p); (v,q)) = a(u,v) +b(v, p) + b(u,q),

with the continuous bilinear forms
(Vi

a(u,v

vi

467 vertices

809 triangles
FIGURE 9. Example 2.5.2. Adaptive mesh refinement using the error indicator for

residual estimator.
Then the standard variational formulation of problem (3.1) is given by the following :

where
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error
=

Eample 2

—O—etat
—¥— eta2

eta3

Ficure 10. Example 2.5.2. Experimental convergence rates for the three a poste-
riori error estimators plotted against the number of degrees of freedom.

Example 2

I
T

w
T

efficiency indices

—O— lefetal
—¥— lefeta2 |

lefeta3

ndof

FiGure 11. Example 2.5.2. Effectivity indices of the three a posteriori error esti-
mators plotted against the number of degrees of freedom.

The nonconforming finite element approximation of the problem (3.1) is as follows :

Vo € (Vi)

\ TE?;Z

( find uhNC € Vg and p;, € Qy, such that

2

TeT,

VulC : Vo dx—/ div v, dx :/ cvy, dx,
/T L h P prdivonds) = | o (3.4)

/th divu)’© dx = 0.
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3.2. Equilibration estimator. In this subsection we present an a posteriori error estimator de-
veloped by Achchab et al. in [1] for the nonconforming approximation of the Stokes problem.
This estimator is based on the flux reconstruction approach described in (2.2), here the authors
extended this method to the Stokes problem.

For all T € 7, we consider the field o, defined locally as follows

1
oy = Vu;Z,VC — th ® (x —xg), (3.5)
1 : .
where f,|r = f; = measy(T) /T fdx, VT € T}, and x; is the barycenter of T. We introduce
the local indicator and the global estimator defined respectively by
nt = || Vi, — ol + ||div it |5 and € = Y nF. (3.6)
TeT,

The data oscillation is defined by
osci(f) = () H2llfy — fllo o). (3.7)
TeT,
We recall the following result from [1].
Theorem 3.1. Let (ity, p,) € (HY(Q)? N V) x My, where iy, is a conforming post-processing of uh'©
obtained by using the Oswald interpolation operator. we suppose that
P = pulloo < Clu— |10,
where C is a positive constant depends on the triangulation Tj and the domain Q). Then the next
estimate holds
=2y + 1|Vt = o3 0 <Cs { €2 + osc1 (£} (3.8)
and
nr < Ce{lu — a1, + [|[Vu —opllor}, VT €Ty, (3.9)
where Cs and Cg are a positive constants independent of h.

3.3. Star-based estimator. In this subsection we present an extension of the ideas given in
subsection (2.3) to the Stokes equations by adapting introduced arguments.
We introduce the following local problems :

( Find ¢; € (P3(w;))? such that

(SPi) v.ui € (Pg(wi))zl /

Wi

(V(—Zi : V]/l,)(,bl dx = /w thllq\lC : V(qubl) dx

L diV(lf‘i‘Pi)dx_/wv(f'Vi)qbidx-

It is evident that these local problems admit unique solutions.
We introduce the three indicators for all i € N,

\
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1 1
iy S pn) = () Ildivay ol |§7)2, (3.10)
Tew;
1
il p) = ([ 19eilgidn)?, 311)
’731 ”h < pn) Z h™ 1H[u JEllo,E/ (3.12)
Ecw;

and set the problem data oscillation,

1 1
osea(f) = (3 W (F = F) i 16.,)7 (313)
ieN
dx
where f, = fwll for interior nodes, and f; = 0 otherwise.
1 f 4) dx 1
Wi !

The following theorem [4] provides the a posteriori error estimate for the nonconforming
finite element approximation of Stokes problem solution.

Theorem 3.2. There exists a positive constant C; depending on the minimum angle of the triangulation
such that :

1 1
< ). Hu_uill\lclﬁ,Wi)Z - QS {[Z(’?iiJr’?%,iJr’?%,i)]z +05C2(f)}r (3.14)
icN icN

For the estimator efficiency, we give the following theorem [4].

Theorem 3.3. VYw; € Tj, there exist positive constants Cg, Cog and Cyg depending on the minimum
angle of the triangulation such that :

||d1vhuhc||0wl < C8||u—u}1>fc||1wl (3.15)
12 < Co = 1+ lIp = pllows ). (3.16)

and
13, < Crolltt — uh) |10, (3.17)

3.4. Residual estimator. In this subsection we present residual-based error estimator devel-
oped by Dari et al. in [30] for the nonconforming approximation of the Stokes problem. We
consider the same discrete problem as (3.4).

For a side E define Jg, and Jg; by

[(VulN€ — pyD)n]g if E€El
JEn = (3.18)
0 if E€E]
and
[Vult]g if E€E
Jet = (3.19)
ZVu}Zl\]Ct if Ee€ E,f
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With this notation we introduce the local error estimator 11 defined by.

1

7 (u, , pu) = measa(T) | £II5,r + 5 0 WE(|Jenl® + TEl?), (3.20)
E€Er

Finally, the global error estimator is given by

=Y nf

TeT,
The data oscillation is defined by

N—

oscs(f) = ( Y meas;(T)||(f — f},)

3r)" (3.21)
TeT,

For a piecewise regular vector function v, we define the discrete gradient as the L?-matrix
defined by

Vioy|T = V(v,|T).
The following theorem [30] provides The upper bound of the error.

Theorem 3.4. Let (u, p) be the solution of the Stokes problem (3.2), and let (u)<, p,) € Vi x Q) bea
solution of the discrete problem (3.4). There exists a positive constant Cyy such that

V(= uy)loa+ Ilp = palloa < Cun. (3.22)
Next, we show a local lower bound on the estimator [30] :

Theorem 3.5. Let (u, p) be the solution of the Stokes problem (3.2), and let (uhNC, pn) € V;li X Qp bea
solution of the discrete problem (3.4). There exists a positive constant Cyp such that

7 < Cra([|[ V(e — upy )l + lp — pulloa + 0sca(f))- (3.23)

3.5. Numerical experiments. In this subsection, we compare all the estimators we have pre-
sented for the Stokes problem and that we will denote as follows

1

o= {5,3 + oscy ( f)z}7 (3.24)
= | Zj\/(’ﬁ,i +13) + 13| " +osca(f), (3.25)
i€
- ( Y (measq(T)[fI3r+2 3 B(eal® + |JE,t|2>> . (3.26)
TeT, E€Er

They are tested with using the Algortithm 1. We present here, for two kind of exact solutions,
the meshes obtained for the different estimators, with the same number of iterations.
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3.5.1. L-shape domain problem. The first example is a flow problem in the L-shape domain () =
[—1,1]> — [0,1]%. The right hand side f of the Stokes problem (3.1) is determined by exact
velocity u = (u1,12) and pressure p :

i (x,y) = y—0.1
Y =012 1 (y — 012
1y (x,y) = x—0.1
2y V(x =012+ (y —0.1)2
_ 1 log(2.05) +log(1.05) — 21log(0.05)
Peoy) = 5108 3 |

We note that both the velocity u and the pressure p are smooth in the domain. However, it is
clear that u and p are singular at the point (0.1,0.1) and along the line y = —1.05, respectively.
Figures 12, 13 and 14 present successive iterations of adaptive mesh for the three estimators,
we can see the refined meshes appear around the origin and along the line y = —1, which are
near the locations of singularity. It shows that the three estimators captures the local distribu-
tion of the error similarly. Figures 15 to 20 present adaptive computed velocity and adaptive
computed pressure respectively for the three error indicators. Figure 21 gives comparison of
asymptotic decays of the three estimators versus the ndof. We note analogous behavior of the
three estimators for this example. Figure 22 compares the effectivity indices of all estimators
where their asymptotic values are found to be fairly constant.

3.5.2. A singular problem. The second example is taken from [39]. The domain is the rectangle

Q = [—1,1] x [0,1]. The exact solution is given by
3T 6 3 .0 .
Ue = T (COSE — C057,3517’l§ — SZTZ?),
6 6

Pe \/;cos >

where (7,60) are the polar coordinates in Q). The solution has a singularity at the origin (0,0).
Figures 23, 24 and 25 present successive iterations of adaptive mesh using #;, 172 and 73 as
local refinement indicators. It can be seen that all three estimators capture the singularity
at the origin as expected. Figures 26 to 31 present adaptive computed velocity and adaptive
computed pressure respectively for the three error indicators. Figure 32 gives comparison of
asymptotic decays of the three estimators versus the ndof. We note analogous behavior of the
three estimators for this example. Figure 33 compares the effectivity indices of all estimators,
We observe that the effectivity indices takes roughly constant values.

Figures 21 and 32 illustrates quasi-optimality of the three estimators, the dashed line of slope

(—%) showing a numerical (ndof )_% asymptotic decay of the three estimators.
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FiGure 12. Example 3.5.1. Adaptive mesh refinement using the error indicator
for equilibration estimator.
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FiGure 13. Example 3.5.1. Adaptive mesh refinement using the error indicator
for star-based estimator.
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FiGure 14. Example 3.5.1. Adaptive mesh refinement using the error indicator
for residual estimator.
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FiGure 15. Example 3.5.1. Adaptive computed velocity using the error indicator
for equilibration estimator.

FIGURe 16. Example 3.5.1. Adaptive computed velocity using the error indicator
for star-based estimator.
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FiGure 17. Example 3.5.1. Adaptive computed velocity using the error indicator
for residual estimator.
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FIGure 18. Example 3.5.1. Adaptive computed pressure using the error indicator
for equilibration estimator.

Ficure 19. Example 3.5.1. Adaptive computed pressure using the error indicator
for star-based estimator.

Ficure 20. Example 3.5.1. Adaptive computed pressure using the error indicator
for residual estimator.
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Ficure 21. Example 3.5.1. Experimental convergence rates for the three a poste-
riori error estimators plotted against the number of degrees of freedom.
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FiGure 22. Example 3.5.1. Efficiency indices of the three a posteriori error esti-
mators plotted against the number of degrees of freedom.

4. Conclusion

We compared three types of a posteriori error estimators for the Poisson problem and the
Stokes problem. It may be noted that the behavior of these estimators differs between the two
problems. For the Poisson problem, the estimator based on the resolution of local problems
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FiGure 23. Example 3.5.2. Adaptive mesh refinement using the error indicator
for equilibration estimator.
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Ficure 25. Example 3.5.2. Adaptive mesh refinement using the error indicator
for residual estimator.

better detects the singularity than the other two estimators, even if it takes more time in the
calculation. On the other hand, the effectivity index of the estimator based on the equilibrated
flux is closer to 1 than the other two. For the Stokes problem, the estimator based on the
equilibrated flux better localizes the singularity than the other two estimators, we also note
that the estimator based on the resolution of local problems converges faster than the other

two.
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Ficure 26. Example 3.5.2. Adaptive computed velocity using the error indicator
for equilibration estimator.
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FiGure 27. Example 3.5.2. Adaptive computed velocity using the error indicator
for star-based estimator.
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FiGure 28. Example 3.5.2. Adaptive computed velocity using the error indicator
for residual estimator.

Ficure 29. Example 3.5.2. Adaptive computed pressure using the error indicator
for equilibration estimator.
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